Molecular Basis of Vascular Anomalies
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Vascular anomalies comprise a heterogeneous group of disorders that
are divided into tumors (hemangiomas) and malformations. Recent
advances in biomedical research provide insights into the molecular
basis of these disorders and a deeper understanding of vascular mor-
phogenesis. In the future, this emerging knowledge will contribute to
novel ways to treat vascular anomalies and to regulate pathologic angio-
genesis. (Trends Cardiovasc Med 1998;8:281-292) © 1998, Elsevier Sci-

ence Inc.

The earliest development of vascular
channels can be identified as differentia-
tion of mesenchymal cells into endothe-
lial cells (ECs). This in situ formation of
vascular tubes (vasculogenesis) leads to
the formation of a primary capillary
plexus (Risau et al. 1988). The plexus
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undergoes remodeling and sprouting
(angiogenesis) within almost all tissues
of the mammalian body. The endothelial
differentiation is accompanied by the
recruitment of smooth muscle cell
(SMC) precursors from mesenchymal
and neural crest cells. These precursor
cells migrate toward the endothelial tubes
and differentiate to become the smooth
muscle cell layers of blood vessel walls
(Nakamura 1988, Kirby and Waldo
1995). Further changes in size and mural
structure lead to the formation of arter-
ies, capillaries, veins, and lymphatics,
each with their own characteristics.

Recent studies are shedding some
light on the cascade of developmental
processes leading to the formation of the
embryonic vascular network. Studies in
transgenic mice have demonstrated a cru-
cial role for vascular endothelial growth
factor (VEGF) and for angiopoietin-1
(Ang-1) and -2 (Ang-2) and their recep-
tors (Carmeliet et al. 1996a, Fong et al.
1995, Maisonpierre et al. 1997, Shalaby
et al. 1995, Suri et al. 1996). These signal-
ing molecules and their receptors are
also implicated in human vascular anom-
alies believed to be caused by localized
errors in vascular morphogenesis.

BRIEF REVIEWS

We discuss what is known about the
molecular basis of anomalies that are
primarily vascular. For late-appearing
vascular lesions associated with other
primary conditions (such as “angiok-
eratomas” in lysosomal storage dis-
eases, kaposi sarcoma in immunodefi-
cient conditions, and hemangioblastomas
in von Hippel-Lindau disease; as well as
telangiectasias in DNA repair disorders,
such as ataxia-telangiectasia and xero-
derma pigmentosum) the reader is re-
ferred to recent reviews (Mitsuyasu
1993, Maher and Kaelin 1997, Green-
blatt 1998, Woods 1998).

¢ Classification of
Vascular Anomalies

Vascular anomalies occur mainly in the
skin. In the literature, almost all cuta-
neous vascular anomalies have, at
some point, been called hemangiomas.
The term hemangioma should, however,
be restricted to a rapidly growing vas-
cular tumor of infancy (Figure 1). This
benign tumor is usually not present at
birth, appears during the first 2 weeks
of life, and undergoes a natural regres-
sion within 5 to 10 years (Mulliken and
Glowacki 1982, Mulliken and Young
1988). Hemangiomas are the most com-
mon tumors of infancy. They do not oc-
cur in adolescents or adults. The other
major category of vascular anomalies
are malformations, lesions comprised
of dysplastic vessels lined by quiescent
endothelium. Vascular malformations are
usually, but not always, obvious at birth.
They never regress, they grow propor-
tionately with the patient, and some-
times they expand. Vascular malforma-
tions can be subcategorized according
to channel morphology and rheology as
either slow-flow or fast-flow. This “bio-
logic” classification of vascular anoma-
lies into tumors and malformations, pro-
posed in 1982 (Mulliken and Glowacki),
has been accepted by the International
Society for the Study of Vascular Anom-
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Figure 1. (A) A 10-month-old girl with a typical proliferating phase hemangioma (red, raised and warm on palpation) in the periauricular re-
gion. (B) Histology of a proliferating hemangioma from a 3-month-old boy. Note lobules packed with endothelial cells (arrows) and several
large draining veins (arrowheads) (hematoxylin-eosin-safranine X 2.5).

alies (Rome 1996) and is used in this
presentation.

¢ Vascular Tumors (Hemangiomas)

Hemangiomas are composed of plump,
rapidly dividing endothelial cells (see
Figure 1). The clinical phases of heman-
gioma’s life cycle can be demonstrated
by immunohistochemical markers (Ta-
kahashi et al. 1994). Upregulation of an-
giogenesis occurs, as shown by expres-
sion of proliferating cell nuclear antigen
(PCNA) and two angiogenic peptides,
VEGF and basic fibroblast growth factor
(bFGF). Type IV collagenase is also
present during the proliferative phase
(defined as the first year of life), suggest-
ing that collagen breakdown is necessary
for the growing capillaries. E-selectin, an
endothelial cell-specific leukocyte adhe-
sion molecule, is also upregulated in the
proliferative phase (Kriling et al. 1996),
as is monocyte chemoattractant protein-
1 (MCP-1) (Isik et al. 1996). By 1 year of
the child’s life, hemangioma’s growth
slows, as the tumor enters the involuting
phase (1-7 years). During this period,
mast cells and other monocytes and fi-
broblasts are seen. There is progressive
deposition of perivascular and interlobu-
lar fibrous tissue. Apoptosis begins prior
to 1 year and reaches its apogee at 2
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years (Razon et al. 1998). Involution is
also characterized by the autocrine in-
duction of tissue inhibitor of metallopro-
teinase (TIMP-1), a suppressor of new
blood vessel formation (Takahashi et al.
1994). After 5 to 7 years, hemangioma’s
life cycle is ended, the tumor is in its in-
voluted phase; only a few tiny vessels re-
main, lined by flat/mature endothelium
and surrounded by fibrofatty tissue. Mul-
tilaminated basement membranes, an ul-
trastructural hallmark of the proliferative
phase hemangioma, persist in the invo-
luted phase (Mulliken and Young 1988).
There are rare instances in which a
fully grown hemangioma is present at
birth; this is called congenital hemangi-
oma. Curiously, these tumors often un-
dergo a rapid involution within the first
year of life (Boon et al. 1996b). The trigger
for hemangiogenesis must have occurred
in utero; the earliest reported congenital
hemangioma was noted at 14 weeks of
gestation (Bronshtein et al. 1992).
Endangering or life-threatening hem-
angiomas are treated with corticoste-
roids, as the first-line drug; if there is no
response, interferon alfa can be effective
(Ezekowitz et al. 1992, Boon et al. 1996a).
Measurements of urinary bFGF can be
used to monitor pharmacologic therapy
(Folkman et al. 1997). Interferon alfa
(2a or 2b) may be an effective antiangio-

genic agent because it reduces bFGF ex-
pression (Singh et al. 1995).

Life-threatening thrombocytopenia is a
rare complication of infantile vascular tu-
mors. Since the first description in 1940,
this condition has been known as Kasa-
bach-Merritt syndrome. This phenome-
non has been believed to be associated
with giant hemangioma. However, recent
studies have confirmed that Kasabach-
Merritt coagulopathy occurs with another,
more malignant, type of infantile vascular
tumor, known as kaposiform hemangio-
endothelioma (KHE) (Enjolras et al.
1997, Sarkar et al. 1997). Spontaneous
murine hemangioendotheliomas, vascu-
lar endothelial tumors that mimic KHE,
are lethal (Hoak et al. 1971). Angio-
statin, an angiogenesis inhibitor, has been
successfully administered to treat these
murine vascular tumors (Lannutti et al.
1997). Thus, antiangiogenic therapy (at
least with angiostatin) may provide an ef-
ficient way to treat human KHE.

The triggers that initiate the common
infantile hemangioma, the rare congeni-
tal hemangioma, and KHE are un-
known. There is no evidence for Mende-
lian inheritance of hemangioma, but
occasionally siblings are affected (Cheung
et al. 1997). The trigger seems to be a
local event, not a hereditary predisposi-
tion. Could it be stimulation of “dor-
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mant angioblasts”—primitive cells that
gave rise to embryonic vessels? There is
no convincing evidence for an infectious
etiology (Dupin et al. 1998). Polyoma
middle T antigen is known to induce
vascular tumors in experimental ani-
mals (incorrectly called hemangioma).
However, the natural evolution of these
tumors (they often undergo malignant
transformation and grow throughout
life) is very different from that of human
hemangiomas (Williams et al. 1989).
Could hemangioma begin with a local
loss (or gain) of genetic material or in-
formation (somatic mutation) produc-
ing altered cells and autocrine growth?
Perhaps spontaneous regression is a sec-
ondary phenomenon, a response by
neighboring cells to the tumor. Mice ex-
pressing Fes/Fps protein-tyrosine kinase
transgene with an activating mutation
have multiple hemangioma-like tumors
at specific sites; however, these tumors
never regress, and the mice die of inter-
nal hemorrhage (Greer et al. 1994).
Identification of the molecular trigger
for hemangiomas is of great interest
both clinically and biologically. Because
the triggering event presumably involves
a potent stimulator of angiogenesis, iden-
tification of the molecules involved may
provide information that could be used

for controlling these common infantile
tumors and angiogenesis.

¢ Vascular Malformations

Vascular malformations differ, both
clinically and histologically, from hem-
angiomas. They are usually present at
birth, grow proportionately with the pa-
tient, and persist throughout life. Spon-
taneous regression does not occur, al-
though very rarely deflation can occur
with lymphatic malformation. Most vas-
cular malformations are sporadic. How-
ever, there are rare families evidencing
Mendelian inheritance, making genetic
analysis possible. Vascular malforma-
tions are subdivided into simple forms
(arterial, venous, capillary, or lymphatic
malformation) and combined forms (such
as arteriovenous and capillary-venous-
lymphatic malformation) (Mulliken and
Young 1988).

Venous Malformation

Venous malformations (VMs) are the
most common referrals to centers for
vascular anomalies, accounting for up
to 50% of patients. There are, however,
no data for their prevalence in the gen-
eral population. They usually occur spo-

radically, although several families with
dominant inheritance have been re-
ported (Boon et al. 1994, Vikkula et al.
1996; McKusick 1998 [OMIM #600195,
venous malformations, multiple cutane-
ous and mucosal]).

VM has a bluish-purple color, is often
raised, and can be emptied by compres-
sion. VMs are most often located in the
skin and/or mucosal membranes, but
visceral lesions occur (see Figure 2 for a
typical VM). An interesting family with
mucocutaneous venous malformations
associated with gastrointestinal bleed-
ing was reported in 1958 by Bean
(OMIM #112200). The disorder was in-
herited as an autosomal dominant trait,
known as Bean or Blue Rubber Bleb
Nevus syndrome. The individual lesions
have similar clinical characteristics to
cutaneous venous malformation but
with associated gastrointestinal lesions;
it could be an allelic VM phenotype.
Glomangiomas are another form of
venous-like cutaneous anomalies also
known to be inherited in an autosomal
dominant pattern (Rudolph 1993).

What are venous malformations?
How do they form and why do they en-
large? To answer these questions, we
used immunohistochemistry to visualize
the two most important cellular compo-

Figure 2. (A) A 30-year-old man with an extensive venous malformation (VM) of the right lower extremity. It is purple-bluish in color, soft and
compressible with thrombi on palpation. (B) VM from the salivary gland of an 11-year-old male is composed of large, ectatic channels with
thin walls (arrows) (hematoxylin-eosin-safranine X 2.5).
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nents of blood vessel walls, the endothe-
lial and smooth muscle cells. Using anti-
bodies against von Willebrand factor
and smooth muscle a-actin, we found
that VMs are composed of a number of
saccular channels, lined by flat endothe-
lium, with a deficient SMC layer (Vikkula
et al. 1996). Antibodies against E-selec-
tin (expressed by proliferating endothe-
lial cells) and against the universal pro-
liferation marker Ki-67 have demon-
strated that the endothelium in VMs is
not proliferative (Kriling et al. 1996).
Thus, it is likely that the observed defi-
ciency of smooth muscle in the walls is
a result of diminished recruitment of
SMCs rather than an increase in the
proliferation of ECs. This could be due
to lack of differentiation, migration,
and/or proliferation of SMCs or could be
the result of increased apoptosis.

We used reverse genetics to unravel
the molecular cause of this anomaly in
two separate families with autosomal
dominantly inherited VMs. By random
mapping, we localized the region of the
defective gene to chromosome 9 and
subsequently pinpointed the causative
mutation (Boon et al. 1994, Vikkula et
al. 1996). The mutated gene encodes the
receptor tyrosine kinase TIE-2. This re-
ceptor has been shown to be expressed
specifically in endothelial cells (Dumont
et al. 1995). Furthermore, homozygous
Tie-2 knock-out mice die in utero be-
cause of defects in angiogenesis and re-
modeling (Dumont et al. 1994, Sato et
al. 1995).

Although the normal function of the
TIE-2 signaling pathway is unknown,
two ligands, angiopoietin-1 (Ang-1) and
-2 (Ang-2), expressed by mesenchymal
cells that surround developing blood
vessels, have been identified (Davis et al.
1996, Maisonpierre et al. 1997). Ang-1
binds to TIE-2 and increases receptor
autophosphorylation. It does not appear
to act as a growth factor that induces
endothelial proliferation; yet it causes
sprouting angiogenesis in vitro (Davis et
al. 1996, Koblizek et al. 1998). The nor-
mal function of the TIE-2 pathway may
be to regulate signaling between ECs
and SMCs. This hypothesis is supported
by the mutation we identified in our two
families with inherited VMs. The argi-
nine-to-tryptophan substitution in the
intracellular kinase domain of TIE-2
caused a 6- to 10-fold increase in the
phosphorylating activity of the receptor
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as measured in vitro (Vikkula et al.
1996). However, the characteristic histo-
logical finding in these VMs was a rela-
tive deficiency of SMCs. This could be
explained by an uncoupling of the pro-
liferation of ECs and concomitant re-
cruitment of SMCs. This explanation is
consistent with the defects seen in Ang-1
knock-out mice, that is, abnormal re-
modeling of the primary capillary
plexus resulting in persistent immature
vessels with large lumina (Suri et al.
1996). Studies of transgenic mice that
overexpress Ang-2 have shown similar
results (Maisonpierre et al. 1997). This
TIE-2 ligand binds to the receptor with-
out inducing receptor autophosphoryla-
tion, and, as it can compete for binding
to TIE-2 with Ang-1, it may block the ac-
tivating effects of Ang-1. In transgenic
mice overexpressing Ang-2, similar de-
fects, as with the loss of Ang-1, were
seen (Maisonpierre et al. 1997).

Because the human molecular alter-
ation associated with relative deficiency
of SMCs is a mutation of the TIE-2 re-
ceptor expressed in ECs, perhaps there
is another signaling molecule that car-
ries information from ECs to SMCs or
their precursors. This could be platelet-
derived growth factor (PDGF)-BB or-
AA, transforming growth factor-g (TGF-
B), heparin-binding epidermal growth
factor (HB-EGF), or another, perhaps
unidentified, molecule. Experiments with
murine knock-outs have provided in-
sights into the in vivo function of some
of these factors. Knock-out mice of the
best candidate, PDGF-B, have shown
that, although PDGF-B is crucial for the
recruitment of microvascular pericytes,
it does not seem to be as important in
veins (Lindahl et al. 1997). TGF-B1~/~
and TGF-Br2~'~ mice exhibit defects in
yolk sac vasculogenesis. These mice die
in utero probably owing to inadequate
differentiation of endothelial cells (Dick-
son et al. 1995, Oshima et al. 1996).
However, the TGF-B ligand-receptor sys-
tem still could be important for the de-
velopment of intraembryonic vascula-
ture at later stages. This is supported by
EC-SMC coculture experiments show-
ing that TGF-B is needed for SMC differ-
entiation (Hirschi et al. 1998). Tissue
factor knock-out mice have disorga-
nized yolk sac vasculature (large vi-
telline vessels replaced by an irregular
plexus) and lack of smooth muscle «-
actin positive pericytes. Nevertheless,

the importance of tissue factor for intra-
embryonic vascular morphogenesis re-
mains unclear (Bugge et al. 1996, Car-
meliet et al. 1996b, Toomey et al. 1996).
Reduction of smooth muscle «-actin
positive pericytes and SMCs occurs in
LKLF '~ mice. These animals have a
problem of vascular maturation in the
aorta and veins in the late embryonic
stage (Kuo et al. 1997). The LKLF tran-
scription factor, expressed in ECs but
not in SMCs, is therefore directly or in-
directly linked to the recruitment of
SMCs/pericytes. Although the histologic
characteristics are strikingly similar to
the observed phenotype in VMs with
TIE-2 mutation, the expression levels of
Tie-2, PDGF-B, HB-EGF, and TGF-B are
normal in ECs of LKLF '~ mice, arguing
against function via these pathways (Kuo
et al. 1997).

The basic molecular defect in VMs is
not necessarily caused by feed-back sig-
naling via a growth factor from endothe-
lium to smooth muscle. Production of
extracellular matrix (ECM), by both ECs
and SMCs, and attachment of cells to
this ECM are important for vascular de-
velopment and maintenance. Type VIII
collagen is associated with SMC migra-
tion (Sibinga et al. 1997); fibronectin is
essential for proper vascular develop-
ment (George et al. 1993); and type
XVIII collagen, via proteolytic cleavage,
releases a potent inhibitor of angiogene-
sis, endostatin (O'Reilly et al. 1997). Mu-
tations in blood vessel matrix compo-
nents have been identified in several
vascular disorders, such as Marfan syn-
drome, familial aneurysms, and Ehlers-
Danlos syndrome (Superti-Furga et al.
1988, Kontusaari et al. 1990, Collod-
Béroud et al. 1997). Moreover, attach-
ment to ECM via «,; integrin is needed
for EC survival (Brooks et al. 1994). As
endothelium and smooth muscle pro-
duce vascular ECM, growth factor sig-
naling pathways are likely to be involved
in controlling the composition of ECM.
For example, TGF-B has been shown to
stimulate matrix deposition in intimal
hyperplasia (Wolf et al. 1994). Tie-27"~
mice, as well as the Ang-17~ mice and
Ang-2 overexpressing mice, exhibit de-
tachment between endocardium and my-
ocardium (Dumont et al. 1994, Suri et al.
1996, Maisonpierre et al. 1997). Thus, it is
possible that normal function of the TIE-
2 pathway is related to ECM production
and/or EC-ECM attachment.
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There are other possible mechanisms
involved in the formation of VMs, as
these anomalies are multifocal and not
all vessels are affected. Are there envi-
ronmental factors such as infection, mi-
crotrauma, or hormonal influences, or
perhaps a somatic mutation, a “second
hit”? It is possible that other genes can
influence the expression of a vascular
malformation in heterozygous carriers
of a “predisposing” mutation. Such a ge-
netic background effect has been shown
in some knock-out mice. Crossing the
TF ™/~ genotype from 129/Sv background
into C57BL/6 line shifted the timepoint
of death from midgestation to birth, al-
though hemorrhage was still the cause
of death (Toomey et al. 1997). In addi-
tion, a major modifier of embryonic le-
thality in TGF-Bl1~/~ mice has been
mapped to mouse chromosome 5 (Bony-
adi et al. 1997). In a similar way, there
could be a protein that could modulate
the effects of the mutated TIE-2 recep-
tor in developing blood vessels. The ex-
istence of such a protein is supported by
the fact that penetrance of the identified
TIE-2 mutation was 96%, not 100%, in the
two families with the disorder (Vikkula
et al. 1996). Moreover, there is genetic
heterogeneity. We have analyzed families
that are not linked to 9p; another gene(s)
causing dominantly inherited VMs must
therefore exist (L. M. Boon, J. B. Mul-
liken, B. R. Olsen, and M. Vikkula unpub-
lished). Some VMs are characterized by
a high number of glomus cells. These
glomangiomas are sometimes inherited
as an autosomal dominant trait (Ru-
dolph 1993). The identification of this
gene(s) may help us understand the cas-
cade of signaling events involved in the
etiopathogenesis of VMs and may clarify
the reasons for the localized occurrence
of lesions in carriers.

It would also be interesting to deter-
mine whether sporadic VMs are caused
by the same TIE-2 mutation, as in the
familial cases, or whether other TIE-2
mutations can have the same functional
effects. In vivo studies are also needed.
Given that homozygous Tie-2 knock-out
mice die in utero, we are trying to con-
struct a transgenic mouse expressing the
human mutation. With this model, we
could test pharmacological agents that
block the effect of the Arg-to-Trp substi-
tution in the TIE-2 receptor.

Signaling between ECs and SMCs
may not be the same in all veins. As
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aforementioned, only veins in mucocu-
taneous tissues are affected in the indi-
viduals carrying the TIE-2 mutation
Thus, it may be that this signaling path-
way is different from, or less important,
in other vessels. This belief is supported
by the fact that there are families with
VMs that occur predominantly in the
central nervous system (OMIM #116860;
familial “cavernous angioma”). Linkage
studies of these families have deter-
mined a locus on the long arm of chro-
mosome 7, not 9p (Dubovsky et al.
1995). The causative gene in the 7q-
linked disorder has not yet been identi-
fied; thus nothing is known about how
its function relates to EC-SMC signal-
ing. There are also families with central
nervous system VMs that do not link to
7q (Gunel et al. 1996). In summary,
venous dysmorphogenesis is not caused
by mutations in a single gene, but rather
by mutations in a set of genes, the func-
tions of which are probably related, yet
could be quite different.

Capillary Malformation

Perhaps the most common cutaneous
vascular anomaly in the general popula-
tion involves capillary or venular-sized
malformed vessels in the dermis. These
lesions, often called port-wine stains
(OMIM #163000) are reddish and macu-
lar and occur in 0.3% of newborns (Ja-
cobs and Walton 1976). Unfortunately,
capillary malformation (CM) is often
confused with the very common fading
macular stain of neonates, known in the
literature as “stork bite,” “salmon patch,”
or “angel’s kiss.” These harmless vascu-
lar birthmarks occur in 30% to 40% of
newborns, usually in the nuchal region,
eyelids, glabella, and lips, in order of fre-
quency (Mulliken and Young 1988).
These stains typically disappear within 1
year without leaving a trace. They are
not considered dermatopathologic le-
sions; their etiology is unknown.

CM (port-wine stain) does not disap-
pear. It gradually darkens from pink to
purple, and some facial lesions exhibit
soft tissue hypertrophy (see Figure 3 for
a typical CM). Skeletal overgrowth in
the region of the CM can also occur, es-
pecially in the maxillary region.

What little we know about CMs
comes from histopathology. Hematoxy-
lin-eosin staining shows that the anom-
aly consists of an increased number of

abnormal ectatic capillary-like channels
within the papillary dermis. The walls of
these channels are thin, and the lining
endothelial cells are flat (Barsky et al.
1980). It has been postulated that CM
involves progressive dilatation of the cu-
taneous vascular plexus (Barsky et al.
1980). Using immunohistochemistry, Fin-
ley et al. (1982) did not detect differences
in distribution of factor VIII, fibronec-
tin, and type IV collagen. Smoller and
Rosen (1986) showed that the density of
pericapillary neurons is abnormal. They
postulate that the diminished neuronal
component may alter neural modulation
of vascular tone and be responsible for
the observed progressive ectasia.

Sturge-Weber  syndrome (OMIM
#185300) is composed of a CM located
in the ophthalmic (V1) trigeminal neu-
rotome in the face (sometimes V2 as
well) and in the ocular choroid and ipsi-
lateral leptomeninges. Enjolras et al.
(1985) have hypothesized that the syn-
drome results from dysmorphogenesis
(involving neural crest migration) of
the cephalic neuroectoderm. Whether the
etiopathogenesis of this syndrome is the
same as for common CM is not known.
Sturge-Weber syndrome is not believed
to be hereditary. However, Unna nevus
(a persistent nuchal and forehead CM;
OMIM #163100) is inherited as an au-
tosomal dominant trait with variable
penetrance (Merlob and Reisner 1985,
Zumkeller 1957).

The finding of an increased number
of dilated small capillaries in this anom-
aly suggests that increasing knowledge
of the triggers could provide clinicians
with new peptides for induction and in-
hibition of angiogenesis. Basic studies
of the beneficial effects of such factors,
for example, VEGF, have moved from
experimental treatment of induced isch-
emic animal models to clinical trials of
peripheral arterial disease (Takeshita et
al. 1994, Isner et al. 1996).

Arteriovenous Malformation

Arteriovenous malformation (AVM) is
the most devastating and difficult to
treat anomaly of vascular dysmorpho-
genesis. Sometimes these fast-flow vas-
cular lesions present with congestive
heart failure at birth. More commonly,
an AVM remains quiescent until child-
hood or early adulthood when it begins
to expand (see Figure 4 for typical
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Figure 3. (A) A 20-year-old girl with a capillary malformation (CM) in the right V1-V2 distribution of the trigeminal nerve. The CM is red and
flat. (B) CM from the lower lip of a 36-year-old female is composed of dilated capillaries (arrows) next to a large sebaceous gland (hematoxylin-

eosin-safranine X 10).

AVM). Embolization, whenever possible
followed by radical surgical resection,
can “cure” the patient, but often this
combined approach cannot be accom-
plished without mutilation or loss of
critical tissue, for example, in AVMs of

the brain, face, or extremities (Burrows
and Fellows 1995, Kohout et al. 1998).
Morphologically, an AVM comprises
microscopic connections from arteries
to veins. The epicenter, called the ni-
dus, is supplied by multiple feeding ar-

teries. Most AVMs are sporadic; how-
ever, they are also seen in patients with
hereditary hemorrhagic telangiectasia
(HHT or Rendu-Osler-Weber syndrome,
ROW; OMIM #187300). Two separate
genes, identified as causing HHT, are as-

Figure 4. (A) A 50-year-old man with a diffuse arteriovenous malformation (AVM) and painful ulceration in the medial side of the right ankle.
In addition to warm reddish blush, there is a prominent bruit and thrill. (B) AVM (from the forehead of a 24-year-old female) with multiple
sclerotic veins (arrows) (hematoxylin-eosin X 2.5).
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sociated with clinically distinct pheno-
types (McAllister et al. 1994a, Shovlin et
al. 1994, Vincent et al. 1995). HHTI, a
locus in 9q34.1, is caused by mutations
in endoglin, a TGF-B binding protein;
these patients have a high frequency of
pulmonary AVMs (McAllister et al.
1994b). In contrast, HHT2, located in
12q11-q14 (OMIM #600376), is caused
by mutations in an activin receptor-like
kinase, also a TGF-B binding protein.
Patients with HHT2 rarely have pulmo-
nary AVMs (Vincent et al. 1995, Johnson
et al. 1996). It seems that the TGF-( sig-
naling is important for the proper main-
tenance of capillaries. When this signal-
ing pathway is altered, the capillary bed
dilates, allowing direct arteriovenous
flow and the formation of AVM. It is not
known why mutations in activin recep-
tor-like kinase produce fewer AVMs. The
cutaneous telangiectasias seem to be
similar to those caused by the endoglin
mutations. Because the HHT1 muta-
tions identified to date result in synthe-
sis of shortened forms of endoglin or en-
doglin with amino acid substitutions, it
is assumed that they cause either a dom-
inant-negative effect or that they pro-
duce a non-membrane-bound, soluble
form of endoglin that is still capable of
binding TGF-B. In either instance, there

would be failure of normal TGF-B effect
on endothelial cells. This suggests that
some AVMs might respond positively to
(locally) administered TGF-B.

There is a report excluding both the
HHT1 and HHT2 loci as the cause for
HHT in one Italian family, evidence for
locus heterogeneity (Piantanida et al.
1996). Other proteins are involved in the
maintenance of normal capillary struc-
ture. The identification of this third gene
and the construction of transgenic
mouse models for HHT1 and HHT2 will
advance our knowledge about the mo-
lecular events that cause destruction of
the capillary network.

Lymphatic Malformations

Lymphatic-derived channels can also
comprise abnormalities that are similar
to those that occur in capillaries and
veins. Lymphatic malformation (LM), of-
ten inaccurately called lymphangioma, is
a defect of cutaneous and subcutaneous
lymphatic vessels. An LM is composed of
clusters of dilated lymphatic channels
(vesicles) with both thick and thin mus-
cular layers (smooth and skeletal), filled
with clear proteinaceous fluid, and not
connected to normal lymphatic vessels
(Whimster 1976) (see Figure 5 for a typi-
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cal LM). LMs may be sequestered seg-
ments of the primitive lymphatic system
(Mulliken and Young 1988).

For reasons unknown, these lesions
occur mostly in the cervicofacial area
where they are commonly microcystic.
In comparison, the more rare truncal le-
sions are usually macrocystic. LMs can
also occur in solid organs, in skeletal tis-
sue, and in multiple organ systems.
Treatment is often limited to sequential
surgical resection. There is also a role
for sclerotherapy, using ethanol, ethibloc,
and/or OK-43, particularly for macro-
cystic LM (Ogita et al. 1994).

There are few molecular clues for
these lymphatic anomalies. To our
knowledge, no inherited cases have been
reported. Perhaps dominant mutations,
even in heterozygotes, are lethal. In fact,
lethal midline posterior cervical LM oc-
curs with trisomy 13, and 18/21 (Green-
berg et al. 1983, Garden et al. 1986). All
sporadic cases of LM could be caused by
de novo dominant mutations. Proteins
involved in lymphangiogenesis, VEGF-
C, VEGF-D, and their receptor VEGFR-3
(or FLT-4) are likely candidates (Kukk et
al. 1996, Achen et al. 1998). VEGFR-3
expression is limited to lymphatic en-
dothelium in adult mice (Kaipainen et
al. 1995), and overexpression of VEGF-C

Figure 5. (A) A 2-year-old girl with a lymphatic malformation (LM) on left posterior thorax that easily transilluminates. A small reddish patch
(CM), often associated with LM, is also seen. (B) LM, excised from the arm of a 15-year-old female, demonstrates large, irregular channels
(arrows) with thin walls and intraluminal proteinaceous material (hematoxylin-eosin-safranine X 2.5).
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in the skin of transgenic mice causes hy-
perplasia of adjacent lymphatic vessels
(Jeltsch et al. 1997). Moreover, het-
erozygous loss of one allele of the re-
lated growth factor, VEGF, is lethal in
mice (Carmeliet et al. 1996a). These
findings support the concept of lethal
germline mutations for these factors.
Given that VEGF has been shown to be
crucial for vasculogenesis, it is possible
that VEGFR-3, with its ligands VEGF-C
and VEGF-D, serves a similar function
in lymphatic vessels.

Combined Malformations

A complex vascular malformation mani-
fests clinical and histologic character-
istics of several of the simple forms,
comprising any combination of arterial,
capillary, lymphatic, and venous compo-
nents (see Figure 6 for a combined lym-
phatico-venous malformation, LVM).
These combined lesions seem to be spo-
radic. They are more often located on
the extremities than the trunk, and often
only one side is affected, although bilat-
eral involvement can occur. These obser-
vations suggest mosaicism for a de novo
somatic mutation, perhaps affecting more
than one gene.

The combined vascular malforma-
tions are often associated with osseous
and/or cartilaginous overgrowth, although
occasionally the affected extremity is
smaller. Klippel-Trenaunay syndrome
(KTS, OMIM #149000) is defined as an
extensive combined malformation com-
prised of capillary, lymphatic, and/or
venous malformations (CLVM) associ-
ated with overgrowth of the affected ex-
tremity (Klippel and Trenaunay 1900).
There are several reports of sporadic
cases of KTS, but only a few with famil-
ial clustering. Lindenauer (1965) de-
scribed a brother and sister with an
identical phenotype, and Aelvoet et al.
(1992) reported on two families both
having two individuals with KTS. In
both families, the phenotype jumped
over a generation, which argues for re-
duced penetrance. This is supported by
the notion that in four families, the au-
thors found increased occurrence of port-
wine stains (CMs) in the relatives of KTS
patients. CMs could, at least in these
families, be caused by the same gene as
the fully expressed KTS phenotype. Sup-
port for this concept comes from Cebal-
los Quintal and coworkers (1996), who
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Figure 6. A 17-year-old girl with extensive
combined capillary-lymphatico-venousmal-
formation (CLVM) of left lower extremity
with overgrowth in girth and length (Klippel-
Trenaunay syndrome).

reported a family in which the mother
of a girl affected with KTS had a large
CM on the back and “severe varicosities”
without “clinical or radiological signs of
limb hypertrophy.” Because the mater-
nal grandmother also developed severe
varicosities in both legs at an early age,
the authors suggested that KTS is inher-
ited as an autosomal dominant trait
with variable expressivity in their family
(Ceballos Quintal et al. 1996).

In rare instances, a dominant genetic
alteration has been associated with KTS.
A chromosomal abnormality has been re-
ported, that is, translocation between
chromosomes 5 and 11 (Whelan et al.
1995). Much work must be done to deci-
pher the molecular mechanisms leading
to this complex phenotype, perhaps be-
ginning with whether chromosomes 5 or
11 contain the causative gene(s).

Proteus syndrome is another multi-
system disorder with a vascular compo-
nent (OMIM #176920), characterized by
macrocephaly, gigantism of hands and
feet, hemihypertrophy of the body, lipo-
mas, and capillary-venous malforma-
tions. Goodship et al. (1991) and Kriiger
et al. (1993) provide evidence of autoso-
mal dominant inheritance with variable
expression of the phenotype. The hy-
pothesis of somatic mosaicism also has
been proposed for this disorder (Cohen
1993). The majority of patients with
Proteus are sporadic, and studies are
just beginning to focus on the underly-
ing mechanisms leading to this disorder.
A similar complex vascular anomaly/
overgrowth phenotype is Maffucci syn-
drome (OMIM #166000). This rare con-
dition presents as raised cartilaginous
overgrowths (enchondromas) in associ-
ation with vascular malformations of
the extremities resembling VMs (Maf-
fucci 1881). It is tempting to suggest
that Maffucci syndrome is a contiguous
gene syndrome, involving genes impor-
tant for venous morphogenesis and car-
tilaginous growth. Patients with Maf-
fucci have a high frequency of malignant
transformation, up to 20% to 30%. Could
this be explained by loss of a tumor sup-
pressor gene located in the vicinity of
the gene(s) responsible for the VMs and
enchondromas? Because the first identi-
fied gene causing VMs, TIE-2, is located
on human chromosome 9 in a region
containing the tumor suppressor genes
P15 and P16, it is tempting to speculate
whether some cases of Maffucci syn-
drome might be caused by mutations in
this region.

¢ Future

Elucidation of the molecular basis of vas-
cular anomalies provides insights into
the cause of disorders and into the pro-
cesses that regulate normal vascular
development (Table 1). This research
may lead to new approaches to control
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Table 1. Histologic and molecular characteristics of vascular anomalies

Vascular anomaly

Histologic characteristics

Molecular basis

Hemangioma

Lobular architecture, plump, proliferating endothelium

thickened basement membrane (see Figure 1B)

Cutaneo-mucosal venous
malformation (VM)

Cerebral VM

Capillary malformation
(CM)

Arteriovenous
malformation (AVM)

Ataxia-telangiectasia (AT)

See VM

See HHT1

Hereditary Hemorrhagic
Telangiectasia (HHT1)

Ectatic and serpiginous channels, flat endothelium,
scattered smooth muscle cells (see Figure 2B)

Dilated thin-walled capillaries (see Figure 3B),
| perivascular neural density

Dysmorphic arteries and sclerotic veins (see Figure 4B)

Dilated arterioles directly connecting with dilated venules,
absent elastic fibers in arterioles &

arteriolar-precapillary sphincters

Upregulation of FGF and/or VEGF ?
Downregulation of IFN ?

TIE-2, Chr. 9p

Chr. 7q (gene unknown)
?

Endoglin ?, activin receptor-like
kinase 1 ?

ATM, Chr. 11q (phosphatidylinositol-
3-like kinase)

Endoglin, Chr. 9q

HHT2 See HHT1 Activin receptor-like kinase 1, Chr.
12q
HHT3 See HHT1 Another TGF-B binding protein ?
Lymphatic malformation  Ectatic lymphatic channels lined by flat, nonproliferative = VEGFR3 ?, VEGF-C ?, VEGF-D ?
(LM) endothelium (see Figure 5B)
vasculogenesis and angiogenesis in number of genes that are expressed in Scientific, Technical and Cultural Af-

other diseases as well.

In addition to what has been learned
from reverse genetic studies of human
vascular malformations, important work
is going on in other species, such as
mouse and zebrafish. The zebrafish is a
particularly exciting model for study.
Large numbers of fish can easily be
maintained in relatively small tanks, and
their transparency makes it fairly easy to
study the structure of their vasculature
in vivo. Blood flow dynamics can be ob-
served without invasive measurements,
and screening for individuals with vas-
cular phenotypes is easy (Stainier et al.
1996). A 2,5-cM genomic map of the ze-
brafish is already available (Knapik et al.
1996), thus it is also possible to do link-
age mapping for causative genes. As large
numbers of informative meioses can eas-
ily be obtained, it is possible to do refined
mapping of a locus in a relatively short
time. Thus it is feasible to identify the de-
fective gene by positional cloning.

The differences in zebrafish physiol-
ogy limit their usefulness to the study
of human disorders. Nevertheless, this
model system will undoubtedly provide
detailed knowledge about the develop-
ment, organization, and maturation of
blood vessels. This knowledge, combined
with understanding from murine mod-
els, will facilitate our understanding of
human vascular disorders. Already, a
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blood vessel walls during development
and/or in mature vessels have been mu-
tated in mice. Many of these mutations,
for example, knock-outs of PDGF-B,
Tie-1 and Tie-2, result in homozygous
lethal phenotypes with heterozygotes
being unaffected, whereas others (VEGF)
cause a lethal phenotype even in het-
erozygotes (Carmeliet et al. 1996a, Du-
mont et al. 1994, Leveen et al. 1994,
Sato et al. 1995). Given that several hu-
man disorders are now recognized to be
caused by mutations leading to domi-
nant-negative or gain of function effects,
it is also important to create transgenic
mice that carry the murine equivalents.
Such mice would serve as models of the
human disorders and could be used for
detailed studies of the pathophysiologi-
cal processes that cause the phenotype.
The murine models would also serve as
valuable models for clinical testing of
new therapies.

¢ Acknowledgments

The authors are grateful to Professor
J.-M. Lachapelle for his help with the
histologic figures. Studies from the au-
thors’ laboratories were supported in
part by the Human Frontier Science
Program, Fonds de Developpement Sci-
entifique-Université Catholique de Lou-
vain and the Belgian Federal Service for

fairs (M.V.). Support was also provided
by Organogenesis, Inc. and the Na-
tional Institutes of Health (HL33014 and
AR36820 to B.R.O.). Y. Pittel provided
expert secretarial assistance.

References

Achen MG, Jeltsch M, Kukk E, et al.: 1998. Vas-
cular endothelial growth factor D (VEGF-D)
is a ligand for the tyrosine kinases VEGF
receptor 2 (Flk1) and VEGF receptor 3
(Flt4). Proc Natl Acad Sci USA 95:548-553.

Aelvoet GE, Jorens PG, Roelen LM: 1992.
Genetic aspects of the Klippel-Trenaunay
syndrome. Br J Dermatol 126:603-607.

Barsky SH, Rosen S, Geer DE, Noe JM: 1980.
The nature and evolution of port wine
stains: a computer-assisted study. J Invest
Dermatol 74:154-157.

Bean W: 1958. Vascular Spiders and Related
Lesions of the Skin. Springfield, IL, Thomas.

Bonyadi M, Rusholme SAB, Cousins FM, et
al.: 1997. Mapping of a major genetic mod-
ifier of embryonic lethality in tgf beta 1
knockout mice. Nat Genet 15:207-211.

Boon LM, Mulliken JB, Vikkula M, et al.: 1994.
Assignment of a locus for dominantly inher-
ited venous malformations to chromosome
9p. Hum Mol Genet 3:1583-1587.

Boon LM, Burrows PE, Paltiel HJ, et al.: 1996a.
Hepatic vascular anomalies in infancy: a

twenty-seven-year experience. J Pediatr 129:
346-354.

289



Boon LM, Enjolras O, Mulliken JB: 1996b.
Congenital hemangioma: evidence of accel-
erated involution. J Pediatr 128:329-335.

Bronshtein M, Bar Hava I, Blumenfeld Z:
1992. Early second-trimester sonographic
appearance of occipital haemangioma sim-
ulating encephalocele. Prenat Diagn 12:695-
698.

Brooks PC, Montgomery AM, Rosenfeld M, et
al.: 1994. Integrin alpha v beta 3 antago-
nists promote tumor regression by induc-
ing apoptosis of angiogenic blood vessels.
Cell 79:1157-1164.

Bugge TH, Xiao Q, Kombrinck KW, et al.:
1996. Fatal embryonic bleeding events in
mice lacking tissue factor, the cell-associ-
ated initiator of blood coagulation. Proc
Natl Acad Sci USA 93:6258-6263.

Burrows PE, Fellows KE: 1995. Techniques
for management of pediatric vascular anom-
alies. In Cope C, ed. Current Techniques in
Interventional Radiology. Philadelphia, Cur-
rent Medicine, pp 11-27.

Carmeliet P, Ferreira V, Breier G, et al.:
1996a. Abnormal blood vessel develop-
ment and lethality in embryos lacking a
single VEGF allele. Nature 380:435-439.

Carmeliet P, Mackman N, Moons L, et al.:
1996b. Role of tissue factor in embryonic
blood vessel development. Nature 383:73—
75.

Ceballos Quintal JM, Pinto Escalante D,
Castillo Zapata I: 1996. A new case of Klip-
pel-Trenaunay-Weber (KTW) syndrome:
evidence of autosomal dominant inher-
itance. Am J Med Genet 63:426-427.

Cheung DSM, Warman ML, Mulliken JB:
1997. Hemangioma in twins. Ann Plast
Surg 38:269-274.

Cohen MM Jr: 1993. Proteus syndrome: clini-
cal evidence for somatic mosaicism and
selective review. Am J Med Genet 47:645-
652.

Collod-Béroud G, Béroud C, Ades L, et al.:
1997. Marfan Database (second edition):
software and database for the analysis of
mutations in the human FBNI1 gene.
Nucleic Acids Res 25:147-150.

Davis S, Aldrich TH, Jones PF, et al.: 1996.
Isolation of angiopoietin-1, a ligand for the
TIE2 receptor, by secretion-trap expression
cloning. Cell 87:1161-1169.

Dickson MC, Martin JS, Cousins FM, Kulkarni
AB, Karlsson S, Akhurst RJ: 1995. Defec-
tive haematopoiesis and vasculogenesis in
transforming growth factor-beta 1 knock
out mice. Development 121: 1845-1854.

Dubovsky J, Zabramski JM, Kurth J, et al.:
1995. A gene responsible for cavernous
malformations of the brain maps to chro-
mosome 7q. Hum Mol Genet 4:453-458.

Dumont DJ, Gradwohl G, Fong GH, et al.:
1994. Dominant-negative and targeted null
mutations in the endothelial receptor

290

tyrosine kinase, tek, reveal a critical role in
vasculogenesis of the embryo. Genes Dev
8:1897-1909.

Dumont DJ, Fong GH, Puri MC, Gradwohl G,
Alitalo K, Breitman ML: 1995. Vasculariza-
tion of the mouse embryo: a study of flk-1,
tek, tie, and vascular endothelial growth
factor expression during development. Dev
Dyn 203:80-92.

Dupin N, Enjolras O, Wassef M, et al.: 1998.
Lack of evidence of any association between
HHV-8 and hemangioma of the infancy.
Ann Dermatol Venereol 125:98-99.

Enjolras O, Riché MC, Merland JJ: 1985.
Facial port-wine stains and Sturge-Weber
syndrome. Pediatrics 76:48-51.

Enjolras O, Wassef M, Mazoyer E, et al.:
1997. Infants with Kasabach-Merritt syn-
drome do not have true hemangiomas. J
Pediatr 130:631-640.

Ezekowitz RA, Mulliken JB, Folkman J: 1992.
Interferon alfa-2a therapy for life-threaten-
ing hemangiomas of infancy. N Engl J Med
326:1456-1463.

Finley JL, Clark RA, Colvin RB, Blackman
R, Noe J, Rosen S: 1982. Immunofluores-
cent staining with antibodies to factor VIII,
fibronectin, and collagenous basement
membrane protein in normal human skin
and port wine stains. Arch Dermatol 118:
971-975.

Folkman J, Mulliken JB, Ezekowitz AB: 1997.
Antiangiogenic therapy of hemangiomas
with interferon-alpha. In Stuart-Harris R,
Penny RD, eds. Clinical Applications of the
Interferons. London: Chapman and Hall
Medical, pp 255-265.

Fong GH, Rossant J, Gertsenstein M, Breit-
man ML: 1995. Role of the Flt-1 receptor
tyrosine kinase in regulating the assembly
of vascular endothelium. Nature 376:66—
70.

Garden AS, Benzie RJ, Miskin M, Gardner
HA: 1986. Fetal cystic hygroma colli: ante-
natal diagnosis, significance, and manage-
ment. Am J Obstet Gynecol 154:221-225.

George EL, Georges Labouesse EN, Patel King
RS, Rayburn H, Hynes RO: 1993. Defects in
mesoderm, neural tube and vascular devel-
opment in mouse embryos lacking fibronec-
tin. Development 119:1079-1091.

Goodship J, Redfearn A, Milligan D, Gardner
Medwin D, Burn J: 1991. Transmission of
Proteus syndrome from father to son? J
Med Genet 28:781-785.

Greenberg F, Carpenter RJ, Ledbetter DH:
1983. Cystic hygroma and hydrops fetalis
in a fetus with trisomy 13. Clin Genet 24:
389-391.

Greenblatt RM: 1998. Kaposi’s sarcoma and
human herpes virus-8. Infect Dis Clin
North Am 12:63-82.

Greer P, Haigh J, Mbamalu G, Khoo W, Bern-
stein A, Pawson T: 1994. The Fps/Fes pro-
tein-tyrosine kinase promotes angiogenesis
in transgenic mice. Mol Cell Biol 14:6755-
6763.

Gunel M, Awad IA, Finberg K, et al.: 1996.
Genetic heterogeneity of inherited cerebral
cavernous malformation. Neurosurgery 38:
1265-1271.

Hirschi KK, Rohovsky SA, D’Amore PA: 1998.
PDGF, TGF-B and heterotypic cell-cell inter-
actions mediate endothelial cell-induced
recruitment of 10T1/2 cells and their dif-
ferentiation to a smooth muscle fate. J Cell
Biol 141:1-10.

Hoak JC, Warner ED, Cheng HF, Fry GL,
Hankenson RR: 1971. Hemangioma with
thrombocytopenia and microangiopathic
anemia (Kasabach-Merritt syndrome): an
animal model. J Lab Clin Med 77:941-950.

Isik FF, Rand RP, Gruss JS, Benjamin D, Al-
pers CE: 1996. Monocyte chemoattractant
protein-1 mRNA expression in hemangio-
mas and vascular malformations. J Surg
Res 61:71-76.

Isner JM, Walsh K, Symes J, et al.: 1996. Arte-
rial gene transfer for therapeutic angiogen-
esis in patients with peripheral artery dis-
ease. Hum Gene Ther 7:959-988.

Jacobs AH, Walton RG: 1976. The incidence
of birthmarks in the neonate. Pediatrics
58:218-222.

Jeltsch M, Kaipainen A, Joukov V, et al.: 1997.
Hyperplasia of lymphatic vessels in VEGF-
C transgenic mice. Science 276:1423-1425.

Johnson DW, Berg JN, Baldwin MA, et al.:
1996. Mutations in the activin receptor-like
kinase 1 gene in hereditary haemorrhagic
telangiectasia type 2. Nat Genet 13:189-
195.

Kaipainen A, Korhonen J, Mustonen T, et al.:
1995. Expression of the fms-like tyrosine
kinase 4 gene becomes restricted to lym-
phatic endothelium during development.
Proc Natl Acad Sci USA 92:3566-3570.

Kirby ML, Waldo KL: 1995. Neural crest and
cardiovascular patterning. Circ Res 77:211-
215.

Klippel M, Trenaunay P: 1900. Naevus vari-
queux ostéohypertrophique. Arch Gen Med
I11:641.

Knapik EW, Goodman A, Atkinson OS, et al.:
1996. A reference cross DNA panel for
zebrafish (Danio rerio) anchored with sim-
ple sequence length polymorphisms. Devel-
opment 123:451-460.

Koblizek TI, Weiss C, Yancopoulos GD,
Deutsch U, Risau W: 1998. Angiopoietin-1
induces sprouting angiogenesis in vitro.
Curr Biol 8:529-532.

Kohout MP, Hansen M, Pribaz JJ, Mulliken
JB: 1998. Arteriovenous malformations of
the head and neck: natural history and

TCM Vol. 8, No. 7, 1998



management. Plastic Reconstr Surg (in
press).

Kontusaari S, Tromp G, Kuivaniemi H,
Romanic AM, Prockop DJ: 1990. A muta-
tion in the gene for type III procollagen
(COL3A1) in a family with aortic aneu-
rysms. J Clin Invest 86:1465-1473.

Kriling BM, Razon MJ, Boon LM, et al.:
1996. E-selectin is present in proliferating
endothelial cells in human hemangiomas.
Am J Pathol 148:1181-1191.

Kriiger G, Pelz L, Wiedemann HR: 1993.
Transmission of Proteus syndrome from
mother to son? [letter]. Am J Med Genet
45:117-118.

Kukk E, Lymboussaki A, Taira S, et al.: 1996.
VEGF-C receptor binding and pattern of
expression with VEGFR-3 suggests a role
in lymphatic vascular development. Devel-
opment 122:3829-3837.

Kuo CT, Veselits ML, Barton KP, Lu MM,
Clendenin C, Leiden JM: 1997. The LKLF
transcription factor is required for normal
tunica media formation and blood vessel
stabilization during murine embryogene-
sis. Genes Dev 11:2996-3006.

Lannutti BJ, Gately ST, Quevedo ME, Soff
GA, Paller AS: 1997. Human angiostatin
inhibits murine hemangioendothelioma
tumor growth in vivo. Cancer Res 57:5277-
5280.

Leveen P, Pekny M, Gebre-Medhin S, Swolin
B, Larsson E, Betsholtz C: 1994. Mice defi-
cient for PDGF B show renal, cardiovas-
cular, and hematological abnormalities.
Genes Dev 8:1875-1887.

Lindahl P, Johansson BR, Leveen P, Betsholtz
C: 1997. Pericyte loss and microaneurysm
formation in Pdgf B deficient mice. Sci-
ence 277:242-245.

Lindenauer SM: 1965. The Klippel-Trenaunay
Syndrome. Ann Surg 162:303-314.

Maffucci A: 1881. Di un caso di encondroma
ed angioma multiplo contribuzione alla ge-
nesi embrionale del tumor. Mov Med Chir
3:399.

Maher ER, Kaelin WG Jr: 1997. von Hippel-
Lindau disease. Medicine 76:381-391.

Maisonpierre PC, Suri C, Jones PF, et al.:
1997. Angiopoietin 2, a natural antagonist
for Tie2 that disrupts in vivo angiogenesis.
Science 277:55-60.

McAllister KA, Grogg KM, Johnson DW, et al.:
1994a. Endoglin, a TGF-beta binding pro-
tein of endothelial cells, is the gene for
hereditary haemorrhagic telangiectasia type
1. Nat Genet 8:345-351.

McAllister KA, Lennon F, Bowles Biesecker
B, et al.: 1994b. Genetic heterogeneity in
hereditary haemorrhagic telangiectasia: pos-

sible correlation with clinical phenotype.
J Med Genet 31:927-932.

TCM Vol. 8, No. 7, 1998

McKusick VA, ed.: 1998. Online Mendelian
Inheritance in Man. http://www3.ncbi.nlm.
nih.gov/omim/.

Merlob P, Reisner SH: 1985. Familial nevus
flammeus of the forehead and Unna’s
nevus. Clin Genet 27:165-166.

Mitsuyasu RT: 1993. Clinical aspects of AIDS-
related Kaposi’s sarcoma. Curr Opin Oncol
5:835-844.

Mulliken JB, Glowacki J: 1982. Classification
of pediatric vascular lesions [letter]. Plast
Reconstr Surg 70:120-121.

Mulliken JB, Young A: 1988. Vascular Birth-
marks: Hemangiomas and Malformations.
Philadelphia, WB Saunders.

Nakamura H: 1988. Electron microscopic
study of the prenatal development of the
thoracic aorta in the rat. Am J Anat 181:
406-418.

O'Reilly MS, Boehm T, Shing Y, et al.: 1997.
Endostatin: an endogenous inhibitor of
angiogenesis and tumor growth. Cell 88:
277-285.

Ogita S, Tsuto T, Nakamura K, Deguchi E,
Twai N: 1994. OK-432 therapy in 64 patients
with lymphangioma. J Pediatr Surg 29:784—
785.

Oshima M, Oshima H, Taketo MM: 1996. TGF-
beta receptor type II deficiency results in
defects of yolk sac hematopoiesis and vas-
culogenesis. Dev Biol 179:297-302.

Piantanida M, Buscarini E, Dellavecchia C, et
al.: 1996. Hereditary haemorrhagic telan-
giectasia with extensive liver involvement
is not caused by either HHT1 or HHT2. J
Med Genet 33:441-443.

Razon MJ, Kriling BM, Mulliken JB, Bischoff
J: 1998. Increased apoptosis coincides with
onset of involution in infantile hemangi-
oma. Microcirculation (in press).

Risau W, Sariola H, Zerwes HG, et al.: 1988.
Vasculogenesis and angiogenesis in embry-
onic-stem-cell-derived embryoid bodies.
Development 102:471-478.

Rudolph R: 1993. Familial multiple gloman-
giomas. Ann Plast Surg 30:183-185.

Sarkar M, Mulliken JB, Kozakewich HPW,
Robertson RL, Burrows PE: 1997. Throm-
bocytopenic coagulopathy (Kasabach-Mer-
ritt phenomenon) is associated with kaposi-
form hemangioendothelioma and not with
common hemangioma. Plast Reconstr Surg
100:1377-1386.

Sato TN, Tozawa Y, Deutsch U, et al.: 1995.
Distinct roles of the receptor tyrosine
kinases Tie-1 and Tie-2 in blood vessel for-
mation. Nature 376:70-74.

Shalaby F, Rossant J, Yamaguchi TP, et al.:
1995. Failure of blood-island formation
and vasculogenesis in Flk-1-deficient mice.
Nature 376:62-66.

Shovlin CL, Hughes JM, Tuddenham EG, et
al.: 1994. A gene for hereditary haemor-

rhagic telangiectasia maps to chromosome
9q3. Nat Genet 6:205-209.

Sibinga NE, Foster LC, Hsieh CM, et al.
1997. Collagen VIII is expressed by vascu-
lar smooth muscle cells in response to vas-
cular injury. Circ Res 80:532-541.

Singh RK, Gutman M, Bucana CD, Sanchez
R, Llansa N, Fidler 1J: 1995. Interferons
alpha and beta down-regulate the expres-
sion of basic fibroblast growth factor in
human carcinomas. Proc Natl Acad Sci
USA 92:4562-4566.

Smoller BR, Rosen S: 1986. Port-wine stains:
a disease of altered neural modulation of
blood vessels? Arch Dermatol 122:177-179.

Stainier DY, Fouquet B, Chen JN, et al.: 1996.
Mutations affecting the formation and
function of the cardiovascular system in the
zebrafish embryo. Development 123:285-
292.

Superti-Furga A, Gugler E, Gitzelmann R,
Steinmann B: 1988. Ehlers-Danlos syn-
drome type IV: a multi-exon deletion in
one of the two COL3A1 alleles affecting
structure, stability, and processing of type
III procollagen. J Biol Chem 263:6226-
6232.

Suri C, Jones PF, Patan S, Bartunkova S, et al.:
1996. Requisite role of angiopoietin-1, a
ligand for the TIE2 receptor, during embry-
onic angiogenesis. Cell 87:1171-1180.

Takahashi K, Mulliken JB, Kozakewich HP,
Rogers RA, Folkman J, Ezekowitz RA:
1994. Cellular markers that distinguish the
phases of hemangioma during infancy and
childhood. J Clin Invest 93:2357-2364.

Takeshita S, Zheng LP, Brogi E, et al.: 1994.
Therapeutic angiogenesis. A single intraar-
terial bolus of vascular endothelial growth
factor augments revascularization in a rab-
bit ischemic hind limb model. J Clin Invest
93:662-670.

Toomey JR, Kratzer KE, Lasky NM, Stan-
ton JJ, Broze GJ Jr: 1996. Targeted disrup-
tion of the murine tissue factor gene results
in embryonic lethality. Blood 88:1583-
1587.

Toomey JR, Kratzer KE, Lasky NM, Broze GJ
Jr: 1997. Effect of tissue factor deficiency
on mouse and tumor development. Proc
Natl Acad Sci USA 94:6922-6926.

Vikkula M, Boon LM, Carraway KLR, et al.:
1996. Vascular dysmorphogenesis caused
by an activating mutation in the receptor
tyrosine kinase TIE2. Cell 87:1181-1190.

Vincent P, Plauchu H, Hazan J, Faure S,
Weissenbach J, Godet J: 1995. A third
locus for hereditary haemorrhagic telan-
giectasia maps to chromosome 12q. Hum
Mol Genet 4:945-949.

Whelan AJ, Watson MS, Porter FD, Steiner
RD: 1995. Klippel-Trenaunay-Weber syn-

291



drome associated with a 5:11 balanced
translocation. Am J Med Genet 59:492-494.

Whimster IW: 1976. The pathology of lym-
phangioma circumscriptum. Br J Derma-

factor-beta 1 suppress intimal hyperplasia
in a rat model. J Clin Invest 93:1172-
1178.

Woods CG: 1998. DNA repair disorders. Arch
Dis Child 78:178-184.

tol 94:473-486.

Williams RL, Risau W, Zerwes HG, Drexler
H, Aguzzi A, Wagner EF: 1989. Endothe-
lioma cells expressing the polyoma middle
T oncogene induce hemangiomas by host
cell recruitment. Cell 57:1053-1063.

Wolf YG, Rasmussen LM, Ruoslahti E: 1994.
Antibodies against transforming growth

Zumkeller R: 1957. A propos de la frequence
et de T'hérédité du naevus vasculosus
nuchae (Unna). Incidence and heredity of
nevus vasculosus nuchae (Unna). J Genet
Hum 6:1-12.

PII S1050-1738(98)00024-3 TCM

Vascular Endothelial Growth Factor-C:
A Growth Factor for Lymphatic and
Blood Vascular Endothelial Cells

Berndt Enholm, Lotta Jussila, Marika Karkkainen, and
Kari Alitalo*

The endothelial cells lining all vessels of the circulatory system have
been recognized as key players in a variety of physiological and patho-
logical settings. They act as regulators of vascular tone via the induc-
ible nitric oxide system and in angiogenesis, the formation of blood
vessels de novo. Aberrant regulation of endothelial cells contributes to
tumor formation, atherosclerosis, and diseases such as psoriasis and
rheumatoid arthritis. Among the most recently discovered growth fac-
tors for endothelial cells are newly isolated members of the platelet-
derived growth factor/vascular endothelial growth factor (VEGF) fam-
ily, VEGF-B, VEGF-C, and VEGF-D. VEGF-C is the ligand for the
receptor tyrosine kinase VEGFR-3 (also known as Flt4), which is
expressed predominantly in lymphatic endothelium of adult tissues,
but a proteolytically processed form of VEGF-C can also activate
VEGFR-2 of blood vessels. The lymphatic vessels have been known
since the 17th century, but their specific roles in health and disease are
still poorly understood. With the discovery of VEGF-C and its cognate
receptor VEGFR-3, the regulation and functions of this important
component of the circulatory system can be investigated. (Trends Car-
diovasc Med 1998;8:292-297) © 1998, Elsevier Science Inc.
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¢ Isolation and Cloning of Vascular
Endothelial Growth Factor-C

Vascular endothelial growth factor-C
(VEGF-C) was discovered as a factor in
conditioned medium of PC-3 prostatic
adenocarcinoma cells that stimulated
tyrosine phosphorylation of VEGFR-3,
a receptor tyrosine kinase closely re-
lated to the VEGF receptors VEGFR-1
and VEGFR-2 [previously named flt-1
and KDR/FIk-1, respectively (Ferrara and
Davis-Smyth 1997, Joukov et al. 1996)]
(Figure 1). Receptor-affinity chromatog-
raphy using the VEGFR-3 extracellular
domain led to the purification of VEGF-C.
Partial amino acid sequence was ob-
tained from the purified factor, and
the cDNA encoding it was cloned from
a library prepared from the PC-3 cells
(Joukov et al. 1996). Independently, a
sequence was identified in the ex-
pressed sequence tag (EST) database as
being homologous with VEGF. Using
the EST clone as probe, a full-length
VEGF-C cDNA was isolated. The protein
encoded by this ¢cDNA was designated
VEGF-related protein (Lee et al. 1996).

¢ Structure and Regulation of the
Vascular Endothelial Growth
Factor-C Gene

The human and mouse genes for VEGF-
C both comprise more than 40 kb of ge-
nomic DNA and consist of seven exons,
all of which contain coding sequences
(Chilov et al. 1997). The VEGF-C gene
was localized to human chromosome
4q34 and to the mouse chromosome 8
(Chilov et al. 1997, Paavonen et al.
1996). The VEGF homology domain of
VEGF-C is encoded by exons 3 and 4.
Exons 5 and 7 encode cysteine-rich mo-
tifs of the type C6XC10XCRC, and exon
6 encodes C10XCXCXC motifs typical
of a silk protein (Chilov et al. 1997).
The upstream sequences show pro-
moter activity in reporter gene assays
and contain conserved putative binding
sites for Sp-1, AP-2, and NF-kB tran-
scription factors, but no TATA box. The
VEGF-C gene structure is thus assembled
from exons encoding N- and C-terminal
propeptides and distinct cysteine-rich
domains, in addition to the VEGF ho-
mology domain.

VEGF-C mRNA was detected by
Northern blotting from many embry-
onic and adult tissues. In adult humans,
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