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Abstract

Background: The analysis of gene-targeted mouse mutants has demonstrated that
endothelial-to-mesenchymal transition (EndMT) is crucial to the onset and progression of
cerebral cavernous malformations (CMs). It has also been shown that Notch and ephrin/Eph
signaling are involved in EndMT. However, their roles in the pathogenesis of human intracranial
CMs remain unclear.

Objective: The aim of our study was to elucidate the contribution of EndMT, the Notch pathway
and ephrin-B2/EphB4 signaling to the pathogenesis of human intracranial CMs.

Methods: Eight human intracranial CMs (five cerebral and three orbital CMs) were
immunohistochemically investigated.

Results: CD31 (an endothelial marker) and EndMT markers, such as a-smooth muscle actin (a
mesenchymal marker) and CD44 (a mesenchymal stem cell marker), were expressed in the
endothelial layer of vascular sinusoids in all cases, suggesting that endothelial cells (ECs) have
acquired mesenchymal and stem-cell-like characteristics and undergone EndMT in all cerebral
and orbital CMs. EndMT was observed in about 70% and 35% of ECs in cerebral and orbital
CMs, respectively. In all cases, Notch3 was expressed in the endothelial layer, indicating that
ECs of vascular sinusoids have acquired mesenchymal features. In all cases, both ephrin-B2 and
EphB4 were detected in the endothelial layer, suggesting that ECs of vascular sinusoids are
immature or malformed cells and have both arterial and venous characteristics.

Conclusion: EndMT plays a critical role in the pathogenesis of human cerebral and orbital CMs.

Modulating EndMT is expected to be a new therapeutic strategy for cerebral and orbital CMs.
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Introduction

Endothelial-to-mesenchymal transition (EndMT) is a process in which endothelial cells (ECs)
lose their cell-type-specific characteristics and acquire mesenchymal and stem-cell-like
features."” EndMT has been described in various pathologies, including diabetic nephropathy,
cardiac fibrosis, systemic fibrosis and malignant tumors.'” Recently, the analysis of
gene-targeted mouse mutants has described that EndMT contributes to the onset and progression

of cerebral cavernous malformations (CMs).”> However, the role of EndMT in the pathogenesis



of human cerebral CMs remains unclear.

Cerebral CMs are slow-flow vascular malformations with a prevalence of 0.4-0.6% in the
general population.*’” Cerebral CMs can occur in a sporadic or autosomal dominant inherited
form.® It has been widely accepted that cerebral CMs are caused by loss-of-function mutations
in the CCM1 (KRIT1), CCM2 (OSM), and CCM3 (PDCDI0) genes.'”"® Histologically, they are
characterized as single or clusters of enlarged capillary-like channels with a single layer of
flattened ECs. Importantly, they lack intervening brain parenchyma and the components of
organized mature vessels such as smooth muscle cells (SMCs), pericytes, astrocytic foot

ILI415 1t has been demonstrated that cerebral

processes and intact endothelial cell-cell junctions.
and orbital CMs belong to different pathological entities.'®'® Conversely, it has also been
described that they belong to an identical pathological entity because they show considerable
overlap in histology: dilated vascular spaces lined by a single layer of flattened ECs, thrombosis,
chronic hemorrhage, and non-infiltrative lesion."” Orbital CMs are also slow-flow vascular
malformations just like cerebral CMs. Histologically, they are finely encapsulated masses
containing a complex network of dilated vascular channels with a single layer of flattened ECs

16.17.20 1t is controversial whether cerebral and orbital

surrounded by abundant fibrous stroma.
CMs belong to an identical pathological entity or not, and the role of EndMT in the development
of human orbital CMs also remains unclear.

1321 and it has

Various studies have demonstrated a critical role of Notch signaling in EndMT,
been suggested that Notch signaling regulates ephrin-B2 during EndMT.' Notch signaling is an

evolutionarily conserved pathway that is essential for cell-fate determination and vascular



development.”***

Notch is a transmembrane protein and activated by its ligands. Owing to
activation, the intracellular domain (ICD) of Notch is released and transferred into the nucleus,
where the ICD forms a complex with the DNA-binding protein RBP-J. This complex induces
expression of Hes and Hesr/Hey genes.”>”’ Ephrin ligands and Eph receptors are involved in
many important biologic processes.”® Above all, signaling between ephrin-B2 and its tyrosine
kinase receptor EphB4 (ephrin-B2/EphB4 signaling) is known to play a crucial role in

29,30

arteriovenous differentiation. Mouse embryos lacking ephrin-B2 or EphB4 exhibit fatal

29,30 .
However, in human

defects of conduit vessels formed during early vascular development.
cerebral and orbital CMs, the role of Notch signaling and ephrin-B2/EphB4 signaling in EndMT
remains unknown.

The aims of this study were to elucidate the contribution of EndMT, the Notch pathway and

ephrin-B2/EphB4 signaling to the pathogenesis of human cerebral and orbital CMs and to make

a comparison between human cerebral and orbital CMs.

Methods
Patients
This study was performed under the guidelines provided by the ethics committee of Kyoto
University Graduate School of Medicine. Eight patients underwent removal of intracranial CMs
(five cerebral CMs and three orbital CMs) for four years at Kyoto University Hospital. The mean
age was 36.8 years (range 10 to 65 years). In cerebral CMs, four patients presented with

intracerebral hemorrhage and one with seizure. Four patients had multiple CMs. There was no



family history of cerebral and/or orbital CMs. The clinical features of the patients are

summarized in Table 1.

Specimen Preparation and Immunohistochemical Studies

Cerebral and orbital CMs were obtained during surgical procedures. We also studied normal
vessels in 3 control specimens obtained during surgery for epilepsy, which were involved in
epileptogenic focus, but histologically normal. Positive control tissues were obtained from
surgical specimens of hemangioblastomas and arteriovenous malformations (AVMs). We got
informed consent from all patients for the research use of removed tissue. All specimens were
fixed in 10% formalin overnight, and then embedded in paraftin.

For immunohistochemical staining, 6-um-thick tissue sections were cut from paraffin blocks.
These sections were prepared for staining with horseradish peroxidase (HRP) system. Anti-CD31
(1:20; SANTA CRUZ), a-smooth muscle actin (a-SMA) (1:100; DAKO), CD44 (1:200; SANTA
CRUZ), Notchl (1:200; SANTA CRUZ), Notch3 (1:200; SANTA CRUZ), Hesr2/Hey2 (1:20;
CHEMICON), ephrin-B2 (1:200; SANTA CRUZ) and EphB4 (1:20; SANTA CRUZ) antibodies
were reacted at 4°C overnight. Mouse IgG (DAKO) and rabbit immunoglobulin fraction
(DAKO) were used instead of primary antibodies as negative controls. For detection of antibody
binding, EnVision™+ System-HRP (DAKO) and LSAB® 2 System-HRP (DAKO) were used. All
sections were counterstained with Gill’s hematoxylin to cell nuclei. Negative and positive
controls are shown in Supplemental Figure, which are consistent with previous reports.’'”>

Sections were examined using a whole slide scanner (ScanScope” XT scanner (Aperio, Vista,



CA, USA)).

Data Analysis

In each CM specimen, we avoided the portion affected by bleeding, and analyzed mainly the
central area of the lesion. For quantitative studies, slides were scanned through a 20x objective
lens. In every case, at least 2 sections (mean 2.75, range 2—7) were analyzed. In each section, we
randomly selected 5 areas (500um=800um), and counted positively stained ECs. In normal brain
specimens, ECs of arterioles and venules were also manually counted and analyzed. The
immunoreactivity was quantitatively evaluated by two authors (S.T. and M.H.) in a blind manner
according to ratios of positive cells (—, 0%; +—, 0-20%; +, 20-50%; ++, 50-75%; +++,
75-100%) in the endothelial layers of vascular sinusoids. Data are presented as mean + standard
error (SE) in parenthesis. Statistical analysis was performed using GraphPad Prism 6 software
(GraphPad Software, La Jolla, CA, USA). The Mann-Whitney U test was used to test for all

quantitative data. A p-value less than 0.05 was considered statistically significant.

Results

1. EndMT occurs in human cerebral and orbital CMs

To investigate the contribution of EndMT to the pathogenesis of human cerebral and orbital CMs,
we first examined the expression of CD31 (an endothelial cell marker) and EndMT markers,
such as a-SMA (a mesenchymal marker) and CD44 (a mesenchymal stem-cell marker) (Figure 1

and 2). Results of immunohistochemical analysis of ECs are summarized in Table 2.



In normal human brain vessels, CD31 was strongly expressed in the endothelial layer, whereas
neither a-SMA nor CD44 could be detected (Figure 1M—R). There was no significant difference
in immunohistological findings of all three control specimens. In human cerebral CMs, CD31,
a-SMA and CD44 were strongly expressed in the endothelial layer of vascular sinusoids in all
cases, suggesting that EndMT has occurred in all cerebral CMs (Figure 1A—C and 1G-I). In
staining for EndMT markers, positive and negative cells were mixed in the endothelial layer of
all vascular sinusoids (mosaic-like staining pattern) (Figure 1B and C). « -SMA and CD44 were
positive in 61.6-75.4 % and 71.6-74.2 % of ECs, respectively (Table 2). These results suggest
that EndMT was observed in about 70% of ECs in cerebral CMs. Similarly, in human orbital
CMs, CD31, a-SMA and CD44 were strongly expressed in the endothelial layer of vascular
sinusoids in all cases, suggesting that EndMT has occurred in all orbital CMs (Figure 2A—C and
2G-I). In staining for EndMT markers, mosaic-like staining pattern was also observed (Figure
2B and C). a-SMA and CD44 were positive in 32.9-41.3 % and 33.1-41.0 % of ECs,
respectively (Table 2). These results suggest that EndMT was observed in about 35% of ECs in
orbital CMs. EndMT occurred in ECs of cerebral CMs significantly more frequently than in

orbital CMs, although it was observed in all cerebral and orbital CMs (Figure 3).

2. Notch signaling is involved in human cerebral and orbital CMs
It has been described that Notchl and Notch3 are highly expressed in the endocardium during
EndMT leading to foramen ovale closure in mice, and that activation of Notch3 alone induces

EndMT in cultured ECs.*' Silencing of CCM1 in cultured ECs significantly diminishes the Notch



target gene Hesr2/Hey2 mRNA levels.” Therefore, we examined the expression of Notchl,
Notch3 and their effector Hesr2/Hey2 (Supplemental Figure, Figure 4A—C). Results of
immunohistochemical analysis of ECs are summarized in Table 3. In both cerebral and orbital
CMs, Notchl was expressed in the endothelial layer, whereas its effecter Hesr2/Hey2 was
scarcely detected (Figure 4A and C). Notch3 was also expressed in the endothelial layer (Figure
4B). In each staining, mosaic-like staining pattern was observed. These results are consistent
with previous findings in gene-targeted mouse mutants, and indicate that Notch signaling is

involved in the formation of human cerebral and orbital CMs.

3. ECs are immature or malformed cells and have both arterial and venous characteristics in
human cerebral and orbital CMs

It has been described that ephrin-B2 marks arterial ECs at early stages of vascular development,
whereas EphB4 marks venous ECs.”” However, in adult human, neither ephrin-B2 nor EphB4 is

. 32,34
expressed in normal vessels.”™

It has also been demonstrated that Notch signaling regulates
ephrin-B2 during EndMT." Therefore, we examined the expression of ephrin-B2 and EphB4
(Supplemental Figure, Figure 4 D and E). Results of immunohistochemical analysis of ECs are
summarized in Table 4. Both ephrin-B2 and EphB4 were detected not only in the endothelial
layer but also in the subendothelial layer of all cases (Figure 4D and E), whereas neither
ephrin-B2 nor EphB4 was detected in the endothelial layer of normal brain vessel (Table 4). In

each staining, mosaic-like staining pattern was observed. These results suggest that ECs are

immature or malformed cells and have both arterial and venous characteristics in human cerebral



and orbital CMs.

Discussion

Although a recent investigation has demonstrated that EndMT contributes to the onset and
progression of cerebral CMs in mice,” the role of EndMT has not been investigated in human
cerebral CMs to date. Actually, in this investigation, EndMT markers were not examined in
human specimens.” a-SMA is one of the earliest proteins expressed during differentiation of
SMCs and found in a variety of mesoderm-derived cells including myofibroblasts.'® CD44 has
been widely used as a marker of mesenchymal stem cells, which differentiate into various cell
types including myofibroblasts, pericytes, and SMC:s. It is well known that a-SMA and CD44 are
not expressed in the endothelium of normal vessels. However, in our study, CD31, a-SMA and
CD44 were expressed in the endothelium of vascular sinusoids in all human cerebral CMs,
suggesting that ECs have acquired mesenchymal and stem-cell-like characteristics and
undergone EndMT. To our knowledge, this is the first report showing that human cerebral CMs
are formed by ECs undergoing EndMT.

While the pathogenesis of cerebral CMs has been well investigated, the pathogenesis of orbital
CMs remains unclear to date. Although it has been described that the majority of vessel walls are

2035 it has not been examined whether ECs are

stained positively for a-SMA in orbital CMs,
positive for a-SMA or not. In our investigation, in human orbital CMs, a-SMA and CD44,

EndMT markers, were expressed not only in the subendothelial layer but also in the endothelial

layer, suggesting that EndMT also contributes to the pathogenesis of human orbital CMs.



It has been reported that Notch signaling is associated with the formation of cerebral CMs in the

analysis of gene-targeted mouse mutants and cultured cells.>?*>%>"

Endothelial-specific
Hes-mutant embryos exhibit vascular malformations in mice.*® Freshly isolated brain ECs from
CCM]I loss-of-function mice show a significantly lower expression of Hesr/Hey genes.”
Silencing of CCMI in cultured ECs significantly diminishes Hesr2/Hey2 mRNA levels.”
Silencing of CCM3 in cultured ECs also down-regulates Hesr2/Hey2 mRNA levels.”® Although
the Notch pathway acts downstream of CCM genes, the expression of Notchl is preserved in
CCM]-silenced cultured cells, CCM3-silenced cultured cells, freshly isolated brain ECs from
CCM1 loss-of-function mice and CCM3-silenced ECs derived from human cerebral CMs.>>>*
In our study, in the endothelium of human cerebral and orbital CMs, Notchl was expressed,
whereas Hesr2/Hey2 was scarcely detected. These results are consistent with the previous
findings in the analysis of gene-targeted mouse mutants. It is well known that Notch3 is
expressed in vascular SMCs, but not in ECs. Recently, it has been described that Notchl and
Notch3 are highly expressed in the endocardium during EndMT leading to foramen ovale closure,
and that activation of Notch3 alone induces EndMT in cultured ECs.*' In our study, Notch3 was
expressed in the endothelium, indicating that activated Notch3 has induced EndMT in cerebral
and orbital CMs. These results suggest that Notch signaling has a role in the formation of human
cerebral and orbital CMs.

Although the important functions of ephrin-B2 and EphB4 in development of arteries and veins

have been demonstrated in knockout mice, their roles in adult mice and human have not been

established. Several studies have demonstrated that EphB4 is also expressed on arterial ECs at

10



39,40

low levels.””™ The analysis of human normal tissue has demonstrated that ephrin-B2 is a marker

of arterial ECs and EphB4 is expressed in arteries and veins.*’ In contrast, neither ephrin-B2 nor
EphB4 mRNAs is detected in normal human brain vessels and superficial temporal arteries.***
In human subfascial congenital venous malformations, both ephrin-B2 and EphB4 were
expressed in the endothelium.** In human arteriovenous malformations, both ephrin-B2 and
EphB4 were expressed in the endothelium of immature vessels.’” It has been demonstrated that
Notch signaling regulates ephrin-B2 during EndMT." In our study, both ephrin-B2 and EphB4
were detected in the endothelial layer of cerebral CMs and orbital CMs, whereas neither
ephrin-B2 nor EphB4 was detected in the endothelial layer of normal brain vessels. These results
indicate that ECs have undergone EndMT and that immature or malformed ECs have both

arterial and venous characteristics in human cerebral and orbital CMs. To date, these endothelial

characteristics of human cerebral and orbital CMs have not been reported.

Limitation
Limitations of our study are that this research is descriptive and not mechanistic, and that only

immunohistochemistry was used to confirm our postulation.

Conclusion
Our data suggest that EndMT plays a critical role in the pathogenesis of human cerebral and
orbital CMs. Notch signaling is involved in the formation of human cerebral and orbital CMs,

and the endothelium of them is composed of immature or malformed ECs that have undergone

11



EndMT and have both arterial and venous characteristics. Modulating EndMT is expected to be a

new therapeutic strategy for cerebral and orbital CMs.

References

1. Liu J, Dong F, Jeong J, Masuda T, Lobe CG. Constitutively active Notchl signaling
promotes endothelial-mesenchymal transition in a conditional transgenic mouse model.
Int J Mol Med. 2014;34:669—676.

2. Maddaluno L, Rudini N, Cuttano R, et al. EndMT contributes to the onset and
progression of cerebral cavernous malformations. Nature. 2013;498:492-496.

3. Lin F, Wang N, Zhang TC. The role of endothelial-mesenchymal transition in
development and pathological process. IUBMB Life. 2012;64:717-723.

4. Del Curling O, Jr., Kelly DLJ, Elster AD, Craven TE. An analysis of the natural history of
cavernous angiomas. J Neurosurg. 1991;75:702—708.

5. Gross BA, Lin N, Du R, Day AL. The natural history of intracranial cavernous
malformations. Neurosurg Focus. 2011;30:E24.

6. Kim DS, Park YG, Choi JU, Chung SS, Lee KC. An analysis of the natural history of
cavernous malformations. Surg Neurol. 1997;48:9—18.

7. Robinson JR, Awad IA, Little JR. Natural history of the cavernous angioma. J Neurosurg.
1991;75:709-714.

8. Labauge P, Laberge S, Brunereau L, Levy C, Tournier-Lasserve E. Hereditary cerebral

cavernous angiomas: clinical and genetic features in 57 French families. . Lancet.

12



10.

11.

12.

13.

14.

15.

16.

1998;352:1892-1897.

Rigamonti D, Hadley MN, Drayer BP, et al. Cerebral cavernous malformations. Incidence
and familial occurrence. N Engl J Med. 1988;319:343-347.

Craig HD, Gunel M, Cepeda O, et al. Multilocus linkage identifies two new loci for a
mendelian form of stroke, cerebral cavernous malformation, at 7p15-13 and 3q25.2-27.
Hum Mol Genet. 1998;7:1851-1858.

Gault J, Sarin H, Awadallah NA, Shenkar R, Awad IA. Pathobiology of human
cerebrovascular malformations: basic mechanisms and clinical relevance. Neurosurgery.
2004;55:1-16.

Dubovsky J, Zabramski JM, Kurth J, et al. A gene responsible for cavernous
malformations of the brain maps to chromosome 7q. Hum Mol Genet. 1995;4:453—-458.
Haasdijk RA, Cheng C, Maat-Kievit AJ, Duckers HJ. Cerebral cavernous malformations:
from molecular pathogenesis to genetic counselling and clinical management. Eur J Hum
Genet. 2012;20:134-140.

Faurobert E, Albiges-Rizo C. Recent insights into cerebral cavernous malformations: a
complex jigsaw puzzle under construction. FEBS J. 2010;277:1084—-1096.

Frischer JM, Pipp I, Stavrou I, Trattnig S, Hainfellner JA, Knosp E. Cerebral cavernous
malformations: congruency of histopathological features with the current clinical
definition. J Neurol Neurosurg Psychiatry. 2008;79:783—788.

Hejazi N, Classen R, Hassler W. Orbital and cerebral cavernomas: comparison of clinical,

neuroimaging, and neuropathological features. Neurosurg Rev. 1999;22:28-33.

13



17.

18.

19.

20.

21.

22,

23.

24.

Hejazi N, Hassler W, Oftner F, Schuster A. Cavernous malformations of the orbit: a
distinct entity? A review of own experiences. Neurosurg Rev. 2007;30:50-55.

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.
Choudhri O, Feroze AH, Lad EM, et al. Co-occurrence of a cerebral cavernous
malformation and an orbital cavernous hemangioma in a patient with seizures and visual
symptoms: Rare crossroads for vascular malformations. Surg Neurol Int.
2014;5:S148-154.

Rootman DB, Heran MK, Rootman J, White VA, Luemsamran P, Yucel YH. Cavernous
venous malformations of the orbit (so-called cavernous haemangioma): a comprehensive
evaluation of their clinical, imaging and histologic nature. Br J Ophthalmol.
2014;98:880-888.

Elliott GC, Gurtu R, McCollum C, Newman WG, Wang T. Foramen ovale closure is a
process of endothelial-to-mesenchymal transition leading to fibrosis. PLoS One.
2014;9:¢107175.

Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control and signal
integration in development. Science. 1999;284:770-776.

Bray SJ. Notch signalling: a simple pathway becomes complex. Nat Rev Mol Cell Biol.
2006;7:678—689.

Lewis J. Notch signalling and the control of cell fate choices in vertebrates. Semin Cell

Dev Biol. 1998;9:583-589.

14



25.

26.

27.

28.

29.

30.

31.

32.

Fischer A, Gessler M. Hey genes in cardiovascular development. Trends Cardiovasc Med.
2003;13:221-226.

Fischer A, Schumacher N, Maier M, Sendtner M, Gessler M. The Notch target genes
Heyl and Hey2 are required for embryonic vascular development. Genes Dev.
2004;18:901-911.

Kageyama R, Ohtsuka T, Shimojo H, Imayoshi I. Dynamic Notch signaling in neural
progenitor cells and a revised view of lateral inhibition. Nat Neurosci.
2008;11:1247-1251.

Palmer A, Klein R. Multiple roles of ephrins in morphogenesis, neuronal networking, and
brain function. Genes Dev. 2003;17:1429-1450.

Adams RH, Wilkinson GA, Weiss C, et al. Roles of ephrinB ligands and EphB receptors
in cardiovascular development: demarcation of arterial/venous domains, vascular
morphogenesis, and sprouting angiogenesis. Genes Dev. 1999;13:295-306.

Wang HU, Chen ZF, Anderson DJ. Molecular distinction and angiogenic interaction
between embryonic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4.
Cell. 1998;93:741-753.

Merrill MJ, Edwards NA, Lonser RR. Notch receptor and effector expression in von
Hippel-Lindau disease-associated central nervous system hemangioblastomas. J
Neurosurg. 2011;115:512-517.

Bai J, Wang YJ, Liu L, Zhao YL. Ephrin B2 and EphB4 selectively mark arterial and

venous vessels in cerebral arteriovenous malformation. J Int Med Res. 2014;42:405-415.

15



33.

34.

3s.

36.

37.

38.

39.

40.

Wiistehube J, Bartol A, Liebler SS, et al. Cerebral cavernous malformation protein CCM1
inhibits sprouting angiogenesis by activating DELTA-NOTCH signaling. Proc Natl Acad
Sci US A. 2010;107:12640-12645.

Erber R, Eichelsbacher U, Powajbo V, et al. EphB4 controls blood wvascular
morphogenesis during postnatal angiogenesis. The EMBO Journal. 2006;25:628—641.
Nagasaka M, Naganuma H, Satoh E. Growth potential of orbital cavernous hemangioma
suggested by vascular endothelial growth factor and its receptor flk-1. Neurol Med Chir
(Tokyo). 2007;47:5-10.

Kitagawa M, Hojo M, Imayoshi I, et al. Hes1 and Hes5 regulate vascular remodeling and
arterial specification of endothelial cells in brain vascular development. Mech Dev.
2013;130:458-466.

Schulz GB, Wieland E, Wustehube-Lausch J, et al. Cerebral Cavernous Malformation-1
Protein Controls DLL4-Notch3 Signaling Between the Endothelium and Pericytes. Stroke.
2015;46:1337-1343.

You C, Sandalcioglu IE, Dammann P, Felbor U, Sure U, Zhu Y. Loss of CCM3 impairs
DLL4-Notch signalling: implication in endothelial angiogenesis and in inherited cerebral
cavernous malformations. J Cell Mol Med. 2013;17:407-418.

Gerety SS, Wang HU, Chen ZF, Anderson DJ. Symmetrical mutant phenotypes of the
receptor EphB4 and its specific transmembrane ligand ephrin-B2 in cardiovascular
development. Mol Cell. 1999;4:403—414.

Diehl S, Bruno R, Wilkinson GA, et al. Altered expression patterns of EphrinB2 and

16



EphB2 in human umbilical vessels and congenital venous malformations. Pediatr Res.

2005;57:537-544.

Figure Legend

Figure 1.

Immunohistochemistry for endothelial and EndMT markers in human cerebral CMs.

A, CD31, an endothelial marker, was expressed in the endothelium of vascular sinusoids of
cerebral CMs. B, C, a-SMA and CD44, EndMT markers, were expressed in the endothelium of
cerebral CMs. D-F, Negative controls show no significant staining. G-I, Photomicrographs
showing ECs that have undergone EndMT in cerebral CMs (serial sections). The endothelial
layer is indicated by two dotted lines. CD31, a-SMA and CD44 are expressed in the ECs of
vascular sinusoids. J-L, Photomicrographs showing ECs that haven’t undergone EndMT in
cerebral CMs (serial sections). The endothelial layer is indicated by two dotted lines. Neither
a-SMA nor CD44 is expressed in the ECs, while CD31 is expressed. M—R, Photomicrographs
showing ECs of normal brain vessels (arterioles and venules). CD31 is expressed in ECs,
whereas neither a-SMA nor CD44 is detected. Bar = 100um (A-F), 15um (G-L) and 25um

(M-R). a-SMA, a-smooth muscle actin; EndMT, endothelial-to-mesenchymal transition

Figure 2.
Immunohistochemistry for endothelial and EndMT markers in human orbital CMs.

A, CD31, an endothelial marker, was expressed in the endothelium of vascular sinusoids of

17



orbital CMs. B, C, a-SMA and CD44, EndMT markers, were expressed in the endothelium of
orbital CMs. D-F, Negative controls show no significant staining. G-I: Photomicrographs
showing ECs that have undergone EndMT in orbital CMs (serial sections). The endothelial layer
is indicated by two dotted lines. CD31, a-SMA and CD44 are expressed in the ECs of vascular
sinusoids. J—L: Photomicrographs showing ECs that haven’t undergone EndMT in orbital CMs
(serial sections). The endothelial layer is indicated by two dotted lines. Neither a-SMA nor
CD44 is expressed in the ECs, while CD31 is expressed. Bar = 100um (A-F) and 15um (G-L).

a-SMA, a-smooth muscle actin; EndMT, endothelial-to-mesenchymal transition

Figure 3.

Quantitative analysis of EndMT markers in human cerebral and orbital CMs. The ratios of
a-SMA+ and CD44+ cells to the total ECs in vascular sinusoids with SE are shown
(Mann-Whitney U test, *P<0.05). In every case, at least 2 sections were analyzed. In each
section, we randomly selected 5 areas (500umx800um), and counted positively stained ECs.

a-SMA, a-smooth muscle actin; CMs, cavernous malformations

Figure 4.

Analysis of Notch and ephrin/Eph pathways in human cerebral CMs. A, Notchl was expressed
in the endothelium of vascular sinusoids. B, Notch3 was also expressed in the endothelium. C,
Hesr2/Hey2 was scarcely detected. D, Ephrin-B2 was expressed in the endothelium. E, EphB4

was also detected. Bar = 50um (A—C) and 50um (D and E).
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Supplemental Figure

Negative and positive controls for immunohistochemical analysis of Notch and ephrin/Eph
pathways. A, B, E, F, Stromal cells (SCs) in hemangioblastomas. C, D, Microvessels in
hemangioblastomas. G, H, Arterial endothelia of AVMs. I, J, Venous endothelia of AVMs. A, C,
E, G, I, Negative controls show no significant staining. B, Notchl is detected in SCs. D, Notch3
is expressed in ECs of microvessels. F, Hesr2/Hey2 is detected in SCs. H, Ephrin-B2 is
expressed in ECs of arteries in AVMs. J, EphB4 is detected in ECs of veins in AVMs. Bar =

151m (A-J).
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Table 1

TABLE 1. Summary of Patients with Cavernous Malformations

_ Family
Case No.  Age (yr), Sex CM type Lesion ) Onset
History
1 29, F Cerebral Multiple No Hemorrhage
2 29, F Cerebral Multiple No Hemorrhage
3 22, F Cerebral Multiple No Seizure
4 10,M Cerebral Multiple No Hemorrhage
5 26, M Cerebral Single No Hemorrhage
6 54, F Orbital Single No Visual loss
7 59, M Orbital Single No Visual loss
8 65, F Orbital Single No Diplopia

CM, cavernous malformation



Table 2

TABLE 2. Immunohistochemical Analysis of EndMT Markers in Endothelial Cells

Case No. CD31 a-SMA CD44

1 +4+ (100%)  ++ (67.9£3.1%) ++ (74.2+£3.3%)

2 +++ (100%) ++ (69.4+£2.7%)  ++ (71.6x2.7%)

3 +++ (100%) ++ (66.9+1.9%) ++ (73.9+4.6%)

4 +4+ (100%) +++ (75.4£5.0%)  ++ (73.6£3.4%)

5 +++ (100%) ++ (61.6+£5.1%) ++ (71.7£2.2%)

6 +++ (100%)  + (33.2+£2.6%)  + (39.5+4.5%)

7 +H+ (100%) + (41.3£5.8%)  + (41.0£3.6%)

8 +++ (100%)  + (32.9+1.8%) + (33.3+1.5%)

Arteriole +++ (100%) - 0%) - (0%)

Venule +++ (100%) - 0%) - (0%)

SMA, smooth muscle actin

Positively stained endothelial cells were counted and analyzed. The immunoreactivity was
quantitatively evaluated according to ratios of positive cells (—, 0%; +—, 0-20%; +, 20-50%; ++,
50-75%; +++, 75-100%) in the endothelial layers of vascular sinusoids. Data are presented as

means with standard errors in parentheses.



Table 3

TABLE 3. Immunohistochemical Analysis of Notch Pathway in Endothelial Cells
Case No. Notchl Notch3 Hesr2/Hey?2
1 +++  (83.1£11.5%) ++ (53.1+£3.6%) +— (9.1+£2.9%)
2 +++ (94.0£2.9%) +++ (83.7+£2.7%)  +-— (12.9+2.4%)
3 +++ (91.7£2.6%)  + (44.1+£5.4%) +- (16.5+£2.8%)
4 +++ (94.1£2.4%)  ++ (57.8£7.8%) +-— (12.9+5.8%)
5 +++ (95.7£2.5%)  + (37.2+£3.1%) +- (19.1+£2.5%)
6 +++ (95.8+1.1%)  + (24.3+2.8%) +- (16.1+£2.5%)
7 +++ (94.3£1.9%) +- (18.9+2.4%) +- (10.8+1.3%)
8 +++ (93.4+£2.8%) + (30.0+1.9%) +- (16.9+£2.3%)
Arteriole + (66.7£16.7%)  — (0%) ++ (50.0+9.6%)
Venule +-  (16.7£16.7%) — 0%) + (22.2£11.1%)

Positively stained endothelial cells were counted and analyzed. The immunoreactivity was
quantitatively evaluated according to ratios of positive cells (—, 0%; +—, 0-20%; +, 20-50%; ++,
50-75%; +++, 75-100%) in the endothelial layers of vascular sinusoids. Data are presented as

means with standard errors in parentheses.



Table 4

TABLE 4. Immunohistochemical Analysis of Ephrin/Eph Signaling in Endothelial Cells

Case No. ephrin-B2 EphB4
1 + (32.0+4.1%) +++ (98.8+1.2%)
2 + (41.243.8%) +++ (98.0+0.8%)
3 + (27.1£3.4%) +++ (96.9£1.3%)
4 + (32.743.4%) +++ (96.1£2.4%)
5 + (29.8+1.6%) +++ (98.6+0.9%)
6 + (27.74£2.9%)  +++ (76.7£2.1%)
7 + (27.8£3.0%)  ++ (61.9£6.2%)
8 + (20.3£1.3%) +++ (76.9£1.6%)
Arteriole - (0%) - (0%)
Venule - (0%) - (0%)

Positively stained endothelial cells were counted and analyzed. The immunoreactivity was
quantitatively evaluated according to ratios of positive cells (—, 0%; +—, 0-20%; +, 20-50%; ++,
50-75%; +++, 75-100%) in the endothelial layers of vascular sinusoids. Data are presented as

means with standard errors in parentheses.
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