Molecular and Translational Medicine
Series Editors: William B. Coleman - Gregory J. Tsongalis

Paula E. North
Tara Sander Editors

Vascular Tumors

and Developmental
Malformations

Pathogenic Mechanisms
and Molecular Diagnosis

My

3« Humana Press



Molecular and Translational Medicine

Series Editors
William B. Coleman
Gregory J. Tsongalis

More information about this series at http://www.springer.com/series/8176


http://www.springer.com/series/8176




Paula E. North ¢ Tara Sander
Editors

Vascular Tumors
and Developmental
Malformations

Pathogenic Mechanisms and Molecular
Diagnosis

M/,

3« Humana Press



Editors

Paula E. North Tara Sander

Department of Pathology, Division of Department of Pathology, Division of
Pediatric Pathology Pediatric Pathology

Medical College of Wisconsin Medical College of Wisconsin

Milwaukee, WI, USA Milwaukee, WI, USA

ISSN 2197-7852 ISSN 2197-7860 (electronic)

Molecular and Translational Medicine

ISBN 978-1-4939-3239-9 ISBN 978-1-4939-3240-5 (eBook)

DOI 10.1007/978-1-4939-3240-5
Library of Congress Control Number: 2015956616

Springer New York Heidelberg Dordrecht London

© Springer Science+Business Media New York 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

Printed on acid-free paper
Humana Press is a brand of Springer

Springer Science+Business Media LLC New York is part of Springer Science+Business Media
(Www.springer.com)


www.springer.com

Preface

Vascular anomalies encompass a dizzying array of distinct clinicopathologic enti-
ties that can be grouped, roughly, into two general categories: vascular tumors and
developmental vascular malformations. The vascular tumors are intrinsically prolif-
erative lesions, at least in some phase of their inception, and include both benign
and malignant neoplasms as well as reactive proliferations. The vascular malfor-
mations are more static congenital errors in development of the vasculature that
may evolve over time under environmental and/or genetic influences. Many of these
anomalies, even those officially “benign,” can be absolutely devastating for patients
over the course of a childhood or a lifetime, also placing great burden on families
and frustrating healthcare providers who struggle to provide relief. Current main-
stream treatment options are relatively limited, often ineffective, and may be
accompanied by significant clinical complications. Surgery and/or interventional
radiological approaches are sometimes good solutions, but effective medical inter-
vention would be a much better option for many patients. Design of rational targets
for such medical intervention requires understanding of mechanisms of disease.
Fortunately, discovery in that regard is escalating.

In this book we bring together a complimentary group of authors representing
clinical practice, surgical pathology, molecular diagnostics, and basic science to
present different aspects of the puzzle of vascular anomalies. We believe the timing
is right, as pieces of this puzzle are now rapidly beginning to fall together. Interest in
vascular anomalies is increasing among clinicians and scientists alike, spurred in
part by new basic science discoveries as well as by recent beneficial use of “old”
drugs like propranolol and rapamycin for new purposes in this field. More and more,
basic scientists focused upon vasculogenesis and angiogenesis are attracted by
meaningful translational applications in the field of vascular anomalies in addition to
other medical fields such as cancer and wound healing. Multidisciplinary centers for
the diagnosis, treatment, and study of vascular anomalies have sprung up worldwide.
The marvelous new tools we now have for next-generation sequencing and highly
sensitive PCR have opened up previously unavailable opportunity for rapid discov-
ery of germline and/or somatic mutations that underlie the development of many
vascular anomalies and for development of useful molecular clinical diagnostic tests.
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We would like to thank our families and colleagues, of course, for patience and
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Chapter 1
Histopathology and Pathogenesis of Vascular
Tumors and Malformations

Sara Szabo and Paula E. North

Introduction

Accurate histopathological description combined with knowledgeable clinical and
radiological evaluation is an absolute requisite for study and meaningful diagnosis
of vascular anomalies, both neoplastic and malformative. Unfortunately, traditional
over-generic use of the hemangioma has caused inappropriate lumping of entities
that we now know are both biologically and clinically dissimilar. Recognizing this
problem, the multidisciplinary International Society for the Study of Vascular
Anomalies (ISSVA) agreed in 1996 upon the general framework of a biologically
based nosologic classification system derived in part from that proposed by Mulliken
and Glowacki in which vascular anomalies, based on the presence or absence of
endothelial mitotic activity, were divided into tumors and malformations [1].
According to this simplified scheme, the suffix -angioma (as in hemangioma)
should be reserved for benign vascular tumors — whether congenital or acquired,
monoclonal or polyclonal — that arise by cellular hyperplasia. On the other hand, the
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term malformation should designate errors in vascular morphogenesis, usually (but
not always) clinically evident at birth, that exhibit growth proportional to (+/—) with
the patient and little endothelial mitotic activity, e.g., venous malformation.

Refinements in and additions to the new ISSVA-sanctioned classification, most
recently updated in 2014 [2], have and will continue to be necessary as lesions that
defy classification based on simple criteria are dealt with and as discoveries in vas-
cular biology and genetics continue, but this approach has proved itself in practice
internationally to be a useful and rational starting point in a biology-based system
for histopathological diagnosis. Accumulated experience has proved that the pres-
ence of endothelial mitotic activity alone is not sufficient as a single factor to sepa-
rate tumors from malformations, since there are secondary effects such as ischemia
and turbulence that may stimulate mitotic activity. When combined with correla-
tions with other histological features and clinical behavior, however, consideration
of endothelial mitotic activity was a rational starting point that has enlightened our
approach to these perplexing lesions.

Although seemingly obvious, this distinction between “angiomas” and malfor-
mations represents a significant departure from the traditional diagnostic approach
in which the term hemangioma was over-applied without regard to etiology or clini-
cal behavior, at best modified by morphological descriptors such as cavernous and
capillary. For instance, even today many experienced pathologists refer to venous
malformations, which consist of mitotically quiescent collections of developmen-
tally abnormal veins, as cavernous hemangiomas. Similarly, developmental abnor-
malities of lymphatic vessel beds (lymphatic malformations by the new scheme)
have previously been referred to as lymphangiomas, and arteriovenous malforma-
tions as arteriovenous hemangiomas. This poor traditional nosology stems from
lack of etiological clarity in the past, but its continued use tends to perpetuate past
misconceptions even in the face of new understanding.

It is important to reemphasize that precise histopathological diagnosis of the
various types of vascular anomalies does in fact play an important role in clinical
management of patients. This is not just an exercise in pigeonholing. Among the
vascular malformations, for instance, some respond well to sclerotherapy, while
others do not; some are likely to recur with renewed strength if not completely
excised, and others are not; some are associated with progressive soft tissue and
bony overgrowth, and others are not; and so on. Likewise, among the so-called
capillary hemangiomas, some entities will spontaneously regress, whereas others
will not; some are likely to cause coagulopathy, while others are not; some skin
lesions are almost certainly associated with gastrointestinal or other underlying
visceral lesions, and others are not; some respond to steroids, and others do not.
Despite the fact that “capillary hemangiomas” share composition by capillary-sized
vessels, they are distinguishable not only in histological detail, but by their molecular
expression patterns. Thus, beyond the need to separate hemangioma and other
tumors from malformation, it is evident that the term hemangioma, even when modified
by capillary, does not function well as a stand-alone diagnosis. Instead, pathologists
and clinicians alike must modify it, whenever possible, using descriptors that clearly
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indicate the specific clinicopathological entity intended (i.e., infantile hemangioma,
non-involuting congenital hemangioma, spindle cell hemangioma, etc.).

This chapter provides an overview of the current clinical, histological, and
immunophenotypical features that distinguish the major types of vascular tumors
and malformations presenting in infancy and childhood and summarizes the diag-
nostic histopathological criteria and nomenclature currently applied to these lesions
in most major vascular anomalies centers around the world. A general discussion of
pathogenesis is also included for most entities, providing correlation between clini-
cal, epidemiological, histo-immunophenotypic, and, for many, genetic features.
Molecular diagnostic considerations and clinical management approaches are pre-
sented in more depth in Chaps. 4 and 5, respectively. The histopathological classifi-
cation presented here is congruent with the latest ISSVA consensus statement [2].
Discussion opens with the vascular tumors and tumorlike lesions and ends with the
vascular malformations.

Vascular Tumors and Tumorlike Lesions

Classically, vascular tumors, as originally defined by ISSVA, arise by cellular
hyperplasia and show disproportionate growth compared to that of the child. This is
in contrast to vascular malformations, which develop in utero as errors in vascular
morphogenesis and typically grow in proportion to the child. Specialists in the field
recognize, however, that this is not a clean division. For instance, some vascular
“tumors” per the latest ISSVA classification [2] are congenitally fully formed and
typically do not show disproportionate postnatal growth — these are the congenital
nonprogressive hemangiomas subcategorized by the anacronyms RICH, NICH, and
PICH. Until we better understand the pathogenesis of these latter lesions, they are
perhaps best discussed provisionally as “tumorlike” lesions, as done in this section.
It should be noted that many clinically important vascular tumorlike lesions are not
included at all in the WHO classification of soft tissue tumors, including the con-
genital nonprogressive hemangiomas. Histopathological features of the major cat-
egories of vascular tumors and tumorlike lesions are discussed below, accompanied
by brief clinical and pathogenic information for orientation. Discussion begins with
infantile hemangioma (IH), the most common type of vascular tumor and, in fact,
the most common tumor of infancy. Several other histologically and clinically
distinct types of vascular tumors and tumorlike lesions that typically present in early
childhood or during gestation are then addressed. Some of these are life-threatening
and all are important to diagnose precisely so that appropriate therapies can be
applied. Those with established infectious etiology, including Kaposi’s sarcoma,
bacillary angiomatosis, and verruga peruana, and those commonly thought to be
reactive vascular proliferations, including so-called pyogenic granuloma, glomeru-
loid hemangioma, microvenular hemangioma, and reactive angioendotheliomato-
sis, are omitted.
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Benign Vascular Tumors and Tumorlike Lesions

Infantile Hemangioma (IH)

Clinical Features

Infantile hemangioma (IH) is the most common tumor of infancy, affecting approxi-
mately 4 % of children, with a threefold female-to-male ratio. Commonly used
synonyms include juvenile hemangioma and cellular hemangioma of infancy.
Hemangiomas of this type display a remarkably predictable natural course: they
present shortly after birth with rapid growth in the first year of life, followed by slow
spontaneous involution over a period of years. Fair-skinned individuals are at
increased risk, although all races are affected, as are low birth weight infants [3, 4].

Although all TH spontaneously involute to a variable degree and with variable
speed over a period of years, significant cosmetic or functional sequelae are not
uncommon [5, 6]. Complications during the proliferative phase may include cutane-
ous ulceration, bleeding, infection, airway compromise, jaw malalignment, and,
rarely, congestive heart failure [6]. Periorbital lesions blocking the visual axis may
cause amblyopia. Infants with diffuse hepatic involvement by IH may develop severe
hypothyroidism due to tumoral expression of type 3 iodothyronine deiodinase [7].

IH display a number of intriguing anatomical predilections and patterns of
tissue involvement which may hold pathogenic clues. Approximately 60 % occur on
the head and neck, although they also occur on the trunk, extremities, genitals, and
in various viscera including notably the liver, the intestine, and less often the lung.
Skin and subcutis appear to be most commonly affected, even considering the more
obvious presentation, whereas deep skeletal muscle is spared. True IH do not appear
to arise within brain parenchyma, but can involve the tissues investing leptomenin-
geal vessels and thus be intracranial. Most present as solitary cutaneous and/or sub-
cutaneous lesions, but a significant percentage of patients (about 15 %) have
multiple skin lesions, in rare cases accompanied by multiple visceral hemangiomas
(usually hepatic), intuitively suggesting “dissemination.” Although most IH of skin
and subcutis appear as focal masses, others show a more plaque-like pattern with a
distinctly segmental distribution [8]. Segmental facial IH may occur in association
with one or more of the following abnormalities: posterior fossa brain malforma-
tions, arterial cerebrovascular anomalies, cardiovascular anomalies, and eye anoma-
lies, described by the acronym PHACE syndrome, or PHACES syndrome when
accompanied by sternal defects and/or supraumbilical raphe [9]. The etiology of
this association is not understood, but it is possible that the IH may be a secondary
occurrence in a developmentally altered segment. PHACE patients with cerebrovas-
cular anomalies are at risk for progressive vasculopathy leading to stenotic and
occlusive changes and rare risk of ischemic stroke [10]. Analogously, lower body
segmental cutaneous IH have been described in association with regional congenital
analogies by the suggested acronym of LUMBAR syndrome [11].

As a treatment choice, innocuous lesions are generally left alone to involute spon-
taneously. To prevent or mitigate clinically significant complications, surgical exci-
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sion and medical treatment options are considered. Since the initial report in 2008 of
its use for medical treatment of IH, propranolol has been rapidly adopted for this
purpose, although not without significant potential side effects [12, 13]. Other medi-
cal therapies include corticosteroids (topical, intralesional, and systemic), pulsed-
dye laser, and imiquimod (topical, for superficial lesions). The use of recombinant
interferon-alpha is restricted to life-threatening lesions due to the risk of rare but
irreversible spastic diplegia. Large involuted tumors may be excised for cosmetic
reasons. For some clinically problematic proliferative phase IH, for instance, those
blocking the visual axis, surgical excision may be preferable to medical therapy [14].

Histology

Proliferative phase IH [15, 16] consist of cellular masses of capillaries, with small
rounded lumina, lined by plump endothelial cells that are surrounded by pericytes
(Fig. 1.1); both cell types show occasional mitoses. Interspersed are pericapillary
immature dendritic-type cells. The basement membrane becomes multi-laminated
over time. The proliferating capillaries are arranged in lobules, which are separated
by delicate fibrous septa or normal intervening tissue (Fig. 1.2). Lesional capillaries
intermingle nondestructively with normal structures (superficial skeletal muscle
fibers, adipocytes, skin adnexa, peripheral nerves, and salivary glands). As a result of
high blood flow, draining veins become enlarged, with thickened asymmetrical walls.
IH do not show intravascular thrombosis, hemosiderin deposition, or necrosis —
unless secondary to ulceration or presurgical embolization.

T S

=

Fig. 1.1 Infantile hemangioma, proliferative phase. Endothelial cells and pericytes together form
plump, tightly packed capillaries. Note the mitotic figure (arrow)
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Fig. 1.2 Infantile hemangioma, proliferative phase, characteristic lobularity. Capillary lobules in
this cutaneous example are separated by normal intervening dermal stroma

In the involuting phase, lesional capillaries gradually disappear, basement mem-
branes thicken and show embedded apoptotic dust, and pericapillary mast cells
increase in number (Fig. 1.3). As previously stated, thrombosis and inflammation are
not significant features. In the late involuting phase, near end stage, lobules are replaced
by loose fibrous or fibrofatty stroma, with only few residual vessels, which remarkably
preserve their immunophenotype. “Ghost” vessels show thickened multilayered rinds
of basement membrane material, with apoptotic debris and little or no intact cellular
lining (Fig. 1.4). Previously ulcerated lesions show epidermal atrophy and fibrous
scarring. Large arteries and draining veins do not completely regress. This phenome-
non, paired with diminution of mitotic activity, may lead to mistaken diagnosis of the
lesion as a vascular malformation (Fig. 1.5). This misinterpretation can usually be
avoided by consideration of clinical history and overall histological appearance.

Immunohistochemical studies of IH (Fig. 1.6) have revealed a unique and com-
plex endothelial phenotype for IH that is shared only by placental capillaries,
including strong expression of GLUT1, Lewis Y antigen, Fc gamma receptor II,
CD15, CCR6, IDO, and IGF2 [15, 17-19]. The basement membrane of IH capillar-
ies is strongly enriched in merosin, also characteristic of placental capillaries [18].
Thisis acommitted endothelial phenotype for which most of these placenta-associated
markers persist throughout the natural course of IH. As a result, GLUT1 immuno-
histochemistry in particular has become extremely useful for diagnostic confirma-
tion of IH and is widely considered the international gold standard for that purpose.
One must exercise caution to differentiate the strongly GLUT1-positive circulating
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Fig. 1.3 Infantile hemangioma, actively involuting phase. Note the thickened capillary basement
membranes containing apoptotic debris (thick arrow). Pericapillary mast cells are numerous
(thin arrows)

Fig. 1.4 Infantile hemangioma, late involuting stage. Basement membranes of residual capillaries
are thick and hyalinized
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Fig. 1.5 Infantile hemangioma, end stage. Residual feeding and draining vessels persist after
capillaries drop out, lending appearance similar to that of a vascular malformation

Fig. 1.6 Infantile hemangioma, unique capillary immunophenotype shared by placental capillaries

erythrocytes, or their degeneration products, from endothelial positivity (or the lack
of it.) Lesional capillaries of IH are also positive for “normal” endothelial markers
of the blood vasculature (including CD31, CD34, vWf, Ulex europaeus lectin 1, Fli-1,
ERG, and VE-cadherin).
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Pathogenesis

Rare families with frequent IH have shown linkage to chromosome 5q31-33,
suggesting potential influential mutations [20, 21]. Nevertheless, IH are very common
and the vast majority of IH are sporadic, casting doubt that IH is a genetic disease.
IH are notably more common in low birth weight infants and twins, but lack of
concordance in twin studies also argues against a strongly predisposing inherited
component [22]. Although all races are affected by IH, being Caucasian, female, or
fair-haired appears to lower the threshold for hemangiogenesis, mechanisms for
which are completely unknown.

Independent of consideration of potential genetic determinants or modulators of
IH, which seem likely to be weak at best, the unusual molecular signature that is curi-
ously shared only by IH capillaries and the fetal capillaries of placental villi has
generated much etiological discussion. Current evidence favors the hypothesis that
IH arises from multipotent vascular precursor cells, which quite possibly may origi-
nate from in the placenta [15, 17, 18, 23-28]. It is also intriguing that the phenotype
of placental and IH endothelial cells, exemplified by CD31, CD34, GLUT]1, Lewis Y
antigen, IDO, CDI15, and FcyRII co-expression, shows great overlap with that of
early hematopoietic and vasculogenic cells and in part with mature cells of the myelo-
monocytic lineage [15, 18]. These shared patterns of expression emphasize the close
ontological relation between hematopoietic and vascular development that begins in
the yolk sac and continues into the adult bone marrow and support the supposition
that the endothelial cells of both ITH and placenta are “arrested,” if you will (presum-
ably by evolutionary plan in the case of placenta), in a specialized, intermediate state
of vascular/hematopoietic differentiation that must have selective advantage in the
case of the placenta [18, 25, 29]. A recent study by Jinnin et al. reported low VEGFR1
expression in cultured endothelial cells from IH, compared to various controls, with
resultant activation of VEGRF2 and its downstream targets [30]. This may have sig-
nificant therapeutic implications, as yet uninvestigated. It is probable that extraneous
systemic factors impact the behavior of IH; a recent study reported regrowth of IH in
late childhood in two patients on exogenous growth hormone therapy [31].

Congenital Nonprogressive Hemangiomas: Rapidly Involuting
Congenital Hemangioma (RICH) and Non-involuting
Congenital Hemangioma (NICH)

Clinical Features

Congenital nonprogressive hemangiomas are congenital lesions that, unlike IH, are
fully formed at birth and then typically follow either static clinical course (non-
involuting congenital hemangioma/NICH) or a very rapidly regressive course in 3-5
months due to infarction (rapidly involuting congenital hemangioma/RICH) [32-34].
Only exceptional examples show limited progressive clinical growth, and they
occur with equal sex predilection (as for vascular malformations). There is
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considerable histological overlap between the NICH and RICH clinical subtypes;
current opinion favors that they are biologically synonymous entities that vary pri-
marily in propensity for infarction and thus regression. In fact, some lesions of this
type only partially regress and have been dubbed partially involuting congenital
hemangioma (PICH) [35]. Most lesions are cutaneous and/or subcutaneous. Visceral
lesions are typically solitary and centrally necrotic lesions, most in the liver, occa-
sionally in the brain. Reportedly multifocal visceral lesions have been poorly docu-
mented histologically. MRI reveals well-circumscribed masses with large flow
voids reminiscent of arteriovenous malformation (AVM). Regressing lesions show
central necrosis, often with superimposed calcification. Complications are impacted
by location and size and include hemorrhage, scarring, atrophy, and for large lesions
high-output heart failure [36]. During central infarction and lesional regression,
large RICH may be complicated by transient mild-to-moderate thrombocytopenia
and consumptive coagulopathy.

Histology

Histological features of RICH and NICH vary along a spectrum of change, depen-
dent largely upon the degree of infarction, with PICH as an intermediate state. To
emphasize this spectrum, it is good practice for pathologists to provide a diagnosis
of congenital nonprogressive hemangioma, modified as either the rapidly involuting
(RICH) or non-involuting (NICH) clinical variant. The term PICH is used less often.

Whether rapidly involuting or non-involuting, congenital nonprogressive
hemangiomas are typically comprised of variably circumscribed capillary lobules
separated by abnormally dense fibrous tissue, with frequent atrophy and loss of
dermal adnexal appendages in involved and overlying skin (Fig. 1.7). This contrasts
with IH, where tumor lobules are separated by normal-appearing tissue elements
(Fig. 1.2). Endothelial cells and pericytes within the capillary lobules can be moder-
ately plump, focally resembling those of proliferative phase IH but lacking increased
endothelial mitotic activity and multi-lamination of basement membranes (Fig. 1.8).
The lobules often show stellate thin-walled, centrilobular, draining vessels and may
be peripherally or globally sclerotic (Fig. 1.9). Other common features are thrombo-
sis, foci of hemosiderin deposition and/or extramedullary hematopoiesis, thrombo-
sis, and calcification. There is typically a prominent interlobular vascular network of
venous arterial and often lymphatic channels that may be more prominent than the
more cellular capillary lobules in some cases, which must be differentiated from
vascular malformation (Fig. 1.10). Grossly evident areas of central depression and
scarring in regressing lesions appear to correlate with a central core that contains
large central draining channels and few capillary lobules. Features more commonly
seen in NICH than RICH are hobnailed endothelium, large and loosely defined cap-
illary lobules, and arteriovenous fistulas [32, 34]. The residual lesion of RICH of
peripheral soft tissues is characterized by cutaneous and subcutaneous collapse with
variable loss of dermal and adipose tissue that may extend down to the level of the
muscle fascia. In both RICH and NICH, the lesional endothelial cells are negative
for GLUT1 and the other distinctive markers of IH (Fig. 1.11) [32].
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Fig. 1.7 Congenital nonprogressive hemangioma. Capillary lobules are separated by fibrotic stroma

Fig. 1.8 Congenital nonprogressive hemangioma, high magnification. Endothelial cells may be
plump, but generally lack mitotic activity



Fig. 1.9 Congenital nonprogressive hemangioma, lobules. (a) Many have stellate draining ves-
sels. (b) Lobular sclerosis is common

Fig. 1.11 Congenital nonprogressive hemangioma (a) vs infantile hemangioma (b), GLUT1
immunoreaction
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Pathogenesis

The pathogenesis of congenital nonprogressive hemangiomas is unknown, other
than the contribution of infarction to regression, but clearly this family of lesions
(RICH, NICH, and PICH) is biologically unrelated to classical IH, based upon
strongly differing histological features and immunophenotype as well as clinical
presentation and behavior. The histology of the capillary lobules of these lesions
bears some resemblance to that of acquired so-called pyogenic granulomas that are
sometimes associated with history of trauma. This suggests the possibility of focal
intrauterine vascular accident or tissue injury that spawns a local reparative vascular
process in utero. Basically, we don’t know. Currently, there is no evidence for, or
strong suspicion of, a genetic determinate.

Hepatic Hemangiomas
Clinical Features

Recent experience supports division of benign hemangiomas involving the liver into
two major clinicopathological categories, the first being solitary (i.e., “focal”) con-
genital hepatic hemangioma, which is analogous to RICH in other locations, and the
second being multifocal hepatic infantile hemangioma (IH), which is equivalent to
GLUT1-positive /H in other locations [15, 37-39]. In some patients with hepatic IH,
multifocal lesions so diffusely involve the liver that they become confluent and pres-
ent a number of complications not typically seen in cases with less tumoral burden.
It has thus been suggested that hepatic hemangiomas include a third category, that of
diffuse hepatic hemangioma [40].

Hepatic RICH are fully developed intrauterine and are often detected by prenatal
ultrasound. They present at birth as a large solitary abdominal mass, not uncom-
monly complicated by congestive heart failure, anemia, and mild coagulopathy.
Magnetic resonance imaging with T2 weighting shows a hyperintense heteroge-
neous mass with central necrosis and calcification. Imaging is helpful to clinically
differentiate these lesions from neonatal tumors, such as hepatoblastoma. If clinical
and imaging findings are atypical, biopsy, usually percutaneous, is indicated.
Accelerated regression is generally complete in about 1 year, although some resid-
uum or focus of scarring may persist. As such, the treatment of choice for most
patients is observation and supportive care for complications as needed. In some
cases, other treatment modalities applied with close interdisciplinary collaboration,
including pharmacotherapy, hepatic vascular shunt embolization, and resection,
may be required [40].

Multifocal hepatic IH range from few small (incidentally discovered) lesions to
numerous lesions scattered about the liver causing recognizable hepatomegaly. These
may remain clinically occult or may present in the neonatal period with hepatomeg-
aly and cardiopulmonary distress, often with coexistent hemangiomas in the skin
and, more rarely, additional viscera. Like cutaneous and subcutaneous forms of this
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entity, hepatic IH are characterized by early postnatal growth and spontaneous slow
involution. Patients with massive, confluent involvement of the liver by IH (i.e., dif-
fuse hepatic IH) are subject to potential abdominal compartment syndrome during
the proliferative phase and will almost certainly develop clinically significant hypo-
thyroidism due to high tumoral expression of type 3 iodothryonine deiodinase [40,
41]. Since undetected hypothyroidism can decrease cardiac contractility and result in
permanent neurologic damage, it is essential that thyroid screening be performed
early in these patients, with aggressive initiation of thyroid replacement therapy [40].

Histology

Grossly, hepatic RICH are large, spherical, well-defined hemorrhagic masses with
central necrosis and calcification. Microscopic examination reveals a large central
area of infarction and hemorrhage surrounded by more cellular zones of capillaries
which are encased in fibrous stroma also entrapping bile ducts (Fig. 1.12).
Thrombosis and calcification are common, and extramedullary hematopoiesis is
usually prominent. Lesional endothelial cells of hepatic RICH are negative for
GLUT]1 and other distinctive markers of IH.

The histology of multifocal hepatic infantile hemangioma (IH) is rarely if ever
seen by pathologists past the proliferative phase and is similar to that of proliferative
phase IH in skin and subcutis, other than differing tissue elements and background
stroma. Cellular but unencapsulated collections of small capillaries with moderately

Fig. 1.12 Hepatic RICH-type solitary congenital hemangioma. Note the large area of central
infarction and hemorrhage (right), rimmed by a more cellular zone with capillaries and scattered
small bile ducts trapped in fibrotic stroma
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Fig. 1.13 Hepatic infantile hemangioma. (a) Well-circumscribed nests of plump capillaries are
arranged in a delicate fibrous stroma containing intermingled hepatocytes and small bile ducts.
(b) As in cutaneous IH, lesional endothelial cells are strongly positive for GLUT1

plump endothelial cells and pericytes are arranged within a delicate fibrous stroma
sometimes containing entrapped bile ducts and/or hepatocytes (Fig. 1.13a). In
patients with clinically evident hepatomegaly, lesions are multiple and scattered
throughout the hepatic parenchyma. Those discovered incidentally, for instance, at
autopsy for other causes of death, may be tiny and easily missed upon microscopic
examination. Lesional endothelial cells of hepatic IH immunoreact positively for
GLUT!1 and other markers diagnostic of cutaneous IH (Fig. 1.13b).

Hobnail Hemangioma (Newly Termed Targetoid Hemosiderotic
Lymphatic Malformation)

Clinical Features

Hobnail hemangioma, originally described by Santa Cruz and Aronberg in 1988
using the term targetoid hemosiderotic hemangioma, is an uncommon, congenital
or acquired, benign biphasic cutaneous lesion that typically presents as a red-blue or
brown papule, sometimes surrounded by a pale ring and ecchymotic halo, in chil-
dren and young to middle-aged adults. Most occur on the extremities, but examples
on the back, buttock and hip, chest wall, and other sites have been reported. Acquired
lesions often have a history of preceding trauma [42]. Excised lesions do not recur.

Histology

Lesions are composed of a superficial dermal compliment of thin-walled vessels
with focally hobnailed endothelial cells, merging with a deeper dermal component
of smaller slit-like vessels (Fig. 1.14a). Lining endothelial cells are strongly positive
for podoplanin and negative or weakly positive for CD34, consistent with pure
lymphatic derivation (Fig. 1.14b).
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Fig. 1.14 The so-called hobnail hemangioma, now considered a type of lymphatic malformation.
(a) H&E-stained sections reveal dilated thin-walled vessels with slightly hobnailed endothelium in
the superficial dermis, becoming smaller and more angular in the deeper dermis. (b) Endothelial
cells are strongly positive for podoplanin (arrow), consistent with lymphatic differentiation.
Mitoses are absent. Hemosiderin deposits are sometimes present in the peripheral dermal stroma
(not seen here), imparting a “targetoid hemosiderotic” clinical appearance

Extravasated erythrocytes and hemosiderin deposits are common. Though occa-
sional delicate intraluminal papillary fronds may be seen, the complex endothelial
tufts of Dabska-type hemangioendothelioma (see below) are lacking.

Pathogenesis

The lymphatic nature of the lining endothelial cells has been consistently commented
upon based on a number of criteria, leading to suggestion that these lesions are in
fact “lymphangiomas” [43, 44]. Congruent with ISSVA-sanctioned restriction of
the suffix “angioma” to vascular tumors, Dhaybe et al., upon further demonstrating
that endothelial cells of hobnail hemangioma are generally negative for Wilms’
tumor-1 and demonstrate a low Ki-67 proliferation index, recently suggested that
the term targetoid hemosiderotic lymphatic malformation be applied to this entity
[42]. The presence of microshunts between adjacent lesional lymphatic vessels and
small blood vessels may explain observation of erythrocytes within and around the
lymphatic vessels of so-called hobnail hemangioma as well as the characteristic
stromal hemosiderin deposits [44].

Epithelioid Hemangioma
Clinical Features
Originally termed angiolymphoid hyperplasia with eosinophilia when described by

Wells and Whimster in 1969 and then later as histiocytoid hemangioma, these
potentially reactive lesions present as slowly growing angiomatous nodules or
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plaques, often multiple or grouped, on the head and neck, especially around the ears.
Most are dermal and/or subcutaneous, but some occur in deeper tissues, especially the
bone [45, 46]. The superficial lesions may be pruritic, painful, and/or pulsatile.
Regional lymph node enlargement and peripheral eosinophilia have been reported
in some patients. Many cases are associated with arteriovenous shunts, some with
history of trauma [45]. Lesions often recur after surgical, laser, or radiation therapy;
rare spontaneous regression also has been reported.

Histology

Epithelioid hemangiomas are histologically characterized by usually dermal and
subcutaneous, well-circumscribed proliferations of capillary-sized vessels around
larger central vessels, with a variably dense lympho-histiocytic and eosinophilic infil-
trate (Fig. 1.15). Other commonly observed components are plasma cells and nodular
lymphoid aggregates with or without germinal centers. Fibrosis may outweigh the
inflammation in older lesions. Many of the capillaries and some larger vessels are lined
by enlarged endothelial cells with abundant eosinophilic or amphophilic cytoplasm
that protrude into the lumen, imparting a cobblestone appearance and explaining the
use of descriptors “epithelioid” and, previously, “histiocytoid.” In many specimens,
mural damage in a medium to large artery, as evidenced by myxoid degeneration,
inflammatory infiltration, or rupture, is present [47]. Pathologists must take care to
distinguish epithelioid hemangiomas from potential malignant lookalikes — epithelioid
hemangioendothelioma and epithelioid angiosarcoma — especially in the bone [46].

Fig. 1.15 Epithelioid hemangioma
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Pathogenesis

Epithelioid hemangioma is classified as a benign vascular tumor by both the
WHO and ISSVA [2, 48]. However, several features of these lesions suggest, at a
minimum, significant contribution of reactive, as opposed to neoplastic, mecha-
nisms to its pathogenesis. Certainly, the frequent presence of mural damage or
rupture in intralesional large vessels has suggested a role of trauma or arteriove-
nous shunting in its pathogenesis [45]. Similarly, it is of note that lesions interpreted
as epithelioid hemangioma have not uncommonly been reported in association
with preexisting arteriovenous fistulas and malformations. Perhaps also relevant
is the fact that all ages and ethnicities are affected. It is possible that “epithelioid
hemangioma” is a heterogeneous group of histologically overlapping disorders,
some neoplastic and others reactive to AV-shunting. That is an uncertainty we
must live with for the moment. TIE2 (TEK) mutations have been reported in
rare cases of epithelioid hemangioma, but that finding has not been corroborated
by other studies [49].

Spindle Cell Hemangioma
Clinical Features

Spindle cell hemangioma (SCH) is an acquired lesion developing in children and
adults with equal sex distribution that was originally interpreted as a low-grade
angiosarcoma and accordingly termed spindle cell hemangioendothelioma [50].
Reevaluation over the years lead Perkins and Weiss to rename this lesion spindle
cell hemangioma in recognition of its benign histological features and lack of
metastatic potential [51]. Most present as solitary, firm, red-brown or blue nodular
lesions in the skin and subcutis, usually of the distal upper or lower extremity,
with growth of the initial lesion and slow development of multifocal lesions in
the same general area. They may be asymptomatic or painful. Roughly 60 % recur
following excision [51].

Histology

Lesions consist of well-circumscribed nodules characterized by two elements:
thin-walled cavernous vascular spaces (veins) containing organizing thrombi and
more cellular areas with spindle cells and occasional aggregates of vacuolated
epithelioid cells. In some cases, the cellular proliferations of spindled and epitheli-
oid cells are entirely intravascular [51], and about 50 % of cases of SCC have an
intravascular component [52]. The epithelioid cells, as well as the flattened cells
lining the cavernous vessels, immunoreact for endothelial markers [53], whereas the
spindled cells have pericytic and fibroblastic features [53-55].
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Pathogenesis

SCH is listed as a benign vascular tumor in the ISSVA classification [2]. Lesions of
this histology have been reported in association with a number of types of vascular
anomalies (malformations) as well as varicose veins, but are overrepresented in
Klippel-Trenaunay syndrome and particularly in Maffucci syndrome [53, 56]. It has
widely been considered to be nonneoplastic, possibly a venous malformation domi-
nated by effects of thrombosis organization and irregular vascular collapse. This the-
ory is supported by the associations of SCH with Maffucci and Klippel-Trenaunay
syndromes, both of these syndromes also characterized by the presence of venous
malformations. Very recently, Amyere et al. reported frequent somatic alterations in
2p22.3,2q24.3, and 14q11.2 in patients with Maffucci syndrome that may play a role
in causing enchondroma and SCH in these patients [56]. Somatic mutations in IDH1
and, more rarely, IDH2 were also recently found in tumoral tissue (including SCH and
enchondromas) from 10 of 13 (77 %) of patient’s with Maffucci syndrome [57]. Since
heterozygous hotshot mutations in IDH1/2 are frequently observed in several types of
tumors and cause epigenetic modifications — and these can cause altered pathophysi-
ologic expression of genes — IDH1/2 mutations could potentially affect the develop-
ment of SCH as well as cartilaginous tumors in Maffucci patients [56, 58].

Vascular Tumors Associated with Selective Thrombocytopenia

Kaposiform Hemangioendothelioma (KHE) and Tufted
Angioma (TA)

Clinical Features

The Kasabach—-Merritt phenomenon (KMP) was originally defined in 1940 as
life-threatening thrombocytopenic purpura occurring in the setting of an enlarging
“hemangioma,”’ decades before we recognized the many distinct categories of vascu-
lar anomalies that previously were lumped under the term “hemangioma.” KMP is
characterized by profound sustained thrombocytopenia, sometimes compounded by
microangiopathic hemolytic anemia and secondary consumption of fibrinogen and
coagulation factors. It differs from the chronic consumptive coagulopathy that can
complicate large lymphatic or venous malformations in which platelet counts are
normal or only slightly decreased, but fibrinogen and clotting factor levels are low.
We now realize that KMP is not caused by the very common IH, even if very large,
but instead is a complication of two, possibly synonymous vascular tumors that his-
tologically overlap: tufted angioma (TA) and kaposiform hemangioendothelioma
(KHE) [59, 60]. Many consider KHE and TA to be variants of the same clinicopatho-
logical entity, with the term TA arising from the dermatology literature to describe
superficial, often less aggressive examples of KHE. Unlike IH, which shows strong
female predilection, KHE and TA are equally prevalent in males and females.
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Preferred locations of the KHE/TA spectrum include the skin and subcutis, deep soft
tissues, bone, and spleen. Rare cases of KMP have been reported in patients with
congenital fibrosarcoma or congenital hemangiopericytoma, but the vast majority of
cases are associated with KHE or TA, caused in at least large part by intra-tumoral
platelet trapping. Untreated lesions do not regress. KHE is categorized as an “inter-
mediate (locally aggressive)” soft tissue tumor by the WHO [48] due to rare reports
of spread along (or perhaps multifocal involvement of) local lymphatic chains. True
metastasis is unlikely, and no distant metastases have been reported.

Some KHE/TA are congenital, and most are reported in infants and young chil-
dren under 5 years of age. Rarely, they arise in older children and adults. KMP is seen
only in congenital/early infantile cases and not in all of those. Lesions vary from
superficial locally infiltrative stains and plaques in the skin and subcutis to large
masses in deep soft tissues. Typical locations include the extremities, the trunk, and
the head and neck. They occasionally present as bulky body cavity or retroperitoneal
masses and more rarely in the bone and spleen. On MRI they are usually diffusely
enhancing, T2 hyperintense, with ill-defined margins that cross tissue planes.

Treatment options include a wide local excision, which is curative when feasible.
Medical treatment is warranted for KMP, when the lesion is not resectable. Treatment
of small lesions without KMP is controversial. No single medical treatment regimen
has yielded consistent results. Vincristine is now the preferred treatment of choice.
Interferon-alpha-2a and interferon-alpha-2b carry the risk of permanent spastic
paraplegia. Corticosteroid monotherapy is not effective.

Histology

The typical histological features of KHE and TA overlap and often coexist in the
same lesion, with those of TA commonly seen in superficial (cutaneous) aspects of
a large mass in which classic features of KHE are seen more deeply. Classic KHE
are infiltrative, ill-defined lesions with frequently coalescing nodules of spindled
endothelial fascicles, which admix with nodular epithelioid nests and areas of
more typical capillary formation (Fig. 1.16a). Lesional endothelial cells show

Fig. 1.16 Kaposiform hemangioendothelioma (KHE). (a) Infiltrative coalescing nodules of spindled
endothelial cell fascicles admixed with epithelioid nests. (b) The spindle cells curve around pericyte-
rich nests often containing a central platelet-rich microthrombus (arrow). (¢) The spindled endothelial
cells are strongly positive for podoplanin (shown) as well as CD34, CD31, LYVE-1, and PROX1
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infrequent mitoses and are moderately plump, with eosinophilic to clear cytoplasm
and bland nuclei. The component spindled cells form elongated slit-like lumina
containing erythrocytes and curve around epithelioid nests rich in pericytes sur-
rounding entrapped platelet-rich microthrombi (Fig. 1.16b). Hemosiderin deposi-
tion, red cell extravasation and fragmentation, and hyaline globules may be
prominent. Dilated crescentic lymphatic vessels surround and intermingle with
nodules, most prominently at margins of the lesion. Residual KHE lesions after
successful medical treatment appear as dormant, often sclerotic, versions of the
original disease process.

TA, as originally described in the dermatology literature, are composed of dis-
crete lobules of capillaries that are scattered within the dermis and subcutis in a
“cannonball” pattern. The intervening dermal stroma and subcutis are often fibrotic,
but may be normal. The “cannonball” appearance is imparted by tightly condensed
tumoral capillaries, often bulging into peripheral crescenting thin-walled vessels.
Capillary pinpoint lumina may contain platelet microthrombi. Endothelial cells may
be focally spindled, but less prominently than in KHE, lacking sweeping spindled
cell fascicles and epithelioid nodules.

By immunohistochemical studies, spindled cells in KHE are positive for CD31
and CD34, variably weakly positive for vVWEF, and strongly positive for the lympho-
thelial markers podoplanin (D2-40), LYVE-1, and PROX1 (Fig. 1.16c) and nega-
tive for GLUT-1. Endothelial cells of TA may focally be positive for podoplanin,
LYVE-1, and PROX1, but less extensively than lesional cells of KHE; they, too, are
negative for GLUT-1 and other distinctive markers of IH. Platelet-rich micro-
thrombi can be highlighted by immunostains for CD61 or CD31.

Pathogenesis

The significant degree of histological overlap between TA and KHE and the association
of these two entities with KMP suggest that TA is a milder, more superficial form of
KHE [59-64]. At a minimum, these lie at ends of a disease spectrum. The selective
thrombocytopenia that characterizes KMP can be attributed at least in part to platelet
trapping within KHE/TA vascular beds. Strong endothelial expression of lymphatic-
associated antigens (Prox-1 and LYVE-1) and the blood vascular marker CD34
displayed by KHE supports the concept that these tumors, like Kaposi’s sarcoma and a
subset of angiosarcomas, have at least a partial lymphatic endothelial phenotype. This
abnormal, mixed lymphatic—blood vascular phenotype may explain the propensity for
platelet trapping [65]. Platelet transfusions, although sometimes clinically necessary,
have in some cases paradoxically worsened KMP, suggesting that platelet activation
within the tumor may amplify its growth by stimulating vascular proliferation [59], pre-
sumably by release of platelet-associated angiogenic agonists. A self-sustaining cycle of
platelet trapping and tumor growth thus hypothetically may underlie the development of
these lesions and KMP. Human herpes virus 8 sequences, characteristically present in
Kaposi’s sarcoma, have not been identified in KHE or TA; neither has been linked to
HIV infection [62].
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Multifocal Lymphangioendotheliomatosis
with Thrombocytopenia (MLT)

Clinical Features

MLT is a relatively newly described, clinically and histologically distinctive
vascular anomaly complicated by chronic mild-to-profound fluctuating thrombocy-
topenia and clinically significant gastrointestinal (GI) bleeding and/or pulmonary
hemorrhage, particularly in infancy [65]. This entity has alternatively been termed
congenital cutaneovisceral angiomatosis with thrombocytopenia, or CCAT [66]. It
is not associated with the more severe level of thrombocytopenia seen in congenital
KHE/TA. It occurs sporadically, with no clear racial or sexual predilection, as
multiple congenital vascular lesions, with appearance of new lesions, slow progres-
sion of individual lesion, and no evidence of regression. Lesions are widely distrib-
uted in the skin, often with hundreds of lesions at birth, and in the viscera
(gastrointestinal system, lungs, liver, spleen, and kidney), and in some cases in the
bone, synovium, or muscle [67]. Skin lesions are flat or indurated, red-brown to
burgundy, plaques or papules, often with central pallor or scaling, measuring up to
a few centimeters in diameter. Clinically significant GI bleeding is near universally
present and may be life-threatening. Partial GI resection is often needed for effec-
tive hemostasis. Medical treatment options have been reported to be of possible
value in some, but not all cases.

Histology

Microscopically, lesions are composed of delicate vessels that are scattered through-
out the tissue and lined by a monolayer of slightly hobnailed endothelial cells.
Focally, endothelial cells line complex papillary projections that appear to float in the
luminal plane of section (Fig. 1.17). Mitotic figures are rare to absent, though Ki-67
expression is increased (approximately 15 % of cells). By immunohistochemical
studies, lesional endothelial cells are strongly positive for CD31, CD34, and LY VE-1
with light-to-absent positivity for podoplanin (D2-40) and negative for GLUT-1.

Pathogenesis

The pathogenesis of MLT is unknown, and it can be debated whether it represents a
multifocal tumor or a multifocal vascular malformation. Its abnormal endothelial
phenotype, with co-expression of lymphatic and blood vascular markers, suggests
possible linkage to the associated selective thrombocytopenia, in analogy to the
association between KHE/TA and KMP, but this remains purely speculative.
Intuitively, it appears consistent with a multifocal vascular malformation syndrome.
It is listed in the current ISSVA classification as a “provisionally unclassified vascular
anomaly” [2]. It is currently not included in the WHO classifications.
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Fig. 1.17 Multifocal lymphangioendotheliomatosis with thrombocytopenia (MLT)

Intermediate (Rarely Metastasizing) Vascular Tumors

Papillary Intralymphatic Angioendothelioma (PILA)
Clinical Features

Often called Dabska tumors, these are rare subcutaneous and/or dermal lesions of
highly distinctive histology and lymphatic differentiation [68, 69]. Many synonyms
in addition to Dabska tumor have been applied to these tumors, including Dabska-
type hobnail hemangioendothelioma [70] and malignant endovascular papillary
angioendothelioma (by Dabska in 1969). Compilations of reported cases have
shown no clear sex predilection, with approximately 75 % occurring in infants and
children and the remainder in adults. Many reported cases have been congenital.
These lesions are currently classified by the WHO as an intermediate (rarely metas-
tasizing) vascular tumor [48] and are included in the 2014 ISSVA classification [2]
as a locally aggressive or borderline tumor. Conservative excision with close fol-
low-up is generally recommended; recurrences are common.

Histology

PILA is characterized by dermal/subcutaneous intercommunicating thin-walled
vessels, lined by hobnail endothelial cells forming characteristic intraluminal papil-
lary projections that focally show rosetting or matchstick-like patterns (Fig. 1.18),
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Fig. 1.18 Papillary intralymphatic angioendothelioma (PILA)

with immunoreactivity for lymphatic endothelial markers. Papillary projections
display hyaline stromal cores and focally pericytes; lymphocytes typically cluster
along the endothelial lining and infiltrate into the stroma.

Pathogenesis

Discussed with that of retiform hemangioendothelioma below.

Retiform Hemangioendothelioma
Clinical Features

Retiform hemangioendothelioma (RHE) is a rare neoplasm usually seen in young
adults and sometimes children, in equal sex distribution, with very low potential for
spread to local soft tissue or regional lymph nodes. It presents as a single nodule or
multinodular plaque or exophytic tumor on the trunk or extremities, especially the
distal lower extremities. Growth is slow, and there have been no tumor-related
deaths. Optimal therapy is a wide excision with histologically clear margins.
Otherwise, local recurrence is common.
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Histology

Microscopic examination of RHE reveals diffuse infiltration of the dermis and/or
subcutis by a poorly circumscribed, arborizing network of elongated thin-walled
vessels forming a pattern reminiscent of normal rete testis and lined by hobnail-like
endothelial cells that express CD34 as well as CD31. Mitotic figures are rare, and
solid foci of spindle cells expressing endothelial markers are often present [71].
Dense lymphocytic infiltrates may be present, but the cavernous, lymphatic-like
vessels and prominent intravascular proliferations of PILA (Dabska tumor) are
lacking. Cytologic atypia is minimal, in contrast with well-differentiated angiosar-
coma, which is the clinically most important differential for this entity and may
have focal retiform architecture. Reports of expression of lymphatic endothelial
markers such as podoplanin and Prox-1 in RE have been discordant [72]. A recent
study demonstrated convincingly that RE endothelial cells usually do not express
lymphatic markers such as podoplanin (D2-40) and VEGFR3 [73].

Pathogenesis

RHE is classified by the WHO as a vascular tumor of intermediate (rarely metastasiz-
ing) type [48] and by ISSVA as a locally aggressive or borderline vascular tumor [2].
When originally described by Calonje et al. [74] in 1994, it was interpreted as a low-
grade angiosarcoma. Similarities in histology and clinical behavior to PILA (Dabska
tumor), a tumor of well-documented lymphatic differentiation mainly affecting chil-
dren led to a proposal that these two entities are biologically related and should be
jointly described by the term hobnail hemangioendothelioma, with designation of
Dabska type and retiform type [75], not to be confused with hobnail hemangioma (tar-
getoid lymphatic malformation) discussed previously. However, the mounting evi-
dence that RE endothelial cells, unlike those of PILA, usually do not express lymphatic
markers has weakened this logic. There are no known genetic determinates; HHV-8
sequences were detected in one apparently immunocompetent patient’s tumor [76].

Composite Hemangioendothelioma
Clinical Features

The term composite hemangioendothelioma (CHE) is used to describe rare vascular
tumors classified by the WHO as of intermediate malignancy (rarely metastasizing)
category [48] that are composed of varying mixtures of benign, low-grade malig-
nant, and fully malignant vascular components. They usually arise in young
adults, but one congenital case has been reported [77]. Most are in the skin and
subcutis, often on the hands or feet, with variable, often nodular appearance [72].
The clinical course is protracted, and surgical excision is the usual treatment.
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Recurrence is common, and sometimes multifocal, near the excision site [78, 79].
Three cases of metastasis have been reported, all of these to regional lymph nodes,
with additional spread to adjacent skin in one case [78-80].

Histology

Tumors are composed of a complex mosaic of different patterns of benign and
malignant vascular proliferation in variable proportions, most often including spin-
dle cell hemangioma, retiform hemangioendothelioma, and epithelioid hemangio-
endothelioma [72]. Other reported components include PILA-like, kaposiform, and
angiosarcoma-like patterns [78, 79, 81]. Borders are ill-defined, with lesional ves-
sels infiltrating skin and subcutis.

Pathogenesis

Causality is unknown. This is an exceedingly rare entity with fewer than 30 cases
reported. In these rare patients, lesions have occurred in association with chronic
lymphedema (4 patients), “lymphangioma circumscriptum,” arteriovenous malforma-
tion, and Maffucci syndrome (1 patient) [79, 81, 82]. One of the lymphedema-
associated cases was radiation induced and included angiosarcoma-like foci, resembling
a Stewart—Treves syndrome-like phenomenon [81]. Unlike Stewart—Treves syndrome,
this case had an extremely protracted course in which the relatively indolent composite
tumor arose 23 years post-radiation in the setting of long-term lymphedema and then
progressed, as is typical of CHE, but not frank angiosarcoma, over several years before
excision. The authors hypothesized that lymphedema and radiation might each have
played a role in tumor development [81]. Importantly, recurrence and/or metastasis of
CHE in reported cases appears unrelated to the presence or absence of angiosarcoma-
like foci [81]. The compendium of evidence indicates that, biologically, CHE is not just
a “low-grade” conventional angiosarcoma [81].

Malignant Vascular Tumors

Epithelioid Hemangioendothelioma
Clinical Features

Traditionally, the term hemangioendothelioma has denoted a vascular tumor of
intermediate malignant potential; this has been the historical designation of epithe-
lioid hemangioendothelioma (EHE), a relatively indolent tumor originally described
by Weiss and Enzinger in 1982 that causes death in less than 50 % of patients with
metastases. Approximately 30 % develop metastases in the regional nodes, lung,
liver, or bone. EHE has more metastatic potential than other lesions classified as
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hemangioendothelioma, and the WHO and ISSVA have recently reclassified this
entity as a malignant, rather than intermediate or borderline, vascular tumor. That
classification is shared only with angiosarcoma [2, 48], although EHE is clearly
characterized by better prognosis than classic angiosarcoma. EH typically occurs in
adults, but in a younger age distribution than angiosarcoma. It is exceedingly rare in
preadolescent children. Unlike angiosarcoma, women appear to be affected slightly
more commonly than men. Mainline therapy is surgical excision with histologically
clear margins without adjuvant chemotherapy or radiotherapy. Regional lymph
nodes should be evaluated since they are a common metastatic site.

EHE:s arise in the soft tissue, bone, skin, and various viscera, most typically pre-
senting as a solitary, slightly painful, soft tissue mass, often on the extremities.
Approximately 50 % of cases present multifocally [83]. Skin involvement is often
associated with an underlying soft tissue or bone tumor, but entirely cutaneous
examples occur. Multinodular cutaneous examples are reported and prompt consid-
eration of possible metastasis from a visceral primary tumor [84]. Many are closely
associated with or arise from a vessel, usually a vein. Occlusion of that vessel may
be symptomatic, causing edema or thrombophlebitis. One study of 30 cases sug-
gests that dermal tumors, most of these occurring on the extremities, may have a
better prognosis than more deeply seated lesions [85].

Histology

EHE show an infiltrative growth pattern of epithelioid tumor cells with abundant pale
eosinophilic cytoplasm forming poorly canalized nests and cords within a distinctive
myxohyaline stroma. Cutaneous examples are generally well circumscribed and
nodular and may be covered by hyperplastic epidermis [73]. An important clue to
their endothelial origin is the presence of small intracytoplasmic vacuoles containing
red blood cells (Fig. 1.19). Nuclei are usually vesicular with little or no atypia and
contain small, inconspicuous nucleoli. In some cases, nuclear pleomorphism and
mitotic figures are present. Mitotic rate is only weakly correlated with clinical out-
come [83]. Inflammation is sparse, unlike epithelioid hemangioma (angiolymphoid
hyperplasia with eosinophilia). The differential diagnosis includes epithelioid sar-
coma, metastatic signet-ring adenocarcinoma, melanoma, and epithelioid angiosar-
coma. An essential criterion is demonstration of endothelial differentiation with
appropriate markers such as CD31 (most sensitive) and CD34. EHE also may be at
least focally positive for podoplanin, Lyve-1, and Prox-1, suggesting lymphatic or
mixed lymphatic—blood vascular differentiation [86, 87]. Ultrastructural studies
show the EHE cells differ from normal endothelial cells in that they contain abundant
cytoplasmic intermediate filaments [88]. These filaments can cause immunopositivity
for cytokeratins and/or SMA, causing misdiagnosis [83, 89]. Histological differen-
tiation of EHE from epithelioid angiosarcomas also may be problematic and relies
upon recognition of the typical architectural pattern of EHE throughout the lesion,
without the very atypical cells of epithelioid angiosarcoma that frequently demon-
strate abnormal mitotic figures, apoptosis, and zonal necrosis.
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Fig. 1.19 Epithelioid hemangioendothelioma, characteristic intracytoplasmic vacuoles contain-
ing erythrocytes (arrow)

Pathogenesis

Most classical cases of EHE contain a t(1;3) (p36.3;q25) translocation that generates
a WWTRI-CAMTAI fusion product that seems to be an early causative event in EHE
oncogenesis [90-92]. WWTRI on 3q25 is involved in 14-3-3 transcriptional factor
activation and signaling in the Hippo pathway that is highly expressed in normal
endothelial cells [93]. CAMTAI, on 1p36, is one of a family of calmodulin-binding
transcription factors normally found only in the brain. CAMTAI is likely a tumor
suppressor gene since 1p36 is frequently lost in gliomas and neuroblastoma [94, 95].

Antonescu et al. recently reported a WWTRI1-CAMTAI fusion-negative subset of
EHE arising mainly in young adults that is morphologically distinguished from
classical EHE by the presence of more well-developed vasoformative features and
voluminous eosinophilic cytoplasm [96]. They subsequently identified an alterna-
tive gene fusion, YAPI-TFE3 in this subset of EHE that is not found in classical
WWTRI-CAMTAI fusion-positive EHE [96]. The transcriptional co-activator YAP1
shares sequence homology with WWTRI1 and is a major downstream effector of the
Hippo pathway [97]; TFE3 belongs to the MiT family of transcription factors; vari-
ous TFE3 fusion partners associated with other tumor types, such as the ASPL-
TFES3 fusion in alveolar soft part sarcoma [98], are consistently expressed at a high
level in the given tumor type, suggesting that TFE3 misexpression promotes tumori-
genesis, likely by altering target gene expression [96]. Antonescu reported TFE3
protein expression, detected by immunohistochemistry, in all WWTRI-CAMTAI
fusion-positive EHE cases examined, suggesting that this may be a useful screening



1 Histopathology and Pathogenesis of Vascular Tumors and Malformations 29

method for detection of TFE3 rearrangements, especially when combined with
CD31, Flil, or ERG staining to help exclude other non-endothelial TFE3-positive
neoplasms such as alveolar soft part sarcoma, PEComa, and Xpl1-translocation
positive renal cell carcinomas [96].

The WWTRI-CAMTAI and YAPI-TFES3 fusions have not yet been detected in
other neoplasms, in particular the morphologic mimics of EHE such as epithelioid
angiosarcoma, epithelioid sarcoma-like HE, and epithelioid hemangioma, but it is
not yet certain that they are unique to EHE [90, 91]. Both the WWTRI-CAMTAI and
YAPI-TFE3 fusion genes are reliably detected by fluorescence in situ hybridization
and/or RT-PCR and thus have potentially important clinical diagnostic value [99].
Flucke et al. present data suggesting that TFE3 immunohistochemistry is of ques-
tionable reliability [99].

Angiosarcoma
Clinical Features

Angiosarcomas are rare neoplasms that usually occur in middle-age or older adults,
more commonly in males, with highest incidence in those over 70 years of age.
Clinical course is aggressive, with high mortality. It does occur exceedingly rarely
in children and adolescents, accounting for approximately 0.3 % of pediatric sarco-
mas [100]. Rare examples that occur in childhood or adolescence are more likely to
arise in or around viscera or in association with disease states such as chronic or
congenital lymphedema and immunosuppression. In the pediatric age group, angio-
sarcomas are more likely to arise in or around viscera, with the heart and mediasti-
num the most common sites [101]. Among adults, the most common presentation is
sun-exposed skin of the head and neck in an elderly patient, with strong predilection
for Caucasians compared to individuals of African or Asian descent, and approxi-
mately a 2:1 predilection for males [102]. Prognosis is poor with a less than 15 %
survival over a 5-year period [102]. Cutaneous angiosarcomas are also well
described in the setting of chronic edema of any cause (Stewart—Treves syndrome)
and sites of previous radiation therapy [103]. Cutaneous lesions in adults typically
present as a bruise-like patch on the central face, forehead, or scalp which expands
centrifugally, becomes violaceous, and develops elevated nodes that bleed. In con-
trast, pediatric cutaneous angiosarcomas are more common in females and on the
lower extremity — they also tend to be small and unifocal [104].

Histology

Angiosarcomas are typically multinodular hemorrhagic masses. Necrosis and cystic
degeneration are common. Those involving the skin do not vary in histology as a
class between those of the “usual type” and those associated with chronic lymph-
edema or with chronic radiodermatitis. Variation in endothelial differentiation within
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Fig. 1.20 Angiosarcoma, infiltrative pattern with moderate nuclear atypia

individual lesions is high. Well-differentiated areas display an anastomosing net-
work of well-formed sinusoidal vessels, often bloodless, lined by a single layer of
endothelial cells of slight to moderate nuclear atypia. These infiltrate between col-
lagen bundles and groups of adipose cells (Fig. 1.20). In less well-differentiated
vasoformative areas, pleomorphic endothelial cells with high mitotic rate pile up and
form papillary projections. Poorly differentiated areas show solid areas without
apparent lumen formation composed of high-grade spindled and epithelioid cells
with abundant eosinophilic-to-amphophilic cytoplasm and large vesicular nuclei
with prominent nucleoli, mimicking other high-grade sarcomas, carcinoma, or mela-
noma. Tumors enriched in epithelioid cells are often called “epithelioid angiosarco-
mas.” Purely epithelioid cutaneous angiosarcomas are reported to be disproportionately
high among pediatric cases (90 %) compared to adult ones (30 %) [105].

Most angiosarcomas immunoreact positively for typical endothelial markers
such as CD31, CD34, and Flil [106-108], with CD31 generally considered most
useful. A panel of antibodies is wise in light of differing sensitivities and specificity.
Some examples show positivity for the lymphatic endothelial marker podoplanin
[109, 110]. Immunohistochemical detection of factor VIII-related antigen (von
Willebrand factor), although highly specific for endothelial cells, lacks sensitivity
for vascular neoplasms and is negative or very weak even in well-differentiated
angiosarcomas. Some angiosarcomas co-express endothelial markers and epithelial
antigens such as EMA and AE1/3. This can lead to confusion with carcinoma, espe-
cially in angiosarcomas with predominantly epithelioid cytology if not carefully
considered [50]. Demonstration of coexistent CD31 expression is key.
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Pathogenesis

Angiosarcomas are clonal proliferations of malignantly transformed cells expressing
endothelial differentiation. Distinct upregulation of various vascular-specific receptor
tyrosine kinase genes, including TIE1, KDR, TEK, and FLT1, has been observed in
angiosarcomas compared with other sarcomas [111]. Furthermore, high-level MYC
amplification on 8q24 is consistently seen in radiation-induced and lymphedema-
associated angiosarcomas [112, 113]. MYC amplification has also been observed in a
subset (breast and bone) of primary angiosarcomas [114]. MYC amplification is pre-
sumed to have a crucial role in angiosarcoma through upregulation of the miR-17-92
cluster, which downregulates thrombospondin-1, a potent inhibitor of angiogenesis
[114]. Tt is potentially and diagnostically useful as well as mechanistically interesting
that the WWTR1-CAMTALI fusion typically seen in epithelioid hemangioendotheli-
oma has not been detected in angiosarcoma, including epithelioid angiosarcoma [50].

Although sun-exposed skin of the head and neck is the most common site of
adult angiosarcoma, cumulative sun exposure has not been shown definitively to be
a predisposing factor. Human herpesvirus 8, strongly linked to Kaposi’s sarcoma,
also appears not to be associated with angiosarcoma. Environmental carcinogens
linked to development of hepatic angiosarcoma include vinyl chloride, thorium
dioxide (Thorotrast), and arsenic [115]. Angiosarcomas have been reported rarely in
association with long-term exposure to various foreign materials [116], defunction-
alized arteriovenous shunts in renal transplant patients [117], xeroderma pigmento-
sum [118], malignant germ cell tumors [119], neurofibromatosis, and Aicardi
syndrome [120]. Radiation therapy-induced angiosarcomas without compounding
lymphedema have also been well documented [121].

Convincing reported associations of angiosarcoma with benign vascular anomalies
other than congenital lymphedema are vanishingly rare but include superimposition
upon mixed lymphatic—venous malformation in one patient with Aicardi syndrome
[122] and a few previously irradiated benign vascular lesions [123, 124] including
one in a patient with Klippel-Trenaunay syndrome [125]. Historical reports of angio-
sarcoma arising in a port-wine stain are poorly documented; two examples (from
1990), and none since, are fairly convincing. Rossi and Fletcher found upon litera-
ture review in 2002 only 5 bona fide examples of spontaneous or radiation-induced
angiosarcoma arising in benign vascular lesions and added 4 spontaneously arising
cases (3 from AVMs and 1 from an intramuscular lesion) [126]. Hepatic angiosar-
coma unresponsive to steroids or vincristine occurring coincidently with multiple
cutaneous infantile hemangiomas has also been reported [127].

Mechanisms linking chronic lymphedema to development of angiosarcoma
remain uncertain, although theories abound. Induction of neoplastic change by
unknown carcinogens in accumulated lymphatic fluid has been suggested [128], as
has the possibility that areas with chronic lymphedema are “immunologically privi-
leged sites” due to loss of afferent lymphatic connections, allowing tumor cells to
grow unchecked. It is often assumed that chronic lymphedema-associated angiosar-
comas originate from lymphatics, explaining lymphatic-like histological features in
some of these tumors, as well as a variable degree of reported expression of lym-
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phatic markers. Growing data casts doubt on this assumption. Expression of the
lymphatic endothelium-associated antigen VEGFR-3 was observed in 8 of 16
angiosarcomas in one series in which cases associated with lymphedema and prior
irradiation were excluded [129]. Further, in another study, most angiosarcomas
were found to co-express podoplanin and endothelial markers more typical of blood
vessels, such as CD34 [109], suggesting that many angiosarcomas, independent of
chronic edema setting, are of mixed lineage. Until this issue is further clarified, the
use of the more generic term angiosarcoma, rather than lymphangiosarcoma or
hemangiosarcoma, seems prudent.

Vascular Malformations

As congenital abnormalities in embryonic vascular morphogenesis, vascular
malformations have limited postnatal endothelial mitotic activity. They are by defini-
tion present at birth (though may be hidden) and grow slowly and, in general, propor-
tionately, as the child ages. They persist throughout life in continued relative mitotic
quiescence. Like vascular tumors, the malformations are a heterogeneous group of
clinicopathologically distinct entities of diverse, often still obscure etiology.

Histopathological distinction of vascular malformations from vascular tumors can
at times be difficult, not only due to lack of clinical history, but also because the gross
and microscopic appearances of vascular malformations tend to evolve postnatally and
may include areas of vascular proliferation. Factors causing this evolution include pro-
gressive or intermittent vascular ectasia, recruitment of collateral vessels, organizing
thrombosis, hormonal modulation, infection, scarring, and reactive neovascularization
in response to abnormal intralesional hemodynamics or tissue ischemia. Despite these
challenges, vascular malformations can usually be recognized as such. Correlation
with clinical and radiological information is often helpful, if not essential.

Recent advances in our understanding of underlying pathogenetic mechanisms
of several categories of familial and sporadic vascular malformations support
increasingly precise classification and therefore more specifically targeted thera-
pies. Vascular malformations may contain venous, capillary, lymphatic, or arterial
components in any combination. Some forms are highly distinctive and easily rec-
ognized. Others are more diagnostically problematic. Accurate histopathological
diagnosis is often required to guide effective therapy and meaningful research,
complementing clinical and radiological evaluation. The pathologist’s task is not
only to subclassify these lesions per constituent vessel types and the presence or
absence of increased endothelial mitotic activity, but to confirm or dispute the clini-
cal and radiological impression; recognize patterns indicative or suggestive of spe-
cific subtypes that may have known genetic associations or predictable clinical
behaviors; assess (for blood vascular malformations) histological evidence for sta-
sis, high flow, or arteriovenous shunting; and advice the clinician regarding any
indicated additional clinical laboratory and/or genetic testing. At a minimum, it can
be very helpful to indicate what the lesion is not and what remains in the histologi-
cal differential.
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The current ISSVA-sanctioned classification of vascular anomalies, which can
be downloaded at www.issva.org, stratifies vascular malformations first as “simple”
or “combined” [2]. The “simple” malformations include (1) capillary malforma-
tions (CM), (2) lymphatic malformations (LM), (3) venous malformations (VM),
and (4) arteriovenous malformations (AVM) and congenital arteriovenous fistulas
(AVF). Subgroups have been added to each of the above groups, typically as genetic
variants associated with specific types of lesions within each broader category have
been recognized. The “combined” malformations, not surprisingly, are comprised
of various clinically relevant mixtures of two or more “simple” malformations, spe-
cifically of CM, LM, VM, or AVM. Availability of the ISSVA classification is
important to the field — firstly, because it was formulated and approved by a large
multidisciplinary group of specialists in vascular anomalies and, secondly, because
the current WHO classifications and current pathology textbooks do not yet ade-
quately or accurately reflect the current state of knowledge and nosology in this
field, certainly not for the malformations.

Summarized below are the key clinical features and current histopathological diag-
nostic criteria for each of the major categories of vascular malformations (CM, VM,
AVM, and LM). Histological features of syndromic mixed VM-LM malformations
and a short list of rare distinctive malformations with very recently recognized genetic
determinants are also described. Omitted from discussion are malformations of the
heart and major “named” conducting vessels, as well as the telangiectasias.

Capillary/Venulocapillary Malformations

The term capillary malformation (CM) encompasses a number of distinct clinico-
pathological entities and yet still in this era of heightened nosologic awareness is
used alone rather freely by pathologists and clinicians alike, often creating consider-
able confusion reflective of our still limited understanding. Care must be taken to
provide, whenever possible, appropriate modifications of this term in order to
clearly convey which type of “capillary malformation” is intended. Clinicians often
use the term to refer to any clinically evident cutaneous vascular discoloration or
“stain,” a nonspecific phenomenon which can be associated with telangiectasias and
arteriovenous, venous, and lymphatic malformations, with or without a true capil-
lary malformative component. Capillary malformations (or often more properly
venulocapillary malformations) do, as histologically well-characterized compo-
nents, also occur as part of a number of complex syndromes, many of which caus-
ative gene defects have recently been identified.

The most common and well characterized of the capillary/venulocapillary mal-
formations is the clinically and histologically distinctive cutaneous and sometimes
deeper venulocapillary malformation known as facial “port-wine stain,” caused by
GNAQ somatic mutation [130]. This specific cutaneous vascular malformation,
when combined with ipsilateral leptomeningeal and/or choroidal involvement,
comprises Sturge—Weber syndrome [131]. Less common syndromes with still poorly
described or understood capillary/venulocapillary components but known genetic
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associations include CM-AVM and Parkes—Weber syndrome (germline RASAI
mutations) [132], Cowden’s and Bannayan—Riley—Ruvalcaba syndromes (germline
PTEN mutations) [133], and Klippel-Trenaunay syndrome (somatic PIK3CA muta-
tions) [134]. Lee et al. have recently proposed another entity to encompass cases of
symmetrical tissue overgrowth with a vascular anomaly: diffuse capillary malfor-
mation with overgrowth [135], not yet histologically characterized. This proposed
entity clinically falls outside of disorders with classical asymmetric overgrowth
such as Klippel-Trenaunay syndrome. Also rising into the spotlight here is a rare,
but long-recognized entity previously termed “verrucous hemangioma,” which we
designate verrucous venulocapillary malformation.

Cutaneous Capillary/Venulocapillary Malformations Caused
by GNAQ Mutation (Port-Wine Stains)

This section focuses upon a sporadic, clinically distinctive, and well-recognized
type of cutaneous venulocapillary malformation traditionally referred to by clini-
cians as port-wine stain (PWS). PWSs affecting the ophthalmic branch of the tri-
geminal nerve are often associated with venulocapillary abnormalities of the
ipsilateral leptomeninges and eye, producing the neurocutaneous disorder known as
Sturge—Weber syndrome (SWS). The strongly segmental pattern of PWS and
Sturge—Weber syndrome has long suggested the probability of mosaicism due to
somatic mutation of otherwise lethal genes. Very recently, the causative somatic
mutation of the vast majority of cases of Sturge—Weber syndrome and nonsyn-
dromic PWSs of the head and neck region was discovered — an activating nonsyn-
onymous single nucleotide variant (c.548G — A, p.Argl183GlIn) in the GNAQ gene
[130]. Follow-up studies have confirmed this causative association and have also
revealed rare linkage to somatic mutations at other nucleotides within the GNAQ
gene sequence [136]. Pulsed-dye laser therapy lightens the stain.

Clinical Features

Port-wine stains are congenital, non-proliferative, non-involuting lesions but often
become thickened and nodular over many years, secondary to progressive vascular
ectasia, which begins superficially and extend to deeper vessels over time. They
occur with equal sex predilection, in 0.3 % of all newborns, and usually affect the
head and neck region [137-139]. Most are unilateral and segmental, but may be
bilateral and/or multisegmental. Children born with a facial PWS have an approxi-
mately 6 % chance of having Sturge—Weber syndrome [138] with risk increased to
26 % when the PWS is located in the ophthalmic branch of the trigeminal nerve
[139]. With Sturge—Weber syndrome, seizures and ocular complications (glaucoma)
may arise. PWSs are cutaneous lesions, though some extend into the subcutis.
Generalized soft tissue and/or bone hypertrophy is not uncommon in affected areas
and may be extreme. Pyogenic granulomas may arise within PWS.
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Fig. 1.21 Cutaneous port-wine stain (PWS), caused by somatic GNAQ mutation. (a) Dermal ves-
sels of venulocapillary size progressively dilate without evidence of increased mitotic activity and
little, if any, well-differentiated mural smooth muscle. (b) In cases complicated by soft tissue
hypertrophy, vessels may develop thick coats of unusually plump smooth muscle (arrow)

Histology

PWSs are composed of dilated vessels of mature capillary or venular type. Vascular
ectasia may not become prominent in histological sections until about 10 years of
age, despite clinically evident red skin discoloration at birth. Dermal vessels of
venulocapillary size progressively acquire a rounded dilated contour and are filled
with blood, lined by thin endothelia associated with pericytes and occasionally a
few well-differentiated smooth muscle cells, with no evidence of increased mitotic
activity (Fig. 1.21a). The vascular wall becomes thickened and fibrotic over time.
With generalized soft tissue hypertrophy, vessels may develop loosely organized
thick coats of plump smooth muscle fibers (Fig. 1.21b) [140]. Gross nodule forma-
tion reflects focally exaggerated vascular ectasia and/or late development of com-
plex epithelial, mesenchymal, and neural hamartomatous changes [141].

The vascular malformations affecting the brain of patients with Sturge—Weber
syndrome are largely manifest in the leptomeninges ipsilateral to an associated
cutaneous facial PWS and have been less rigorously studied than their cutaneous
counterparts. As in the skin, the predominant vessels are dilated capillaries and
venules (Fig. 1.22). Occasional dilated vessels may also be seen focally within the
underlying cortex, typically accompanied by multiple foci of calcification and other
reactive changes reflective of chronic seizure activity and altered blood flow.

Pathogenesis

Immunohistochemical evaluation of PWS for general endothelial and pericytic
markers, basement membrane proteins, and fibronectin has not shown differences
between normal skin and PWS [142]. Although it remains controversy as to whether
dermal vessels are actually increased in number in PWS compared to normal skin
[143, 144], there is no clear evidence that lesional vessel numbers change with time.
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Fig. 1.22 Leptomeningeal venulocapillary malformation of Sturge—Weber syndrome (GNAQ
mutation)

Studies employing S-100 immunostaining have reported a decrease in perivascular
nerve density in PWS, suggesting that the progressive vascular dilatation character-
istic of these lesions may be influenced by inadequate innervation [144, 145].
Observations of development of complex epithelial, mesenchymal, and neural
hamartomatous changes in aged PWS have suggested genetically determined, mul-
tilineage developmental field defect in the pathogenesis of this lesion [141].

The recent discovery by Shirley et al. [130] that a specific somatic mosaic activating
mutation in GNAQ is associated with both the Sturge—Weber syndrome and non-
syndromic port-wine stains is a game changer. GNAQ encodes Goq, a member of
the q class of G-protein alpha subunits that mediates signals between G-protein-
coupled receptors and downstream effectors [130]. Shirley et al. have also shown
that the somatic mosaic GNAQ encoding p.Arg183GIn amino acid substitutions in
the skin and brain tissue from patients with the Sturge—Weber syndrome and in the
skin tissue with nonsyndromic port-wine stains activates downstream MAPK
signaling [130].

Activating mutations in genes encoding Ga subunits have previously been shown
to be associated with a number of clinically important phenotypes, including the
McCune-Albright syndrome [146], blue nevi and nevi of Ota [147], and uveal
melanoma [147]. It is reasonable to conclude that the phenotypic effects of activating
somatic GNAQ mutations would be determined by the specific cell lineages harboring
or indirectly affected by the mutation as well as by the timing of the mutation during
development and the degree of activation.
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Venous Malformations
Clinical Features

Venous malformations are typically solitary lesions, localized or segmental, superficial
or deep. Most are sporadic. Some present in association with complex syndromes and
some are familial and multiple. Combination with lymphatic malformations is rela-
tively common. By MRI, VMs are slow flow lesions, with low vascular resistance and
bright hypersignal on T2-weighted spin echo. Superficial lesions enlarge over time due
to increased venous pressure (increased by dependency or exertion). Common compli-
cations include chronic low-grade consumptive coagulopathy in large/extensive lesions
and phleboliths and pain of unclear origin.

Histology

Endothelia of venous malformations are flattened and mitotically inactive. The
vessel walls have no elastic interna and contain a variable amount of well-differen-
tiated smooth muscle (usually scant relative to luminal diameter) (Fig. 1.23a).
Vessels of capillary or venular proportions may also be present within the lesion.
Disorganization of smooth muscle fibers may be seen. Dilated lumina are filled with
red blood cells; luminal thrombi in various stages of organization, including calci-
fied phleboliths, are often present, reflective of stasis (Fig. 1.23b). Organizing
thrombi help distinguish these low-flow lesions from high-flow arteriovenous mal-
formations. Recanalizing thrombi may show intravascular papillary endothelial
hyperplasia (Masson’s lesions, Masson’s vegetant intravascular hemangioendothe-
lioma). In early lesions, endothelial sprouts are seen to grow into fibrinous thrombus
material, developing papillary fronds lined by a single layer of plump endothelial
cells with no significant cytologic atypia. In later states, fibrin cores become colla-
genized and hyalinized, and endothelia attenuate. Lesional papillae fuse, resulting

Fig. 1.23 Venous malformation (VM). (a) Lesional veins typically have relatively scant mural
smooth muscle and are widely dilated or collapsed. (b) Due to stasis, organizing luminal thrombi
are frequently present (arrow)
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Fig.1.24 Venous malformation, intravascular papillary endothelial hyperplasia (Masson’s lesion).
Organizing, recanalizing thrombus material may form complex papillary structures lined by endo-
thelial cells, mimicking angiosarcoma

in an anastomosing meshwork of vessels, mimicking angiosarcoma, with without
pleomorphism, necrosis or high mitotic activity (Fig. 1.24).

Pathogenesis

Multiple mucocutaneous venous malformations (VMCMs) (OMIM #600195)
inherited as an autosomal dominant trait have been linked to a locus (VMCM1) on
chromosome 9p21 and are caused by activating missense mutations in the TEK
gene that encodes for endothelial cell-specific tyrosine kinase receptor TIE2, which
binds angiopoietins [148, 149]. Formation of a VMCM lesion is thought to require
loss at the second allele by somatic mutation, and an example of one such “second
hit” has been identified [150]. This need for a second hit could explain why many
inherited VMCM lesions appear in adolescence rather than at birth.

In more than half of inherited VMs, the detected TIE2 mutation is an Arg849 to
tryptophan (R849W) substitution [149, 151]. More recent studies have also identi-
fied somatic TIE2 mutations in 85 % of sporadic VMs, although in these cases the
mutation (L914F) leads to substitution of a leucine to a phenylalanine, producing a
stronger TIE1-hyperphosphorylation effect than the inherited R849W mutation of
VMCM [150, 152]. The L914F mutation of TIE2 in sporadic VM has not been
identified in inherited cases and is likely lethal in germline. Sporadic VMs are
present at birth and are typically solitary — new lesions do not appear over time.
The mutated TIE2 receptors of inherited and sporadic VMs aberrantly activate AKT
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in a ligand-independent manner, causing decreased platelet-derived growth factor-B
(PDGFB) production and secretion [153]. Since PDGFB is an important recruiter of
mural cells, this may explain in part why the smooth muscle coats of VMs are
irregular and attenuated [153].

Multiple venous malformations also occur in the poorly understood dysmorphic
syndrome known as blue rubber bleb nevus syndrome (BRBNS), first described in
1958 by Bean [154]. Blue rubber bleb nevus syndrome comprises an association
between multiple venous malformations of the skin and the gastrointestinal tract,
complicated by gastrointestinal bleeding and anemia. Some cases of BRBNS are
sporadic, and others autosomal dominant. Somatic 77E2 mutations have also been
identified in the majority of BRBNS patients but differ from the causative mutations
of VMCM and common sporadic VM in that they occur as double cis-mutations on
the same TIE2/TEK allele [155].

Verrucous Venulocapillary Malformation
(Verrucous “Hemangioma’)

This is a rare, but increasingly well-recognized, vascular anomaly that is a new
addition to the rightful list of vascular malformations. Increasing well-recognized
clinically and histologically, it is off the radar screen of the WHO and even in the
last ISSVA classification is listed as a “provisionally unclassified vascular anomaly”
[2]. Clinically and histologically it clearly best meets the criteria of a vascular mal-
formation, rather than an intrinsically proliferative vascular tumor, despite having
been labeled as a verrucous “hemangioma” in 1967 when it was originally described
as such by Imperial and Helwig of the Armed Forces Institute of Pathology [156].
Even in that original paper, it was stated that “It is considered a vascular malforma-
tion, eg, a true structural variant of capillary hemangioma that secondarily develops
reactive epidermal acanthosis, hyperkeratosis, and parakeratosis” — the use of the
term “hemangioma” was merely a testament to generic use of that term for benign
vascular lesions at that time. Mankani and Dufresne suggested in 2000 that the
name be changed to verrucous [vascular] malformation [157], but that opinion has
been resisted until very recently due to lingering uncertainty regarding the patho-
genesis of these lesions and concerns that they might show evidence of cellular
proliferation during their evolution [158]. Mulliken and Greene and colleagues have
recently recommended the use of the term verrucous venous malformation [159].
We prefer designation as verrucous venulocapillary malformation congruent with
the predominant nature of the component vessels.

Clinical Features

Verrucous venulocapillary malformations are striking congenital vascular anoma-
lies that occur equally in males and females, presenting at birth as clinically distinc-
tive, slightly raised singular, grouped, or confluent red-to-purple cutaneous lesions
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Fig. 1.25 Verrucous venulocapillary malformation, clinical. Singular, grouped, or confluent red-
to-purple congenital lesions on the distal extremities that darken and become hyperkeratotic over
time are typical. Photo courtesy of Beth Drolet

that upon microscopic examination have subcutaneous as well as superficial dermal
components. The vast majority occur on the distal extremities, particularly the lower
(Fig. 1.25). Rare examples have been reported on the trunk [160]. They progres-
sively darken and become hyperkeratotic during childhood, often increasingly com-
plicated by ulceration, bleeding, and scarring. They do not regress and are not
associated with local tissue hypertrophy or other developmental anomalies.

Histology

Histological appearance varies with age and progressive secondary changes of epi-
dermal orthotic hyperkeratosis and verrucous hyperplasia, but the persistent back-
ground lesion is one of dilated blood vessels, capillary or venular in type without
coats of smooth muscle, populating the papillary dermis and occasionally the
investing dermis around skin appendages. These spare the reticular dermis and
appear again in the subcutis, usually smaller in caliber and often grouped, not
infrequently showing intraluminal thrombi (Fig. 1.26a). The superficial dermal
vessels are usually the most impressively dilated and focally raise the epidermis,
expanding vascular papillae (Fig. 1.26b). Within the subcutis, dilated capillaries
may cluster around nerve bundles. Lesional vessels consistently express endothe-
lial markers of blood vascular differentiation, including CD31 and CD34. Focal
positivity for lymphatic endothelial markers such as Prox-1 and podoplanin (D240)
has been reported in some studies [161], but not others [162]. Mitotic activity is
very low. Many verrucous venulocapillary malformations, as well as a few other
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Fig. 1.26 Verrucous venulocapillary malformation, histology. (a) Low-power views show dilated
capillaries and venules in the papillary dermis, sparing the reticular dermis, and appearing again in
the subcutis. (b) The superficial vessels are dilated and expand dermal papillae; the epidermis
becomes hyperkeratotic and verrucous, often ulcerating

capillary malformations, show light, focal immunoreactivity for GLUT1, paled by
the intense endothelial GLUT]1 positivity displayed by capillaries of the placenta
and infantile hemangioma as part of a distinctive phenotype not seen in other
vascular anomalies [17, 18]. Other markers of infantile hemangioma/placental cap-
illaries, such as CD15 and indoleamine 2,3-dioxygenase, are not seen in verrucous
malformations (P North, personal communication).

Pathogenesis

Verrucous venulocapillary malformations are vascular malformations, not tumors.
Couto et al very recently reported the presence of a missense somatic mutation in
mitogen-activated protein kinase kinase kinase 3 (MAP3K3) in 6 of 10 of these
lesions at mutant allele frequencies ranging from 6 % to 19 % in affected tissue and
did not find this mutant allele in unaffected tissue or in affected tissue from other
types of vascular anomalies [159]. Since studies in MAP3k3 knockout mice have
previously implicated MAP3K3 in vascular development, Map3K3 may cause ver-
rucous venulocapillary (aka verrucous venous) malformations in humans [159].

Glomuvenous Malformations

Lesions characterized by the presence of benign glomus cells have been subclassi-
fied historically into categories such as diffuse type, solitary type, multiple type,
solid type, adult type, and pediatric type. Current evidence supports division of
these lesions into two major categories: (1) the glomus tumor proper, a cellular
neoplasm that tends to be well circumscribed, solitary, and subungual, and (2) the
so-called glomangioma, a frequently multifocal lesion, more properly termed
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glomuvenous malformation, that presents in infants or children and histologically
resembles a venous malformation in which lesional vessels are surrounded by layers
of glomus cells. The following discussion is restricted to this second category,
which accounts for 10-20 % of all glomus cell lesions.

Clinical Features

Glomuvenous malformations (GVMs) are superficial lesions either present at birth
or becoming evident in childhood or adolescence. They vary widely in phenotype
from single punctate lesions to multiple, widely distributed to confluent, soft, red-
to-blue nodules to large pink to deep blue plaques. Although clinically resembling
venous malformations, GVMs tend to be bluer and more nodular or cobblestone-
like in appearance, are less compressible, and do not swell with exercise or depen-
dency [163]. There is no significant sex preponderance.

GVNMs are less painful than the glomus tumor proper but may be tender to palpa-
tion, and attacks of pain may occur during menstruation and pregnancy. All reported
cases have behaved in a benign fashion. Due to their more expansive, multifocal
nature, GVMs are less amenable to surgery than common adult-type glomus tumors
and may recur locally following subtotal resections and may progress locally [164].
Sclerotherapy is less effective for GVMs than for venous malformations [165].

Histology

GVMs consist of dilated, thin-walled veins in the dermis and subcutis, often distrib-
uted as separate nodules. They are histologically similar to those comprising venous
malformations but are surrounded by one or more layers of cuboidal glomus cells
(Fig. 1.27). The glomus cell component can be quite variable from region to region
and vessel to vessel, making adequate sampling important. Like venous malforma-
tions without glomus cells, many GVMs contain organizing thrombi or phleboliths.

Pathogenesis

Some GVM are sporadic and in this case are always present at birth. At least 68 % of
GVM, however, demonstrate an autosomal dominant pattern of inheritance [166,
167]. The inherited forms tend to be multiple and continue to appear later in life,
sometimes in response to trauma [168]. Based on linkage disequilibrium studies of
families with inherited GVM, a locus for GVM (termed GLMN) has been mapped to
chromosome 1p21-p22 and encodes for a protein of still uncertain function termed
glomulin [169-171]. The wide phenotypic variation in GVM, and variability of pen-
etrance in affected families, has suggested possible important genotype—phenotype
relationships. A recent study by Brouillard et al. of 162 families with GLMN mutation
found 40 different mutations within the GLMN gene, the most frequent one present in
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Fig. 1.27 Glomuvenous malformation. Component vessels are veins rimmed by one-to-several
layers of bland, rounded glomus cells (arrows)

about 45 % of the families, without specific genotype—phenotype correlation and with
a penetrance of 90 % [172]. Sporadic GVMs likely result from somatic mutations at
this locus.

The high but incomplete penetrance, frequent multifocality, and delayed
development of autosomal dominant inherited GVM have suggested the likelihood
of second-hit somatic mutations in the pathogenesis of GVM. Amyere et al. inves-
tigated this possibility and found 16 somatic mutations, most of which were not
intragenic, but rather were incidences of acquired uniparental isodisomy involving
chromosome 1p13.1-1p12, a possible new fragile site [173]. Thus, as with inherited
VMCM, familial GVM is inherited in a paradominant fashion, requiring a second-
hit somatic mutation for lesion development.

The normal function of glomulin, also called FAP68, is still poorly understood.
Pathways by which loss of glomulin/FAP68 function might affect GVM develop-
ment are myriad and have been recently reviewed [155]. These possibilities include
suggested glomulin interactions with hepatocyte growth factor and TGFp signaling
pathways [174, 175] and established binding of glomulin to the Rbx1 RING domain,
leading to inhibition of the E3 ubiquitin ligase activity of the Cull-RINGI1 ligase
complex and thus affecting ubiquitination and degradation of various proteins such
as cyclin E and c-Myc. Tron et al. recently demonstrated that glomulin deficiency is
associated with increased levels of cyclin E and c-Myc [176]. In situ hybridization
studies of mouse tissues demonstrate expression of glomulin in vascular smooth
muscle cells during development [177].
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Arteriovenous Malformations
Clinical Features

Most arteriovenous malformations (AVMSs) occur sporadically as solitary lesions
and may involve the skin and subcutis, soft tissue, bone, or viscera. Roughly half
are obvious at birth, and most others become evident during early childhood as
clinically significant arteriovenous shunting is recognized. Deep or intracranial
lesions may not be apparent till later childhood or adulthood, particularly if shunting
of low grade. AVM’s progress over time, usually beginning in adolescence [178], as
collateral arterial flow is recruited into the low-resistance vascular bed. On physical
examination, those with superficial extension may raise the skin temperature and
produce a palpable thrill or pulsation due to shunting. Common major complica-
tions include clinically significant, sometimes life-threatening, hemorrhage and
local tissue ischemia due to arterial steal. AVMs often recur aggressively if incom-
pletely excised or inadequately embolized.

Histology

Unlike AV fistulas, which are typically acquired lesions characterized by one or a
few large AV shunts, sporadic AVMs are more complex developmental anomalies
with a myriad, perhaps millions, of small abnormal AV connections that bypass a
normally controlled, high-resistance vascular bed. Microscopic features vary widely
from one area to another in the same lesion and between different lesions. Most
histological sections show beds of arterioles, capillaries, and venules within a densely
fibrous or fibromyxomatous background, intermixed with numerous larger-caliber
arteries and thick-walled veins (Fig. 1.28a). In well-developed examples with high-
grade shunting, the arteries are characteristically tortuous in contour and irregular in
caliber, with thickened and fragmented elastic laminae. Component veins demon-
strate changes reflective of elevated local venous pressure and turbulence, including
irregular intimal and adventital fibrosis with irregularly thickened, focally fibrotic
smooth muscle coats, often with intimal “bumpers” at points of venous tortuosity.
Early AVM and those with lower-grade shunts will show more subtle findings. There
is no evidence of thrombosis or intravascular papillary endothelial hyperplasia
(which are typical of VM), consistent with the abnormally high venous flow and
pressure of AVM. The actual AV shunts are difficult to impossible to find without
extensive histological sectioning or special techniques.

Small vessel collections are a diagnostically important and variably prominent,
sometimes dominant, component of AVM, varying widely in architecture between
different lesions and within individual lesions. Many of these small vessel compo-
nents are proliferatively active and enriched in plump capillaries that mimic, in
some ways, a vascular tumor such as infantile hemangioma or “pyogenic granu-
loma.” To be clear, these proliferations are negative for GLUT1 and in no way
consistent with infantile hemangioma [15, 17]. Although often seen in deeply seated
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Fig. 1.28 Sporadic arteriovenous malformation (AVM), histology. (a) A complex combination of
arterioles, capillaries, and venules is set within fibromyxoid stroma intermingled with larger-bore,
often tortuous, arteries and thick-walled veins with reinforced mural structure in response to high
flow. (b) Involved skin may show a ragged small vessel proliferation that lacks the delicate lobu-
larity of IH

portions of AVM, particularly in skeletal muscle, scattered among larger-caliber
arterial and venous components, these cellular small vessel proliferations are par-
ticularly prominent in ulcerated skin overlying and/or involved by AVM, producing
a ragged “pseudokaposiform” proliferation of small vessels that lack the delicate
lobularity of IH (Fig. 1.28b). This cutaneous phenomenon has traditionally been
termed “Stewart—Bluefarb syndrome” [179] and is probably caused, at least in part,
by tissue ischemia due to bypass of the normal capillary bed due to shunting.
AVMs and other high-flow vascular lesions associated with inherited syndromes
and recently identified genetic defects overlap in histology with the much more common
sporadic AVMs but display some distinctive features. These conditions include
CM-AVM (capillary malformation—arteriovenous malformation) and Parkes—Weber
syndrome [132], PTEN hamartoma tumor syndrome (PHTS) [133], and hereditary
hemorrhagic telangiectasia (Rendu—Osler—Weber syndrome; HHT) [180, 181].
CM-AVM (OMIM #608354) is an inherited condition caused by RASA1 muta-
tions and characterized by multiple small cutaneous vascular “stains” associated
with AVMs/AVFs [132, 182]. The cutaneous stains of CM-AVM are small both
histologically and clinically unlike other more common cutaneous capillary malfor-
mations. Grossly, they are often surrounded by a halo of pale skin, and they increase
in number with age. Biopsies of these are so rare that few pathologists, even those
specializing in vascular anomalies, have seen more than a handful. The histology
has been described as minimally dilated capillaries in the dermis [183] and as subtle
dilation of the superficial dermal microvasculature, with increase in small arteries
and veins in the subcutis [184]. Given that these small cutaneous stains often dem-
onstrate high flow upon Doppler examination, it has been suggested that these are a
manifestation of an underlying AVM and not that of a capillary malformation [183].
The AVMs of CM-AVM are histologically similar to sporadic AVM (Fig. 1.29),
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Fig. 1.29 AVM of CM-AVM, caused by RASA1 mutation

although less well documented. Reported examples have been located on the face or
an extremity, intracranially, or intraspinally [182].

The vascular anomalies that arise as elements of PTEN hamartoma tumor
syndromes are variable in histological content, but often contain a high-flow component
with characteristic and visually peculiar features, including clusters of bizarre,
thick-walled veins with concentrically fibrotic, muscular walls, honeycomb-like
vascular complexes, tortuous small arteries, abundant fat and perivascular myxoid
stroma, and hypertrophic nerves (Fig. 1.30).

The vascular lesions of HHT range from ectatic capillaries and venules in the
skin and oral/nasal/gastrointestinal mucosa to prominent arteriovenous malforma-
tions and fistulas with dilated veins and arteries in the liver, lung, brain, and gastro-
intestinal tract [185].

Arterial embolization using polyvinyl alcohol or other foreign materials pre-
cedes most surgical resections of AVMs, in order to reduce intraoperative bleeding.
This elicits a variable acute inflammatory response within the involved tissues.
Tissue necrosis is a rare complication.

Pathogenesis
The vast majority of AVMs are sporadically occurring single lesions of unknown

etiology. Approximately a third of CM-AVM patients with the cutaneous capillary
malformations and pathognomonic heterozygous germline RASA1 mutations of
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Fig. 1.30 PTEN-associated vascular hamartoma. Histology is highly variable, but characteristi-
cally includes peculiar thick-walled veins with concentrically fibrotic walls (a) and abundant peri-
vascular myxoid stroma accompanying tortuous arteries (b). Other features include abundant fat,
hypertrophic nerves, and honeycomb-like complexes of dilated thin-walled vessels (not shown)

this disorder also have fast-flow vascular lesions, either AVMs or arteriovenous
fistulas (AVFs) [182]. These include approximately one-half of patients with
Parkes—Weber syndrome, a condition that combines AVM, cutaneous CM, limb
overgrowth, and sometimes LM [182]. Over 100 different RASA1 mutations have
been identified in 132 CM-AVM families [132, 182, 186—188]. Most of these
reported mutations result in premature stop codons, likely causing loss of function
[132, 182]. In approximately one-third of patients with phenotypic findings equiva-
lent to CM-AVM, RASA1 mutation has not been detected by applied methodolo-
gies, and about 25 % of cases are due to de novo RASA1 mutations [182].

Homozygous RASA1 knockout in mice is lethal at E9-9.5 due to severe vascular
defects [189]. The multifocal nature and wide phenotypic variation of CM-AVM,
with underlying germline RASA1 loss in one allele, could be explained by need for
a second-hit somatic mutation to complete local loss of RASA1 function, precipitat-
ing development of a focal vascular lesion. Evidence to support that possibility has
been reported for one patient [182]. The specific mechanism by which RASA1 loss
causes CM-AVM lesions is unclear. RASAI encodes for the small cytoplasmic
molecule p120RasGAP, which negatively modulates the Ras signal transduction
pathway by activating the Ras GTPase activity, thus helping convert Ras into its
inactive ADP-bound form. Thus, loss of RASA1 function through mutation would
be expected to result in Ras signaling overactivity in response to stimulation by
growth factors/hormones/cytokines that act through the Ras signaling pathway.
Since the vascular lesions of CM-AVM are focal and likely require a second-hit
mutation to cause lesion development, the timing of that second hit during vascular
development, and the specific cell types that harbor the second hit, would be
expected to be important variables in resultant phenotypic expression. RASA1
mutations have also been implicated in basal cell carcinoma [190], and somatic
mutations in RAS gene isoforms are frequent in cancer, but increased risk of malig-
nancy in CM-AVM has not been observed [182].
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Lymphatic abnormalities, in addition to CM-AVM, have been reported in human
patients with germline RASA1 abnormalities and in RASA1 knockout/knockin
mice [191, 192]. In mice, RASA1 maintains the lymphatic vasculature in a quies-
cent state [193]. Kawasaki et al. have presented evidence that RASA1 suppresses
endothelial mMTORCI1 activity within the EPHB4 signaling pathway [194].

HHT, also known as Osler—Rendu—Weber syndrome, is an autosomal dominant
disorder characterized by multisystemic angiodysplasia leading to frequent epi-
taxis, telangiectasias, GI bleeding, and arteriovenous shunts in the liver, brain, and
lung. It has been linked to mutations in two genes and has therefore been designated
HHT type 1 (HHT1; gene, ENG; chromosome 9q34.1) and HHT type 2 (HHT?2;
gene, ACVRLI, chromosome 12q11-q14) [195, 196]. HHT in association with juve-
nile polyposis has been linked to mutations in SMAD4 [197]. ENG encodes for
endoglin, a co-receptor of the TGFp (beta) family, whereas ACVRLI encodes ALK,
a type 1 receptor of the TGFp (beta) family; SMAD4 encodes a transcription factor
critical for TGFp (beta) signaling [198]. Recently, BMP9 loss of function mutations
has been casually linked to a vascular-anomaly syndrome with phenotypic overlap
with hereditary hemorrhagic telangiectasia [199]. BMP9 and BMP10 are bone mor-
phogenetic proteins that are circulating growth factors of the TGFp family that have
been shown to bind directly with high affinity to ALKI and endoglin; both are
thought to help maintain endothelial cells in a quiescent state that is dependent on
the level of ALK1/endoglin activation in endothelial cells [198]. Tillet and Bailly
have hypothesized that a deficient BMP9/BMP10/ALK1/endoglin pathway may
lead to reactivation of angiogenesis or a greater sensitivity to an angiogenic stimu-
lus, resulting in endothelial hyperproliferation and hypermigration that could lead
to vasodilatation and generation of an AVM [198].

The mechanisms by which germline PTEN mutations in PHTS produce vascular
malformations are poorly understood. The tumor suppressor gene PTEN encodes
for a dual-specificity phosphatase that antagonizes the phosphoinositol-3-kinase
(PI3K)/Akt pathway, leading to G1 cell cycle arrest and/or apoptosis and also inhib-
its cell spreading via the focal adhesion kinase pathway [200].

Lymphatic and Mixed Lymphatic-Venous Malformations
Clinical Features

Lymphatic malformations (LMs) have traditionally been referred to as “lymphangio-
mas,” despite general absence of significant endothelial mitotic activity. Just as blood
vascular malformations are presumed to be developmental errors in morphogenesis
of the blood vasculature, LMs are thought to be errors in morphogenesis of the lym-
phatic vascular system. Relatively superficial LMs are usually evident at birth or
within in the first year or two of life. In addition to the more common presentations
in the skin and subcutis, LM may also involve deeper soft tissues, bone, or viscera
and may not become evident until older childhood or later. They can be localized or
regional and may diffusely involve many tissue planes or organ systems.
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In current practice it has been found to be useful to subclassify LM as either
macrocystic, microcystic, or combined. Macrocystic LMs, defined arbitrarily by a
cyst diameter of at least 0.5 cm, have traditionally been termed “cystic hydromas.”
Microcystic LMs are more common and may develop anywhere. Macrocystic LMs
most commonly occur in the loose connective tissue of the neck, axilla, chest wall,
or groin and often change in size due to progressive distention of the lymphatic
spaces by lymph fluid. LMs often enlarge with systemic or local infection. Surgical
excision of macrocystic LM has significant morbidity, and a mainstay of therapy
has become sclerotherapy with irritants such as killed bacteria (OK-432) or doxycy-
cline [201, 202]. Combined microcystic and macrocystic LMs are common.
Treatment of microcystic and combined microcystic-macrocystic LM is problem-
atic; sclerotherapy for these is generally ineffective.

LMs are often associated with significant soft tissue (particularly fat) and bony
overgrowth. LMs involving the superficial skin or mucosae typically form fragile,
clear surface vesicles that often ulcerate or bleed and become dark. Many dermal or
mucosal lymphatic malformations are associated with more deeply seated lesions
composed of larger vessels, explaining the frequent recurrence of resected dermal
lesions. Upper airway obstruction is a significant risk in LM involving the tongue or
oropharynx. Chylous ascites/intestinal lymphangiectasia or pleural or pericardial
effusions may complicate abdominal and thoracic LM.

Generalized lymphatic anomaly (GLA), often called “lymphangiomatosis,” is an
extensive LM involving viscera and/or bone, often with coincident involvement of
the skin or soft tissues. The spleen, liver, lung, and intestine are commonly involved
viscera. Clinical morbidity is high due to the lung involvement, effusions, and bone
erosion and fracture.

The close relationship between the lymphatic and venous systems during embry-
onic development may explain why some low-flow malformations include both
lymphatic and venous and/or capillary components. Lesions from patients with
Klippel-Trenaunay syndrome (KTS) and related disorders most consistently exem-
plify this phenomenon, but solitary mixed malformations of lymphatic, venous, and
capillary vessels are also commonly observed in nonsyndromic patients. KTS
envelops a spectrum of complex, segmental congenital disorders characterized by a
variable combination of lymphatic and capillary—venous malformations associated
with skeletal and adipose tissue overgrowth in the involved segment [6, 203].

Histology

Microcystic LMs are comprised by dilated small vessels with angular-to-rounded
contours lined by a single layer of flattened-to-slightly hobnailed endothelial cells,
rimmed by rare pericytes and little or no smooth muscle (Fig. 1.31a). These are
filled with clear fluid and sometimes a few lymphocytes and/or macrophages.
Traumatized lymphatic vessels may contain abundant erythrocytes. In microcystic
LMs involving skin or mucosa, the dilated lymphatic vessels often protrude into
superficial vascular papillae, causing bleb formation and epidermal/mucosal
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Fig. 1.31 Lymphatic malformations (LM), predominately microcystic. (a) Component vessels are
dilated and rounded-to-angular in shape, filled with proteinaceous fluid and often a few lympho-
cytes and/or macrophages. Vessel walls are composed of flattened-to-slightly hobnailed endothe-
lial cells associated with a few pericytes. (b) Some examples are more infiltrative, ramifying
among and between tissue elements

hyperplasia. Overlying epidermis may appear hyperkeratotic and verrucous, and the
surrounding stroma may be fibrotic and chronically inflamed. The vessels of
diffusely infiltrative microcystic LMs often wrap extensively around tissue struc-
tures, producing the appearance of free-floating tissue elements and a complex
anastomosing vasculature reminiscent of lymphangiosarcoma (Fig. 1.31b). Focal
lymphoendothelial spindling and hyperplasia may be evident in some of the lesional
vessels of these diffuse LMs. A low but appreciable level of proliferative activity
indicated by cell cycle markers such as Ki-67 may be present.

Macrocystic LM vessels have thicker, irregular coats of smooth muscle and/or
fibrous tissue and may have valves. Vessel lumina usually contain proteinaceous
material and a few lymphocytes and/or macrophages. In many LMs, the enlarged
lumina contain abundant blood or organizing myxoid thrombus material resulting
from vessel wall injury or communication with the venous system. This makes it dif-
ficult to distinguish veins from lymphatics and may suggest a venous or mixed
venous—lymphatic malformation. This distinction can usually be made by immunore-
action for antigens such as podoplanin (with the D2-40 antibody) or PROX1 that are
expressed by lymphatic endothelial, but not blood vascular endothelial cells (Fig. 1.32).
Care in interpretation must be taken, however, since the endothelial cells of larger
lymphatic vessels may show spotty or even absent staining for lymphatic endothelial
markers. The surrounding stroma often shows a lymphocytic infiltrate varying from a
few scattered cells to striking, organoid aggregates containing lymphoid follicles.

Gorham-Stout disease, aka “disappearing bone disease,” is a form of GLA char-
acterized by prominent, typically multifocal intraosseous LM. The affected bones
undergo cystic cortical osteolysis due to progressively dilated intraosseous
lymphatic spaces, resulting in “disappearance” of bones in imaging studies, particu-
larly plain film. Histologically, dilated, extremely thin-walled lymphatic vessels
that may be extremely difficult to appreciate in routine sections expand the marrow
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Fig. 1.32 Lymphatic malformation, mixed macrocystic and microcystic. The walls of larger lym-
phatic vessels may contain substantial smooth muscle

space, compressing and eventually thinning the cortical bone, sometimes to the
point of pathological fracture. Immunohistochemistry for the pan-endothelial
marker CD31 is useful to identify the endothelial lining of the cystically dilated
spaces, and immunohistochemistry for podoplanin confirms lymphatic differentia-
tion (Fig. 1.33). In many patients with multifocal bony involvement by LM, viscera
(especially spleen) are also affected by LM. Periosseous extension into soft tissue is
common. Rare cases of osteolysis with similar but localized clinical and radiological
presentation may be associated with VM or AV fistula instead of LM.

Some spontaneously aborted fetuses with posterior cervical swellings traditionally
referred to as “cystic hydroma” have been shown to have increased cutaneous lym-
phatics (e.g., trisomy 13 and 21), whereas those with monosomy X (Turner’s syn-
drome) do not show increased or dilated lymphatics [204].

The histology of KTS is generally typical of VM and LM, with variably distributed
components of each. Overlying areas of cutaneous involvement compounded by reac-
tion to expansion of dermal papillae by ectatic capillaries or lymphatics create a PWS-
like surface stain punctuated by angiokeratoma-like lesions. Eccrine glands are often
notably enlarged and surrounded by myxoid stroma. Veins may demonstrate striking
mural smooth muscle disarray. The malformations are largely cutaneous and subcuta-
neous but may also infiltrate deep skeletal muscle. Subcutaneous fat is increased.
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Fig. 1.33 Intraosseous LM (Gorham-Stout disease). The dilated, fragile lymphatic vessels are
often difficult to see in routine H&E-stained histological sections and can be highlighted usefully
with immunostains for CD31 (a) and podoplanin (b)

Pathogenesis

Several malformative/overgrowth syndromes that often include lymphatic malforma-
tions as a component, such as CLOVES syndrome and KTS, have recently been
linked to activating mutations in phosphatidylinositol-4,5-bisphosphate 3-kinase,
catalytic subunit alpha (PIK3CA), which encodes the catalytic subunit of the enzyme
phosphatidylinositol 3-kinase (PI3K) [134, 205-207]. Importantly, somatic PIK3CA
mutations were also found in 16/17 cases of isolated LM, occurring at low frequency
(<10 %) in the affected tissue, determined by highly sensitive droplet digital PCR for
5 common PIK3CA mutations [134]. This latter study did not include matched nor-
mal tissues (e.g., blood) in the mutational analysis. Activating PIK3CA mutations
also occur frequently in human cancer [208] where they enhance tumor growth in the
setting of other oncogenic mutations [209]. It is not yet clear if PIK3CA mutation
alone can produce LM or whether additional genetic or environmental influences are
necessary. Specific PIK3CA mutations have not correlated with the specific pheno-
type of the various disorders characterized by PIK3CA mutations [134]. As with
somatic mutations in other genes and other groups of disorders, influential factors
intuitively would include developmental stage at the time of somatic mutation, cell
type and location within the embryo of the originally mutated cell, and pluripotent or
multipotent potential of the mutated cell population.
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Chapter 2
Vascular Overgrowth

Kelly J. Duffy, Michael E. Kelly, and David Bick

Blood and lymphatic vessel formation is a vital dynamic process that when
dysregulated can lead to excessive or abnormal formation of the vasculature.
Vascular malformations are often associated with bony and/or soft tissue hypertro-
phy (overgrowth) that may occur regionally or involve the whole body. These
overgrowth syndromes can be categorized based on the type of vascular malforma-
tion present (Table 2.1). The purpose of this review is to provide an overview of the
features, pathogenesis, and molecular mechanisms involved in overgrowth syn-
dromes associated with vascular malformations.

Overgrowth Syndromes Associated with Slow-Flow Vascular
Malformations

Congenital Lipomatous Asymmetric Overgrowth, Vascular
Malformation, Epidermal Nevus, and Skeletal Anomalies
(CLOVES) Syndrome

CLOVES syndrome is a sporadic disorder characterized by truncal lipomatous
masses, vascular malformations, and cutaneous and acral/musculoskeletal anoma-
lies [1, 2]. Its delineation came from a group of patients with overlapping clinical
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Table 2.1 Syndromes associated with vascular malformations

Syndromes associated with fast-flow

Syndromes associated with slow-flow lesions lesions
Klippel-Trenaunay syndrome (KTS) PTEN hamartoma tumor syndromes
(PHTS)

* Cowden syndrome

* Bannayan-Riley-Ruvalcaba
syndrome (BRRS)

* SOLAMEN syndrome

Cutis marmorata telangiectatica congenita Capillary malformation-arteriovenous
(CMTC) malformation (CM-AVM) syndrome

Megalencephaly-capillary malformation (MCAP) | Parkes Weber syndrome (PKWS)
Macrocephaly-capillary malformation (M-CM)
syndrome

CLOVES syndrome
Proteus syndrome
Beckwith-Wiedemann syndrome

characteristics who did not meet the specific diagnostic criteria for Proteus syn-
drome (Table 2.2). The dysregulated adipose tissue, scoliosis, and enlarged bony
structures in CLOVES are not progressive or structurally distorting like those seen
in Proteus syndrome [1], and the overgrowth in CLOVES syndrome is congenital,
“ballooning” in nature, grows proportionately with the patient, and often affects
both feet [1, 3].

In 2012, Kurek and colleagues reported their finding of activating mutations in
PIK3CA as the cause of CLOVES syndrome [4]. This group used massively parallel
sequencing of DNA or RNA recovered from affected tissue from individuals with
CLOVES syndrome who had undergone surgical resection of lipomatous over-
growth or vascular malformation with lipomatous overgrowth. Mutations were not
detected in blood or saliva DNA from individuals who had mutations in their
affected tissue. This supports Happle’s theory of paradominant inheritance of a
single gene to explain the occurrence of both familial and sporadic cases [5—-7]. This
could occur if individuals heterozygous for a defective gene were phenotypically
normal, and only those with a somatic mutation resulting in loss of heterozygosity
of the gene would develop the syndrome. Such a mechanism would result in a clonal
population of cells homozygous or hemizygous for the mutation and could explain
the mosaic pattern of lesions in KTS (Fig. 2.1). Happle suggests that homozygous
expression of the genetic defect would likely be incompatible with life [7], which
would explain the sporadic and apparent non-Mendelian inheritance pattern.
Interestingly, the PIK3CA mutations discovered in CLOVES syndrome have been
detected in several types of cancer [8]. This finding also underscores the importance
of the PI3K-AKT pathway (Fig. 2.2) in overgrowth syndromes known to result from
related activating mutations (Table 2.1).
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Table 2.2 Diagnostic criteria for Proteus syndrome

Diagnostic criteria for Proteus syndrome

For diagnosis: general criteria (mandatory)
Mosaic distribution of lesions

Progressive course

Sporadic occurrence

Category signs
A.
B.

Adapted from Biesecker et al. [9]

Proteus Syndrome
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Specific criteria (category signs)
Either one from A or

Two from B or

Three from C

Manifestations

1.
1.
2.

Connective tissue nevus
Epidermal nevus
Disproportionate overgrowth (one or more)
Limbs
Arms/legs
Hands/feet/digits
Skull
Hyperostoses
External auditory meatus
Hyperostosis
Vertebrae
Megaspondylodysplasia
Viscera
Spleen/thymus

. Specific tumors before end of second decade

Bilateral ovarian cystadenomas
Parotid monomorphic adenoma

. Dysregulated adipose tissue (either one)

Lipomas
Regional absence of fat

. Vascular malformations (one or more)

Capillary malformation
Venous malformation
Lymphatic malformation

. Facial phenotype

Dolichocephaly

Long face

Minor downslanting of palpebral fissures
and/or minor ptosis

Low nasal bridge

Wide or anteverted nares

Open mouth at rest

Proteus syndrome is a rare sporadic disorder characterized by soft tissue and bony
hypertrophy of the hands and feet, hemihypertrophy, cranial hyperostosis, dysregu-
lated adipose tissue, vascular malformations, and connective tissue and epidermal
nevi. There are strict diagnostic criteria for Proteus syndrome, listed in Table 2.2



Fig. 2.1 Representation of somatic mosaicism. Mosaic distribution of lesions in vascular anoma-
lies and associated overgrowth syndromes is postulated to occur via a post-zygotic mutation result-
ing in a subpopulation of cells with the mutation among a population of normal cells with no
mutation
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Fig. 2.2 Schematic of the PI3K/AKT pathway
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[9]. Diagnosed patients are required to meet both general and specific criteria, with
the general characteristics of mosaic distribution of lesions, progressive clinical
course, and sporadic occurrence mandatory criteria. The vascular malformations
associated with Proteus syndrome are not well characterized, although clinical
observation suggests that slow-flow lesions (capillary, venous, and lymphatic mal-
formations) similar to KTS may occur.

In 2011, Lindhurst et al. found a mosaic activating mutation in AKT associated
with Proteus syndrome [10]. The p.Glul7Lys mutations were detected in affected
lesion tissue, but not in unaffected tissue samples from the same individual. Like
CLOVES syndrome, this finding supports Happle’s original hypothesis of somatic
mosaicism that is lethal in the non-mosaic state [5, 6]. This idea is substantiated by
the mosaic pattern of lesions in Proteus syndrome as well as the report of discor-
dance in identical twin pairs [1].

Klippel-Trenaunay Syndrome (KTS)

KTS is characterized by regional overgrowth of soft tissue and bony structures with
associated superficial capillary malformations, varicose veins, and/or venous mal-
formations. Lymphatic malformations occur in about 11 % of patients [11]. The
cutaneous capillary stain and venous malformations are often noted at birth and are
associated with limb hypertrophy. Involvement of lower extremities is typical; how-
ever, 10—15 % of cases involve both the upper and lower extremities [12]. Affected
limbs are commonly longer with an increased circumference when compared with
the unaffected limb. The limb length discrepancy may be slight or dramatic and may
become prominent with age, though progression is unpredictable. Limb enlarge-
ment tends to slow or stop once the child’s growth cycle is complete [11].
Macrodactyly, syndactyly, and hypertrophy of the thorax, pelvis, abdomen, head, or
neck can also occur [13].

On histological exam, the capillary malformations (CMs) in KTS consist of an
increased number of abnormal ectatic capillaries with flat endothelial cells (ECs) in
the papillary dermis [14]. The lymphatic malformations typically accompanying the
CMs display dilated lymphatic vessels filled with lymph fluid [14], whereas the
venous malformations can include aneurismal dilation, aplasia, hypoplasia, dupli-
cation, or anomalous vessels [13].

The origin of KTS is unknown, and most cases are sporadic in nature. However,
Aelvoet, Jorens, and Roelen reported familial cases of KTS suggesting a multifacto-
rial pattern of inheritance [15]. Additionally, there have been reports of de novo
chromosomal abnormalities in three different KTS patients [16-18], although no
candidate genes have been verified in larger KTS populations. These reports suggest
that genetic factors may contribute to the development and pathogenesis of
KTS. Given the overlapping clinical characteristics between KTS and other over-
growth syndromes such as CLOVES syndrome and Proteus syndrome, it is possible
that KTS also results from mutations in components of the PI3K-AKT pathway. To
date, no such mutations have been reported.
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Cutis Marmorata Telangiectatica Congenita (CMTC)

CMTC is a low-flow vascular malformation characterized by a fixed coarsely retic-
ulated vascular pattern on the skin that is usually noted at birth and can have a local-
ized or generalized distribution. CMTC is associated with congenital anomalies in
27-50 % of cases [19, 20]. These anomalies are more often found in generalized
cases of CMTC. The most frequent anomaly is limb hypoplasia [12]. However,
other growth abnormalities can also be associated with CMTC such as limb hyper-
trophy, skull asymmetry, and syndactyly [19-22].

Histologic studies have been inconsistent with some studies reporting dilated
capillaries in the dermis and subcutaneous tissue, while others were unable to detect
a vascular anomaly [12]. Picascia and Esterly reported sparse dermal perivascular
lymphocytic infiltrates and swelling of endothelial cells [19]. The cause of CMTC
is unknown, and it appears to occur sporadically. Several theories have been pre-
sented to explain this disorder. One case series suggested a common dysmorpho-
genic environmental agent in the pathogenesis [23], while others propose genetic
mosaicism in which the lethal gene survives via partial or mosaic expression [24,
25]. Once again, Happle’s theory of paradominant inheritance has also been pro-
posed for CMTC [26].

Megalencephaly-Capillary Malformation (MCAP)

MCAP, previously known as Macrocephaly-Capillary Malformation (M-CM) syn-
drome, is a rare sporadic disorder distinct from cutis marmorata telangiectatica con-
genita (CMTC), although the vascular pattern can appear similar. MCAP syndrome
is characterized by a CMTC-like vascular malformation in association with macro-
cephaly and developmental delay. While MCAP syndrome resembles the vascular
malformation in CMTC, the skin lesion in MCAP syndrome is a reticulated capil-
lary malformation rather than a true CMTC, as there is no ulceration or cutaneous
atrophy associated with the lesion [27]. Often, a midline facial capillary malforma-
tion is reported, with other associations including hydrocephalus, connective tissue
defects, toe syndactyly, frontal bossing, and hemihypertrophy [27, 28].

Recently, Riviere and colleagues discovered de novo germline and post-zygotic
mutations in PIK3CA associated with MCAP [29]. These mutations, like those
found in PIK3CA in Proteus syndrome, are activating mutations that result in ele-
vated PI3K-AKT pathway activity (Fig. 2.2) [29].

Beckwith-Wiedemann Syndrome

Beckwith-Wiedemann is a syndrome characterized primarily by gigantism, macro-
glossia, and omphalocele [30], but may also include posterior helical ear pits, hypo-
glycemia, a predisposition to tumors, and facial capillary malformations. The
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capillary malformations are usually centrofacial and virtually identical to, but more
persistent than, salmon patches (nevus simplex).

Most cases of Beckwith-Wiedemann syndrome are sporadic, but there have also
been reports of autosomal dominant inheritance within families. Cytogenetic analy-
sis has demonstrated dysregulation of a region on chromosome 11p15 composed of
two distinct domains of imprinted genes regulated by two imprinting centers [31,
32]. (Epi)genomic alterations in this region have been associated with approxi-
mately 80 % of Beckwith-Wiedemann cases [33]. Within these domains, overex-
pression of key imprinted genes has been identified to contribute to disease
pathogenesis, IGF2 and H19 in domain 1 and LIT-1 and p57%? in domain 2. The
molecular alterations in domain 1 only occur in 5 % of Beckwith-Wiedemann
patients, whereas imprinting defects within domain 2 account for roughly 50 % of
molecular defects in affected individuals [33]. Rare mutations have been identified
in families with autosomal dominant inheritance and primarily involve the p57¥?
gene. It has been suggested that p57¥2 mutations are related to embryonal tumor
types like rhabdomyosarcoma and hepatoblastoma, whereas upregulation of IGF2
has been more commonly associated with Wilms’ tumor [32]. Paternal uniparental
disomy (UPD) involving both domain 1 and domain 2 is found in approximately 20
% of Beckwith-Wiedemann cases [33]. Given that these individuals with UPD
exhibit somatic mosaicism of lesions, it is possible that this molecular defect is
caused by a post-zygotic event [33].

Overgrowth Syndromes Associated with High-Flow Vascular
Malformations

PTEN Hamartoma Tumor Syndromes (PHTS)

The PHTS is a spectrum of autosomal dominant hamartomatous disorders with phe-
notypic variability caused by germline mutations of the tumor suppressor gene
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) [34-40].
Cowden syndrome (CS) and Bannayan-Riley-Ruvalcaba syndrome (BRRS) are the
most commonly reported syndromes within the PHTS spectrum [34—40]. A variety
of vascular malformations have been reported in patients with BRRS or CS [41, 42].
These lesions are most frequently deep vascular anomalies that are almost all fast-
flow with unusual characteristics including multifocal distribution, musculoskeletal
location, ectopic adipose tissue, and drainage into dilated veins [43]. In addition to
vascular anomalies, both BRRS and CS are also characterized by lipomatosis, mac-
rocephaly, and hamartomatous lesions involving the skin, mucous membranes, GI
tract, thyroid, breast, brain, and genitourinary system. A more recently described
syndrome classified as part of the PHTS spectrum is the segmental overgrowth,
lipomatosis, arteriovenous malformation, and epidermal nevus (SOLAMEN) syn-
drome [44] This syndrome is distinct from CS and BRRS as it involves complex
congenital dysmorphisms including segmental overgrowth and epidermal nevi in
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addition to the other associated phenotypes. While similar to Proteus syndrome,
individuals with SOLAMEN syndrome do not meet the strict diagnostic criteria for
Proteus [9, 44].

The PHTS disorders are associated with germline mutations in the tumor sup-
pressor gene PTEN. Although CS and BRRS are often differentiated by clinical
characteristics, investigations have been unable to determine specific genotype-
phenotype correlations. A single mutation in PTEN has resulted in both CS and
BRRS within a family [45]. This suggests that CS and BRRS actually represent one
condition with a phenotype continuum that could be influenced by host factors or
additional somatic mutations. It has been shown that SOLAMEN syndrome is also
associated with a germline mutation in PTEN; however, analysis of lesional tissues
demonstrated a second molecular event at the PTEN locus resulting in deletion of
the remaining wild-type allele [44].

Capillary Malformation-Arteriovenous Malformation
(CM-AVM)

CM-AVM is a hereditary disorder characterized by multifocal cutaneous capillary
malformations in association with high-flow vascular malformations, such as AVMs
or arteriovenous fistulas (AVFs). These high-flow lesions are often found in the
skin, subcutaneous tissue, bone, muscle, and brain. The capillary malformations
tend to present as small pink to red macules often surrounded by a pale halo and
may be widely distributed cutaneously. There have also been reports of larger soli-
tary capillary malformations associated with CM-AVM [46].

CM-AVM is an autosomal dominant disorder caused by loss-of-function muta-
tions in the RASA1 gene [47]. The molecular mechanisms by which these muta-
tions lead to the localized vascular phenotype are unknown, although they likely
involve the loss of inhibition of RAS p21 by the RASAI1 protein. RAS p21 is a
protein that controls cellular growth, proliferation, survival, and differentiation,
indicating a potential role in the vascular overgrowth. The variable location within
the skin, subcutaneous tissue, bone, muscle, and brain and intrafamilial presenta-
tions may suggest a second molecular event (second hit) is necessary.

Parkes Weber Syndrome (PKWS)

Parkes Weber syndrome is the association of high-flow lesions (AVM or AVF) with
capillary malformation(s) and overgrowth of the affected extremity. Lymphatic
malformations and lymphedema may also be present [12]. It seems that PKWS is a
clinically and etiologically heterogeneous disorder, as RASA1 mutations have been
found to occur in affected individuals with multifocal capillary malformations but not
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those with a solitary lesion [48]. Like CM-AVM syndrome, a second-hit mechanism
may be involved in affected tissue, although this mechanism has not been demon-
strated in PKWS.

Vascular Malformations and Associated Overgrowth: Etiology

Tissue overgrowth results from dysfunction of processes that control apoptosis, cel-
lular proliferation, and cell growth. One signaling pathway that contributes to this
regulatory process is the phosphoinositide-3-kinase (PI3K)-AKT pathway (Fig. 2.2).
Numerous animal studies provided evidence that disruption of the PI3K/AKT
pathway results in disordered growth [49-55]. In addition, advances in the field of
vascular anomalies’ research have led to the discovery of numerous human diseases
of abnormal growth that are associated with defects in the pathway. Some of the first
examples in human disease were the PHTS disorders, which result from loss-of-
function mutations in the PTEN gene that negatively regulates the PI3K/AKT
pathway. PTEN is a dual phosphatase protein that negatively regulates the PI3K/
AKT pathway, a pathway essential to cellular growth and survival. When PTEN
function is disrupted, the activation of this pathway increases. It is possible that the
germline PTEN mutation with a subsequent second hit in somatic tissue could be a
result in the various forms of overgrowth seen in PHTS, with the type and extent of
overgrowth determined by the timing of the event and the cell type affected.
However, this theory has yet to be validated. Additional evidence demonstrating the
importance of this pathway came from the identification of RASA1 mutations in
CM-AVM syndrome and PKWS. Ras positively regulates signaling of pathways
involved in cellular growth and proliferation, including the PI3K/AKT pathway.
RASATI functions through inhibition of Ras, thus loss of RASAT1 function results in
loss of Ras inhibition and uncontrolled pathway activation.

More recently, activating mutations in PIK3CA were found to be associated with
Proteus syndrome and MCAP. PIK3CA encodes the 110-kD catalytic alpha subunit
of PI3K, which is activated upon tyrosine kinase receptor ligand binding. Activated
PI3K converts phosphatidylinositol (3,4)-bisphosphate (PIP2) to phosphatidylinosi-
tol (3,4,5)-triphosphate (PIP3) and subsequently leads to the translocation and phos-
phorylation of PDKI1, which then phosphorylates AKT. AKT then exerts its
downstream effects on PI3K-AKT pathway constituents. This occurs more directly
in the case of CLOVES syndrome, as the activating mutations in this syndrome are
found in AKT1 [4]. Though mutations in the PI3K-AKT pathway were identified,
the mechanisms and understanding related to variable phenotypic presentation in
individuals with the same mutation are still unclear. While genetic causes have not
yet been delineated for some other overgrowth syndromes, the potential of PI3K-
AKT pathway involvement is clear and warrants further investigation.

Overgrowth syndromes associated with vascular malformations represent a spec-
trum of disorders with variable clinical presentations and molecular associations
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that are challenging to diagnose, manage, and treat clinically. Although phenotypi-
cally heterogeneous, a common characteristic among this spectrum is the mosaic
nature of the overgrowth and the presence of more than one affected cell lineage
[56]. This suggests that the molecular insult responsible for these syndromes could
be explained by Happle’s theory of a post-zygotic somatic mutation that is lethal in
a germline state [6]. The evidence provided by several groups who identified somatic
activating mutations associated with overgrowth syndromes supports Happle’s the-
ory, as the somatic changes resulted in altered expression of PI3K pathway compo-
nents detectable only in the lesion tissue of affected individuals. The variable
clinical phenotypes and severity of the lesions are likely to be determined by the
timing, location, and nature of the secondary event, though this has not been con-
firmed [47, 56]. Future studies to investigate this relationship as well as the potential
that the PI3K-AKT pathway offers for therapeutic development will likely yield
opportunities for intervention in individuals with overgrowth syndromes associated
with vascular malformations.
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Chapter 3
Vasculogenesis and Angiogenesis

Chang Zoon Chun, Rashmi Sood, and Ramani Ramchandran

Introduction

The development of the circulatory system is one of the earliest events in organo-
genesis [1]. This system is comprised of interconnected tubes that form an intricate
network for transporting blood and lymph across tissues. The endothelial cells
(ECs) line the inner walls of the tubes, and vascular smooth muscle cells surround
them on the outside. The circulatory system is comprised of two primary vessel
types, namely, the blood vessels and the lymphatic vessels [2]. These vessels differ
in the content of their lumen. Blood vessels primarily carry blood, while lymphatic
vessels carry lymph fluid. Blood vessels are comprised of arteries and veins. Arteries
carry oxygenated blood that flows under high pressure, while the veins carry deoxy-
genated blood back to the heart under low pressure. The dorsal aorta (DA) and
cardinal vein (CV) are the first to arise in a developing embryo. These are formed
de novo via the assembly of endothelial precursors into a primitive vascular network
(or plexus) through a process called “vasculogenesis” [3]. Once the primitive vascu-
lar plexus is established, a complex remodeling process consisting of migration,
proliferation, sprouting, and pruning ensues and leads to the development of a
functional circulatory system. This remodeling process is referred to as
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“angiogenesis” [4]. Small capillaries and the intersomitic vessels (ISVs; vessels that
traverse early body segments or somites) are formed through the angiogenesis
mechanism.

Embryonic programs of angiogenesis and vasculogenesis are recapitulated in the
adult during repair and healing processes and in mammalian reproduction.
Ovulation, menstruation, implantation, and placentation are critically dependent on
angiogenesis and neovascularization. The placenta undergoes extensive vascular
growth and remodeling throughout pregnancy. Vascularization of the placenta is
unique in its requirement for coordinated development of maternal and fetal vessels.
This allows formation of large surface areas of exchange between maternal and fetal
circulations, necessary for placental function. Specialized placental cells, termed
trophoblast cells, are involved in the regulation of this process. Inadequate or abnor-
mal vascularization of the placenta impacts the start of life and has far-reaching
consequences on the metabolic and cardiovascular health in adult life [5, 6].
Abnormal angiogenesis and neovascularization are also associated with other path-
ological conditions such as tumor growth. Tumors secrete EC stimulatory growth
factors that induce the host vasculature to sprout and grow in an angiogenic fashion.
The new vessels are used by the tumor to traverse to distant sites, thus promoting
metastases. In this chapter, we will discuss the basic principles governing vasculo-
genesis and angiogenesis in the embryo and placenta. In addition, we will discuss
the molecules involved in these processes and the role that they play in the develop-
ment of vascular anomalies.

Origin of Cells of the Vascular Lineage

All tissues of the body emerge from the three germ layers of ectoderm, endoderm,
and mesoderm. Post gastrulation, the mesoderm germ layer gives rise to cells of the
heart, kidney, muscle, and blood-forming tissues in addition to the cells of the cir-
culatory system, namely, the vascular ECs. The vascular ECs emerge from the lat-
eral most region of the mesoderm termed as the lateral plate mesoderm (LPM). The
specification step from the LPM to the precursor cells of the vascular lineage is
poorly understood. One putative intermediate step in this specification pathway is
the formation of a bipotential precursor cell from the LPM that has capabilities to
differentiate into the vascular and hematopoietic lineage. Evidence for the existence
of such a bipotential precursor cell is observed during embryonic development,
especially in the extraembryonic mouse yolk sac “blood islands”; these are loose
aggregates of blood cells surrounded by the endothelium [7]. The outer cells of the
blood island clusters appear flattened and subsequently differentiate into ECs,
whereas the inner cells become hematopoietic cells [8]. In mouse embryo, this pre-
cursor cell is mainly located in the primitive streak (thickening region of the embryo
showing noticeable first stages of development) and is only detectable for a very
brief period of time [9] and eventually expresses CD31, flk-1, flt-1, and tie-2 [10]
markers, which are characteristic of EC lineage. Similarly, in chick, flk-1* cells
(Quek1) are abundant in the mesoderm that exits from the posterior primitive streak
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during gastrulation [11]. These cells contribute to the formation of both embryonic
and extraembryonic mesoderm tissue, which gives rise to the first blood islands
[12]. Gene targeting experiments in mouse demonstrate that a functional Flk-1
receptor tyrosine kinase is required for the development of the blood islands, pro-
viding further evidence that both hematopoietic and endothelial lineages are derived
from a common precursor [13]. This common precursor cell is referred to as heman-
gioblast, which will be discussed in detail in the next section.

The Case for Hemangioblast

Nearly a century ago, based on observations in chick embryos that both hematopoi-
etic and ECs are closely situated and develop together, a new term called “heman-
gioblast” was proposed to describe the common precursor cell [14, 15] that gives
rise to both lineages. In terms of model systems, zebrafish has contributed immensely
to our understanding of hemangioblast because of the identification of the first
genetic mutant in vertebrate, “cloche,” which lacks both ECs and blood cells sug-
gesting that the mutation lies in the critical gene (as yet unidentified) that specifies
the critical dual potential hemangioblast cell to vascular and blood lineage [16, 17].
More recently, Vogeli and his group constructed single-cell-resolution fate maps
that show individual cells in zebrafish late blastula and gastrula can give rise to both
hematopoietic and ECs [18]. Substantial characterization of the hemangioblasts has
occurred in vitro through the utilization of the embryonic stem cell (ESC)-derived
embryoid body (EB) model system. In the mouse and human ESC-derived EB cul-
tures, single blast colony-forming cells (BL-CFCs) generate colonies that contain
both hematopoietic and ECs. These cells emerge in the presence of VEGF-A and
bone morphogenetic protein-4 (BMP-4) [10, 19, 20]. Further, they express flk-1 and
the mesodermal marker brachyury [21]. Based on the ability of genetically engi-
neered ESCs to differentiate into BL-CFCs in vitro, flk-1, Scl, Runx-1, Hhex, Mixl-
1, Bmp-4, Smad-1, Gata-2, and Lycat have all been shown to be essential for the
generation of BL-CFCs [22-31]. In addition to these genes, Lmo, fli-1, and etsrp
have been recently implicated in the specification of hemangioblast from the poste-
rior LPM in zebrafish [32—-37]. Importantly, constitutive activation of flil is shown
to be sufficient to induce expression of key hemangioblast genes such as scl, Imo,
gata2, etsrp, and flk-1 [38]. At present, our knowledge of hemangioblast specifica-
tion from LPM is emerging; however, our knowledge downstream of hemangioblast
is better known, as will be discussed in the next section.

Vasculogenesis Mechanisms in the Developing Embryo

The hemangioblast cell can differentiate down either the vascular lineage or the
hematopoietic lineage. If the program for vascular lineage differentiation is initi-
ated, the hemangioblast becomes more differentiated, and this cell type is called
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angioblast. The great vessels of the developing embryo such as the aorta and vein
are formed directly from this cell population via a process of vasculogenesis [39].
The essential steps in vasculogenesis post angioblast specification are the migration
of angioblasts toward the location of future developing vessels, the coalescence of
precursor cells to tube formation, and the final maturation of vessels to establish
functional circulation [40-42].

Both mice and zebrafish have extensively contributed to our knowledge of vas-
culogenesis. In mice, the first intraembryonic angioblasts are seen as early as 1
somite (som) stage at the lateral edges of the anterior intestinal portal and ventral to
the somites [43]. In zebrafish, angioblasts are observed as early as 1 som in the
LPM. An ets-related transcription factor protein (etsrp or etv2) was recently shown
to be necessary and sufficient for angioblast specification at the LPM [36] and
serves as a marker of angioblasts in the developing embryo. Moreover, etsrp is
induced by flil transcription factor [38], therefore implying that fli] is upstream of
etsrp. Therefore, double positive fli*/etsrp* cells are used as pre-migratory vascular
precursor cells (FEVPs) that are ideal for cell tracking during the vasculogenesis
processes in zebrafish embryos. The etsrp cells in the head, trunk, and tail of a
developing zebrafish follow unique patterns of movement, trajectory, and congrega-
tion that highlight the complex series of events that occurs when angioblasts are
moving from the LPM to the midline. This unprecedented observation illuminates a
highly organized series of events that are dictated by spatial and temporal cues [44].

The vasculogenesis process in zebrafish occurs in multiple stages: initially at
pre-10 som stage followed by post-10 som stage. A cartoon is depicted in Fig. 3.1
that describes these events. During pre-10 som stage, the FEVPs increase in number
at the LPM (at 10 som), and this increase is attributed to a proliferative mechanism
that involves the Shh-vascular endothelial growth factor (VEGF)-Notch-Hey?2 sig-
naling pathway [44]. It is noteworthy that the number of angioblasts is not critical
for their next step in vasculogenesis [45], i.e., migration to midline. At post-10 som
stage (10-12 som), angioblast migration starts from the LPM toward the midline,
which is in part controlled by signals from the endoderm [45]. At the midline,
angioblasts first aggregate to form cord-like structures with no cell-cell junctions
established, thereby resembling a poorly organized cluster of cells. However, for
angioblast coalescence at the midline to occur effectively, cell-cell junctions need to
form first, which occurs at ~17 hpf (16 som) in zebrafish [45]. In addition to cell-cell
junctions, adherens junctions are also formed at this stage indicating that angio-
blasts are in close contact with each other. The next step in vasculogenesis is the
coalescence of angioblasts to lumen formation in axial vessels (DA and PCV),
which is poorly understood. An EC-derived secreted factor Egfl-7 was identified to
regulate vascular tube formation in zebrafish [46], but the mechanisms involved in
this process are not clear. A recent study proposes intracellular vacuolization as a
proposed model for endothelial tube formation in vivo [47], but this mechanism was
shown for smaller vessels and is not clear if it is applicable to larger vessels such as
the primary axial vessels (DA and PCV) [45].
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Fig. 3.1 Etsrp* angioblast cell development in zebrafish embryo. Etsrp* angioblasts appear in
head, trunk lateral plate mesoderm (LPM), and tail region at 3 to 10 somite (som) embryos. The
head region and the trunk LPM angioblasts contribute to cranial vessels and trunk axial vessels,
respectively, during early embryonic vasculogenesis. At 12 to 16 som, head angioblasts show an
inward trajectory resulting in four cephalic patches. At the same developmental stages, trunk LPM
angioblasts show two distinct populations, anterior and posterior angioblasts. The anterior cells do
not undergo substantial change. In contrast, posterior cells (green circle, 12 to 16 som) show coor-
dinated movements such as the migration to the midline in an anterior to posterior direction in the
trunk. At this time point, four distinct clusters of cells indicated by yellow arrows are evident along
the axis of the embryo. At 18 som, most of angioblasts (blue circle) are closer to the midline in the
trunk. At 18 to 20 som, the anterior trunk and the midline angioblasts come together at the site of
future lateral dorsal aorta (DA). At 24 hpf, two major axial vessels, dorsal aorta (DA) and posterior
cardinal vein (PCV), are observed (brown circles), and residual etsrp* cell (green arrows) remains
for the next few hours

Artery vs. Vein (A/V) Specification Mechanisms in Developing
Embryo

Once the primary vessels are formed, they take an identity of an artery or vein. Until
recently, it was thought that flow dictated artery vs. vein (A/V) formation of primi-
tive vessels [48, 49]. However, recent evidence shows that molecularly, artery and
veins are fundamentally distinct in the early embryo thereby challenging the exist-
ing paradigm [50]. The embryonic expression pattern of ligand ephrin-B2 (efnb2)
(specifically in artery ECs but not in venous ECs) prior to the onset of circulation in
mouse embryos and its cognate receptor Ephrin-b4 (Ephb4) (expressed more in vein
and less in artery) opened the door for identifying molecular markers that define
arterial and venous cell identity [50]. At present, several artery- and vein-specific
genes have been identified in vertebrate embryos [51, 52].

During the vasculogenesis process, the specification of angioblasts into artery or
venous ECs is a critical step in the formation of arteries and veins, respectively [50].
In zebrafish, the differentiation of angioblasts into arterial and venous ECs first
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occurs at 17 hpf (16 som) [45]. The sonic hedgehog (Shh)-VEGF-Notch pathway is
involved in A/V specification [52, 53], and a model is proposed to explain how and
when A/V specification occurs in vivo. In this model, shh expressed in midline
notochord cells induces medioventral somites to express VEGF. Because of this
VEGF gradient, angioblasts migrate medially toward the midline [53]. VEGF over-
expression in shh-deficient embryos induces arterial marker efnb2 but not in Notch-
induced embryos thereby placing VEGF downstream of Shh but upstream of Notch
in arterial differentiation pathway [53]. Similarly in mice, VEGF and its isoforms
promote arterial differentiation by inducing efnb2-positive vessels [54, 55]. Notch,
downstream of VEGF, induces arterial-specific genes such as efnb2 and represses
venous-specific genes such as flr-4 resulting in A/V specification [56]. Zebrafish
embryos with reduced Notch activity have poorly formed DA and PCV often lead-
ing to arteriovenous malformation [56]. The hairy-and-enhancer-of-split-related
(hey) family of transcription factors is a direct target of the Notch pathway [57]. In
zebrafish, the hey-2 genetic mutant gridlock (grl) [S8] shows abnormal fusion of the
lateral DA leading to aortic coarctation, a cardiovascular defect observed in humans
[59]. Although grl expression is restricted to DA in zebrafish embryos, it does not
appear to play a role in repressing venous markers such as flt-4, which might be
mediated by another member of the hey family. Interestingly, in the gri"* allele,
arterial differentiation is normal, and defects in trunk vessel patterning are apparent
suggesting that grl functions in the formation of DA, but its role in differentiation of
artery ECs is unclear [52, 58, 60, 61]. Besides hey transcription factors (TF), mem-
bers of FoxC TF family FoxC1 and FoxC2 are also involved in A/V specification.
FoxC1/C2 upregulates the expression of notch-1, notch-4, and arterial markers
efnb2 and notch target hey-2 [62] in mouse embryonic ECs suggesting that FoxC TF
functions upstream of Notch to promote arterial specification.

In terms of signaling mechanisms, the mitogen-activated protein kinase (MAPK)
and phosphoinositide-3-kinase (PI3K) pathways downstream of Flk-1 have been
implicated as integral biochemical pathways for A/V specification [63]. Blocking of
PI3K signaling pathway and activation of extracellular signal-regulated kinase-1
and kinase-2 (ERK-1/2) MAPK promote arterial fate, and conversely, activation of
PI3K and blocking of ERK activation promote venous fate [63]. Compared to arte-
rial specification, less emphasis has been placed on venous specification markers.
Of the venous markers, the chicken ovalbumin upstream promoter-transcription fac-
tor II (COUP-TFII) is the best studied and is a member of the orphan nuclear recep-
tor family that has been shown to actively maintain the venous state by inhibiting
Notch activation [64].

Lymphatic Vessel Specification

Like A/V formation, the origins of lymphatics were controversial, until recent evi-
dence conclusively shows that lymphatic ECs are specified from venous ECs [65,
66]. Similar to arteries and veins emerging from dual potential angioblasts,
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lymphatic cells emerge from dual potential venous ECs. Prox-1, a transcription fac-
tor, initiates lymphatic specification by expressing in a subset of bipotential venous
ECs that differentiate into LECs [67, 68]. Prox-1 is also required for maintenance of
lymphatic cell identity [69]. Recent work suggests that Sox-18 transcription factor
may in part be responsible for inducing prox-1 expression [70], thereby placing
Sox-18 upstream of Prox-1. The Sox-18-induced prox-1 expression commits dual
potential venous cells to the lymphatic lineage. In addition to Prox-1 and Sox-18,
Notch, FoxC2, and Efnb2 molecules that are involved in arterial specification are
also involved in lymphatic specification [71]. In humans and mice, Notchl and
Notch4 are expressed in the lymphatics [72], and Notch signaling directly regulates
VEGFR-3 expression in blood ECs [72]. Of the five isoforms of VEGF, VEGF-C is
widely considered to mediate lymphatic sprouting through signals triggered on
binding to cognate tyrosine kinase receptor VEGFR-3 in lymphatic ECs. FoxC2,
transcription factor (TF) of the forkhead family, is also critical for lymphatic devel-
opment, is expressed by LECs, and functions in lymphatic differentiation [73]. Loss
of FoxC2 in mice results in failure to form lymphatic valves, abnormal accumula-
tion of SMC to the lymphatic vasculature, and lymphatic dysfunction [74]. In terms
of ephrins, mice at postnatal day 0 (P0O) express both efinb2 and Ephb4 in dermal
lymphatic vasculature [75]. Efnb2 signals via the intracellular PDZ domain, and
deletion of the Efnb2 PDZ domain in mice results in lymphatic defects. These
include defective dermal lymphatic remodeling, absence of lymphatic valves,
abnormal accumulation of SMC in lymphatic capillaries, and chylothorax [75].
These defects suggest a role for efnb2 signaling in lymphangiogenesis.

Angiogenesis Along the Embryonic Body Axis

In the developing embryo, once the great vessels of the embryo, namely, DA and
CV, are formed, secondary vasculature is initiated via an angiogenic mechanism.
Zebrafish, chickens, and mice have extensively contributed to our understanding of
this process. However, recently, zebrafish studies have provided mechanistic-based
evidence of the angiogenesis process in vivo especially in the trunk region [76-78].
In the embryonic zebrafish trunk, vessels that traverse the somite (early muscle)
boundaries are formed via the angiogenic process and are referred to as intersomitic
vessels (ISVs). The ISVs in zebrafish form by discrete steps, and they first sprout
from the established DA in pairs and align along the dorsoventral axis. The dorsal-
most cell in the sprouting ISVs is called the “tip cell” or “leading cell,” which pro-
gressively navigates through intersomitic boundaries and traverses the length of the
chevron-like somites to join with its anterior and posterior neighbors, thus establish-
ing a dorsal longitudinal anastomotic vessel (DLAVs). Interestingly, recent evi-
dence shows the involvement of macrophage cells in linking the adjoining DLAVs
in zebrafish and mice [79, 80]. Previously, it was thought that ISVs are comprised
of three cells [81], but recent evidence shows that ISVs are comprised of multiple
cells that overlap extensively to form a multicellular tube [77]. Recent data from
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Blum et al. [77] suggest that ISVs lumen formation is a multicellular process con-
taining an extracellular lumen with adjoining ISVs connected with tight junctions.
Also, ISVs show a number of cellular behaviors including cell divisions, cell rear-
rangements, and dynamic changes in cell-cell contacts [77] that were previously
unknown.

The mechanisms utilized for ISV formation are similar to another branching
network, the nerves. In vertebrate ontogeny, the neural and vascular networks
develop side-by-side [82] and utilize the branching processes of axons and blood
vessels, respectively, to penetrate different regions of the body. Axons travel great
distances to innervate tissues, while vessels travel shorter distances to perfuse tis-
sues. A growing axon projects a sensory structure called a “growth cone” that inte-
grates directional information provided by attraction and repulsion cues from the
surrounding environment. Recent evidence suggests that capillaries sprout similarly
from specialized ECs called “tip cells” [83]. Similar to the growth cone, the tip cell
is a highly motile structure that constantly extends and retracts filopodia. The origi-
nal idea came from retinal tip cells [83], which were thought not to proliferate but
only provide guidance to the following stalk cell. However, ISVs’ tip cells in
zebrafish [77] do proliferate suggesting that tip cells from different tissue beds may
have different functions. The VEGF and Notch family members participate in the
tip vs. stalk cell positioning during angiogenic sprouting [84, 85]. Recent evidence
suggests that relative levels of VEGF2 and VEGFRI1, cognate receptors for VEGF,
dictate which cell becomes a tip cell [86]. Guidance decisions of axons and tip cells
are relayed by shared mechanisms at a molecular level [82], and members of the
axon guidance molecule family, namely, ephrins, semaphorins, netrins, and slits
along with their cognate receptors, work cooperatively to guide axonal growth cone
pathfinding and vascular development (10) and are reviewed elsewhere [82].

Angiogenesis and Vasculogenesis in Placental Development

In mammals, angiogenic processes are recapitulated in the adult female during
reproductive cycle and in pregnancy. The requirement for rapid and extensive neo-
vascularization and remodeling perhaps makes the placenta the most active site of
physiological angiogenesis and vasculogenesis. In this section, we discuss the
unique aspects of blood vessel formation in the context of hemochorial placenta-
tion. This type of placentation is observed in humans, apes, and rodents and is char-
acterized by direct contact of maternal blood with cells of fetal origin. While in all
other organs blood flows through tubes of ECs, in the hemochorial placenta, mater-
nal blood flows through channels formed by specialized fetal cells, the trophoblast
cells (Fig. 3.2f). Trophoblast cells arise from the extraembryonic epithelium and are
a unique cell type of the placenta. They play a critical role in regulating uterine
vascular remodeling and fetoplacental vascularization. The next few paragraphs
outline the processes involved in the establishment of maternal and fetal circulation
in the hemochorial placenta and the regulatory role of trophoblast cells. For ease of



3 Vasculogenesis and Angiogenesis 85

Fig. 3.2 Histological sections and schematic of murine placenta illustrating sites of angiogenesis
and vasculogenesis in hemochorial placentation. Hematoxylin-eosin-stained sections of day 7.5 (a,
c¢) and day 12.5 (b, d) placenta and schematic drawings of 12.5 placenta (e) and an area of placental
labyrinth (f) are shown. (c¢) and (d) are enlarged images of boxed regions in (a) and (b).
Angiogenesis and vascular remodeling in the uterine wall (ut) results in opening of maternal blood
sinuses (mbs) to trophoblast cells (TC) surrounding the implanted embryo. The allantois (al)
extended by the embryo meets the chorionic plate (ch) of trophoblast stem cells, initiating tropho-
blast differentiation. Trophoblast lineages exposed to maternal blood adopt EC-like gene expres-
sion profile. Spiral arteries (spa) lose their endothelial and smooth muscle layers and convert to low
resistance vessels, a process completed by invasion of trophoblast cells into the spiral arteries.
Fetal vessels form de novo in the placenta through vasculogenesis in mesodermal cells of fetal villi
(fv). Branching morphogenesis and angiogenesis result in the elaboration of fetal vasculature and
formation of placental labyrinth (lab). The labyrinth is the site of exchange between fetal blood
(fb) and maternal blood (mb). Trophoblast cells (TC) line maternal blood spaces. In contrast, fetal
blood vessels are formed from endothelial cells (ECs). The process of fetoplacental vascularization
is intimately linked to trophoblast differentiation. Scale bars represent 1 mm (a, b), 100 pm (c),
and 25 pm (d), respectively. Note that the schematics are not meant to be anatomically accurate

discussion, these processes have been grouped as (1) uterine angiogenesis and vas-
cular remodeling, (2) trophoblast differentiation and pseudovasculogenesis, and (3)
fetoplacental vascularization.

The uterus (the organ where the embryo implants) undergoes several changes
postconception. These changes, broadly termed as decidualization, include uterine
angiogenesis and vascular remodeling. Uterine angiogenesis is initiated before, and
continues after, implantation or the attachment of the blastocyst to the uterus.
Trophoblast cells present in the outermost layer of the conceptus mediate this
attachment. In rodents, initial uterine angiogenesis involves degeneration of epithe-
lial cells surrounding the implantation chamber; changes in morphology of arterial
capillaries in the vicinity, such that their lumens are enlarged and walls become thin
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to resemble sinusoids, and hypertrophy of ECs lining these sinusoids [87-89]. As a
result of these processes, an anastomosing network of maternal blood sinuses sur-
rounds the implantation chamber and fetal trophoblast cells (Fig. 3.2a, c). In rodents,
around 8 days post coitum (dpc), some of the sinusoids open into the implantation
chamber and bathe fetal trophoblast cells with maternal blood.

As pregnancy proceeds beyond 9 dpc (corresponding to the end of the first tri-
mester in human pregnancy), the placenta undergoes tremendous growth at a rapid
rate. In preparation for this growth, in addition to vascular adaptations at the feto-
maternal interface, changes are necessary in larger vessels supplying the uterus.
These include significant increases in diameter and length and changes in extracel-
lular matrix composition of arteries that supply the uterus [90]. Extensive remodel-
ing is observed in spiral arteries within the uterus (Fig. 3.2e). The endothelium and
smooth muscle layers of uterine spiral arteries are disrupted and replaced by invad-
ing trophoblast cells [91]. The net result of these changes is reduced resistance of
uterine arteries and an increased and privileged blood supply to the placenta.

Various molecular events involved in uterine angiogenesis and decidualization
have been identified [92]. These are regulated by steroid hormones, estrogen and
progesterone, and by prostaglandins [93, 94]. Similar to embryonic angiogenesis,
VEGF and its receptor VEGFR-2 have also been identified as important mediators
of uterine angiogenesis [94, 95]. Angiogenesis can proceed to a large extent with
mechanical stimulation of hormonally primed uteri (without blastocyst implanta-
tion), suggesting a maternal hormonal control independent of direct regulation by
fetal cells. It is, however, clear that fetal trophoblast cells also contribute to uterine
angiogenesis. This is exemplified by the observation that abnormal hormonal
expression by trophoblast cells in Gata-2 or Gata-3 knockout blastocysts implanted
in heterozygous mothers (with normal gene expression) results in reduced uterine
neovascularization [96]. Similar to uterine angiogenesis, the remodeling of spiral
arteries is initiated when trophoblast cells are absent from its vicinity, but requires
trophoblast invasion to proceed normally. Among other factors, maternal uterine
natural killer cells play an important role in spiral artery remodeling (review [97]).

Trophoblast differentiation and pseudovasculogenesis comprise a second group
of events intimately coupled with placental vascularization. About 70 % of the
mature rodent placenta is made up of zygote-derived trophoblast cells [98]. They
regulate many aspects of maternal vascular adaptation to pregnancy and provide the
main structural and functional components needed to bring maternal and fetal blood
systems in close contact (reviews [99, 100]). The trophoblast cell lineage is speci-
fied even before the embryo implants on the uterine wall. In mice, it appears as a
sphere of epithelial cells, the trophectoderm, surrounding the inner cell mass and
the blastocoel. Trophoblast cells depend on their interactions with embryonic tissues
for continued proliferation and regulated differentiation [101]. Cells in direct con-
tact with the inner cell mass maintain the trophoblast stem cell phenotype and form
the chorionic plate (extraembryonic ectoderm). These later differentiate and form
the bulk of the chorioallantoic placenta in a process initiated by fusion of the allan-
tois (extraembryonic mesoderm extended by the embryo proper) with the chorionic
plate (Fig. 3.2c). In mice, chorioallantoic fusion occurs around 8.5 dpc. Almost
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immediately, trophoblast differentiation is seen as the expression of gcm/ in clus-
ters of trophoblast cells in the chorionic plate. The chorion folds into branches initi-
ated at sites of gcml expression [102]. As the fetoplacental vasculature elaborates
from the extraembryonic mesoderm filling these branches, trophoblast cells differ-
entiate to form three distinct cell layers surrounding fetal vessels. Gene expression
pattern in the early chorion suggests that trophoblast subtypes of these layers may
be specified soon after chorioallantoic fusion [103]. Gene knockout studies and
tetraploid aggregation assays have led to the identification of a number of genes that
regulate trophoblast differentiation [99, 100]. By disrupting specific genes in the
trophoblast compartment, their effects on placental development have been evalu-
ated. These studies have underscored a critical role of trophoblast cell differentia-
tion in fetoplacental vascularization.

As alluded to above, distinct subtypes of trophoblast cells constitute the placenta.
They have been classified based on their origin, location in the placenta, and gene
expression [26, 103—106]. Of these, trophoblast giant cells (TGCs), named after the
large size of their polyploid nucleus, are the first to terminally differentiate. Based
on their anatomic location, TGCs are thought to play an important role in uterine
vascular remodeling. In the murine placenta, for example, at least four subtypes of
TGCs occupy the blood-tissue interface [26, 103, 104]. These include spiral artery-
associated TGCs (equivalent to endovascular trophoblasts in humans) that invade
uterine spiral arteries and replace maternal ECs. In human pregnancies, shallow
invasion by trophoblast cells is associated with incomplete remodeling of spiral
arteries and obstetric syndromes of preeclampsia and intrauterine growth retarda-
tion [107, 108]. It has been further noted that invading trophoblast cells downregu-
late the expression of adhesion receptors characteristic of epithelial cells and begin
to express EC-specific repertoire of adhesion receptors [109, 110]. This process has
been termed as endothelial mimicry or pseudovasculogenesis and has been found to
be incomplete or defective in preeclamptic pregnancies. More recent studies have
shown that anticoagulant gene expression, characteristic of ECs, is also widely
observed in trophoblast cells [111-113] and that trophoblast differentiation may be
programmatically coupled to the acquisition of an EC-like anticoagulant gene
expression profile [113]. Thus, the ability to mimic endothelial gene expression is
not limited to the subpopulation of trophoblast cells that invade spiral arteries, but
rather extends to trophoblast cells resident in the placenta. Trophoblast pseudovas-
culogenesis is likely to play an important role in the development and maintenance
of an effective maternal circulation in the hemochorial placenta.

Trophoblast differentiation is regulated by several growth factors including
activin, EGF, TGFp, IGF-1, IGF-II, and PTHrP [106]. Upon differentiation, tropho-
blast cells produce a number of angiogenic hormones and their receptors, as well as
vasoactive factors and proteases capable of mediating cellular degradation. These
include proteins in the prolactin and growth hormone family, the VEGF gene fam-
ily, adrenomedullin, endothelial nitric oxide synthase, and members of the cathep-
sin family of proteases [106, 114—116]. The expression of these factors is spatially
and temporally restricted and often associated with certain subtypes of trophoblast
cells. Subsets of trophoblast cells also express alternately spliced form of VEGFR-1,
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a secreted protein also called sFlt-1, which blocks VEGF action. Expression of
sFlt-1 by trophoblast cells is thought to be a part of mechanisms by which fetal cells
regulate excessive uterine angiogenesis and prevent maternal vessels from growing
into the placental junctional zone [117, 118].

Concomitant with trophoblast differentiation, development of fetal vessels in the
placenta, termed as fetoplacental vascularization, is also initiated with the forma-
tion of the chorioallantoic placenta. The fusion of the allantois with the chorion
initiates branching morphogenesis at sites of gcml expression. The trophoblast
branches get filled with allantoic mesoderm from which the stromal and vascular
components of the fetal placenta arise [102, 103, 119]. Fetal vessels in the placenta
are formed de novo from hemangiogenic precursors that arise from the mesenchyme
of fetal villi (Fig. 3.2e) rather than sprouting of vessels from the embryo into the
placenta. Morphologically distinct CD34* cells can be observed forming primitive
cords in human placental villi as early as day 22 of pregnancy [120]. Continuous
branching morphogenesis and angiogenic processes produce a complex structure
with a large surface area of exchange with maternal blood sinuses (Fig. 3.2d—f).

The molecular regulators and pathways of fetoplacental vascularization are
thought to be similar to those identified for vascularization of the embryo (review
[121]). Angiogenesis factors expressed in the allantoic mesoderm include members
of VEGF and fibroblast growth factor (FGF) gene families and their receptors [122—
125]. Gene knockout studies in mice suggest that these may be involved in vascu-
larization of the yolk sac and, by extension, the allantoic mesoderm [122, 124,
126-128]. Fetoplacental vascularization also involves mechanisms regulated by
trophoblast cells. It is clear that trophoblast branching morphogenesis is essential
for fetoplacental vascularization. Mice mutants affected in branching morphogene-
sis are simultaneously affected in fetoplacental vascularization, although the loca-
tion of primary defect is not very clear [100]. Angiogenic and anti-angiogenic
factors secreted by trophoblast cells are candidate mechanisms involved in regula-
tion of fetoplacental vascularization [116, 129, 130].

Abnormal Placental Vascularization and Pregnancy
Complications

Optimal vascularization and blood flow are critical for placental function. Defective
or inadequate maternal spiral artery remodeling, thrombotic lesions in maternal and
fetal vasculature, and benign placental vascular tumors, such as chorioangiomas,
are the most common types of pathologies affecting placental blood flow. Depending
on the severity of defect, these placental vasculopathies are associated with increased
risk of pregnancy complications affecting maternal health and fetal development.
While severe defects result in fetal loss, continuation of pregnancy with suboptimal
placental function is associated with fetal growth restriction and maternal hyperten-
sive disorders, such as preeclampsia. In rodents, suppression of angiogenesis
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reduces fetal and placental size and causes hypertension in the mother [131, 132].
Administration of anti-angiogenic factors such as the soluble form of VEGFR-1
(sVEGFR-1, also called sFlt-1) or the soluble form of TGF-p1 co-receptor, endoglin
(sEng), in maternal circulation of pregnant rats leads to severe preeclampsia and
fetal growth restriction [133, 134]. An accumulating body of evidence suggests that
human pregnancies complicated with preeclampsia are also associated with changes
in levels of angiogenic and anti-angiogenic factors in maternal circulation. These
include increases in sFlt-1 and sEng levels and lowering of PIGF (placental growth
factor), VEGF, and TGF-f1 [133, 135-137]. These findings have opened the pos-
sibility of using circulating levels of pro- and anti-angiogenic factors as early bio-
markers of preeclampsia and restoring angiogenic balance with therapeutic agents
[138]. Consistent with the highly angiogenic nature of the placenta and its ability to
suppress inappropriate angiogenesis in adjacent maternal and fetal tissues, placenta
has been implicated as the site of origin of infantile hemangiomas, discussed in the
next section and in more detail in Chapter 1 [139].

Vascular Anomalies

Vascular anomalies are classified into two distinct groups: vascular tumors and
vascular malformations. Infantile hemangioma, classified as a vascular tumor, is
the most common tumor of infancy and develops within weeks after birth, rapidly
proliferates during the first year of life via endothelial and pericytic hyperplasia,
then slowly involutes over a period of years [140, 141]. Infantile hemangiomas
share common immunomarkers and a genome-wide transcriptional similarity with
placental ECs [139, 142]. This unique similarity, along with perinatal presentation,
limited growth and eventual spontaneous involution has led to the hypothesis that
infantile hemangiomas arise from embolized placental ECs that become dislodged
into fetal circulation [139, 143]. A correlation has been observed between the inci-
dence of infantile hemangiomas and premature birth, low birth weight, and mater-
nal preeclampsia. Examination of a relationship between the presence of placental
vascular abnormalities and the incidence of infantile hemangiomas is a matter of
active research.

Vascular malformations on the other hand are present at birth, do not proliferate,
but grow proportionately with the infant throughout the life of the individual [144].
They are thought to be inborn embryonic errors in vascular development. Vascular
malformations are named according to the vessel type they affect. For example,
venous malformations are those associated with veins, and lymphatic malformations
are those associated with lymphatic vessels. The incidence of venous malformation
is 1 in 10,000 [145]. Venous anomalies are subdivided into venous malformations
(VM) and glomuvenous malformations (GVM). The majority of cases (95 %) fall
into the VM category, which include sporadic VM and cutaneomucosal VM
(VMCM), while GVM include 5 % of the cases [144]. The etiology of sporadic
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VMs and syndromes such as Maffucci syndrome and Klippel-Trenaunay syndrome
that are associated with VMs is unknown.

Besides histological classifications, vascular malformations can be classified
according to hemodynamic features during angiography. For example, lymphatic
and VMs are “low-flow” lesions, while arterial or arteriovenous malformations
(AVMs) are “high-flow” lesions. AVMs have been postulated to result from the
defective separation of uncommitted angioblasts as arteries and veins, i.e.,
impaired arterial specification/differentiation during blood vessel formation.
Lymphatic malformations (LMs) may be focal or generalized. LMs usually
enlarge slowly over time and often displace adjacent organs. The incidence rate of
LMs is 1.2-2.8 per 1000 live births [146]. Despite their “benign” nature, vascular
malformations present major medical challenges, both diagnostically and in terms
of clinical management. Current therapies are limited in efficacy and have signifi-
cant complications [147].

Genetic Causes of Vascular Malformations

Vascular malformations are usually focal and sporatic, without familial association.
However, inheritance of vascular malformations in families has been observed.
Sporadic forms often present with a single lesion, while multiple lesions are often
observed in inherited forms. The prevailing hypothesis attributes familial forms of
some types of vascular malformations to a “double-hit mechanism” where the pri-
mary hit is germline heterozygous resulting in incomplete penetrance, variable
expressivity, and multifocality of lesions often observed in inherited VMs [144]. A
second somatic hit either in the same gene or in a signaling pathway regulated by
the primary hit results in full penetrance of the phenotype including multifocal
lesions. Lymphatic malformations on the other hand are usually congenital with no
evidence for inheritance, suggesting that somatic mutations in a restricted area of
the lymphatic network result in lesions.

Significant advances have been made in identifying genetic and molecular deter-
minants of a variety of vascular anomalies. Mutations in T/E2 [145, 148] for mul-
tiple cutaneous and mucosal VMs, in GLOMULIN [149] for GVMs, and in
VEGFR-3, FOXC-2, NEMO, and SOX-18 for lymphedema or related syndromes
have been identified [150]. For a more complete listing, see Chapter 4. The concept
of somatic mutations as a possible cause for vascular anomalies although not abso-
lute is definitely gaining strength. We recently identified mutations in two genes,
namely, sucrose non-fermenting-related kinase-1 (SNRK-1) and dual-specific phos-
phatase-5 (DUSP-5) in patients with vascular anomalies [151]. Snrk-1 and Dusp-5
both participate together in controlling early endothelial precursor cell population in
zebrafish. We have observed DUSP-5 mutations, but not SNRK-I mutations, in
infantile hemangioma. Because IH is characterized by initial rapid growth and
eventual involution, we hypothesize that loss of dusp-5 function may promote vas-
cular precursor cell migration or growth during the tumor’s proliferative phase. This
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may occur via the removal of dusp-5’s blockade of snrk-1 signaling. Alternatively,
DUSP-5 mutations might promote endothelial apoptosis during involution because
this has been observed in Dusp-5 loss-of-function differentiated ECs [151]. The
coordination of dusp-5 and snrk-1 signaling in regulating angioblast numbers and
migration in the zebrafish suggests that somatic mutations in either gene might
cause or modulate congenital vascular malformations. We found DUSP-5 mutations
in 1 of 3 TH specimens and in 12 of 17 vascular and lymphatic malformations. All
DUSP-5 mutations observed in vascular anomaly specimens were not conservative
substitutions, but ones that would alter protein structure, charge, and in turn, func-
tion. Thus, we conclude that alterations in Dusp-5 may be associated with a variety
of vascular abnormalities.

Interestingly, the SNRK-1 mutations observed were found exclusively in venous
and lymphatic malformations, suggesting that loss of SNRK-1 expression influences
these vascular anomalies. The lymphatic vascular system develops from the venous
system [152], and venous and lymphatic malformations are often mixed as was the
case in 5 of 8 tissue specimens containing a SNRK-/ mutation. Our data suggests
that somatic mutations in SNRK-1 and DUSP-5 may be found in a minority of cells
present in affected tissues, although direct evidence will be obtained from sequenc-
ing these genes from blood cells of these patients. Based on high expression of
SNRK-1 in infantile hemangioma tissue (Paula North & RR data not published), we
hypothesize that the mutation is present in ECs or EC precursor population.
However, its presence in other supporting cells such as mesenchyme [153] cannot
be excluded. To better evaluate the clinical relevance of SNRK-1 and DUSP-5 muta-
tions, future studies will focus on analyzing tissues from more patients with vascu-
lar anomalies and correlate our findings with clinical presentations. Nevertheless,
our studies suggest that the pathogenesis of vascular malformations may be impacted
by aberrant dusp-5 and snrk-1 signaling. Recently, reactive oxygen species have
been reported to inhibit the catalytic activity of specific tyrosine phosphatases
(Dusp-1) in an angiomyolipoma cell model [154] and treatment using nicotinamide
adenine dinucleotide phosphate (reduced form) oxidase (Nox) inhibitors abolished
tumor growth in vivo in a mouse model of hemangioma via blockage of angiopoi-
etin-2 production [155]. Therefore, vascular anomaly therapy based on blocking
aberrant kinases and phosphatases is an avenue worth exploring in the clinic.

Summary

The circulatory system is a critical component for a developing embryo. The cells
of the circulatory system primarily originate from mesoderm tissue and more spe-
cifically from the LPM. Because blood cells and ECs emerge side-by-side from
LPM, a common precursor cell, namely, hemangioblast that gives rise to both lin-
eages, has been speculated. Hemangioblasts committed to a vascular lineage are
called angioblasts. Angioblasts proliferate at LPM and migrate to midline where
they coalesce to form the primary vessels of the embryo via a vasculogenic process.
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During this process of migration to the midline, angioblasts differentiate into arter-
ies and veins, and the Shh-Notch-VEGF-Notch signaling pathway is responsible for
A/V specification. Once the primary vessels are formed, secondary vessels emerge,
and those that emerge in the trunk region are called ISVs that are formed via an
angiogenic process. The ISVs utilize axon guidance mechanisms and are guided by
tip cells that sense local milieu, which directs the following stalk cell. Angiogenesis
and vasculogenesis are rarely invoked in the adult, except during reproduction,
wound healing, and in pathological conditions. The placenta is the site of most rapid
and extensive neovascularization and remodeling observed in the adult. At the
molecular level, angiogenic and vasculogenic mechanisms involved in placentation
appear torecapitulate those observed during embryonic development. Vascularization
of the placenta differs from other organs in its requirement for coordinated elabora-
tion of maternal and fetal circulations that occurs in a matrix of trophoblast cells.
Dysregulation of vascular growth control can result in formation of vascular anoma-
lies. Several gene products have been identified to be mutated in vascular anomalies
which, despite their “benign” nature, present major medical challenges, both diag-
nostically and in terms of clinical management. Current therapies are limited in
efficacy and have significant complications. Identification of specific mutations in
the lesions of individual patients will lead to better prediction of biological behav-
iors and outcomes and to the development of effective, targeted therapies.
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Chapter 4

The Genetic Basis and Molecular Diagnosis
of Vascular Tumors and Developmental
Malformations

Monte S. Willis and Tara Sander

Vascular Malformations

Vascular malformations, unlike vascular tumors, are present at birth (although
not always evident), grow in proportion with the child, and do not regress. Although
benign, they often present extremely challenging, lifelong management problems
for patient and physician. Vascular malformations are defined by the affected vessel(s)
and include capillary, venous, arterial, lymphatic, and combined malformations.
Some are deadly, while others merely cosmetically or functionally disabling. Most
are sporadic in occurrence, but more rare familial forms have revealed genetic abnor-
malities that not only suggest eventual therapies but also reveal basic control points
in vasculogenesis (Table 4.1) [1-4].

Capillary Malformations (CMs)

Capillary malformations are slow-flow vascular malformations present at birth
that grow with an individual, do not regress on their own, and have a normal rate
of endothelial cell turnover. These contrast to infantile capillary hemangiomas
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which are highly proliferative, appear after birth, and have a characteristic rapid
growth, slow involution, and marked cellular increase in endothelial cells [5, 6].
Capillary malformations occur in approximately 0.3 % of newborns in the United
States and in 0.1-2 % of newborns worldwide [7]. Isolated capillary malformations
do not increase mortality; however, they do cause disability secondary to facial disfig-
urement. One study has shown that psychosocial difficulties not only persist into
adulthood, they actually get worse [8]. The most common capillary malformation is
called a “port-wine stain” (aka nevus flammeus, OMIM 163000), resulting from a
congenital malformation of the superficial vessels of the dermis, which is present at
birth. Sturge-Weber syndrome is characterized by a port-wine stain of the face com-
bined with capillary-venous malformations in the eye and brain (leptomeningeal
angioma) [9]. Port-wine stains and Sturge-Weber syndrome are caused by a somatic
mutation in the guanine nucleotide binding protein (GNAQ) on chromosome 9q21
[10]. A single-nucleotide variant in GNAQ (c.548G > A, p.Arg183Gln) was identi-
fied in 88 % of affected tissue samples from individuals with Sturge-Weber syn-
drome and 92 % from nonsyndromic port-wine stains [10]. Port-wine stains
generally grow in proportion to the child and do not tend to involute spontaneously.
Histologically, these vessels are lined by flat, endothelial cells, similar to the vessels
found in the skin. They stain for endothelial antigens such as von Willebrand factor
and collagenous basement membrane proteins. There are a paucity of mitotic cells
similar to normal dermal vessels, indicating their turnover is not increased. They are
found in the reticular dermis, with a mean depth of 0.46 mm [11]. There are both
sporadic and familial forms that occur (Table 4.1).

Arteriovenous Malformations

Mutations in RASAI Result in CM-AVM, AVF,
and Parkes Weber Syndrome

Distinct from the nevus flammeus lesion is the autosomal dominant fast-flow
capillary malformation-arteriovenous malformation (CM-AVM) characterized by
AVM'’s and small, multifocal cutaneous vascular marks that may have a surround-
ing pale halo [12, 13]. Three distinct pathologies have been defined, all resulting
from RASAI mutations: (1) capillary malformation-arteriovenous malformation
(CM-AVM, OMIM 608354), (2) arteriovenous fistula (AVF), and (3) Parkes Weber
syndrome (PSW, OMIM 608355). Recent studies have found that these lesions
result from loss-of-function mutations in the RASA1 gene [14]. Mutations in
RASAT1 would be present in a number of cell types, resulting in alterations in pro-
liferation, migration, and survival, including endothelial cells that largely make up
the malformation. The RASAT1 gene encodes a protein that stimulates the GTPase
activity of RAS p21, controlling cellular proliferation and differentiation. Mutations
causing CM-AVM have a high penetrance, nearly 98 % [13]. Nearly 30 % of the
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time, CM-AVM lesions have associated vascular anomalies that are clinically more
serious, including fast-flow anomalies like arteriovenous malformation (AVM),
arteriovenous fistulas (AVF), or Parkes Weber syndrome (PWS) [13]. Eighty per-
cent of the AVM and AVF are found in the head and neck regions [13]. For these
reasons, a brain MRI is performed on patients presenting with CM-AVM found
anywhere on the body. The heterogeneity of this disease process may be due to the
requirement of additional somatic genetic hits or second mutations acquired [15].
Diagnosis of these three syndromes is made by sequencing the RASA1 gene, which
is performed by a number of laboratories (Table 4.1).

Hereditary Hemorrhagic Telangiectasia

Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber syndrome
is an autosomal dominant disorder characterized by telangiectases and arteriove-
nous malformation (AVM) (OMIM 187300 and 600736) [16]. Several genes in
the TGF-b/BMP signaling pathway are involved in hereditary hemorrhagic
telangiectasia, including the genes endoglin (ENG), activin A receptor type II-like
1 (ACVRLI/ALK1), and SMAD4 [17]. Genetic variations in ENG, ACVRL1/
ALK1, and SMAD4 cause HHT 1, HHT2, and the combined juvenile polyposis/HHT
(JP/HHT) syndrome, respectively (Table 4.1) [18-20]. Two additional loci, 5q31
and 7pl4, are associated with HHT3 and HHT4, but the genes are unknown [21,
22]. Most of the disease-causing mutations identified in ENG, ACVRL1/ALK1, and
SMAD#4 are null alleles, resulting in haploinsufficiency and reduced protein levels
in patients suffering from hereditary hemorrhagic telangiectasia [17]. Germline
mutations are most common, but de novo mutations and mosaicism in ENG and
ACVRLI/ALKI1 have been reported [23]. In a few cases of telangiectases with
atypical distribution, mutations in the bone morphogenetic 9 (BMP9) gene (GDF2)
were identified [24]. In addition, genetic variants in PTPN14 and ADAM17 appear
to be genetic modifiers of hereditary hemorrhagic telangiectasia that influence
clinical severity [25, 26]. Molecular diagnostic testing is available for detection of
mutations, large deletions, and duplications in ENG, ACVRLI/ALK1, SMAD4,
and GDF2/BMP9. Endoglin and ACVRL1/ALKI mutations are present in the
majority of cases with an indicated suspicion of HHT, whereas SMAD is detected
in less than 2 % of cases [17]. BMP9/GDF2 mutations appear to be rare, in less than
1 % of hereditary hemorrhagic telangiectasia. As such, ENG and ACVRLI1/ALK1
are often tested first, simultaneously, with reflex to SMAD testing if results are
negative for both genes [17].

Hereditary benign telangiectasias (HBT) are considered the benign form of
hereditary hemorrhagic telangiectasia, characterized by asymptomatic lesions that
can cause mild cosmetic disability [27]. HBT has been mapped to the CMC1 locus
on chromosome 5q14 [27], although subsequent studies suggest that this phenotype
may have other genetic causes as well [28].
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Angiokeratoma

Angiokeratomas are capillary vascular malformations that are characterized as
papules or plaques. These benign cutaneous lesions appear as small raised nodules
that are red to blue and can be quite dark. A systemic form of angiokeratomas,
known as angiokeratoma corporis diffusum, has been linked to metabolic disorders
such as Fabry disease and fucosidosis and is transmitted in an autosomal dominant
pattern (OMIM ID 60041). In the description of the systemic disease, skin lesions
could be as limited to a few localized angiokeratomas on the scrotum, to more than
100 lesions over the limbs and trunk [29]. Single solitary lesions have also been
reported on the tongue and oral cavity [30, 31]. Fabry disease is caused by genetic
variations in alpha-galactosidase (GLA). Over 300 mutations have been identified
in GLA, as well as several GLA gene rearrangements and mRNA processing defects
[3]. Genetic testing is available to confirm diagnosis of a metabolic storage disorder,
such as Fabry disease, in an individual with clinical and biochemical phenotype.

Progressive Patchy Capillary Malformations
and Focal Dermal Hypoplasia

Progressive patchy capillary malformations (aka angioma serpiginosum) are a rare
X-linked dominant congenital disorder [32]. It is characterized by increased numbers
of dilated, thickened capillaries located sub-epidermally [32]. These findings are
associated with mild hair and nail dystrophy and esophageal papillomas [32].
Affected individuals have a 112 kilobase deletion at Xp11.23 loci, which contains up
to eight genes [33] (summarized in Table 4.1). However, genetic testing for progres-
sive patch capillary malformation/angioma serpiginosum specifically is not currently
available since the genetic basis has not been confirmed. A previously unrelated
disorder, called focal dermal hypoplasia (FDH), is caused only by sporadic or
inherited mutations and deletions in the PORCN gene, one of the genes located
in the Xp11.23 loci missing in progressive patchy capillary malformations. FDH
manifests itself as dermal atrophy, cutaneous and esophageal papillomas, as well as
hand, eye, and skeletal anomalies [33—35]. While genetic testing for progressive patch
capillary malformations does not exist, genetic testing for candidate genes, specifically
PORCN, FTSJ1, and EBP, is available. However, not enough is currently understood
about the genetics causing this disease to currently warrant use of these tests.

Familial Cerebral Cavernous Malformations (CCMs)

Cerebral cavernous malformations are familial vascular malformations [36] charac-
terized by clustered capillary caverns within a single endothelium layer without
normal brain parenchyma or mature vessel wall elements interrupting. The diameter
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of these vessels can vary from just a couple of millimeters to several cm. The cavern
(channel) size and number progressively increase over time. The lesions themselves
may develop de novo as demonstrated by serial MRIs and brain biopsies,
demonstrating the evolutionary nature of CCMs [37].

CCMs occur in 0.4-0.5 % of the general population and are responsible for
5-15 % of all vascular malformation found in the cerebral cortex [36, 38, 39].
While CCM is found in children, the majority of patients do not have symptoms
until they are adults. Patients generally present at a mean age of 30—40, with
women presenting more commonly with hemorrhage and neurologic deficits [38,
39]. Up to 25 % remain symptom-free their entire life [40, 41], although other
investigators have suggested this is an underestimation. Otten et al. [42], for
example, reported an absence of symptoms in 90 % of CCMs identified at
autopsy. The remaining 50-75 % present with a variety of symptoms, including
cerebral hemorrhage, headaches, focal neurologic defects, and seizures [39].
CCM can be considered familial if these defects are seen in at least two family
members or there are disease-causing mutations that are identified in genes
associated with CCM. In cases without a family history, sporadic mutations
are believed to account for the disease.

Clinical Diagnosis

The diagnosis of CCM is made by identifying blood flow through cavernous
malformations. Not all malformations may be seen by angiography, making other
modalities, such as MRI, more important in diagnosis [36]. T1 and T2 weighted
images will show a characteristic popcorn pattern of variable intensities. On T2 or
gradient echo, a dark hemosiderin ring at the periphery of the lesion may be seen,
suggestive of a previous hemorrhage. Histopathologic examination and molecular
testing are also utilized in making the diagnosis of CCM. Histologically, CCMs are
identified by vascular malformations consisting of clustered, enlarged channels
with a single layer of endothelium without intervening mature vessel wall elements
or brain parenchyma [43-45].

Molecular Diagnosis of CCM

Familial CCM is associated with mutations in KRIT1, CCM2, and PDCD10
(Table 4.1), which account for 60—80 % of patients with CCM [46-49]. A putative
locus for CCM has been proposed by Liquori et al. to be in the 3q26.3-27.2 region,
although the specific gene involved has not been identified [48]. A single mutation
in the KRIT1 gene, C1363T, is a common mutation found in 70 % of affected fami-
lies of Hispanic heritage [S0-52]. No other common mutation has been identified in
other subgroups.
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Molecular Pathogenesis of CCM

CCM1/KRIT1

CCML1 is caused by mutations in the gene KRIT1, located on 7q11.2-q21. The gene
is comprised of 16 exons. Seventy four mutations have been described: 50 %
are frameshifts, 24 % involve invariant splice junction changes, 24 % nonsense
mutations, and 1 involves a deletion [53-56]. These mutations are distributed from
exons 9 to 18 and are hypothesized to have a loss-of-function phenotype, since
most result in a premature termination codon [55, 56]. The KRIT1 protein has tumor
suppressor function and plays a critical role in early angiogenesis and the formation
of vessels [57]. Mice lacking CCM1 are embryonic lethal, apparently due to its
effects on the vasculature, more than its support for neurons [58].

CCM2/Malcavernin

The CCM2 gene product is the protein malcavernin, composed of 10 coding exons
that encode a scaffold protein that functions in the p38 MAPK signaling cascade.
Malcavernin interacts with the SMAD specific E3 ubiquitin ligase (SMURF1)
through binding via a phosphotyrosine-binding domain to promote RhoA degrada-
tion [59]. Malcavernin is integral to normal cytoskeletal structure, cell-cell
interactions, and formation of the lumen by endothelial cells [60].

CCM3/PDCD10

The PDCDI10 (programmed cell death protein 10) gene has 10 exons, with the
coding region starting in exon 4. This gene is an evolutionarily conserved protein
that interacts with the serine/threonine protein kinase MST4 to regulate the ERK
pathway [61]. At least seven mutations have been described in eight families,
including a deletion of the entire gene and abnormal splicing of exon 5, three non-
sense mutations, and two splice-site mutations [46]. Recent studies have implicated
PDCDI10 in cardiovascular development, in part by stabilizing the VEGF receptor
[62—-64] and by its role in apoptosis [65].

Molecular Testing for CCM

Clinical testing of KRIT1, CCM2, and PDCDI10 is available (Table 4.1). In non-
Hispanic individuals with a positive family history or multiple CCMs, KRIT1 mutations
could be found in 43 % of probands with at least one affected relative or multiple CCM
lesions detected by MRI [53]. Mutations in KRIT1 were identified in 30 % of
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individuals with multiple CCMs with no family history [66]. Thirteen to 20 % of
patients with familial CCM have mutations in the CCM2 gene [54, 55, 67, 68]. In indi-
viduals with no family history of CCM, no Malcavernin/CCM2 mutations were found
in one report [66]. While initial studies suggested 40 % of patients with familial CCM
may be linked to PDCD10 [55, 67], more recent studies suggest this might be an over-
estimate. In patients with no mutation in KRIT1 or Malcavernin/CCM2 by sequence
analysis, PDCD10 sequence analysis found between 7 % and 40 % [46—49]. Since
20-40 % of individuals from families with CCM do not have mutations in KRIT1,
Malcavernin/CCM2, or PDCD10, linkage analysis to the CCM4 locus may be war-
ranted [48]. However, this is done on a research testing basis only.

Genetic Counseling

Since familial CCM is autosomal dominant, identifying CCM mutations necessi-
tates investigation of both parents and siblings. Many patients diagnosed with CCM
have an asymptomatic parent. Alternatively, an affected proband may have CCM
resulting from a de novo gene mutation. How often this occurs has not been studied
thoroughly, as only one de novo germline mutation has been reported [69]. Caution
should be taken when there is a negative family history because of the failure to
recognize the disorder (asymptomatic), a reduced penetrance in the parent with a
disease-causing mutation, and the possibility of an early death of an affected family
member. Screening of parents may be performed by MRI [70].

The risk to the siblings of a proband depends on the presence of mutations in the
proband’s parents. If a proband’s parent has a mutation, there is a 50 % risk to the
siblings of inheriting the mutation. Offspring of a proband also has a 50 % risk of
inheriting the mutations. If a parent is found to have a disease-causing mutation, it
is recommended that family members be tested. If a mutation is not detected in the
parents, the risk to the sibling is low as germline mosaicism has not been reported.
In this case, it is likely that the proband has a de novo mutation, although alternate
possibilities such as an undisclosed parent may be possible as well. Prenatal testing
and preimplantation diagnosis are available for pregnancies at increased risk or for
family planning (Table 4.1).

Venous Malformations

Venous anomalies are slow-flow lesions characterized by abnormal vascular
channels lined by flat but continuous endothelial cells and smooth muscle cells
that can be immature and deficient in number [71]. Venous anomalies are catego-
rized into sporadic venous malformation (VM), familial venous malformations-
multiple cutaneous or mucosal (VMCM), and glomuvenous malformation
(GVM). VM, VMCM, and GVM are clinically distinguishable with regard to
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physical appearance, histology, genetic analysis, and management [71-74]. VM
and VMCM are associated with gain-of-function mutations in receptor T1E2,
whereas GVM is caused by loss-of-function mutations in the glomulin gene.
These molecular signatures have allowed physicians to more accurately diagnose
vascular anomalies and offer better managed treatment and care.

Sporadic Venous Malformation (VM) and Familial Cutaneous
and Mucosal Venous Malformation (VMCM)

Most venous malformations (94 %) are sporadic vascular malformations (VMs)
with unifocal (93 %) or multifocal (1 %) presentation. VMs are light to dark blue
lesions that are compressible on palpation [72, 74]. They grow proportionally with
the child and can be more invasive to the muscles, tissues, and organs [74].

Inherited VMCMs (MIM# 600195; Orpha.net #2451) are hereditary vascular
malformations often characterized by small, multifocal lesions that have a bluish
purple color [72]. VMCM:s account for approximately 1 % of all vascular anomalies.
VMCMs are also known as venous malformations-multiple cutaneous and mucosal,
cutaneomucosal, and mucocutaneous venous malformations. VM CMs demonstrate
autosomal dominant inheritance with incomplete penetrance. Therefore, each child
of an affected individual will have a 50 % risk of inheriting the disease-causing
mutation.

TIE2 Mutations in VM and VMCM

To date, receptor tyrosine kinase TIE2 (also known as TEK) is the only gene known
to be associated with VM and VMCM. TIE2 is a receptor tyrosine kinase almost
exclusively expressed in vascular endothelial cells (OMIM 600221). The TIE2 gene
maps to human locus 9p21 and consists of 23 exons that span over 121 kb of the
genome. TIE2 has a well-documented role in embryonic development, primarily
through the binding of the growth factor ligand angiopoietin-1 (ANG1), which trig-
gers downstream signaling pathways required for angiogenesis and vasculogenesis.

Mutations in 77E2 have been identified in familial and sporadic VMCM cases. The
most common mutation is the arginine to tryptophan substitution at position 849
(R849W) in the kinase domain of TIE2, with an incidence of 60 % [72]. The R849W
TIE2 mutation was identified by segregation in two different families with dominantly
inherited vascular malformation [75]. Subsequent studies confirmed the R849W
mutation and identified seven additional 7/E2 germline mutations in different families
(Y8978, Y897C, R915H, R918C, V919L, A925S, K1100N) [76-78].

Eight somatic “second hit” alterations have also been found in lesions from
individuals with multiple sporadic VM [79]. Six of these mutations are novel
(Y897H, YS897F, L914F, R915C, RI15L, S9171), while two were previously
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identified in the germline of patients with VMCM (Y897S and Y897C) [76, 78].
The most common somatic mutation, L914F, is found alone and accounts for 85 %
of lesions [72]. The other lesions contain pairs of double mutations in cis [72]. The
identification of a second somatic mutation in the lesion suggests a paradominant
mode of inheritance. Similar to R849W, all TIE2 mutations are located in the
tyrosine kinase domains of the receptor and result in ligand-dependent hyperphos-
phorylation [72, 78]. In vivo and in vitro studies demonstrate increased T1E2 activity
and ligand-dependent hyperphosphorylation in several mutations, including R§49W
[75, 76, 78, 79]. Thus, TIE2 mutations associated with VMCM render a gain-of-
function phenotype.

Molecular Genetic Testing

Clinical testing of the TIE2 gene is available [80] (Table 4.1). Methods include
mutation scanning and sequence analysis of variants. In certain cases, prenatal diag-
nosis may be available for affected families in which a disease-causing mutation has
been identified [80]. Germline mutations in VMCM are identified by analysis of
genomic DNA isolated from whole blood specimens of individuals with VMCM. To
identify the presence of a second somatic mutation specific to the VMCM disorder,
genetic analysis of the lesion is important for accurate diagnosis.

Glomuvenous Malformation (GVM)

GVMs are hereditary vascular malformations characterized by small, multifocal
lesions with a cobblestone-like appearance that have a pink to purplish dark blue
color [71, 72, 81] (MIM #138000; Orpha.net #83454). A venous malformation con-
taining round mural “glomus cells” is diagnosed as a GVM. GVMs account for
approximately 5 % of all vascular anomalies [72, 74]. GVMs are also known as
venous malformations with glomus cells (VMGLOM), glomangiomatosis, familial
or hereditary glomangiomas, and glomus tumors of the skin and soft tissue.

Glomulin Mutations in GVM

Glomulin (also known as GLMN and FAP68) is the only gene known to date that is
associated with GVM. In two separate studies, 7 of 12 families with inherited GVM
showed linkage to a region of 1.48 Mbp in the VMGLOM locus on chromosome
1p22-p21 [82, 83]. Positional cloning then identified glomulin as the gene within
the VMGLOM locus that was responsible for GVMs [84, 85]. The glomulin gene
consists of 19 exons spanning over 55 kb of the genome and encodes a 594-amino
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acid protein (also known as FAP68). Previous studies had cloned the incomplete
glomulin cDNA sequence encoding a predicted 417-amino acid protein of 48 kDa,
which is also known as FKBP-associated protein (FAP48) [86].

GVMs demonstrate an autosomal dominant mode of inheritance with incomplete
penetrance. Accordingly, the child of an affected individual has a 50 % chance of inher-
iting the germline mutation. Current evidence supports the hypothesis that all GVMs are
caused by loss-of-function mutations in the glomulin gene [73, 81]. More than 30 differ-
ent glomulin mutations have been identified in >100 GVM families [81, 87-90]. Eight
glomulin mutations are common (i.e., 108C> A, 157delAAGAA, 554del A +556delCCT,
and 1179delCAA) and found in >75 % of patients with GVM [88]. There also appears
to be a strong founder effect [72, 81]. In a small percentage of patients, a second somatic
mutation in glomulin (in trans) is also seen in combination with the inherited (germline)
glomulin mutation, suggesting a paradominant mode of inheritance. The remaining
mutations have been identified in only one GVM family to date [81]. It appears that all
glomulin mutations result in truncated glomulin protein, except for one (1179delCCA),
which results in a deletion of an arginine at position 394 [81].

Neither in vitro nor in vivo studies have been performed to demonstrate the specific
type of functional loss for glomulin or definitively determine specific genotype-
phenotype associations. This is because the function of glomulin remains poorly
understood. Furthermore, clinical correlations between specific glomulin mutations and
the location, extent, and number of vascular lesions have not been made [91]. It is known
that glomulin is predominantly expressed in vascular smooth muscle cells (VSMCs)
[92]. Glomus cells of GVMs are histologically characterized as abnormally differenti-
ated VSMCs [93], suggesting glomulin is involved in VSMC differentiation and its
functional loss results in the immature glomus cell phenotype seen in GVM [84].

Molecular Genetic Testing

Clinical testing for GVMs via mutation screening of the GLVM gene is available
(Table 4.1). Platforms include analysis of the entire coding region by sequencing
and analysis of the entire coding region by mutation scanning. Germline mutations
in glomulin are identified by analysis of genomic DNA isolated from whole blood
specimens. Analysis of genomic DNA from resected tissue is important to identify
the presence of a second somatic mutation specific to the GVM lesion. At least one
laboratory offers prenatal diagnosis for a known glomulin mutation.

Lymphatic Malformations and Lymphedemas

Lymphatic malformations (LM) are focal or extensive lesions of dilated lymphatic
channels with abnormal connection to the lymphatic system [88]. They are a major
component feature in patients with congenital lipomatous overgrowth with vascular,
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epidermal, and skeletal anomaly (CLOVES) syndrome and Klippel-Trenaunay
syndrome (KTS). Lymphatic malformations occur sporadically, suggesting the
presence of somatic mutations. Recently, five somatic mutations in phosphati-
dylinositol-4,5-biphosphate 3-kinase, catalytic subunit alpha (PIK3CA) have been
identified in patients with lymphatic malformations, CLOVES, KTS, and fibro-
adipose vascular anomaly (FAVA) [94, 95].

Lymphedemas are characterized by a defect in lymphatic drainage, which results
in accumulation of lymphatic fluid in the interstitial space and severe swelling of the
lower extremities [72, 88]. Lymphedemas can be sporadic or inherited as an incom-
pletely penetrant autosomal dominant trait or recessive form (see Table 4.1). Studies
in families with inherited forms of lymphedema have identified several genes
causing the disorders. Nonne-Milroy syndrome is an early onset, primary congeni-
tal form of hereditary type I lymphedema that is autosomal dominantly inherited.
Loss-of-function mutations in FLT4/VEGFR3 at chromosome location 5q34-35 are
associated with autosomal dominant Nonne-Milroy syndrome, as well as recessively
inherited lymphedemas [96, 97]. A mutation in VEGFC, a ligand for VEGFR3, has
also been identified in a family with clinical signs resembling Nonne-Milroy syn-
drome [4]. Lymphedema distichiasis is a syndromic form of primary lymphedema,
which is an autosomal dominant disease caused by loss-of-function mutations in
FOXC?2 located on chromosome 16p24 [98]. Hypotrichosis lymphedema telangiec-
tasia (HLT) syndrome is inherited as a recessive or dominant trait. Nonsense and
homozygous mutations in SOX18 on chromosome 20q13.33 are responsible for the
HLT disorder [99]. More recently, GJIC2 (encoding connexin 47) missense muta-
tions were also observed to cause primary lymphedema [100]. The genetic cause
and/or locus has been identified for other more rare forms of familial lymphedema.
These include CCBEI on chromosome 18q21.32, NEMO on chromosome Xq28,
genetic locus 6q16.2-q22.1, and chromosome 15q, which are associated with
Hennekam syndrome, OLEDAID, primary congenital resolving lymphedema, and
hereditary lymphedema cholestasis (HLC), respectively (Aagenaes syndrome)
(Table 4.1) [101-104]. PTPN14, GATA2, and KIF11 germline mutations are
also associated with lymphedemas in choanal atresia, Emberger syndrome, and
microcephaly chorioretinopathy, respectively [2].

Vascular Tumors

Vascular tumors are cellular, often proliferative vascular anomalies including
infantile hemangiomas (IHs), congenital hemangiomas (RICH and NICH), kapo-
siform hemangioendotheliomas, tufted angioma, spindle cell hemangioendothe-
liomas, as well as other rare hemangioendotheliomas and dermatologic acquired
vascular tumors [105]. Infantile hemangiomas are the most common tumors of
infancy, affecting approximately 4 % of all children and are far more common
than vascular malformations. There are also several clinical subtypes and syn-
dromes associated with IHs. An example is PHACE(S) syndrome (posterior fossa
malformations, hemangiomas, arterial anomalies, coarctation of the aorta and
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cardiac defects, eye abnormalities and sterna defects), which involves facial IHs
in association with other anomalies [106, 107]. Hemangiomatosis, PELVIS syn-
drome, and SACRAL syndrome are other examples [105].

Infantile hemangiomas (OMIM #602089) are comprised of rapidly proliferating
endothelial cells that typically appear shortly after birth, grow rapidly during the
first year, and then slowly involute over a period of several years. Although all
infantile hemangiomas spontaneously regress to a significant degree, most leave
clinically significant sequelae, and some are life-threatening. Clinically useful
therapeutic options include systemic or local corticosteroids, surgical excision, laser
therapy, vincristine, immunomodulatory therapy, and most recently, treatment with
beta-blockers such as propranolol. Mechanisms of most medical therapies are
largely unknown, and no therapies are universally successful. Recent advances
in understanding basic pathogenetic mechanisms yield hope for more effective,
specifically targeted therapies.

Diagnosis of Vascular Tumors

Most vascular tumors are differentially diagnosed by their presentation, growth pat-
tern, histological profile, and use of MRI to determine the density and high-flow
patterns [105]. Infantile hemangiomas are characterized by strong endothelial
GLUT-1 protein expression, which is not seen in other vascular tumors or in normal
skin vasculature [108].

The genetics of infantile hemangiomas is poorly understood, although linkage
analysis and microarray and cellular studies have identified several important patho-
genetic features and candidate genes that may contribute to predilection for the dis-
ease. Genome-wide linkage analysis of three unrelated cases of infantile hemangioma
led to the identification of a disease locus on chromosome 5q31-33 containing can-
didate genes FGFGR4, PDGFR-f, and VEGFR3 (Flt-4) [109]. In addition, somatic
mutations in the genes VEGFR2 (P1147S), VEGFR3/FLT4 (P954S), TEMS, and
DUSPS5 genes have been identified in hemangioma tumor tissue [109]. The link
between these mutations and disease is not established. It has been hypothesized that
germline mutations in TEM8 and KDR represent risk factor mutations for IH and
that the combination of these mutations with a secondary somatic hit may trigger the
expansion of hemangioma-derived endothelial cells within the lesions [105].

More recent discoveries have been made for other vascular anomalies. For exam-
ple, a somatic missense mutation (c.1323C>G, p. Iso441Met) in mitogen-activated
protein kinase kinase kinase 3 (MAP3K3) has been identified in verrucous venous
malformations (verrucous hemangioma) [110]. In addition, the presence of YAP1-
TFE3 and WWTR1-CAMTALI gene fusions has been reported in subsets of epithe-
lioid hemangioendothelioma (EHE) [111, 112], which is a rare malignant soft tissue
tumor of variable grade [113].

Somatic mutations in IDH1 or IDH2 have been identified in patients with
Maffucci syndrome [114-118]. Maffucci syndrome is a rare congenital disorder
characterized by multiple central cartilaginous tumors (enchondromas), similar to
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Ollier disease, but with multiple cutaneous spindle cell hemangiomas (SCH) [115].
Common heterozygous point mutations include R132C and R132H in IDHI, as
well as the R172S mutation in IDH2. Additional studies found that frequent somatic
alterations in 2p22.3, 2q24.3, and 14q11.2 may play a role in causing enchondroma
and SCH in patients with Maffucci syndrome [115]. Clinical testing is available for
IDH1 and IDH2.

Pharmacogenetics and Treatment of Vascular Anomalies

Managed treatment of vascular anomalies often involves drug therapy, which can
cause mild to severe adverse side effects. For example, propranolol is a nonselective
beta-adrenergic blocker commonly used to treat cardiac disorders that has gained
recent attention in the vascular anomaly community for its off-label use in the
treatment of infantile hemangiomas [119—124]. An initial improvement in the size
and color of the hemangiomas is observed and the effect is proposed to be secondary
to the factors that affect angiogenesis. However, there are known side effects in
some patients treated with propranolol, including hypoglycemia, hypothermia, and
bradycardia [125].

Pharmacogenetics uses an individual’s genotype to help predict drug response,
efficacy, and potential adverse drug events. As such, pharmacogenetics could be
applied to the IH population during drug therapy. Propranolol is one of the drugs
from the top 200 list eliminated by cytochrome P450 (CYP450) enzymes, which
contain single-nucleotide polymorphisms (SNPs) that alter enzymatic function
[126, 127]. For example, propranolol is metabolized by CYP2D6 and CYP1A2 and
enzymes contain SNPs associated with decreased enzymatic activity [128, 129].
Genetic polymorphisms in the f1 and 2-adrenergic receptors, targets of propranolol,
have also been identified that affect gene expression, protein function, and response
to beta-agonists [130, 131]. Therefore, individuals with SNPs in metabolizing
enzymes and/or receptor targets could have an altered drug response to therapy.
Pharmacogenetic testing has the potential of offering a direct application to the
vascular anomalies population for optimizing treatment and reducing side effects.
However, while pharmacogenetic testing is available in several reference and
hospital-based laboratories, application to the vascular anomaly population is new
and requires additional studies.

PTEN Hamartoma Tumor Syndrome

We have included the PTEN hamartoma tumor syndrome (PHTS) because of the
emerging understanding that vascular anomalies are a distinct and common finding
in the spectrum of PHTS disease [132]. Vascular anomalies in patients with PTEN



4 The Genetic Basis and Molecular Diagnosis of Vascular Tumors and Developmental... 117

mutations typically manifest as multifocal intramuscular combinations of ectopic
fat and fast-flow channels with cerebral developmental venous anomalies particu-
larly common [132]. Arteriovenous malformations have been described in Cowden
syndrome [133], which may be due to PTEN’s regulation of vascular development
and angiogenesis by directly regulating VEGF and other angiogenic factors [134].
So even though small abnormal tumors on the skin and in critical organs dominate
the clinical diagnosis of PHTS spectrum diseases, vascular anomalies are a critical
feature of this group of diseases.

PTHS is a group of disorders with mutation in the PTEN gene and includes
(1) Cowden syndrome (CS), (2) Bannayan-Riley-Ruvalcaba syndrome (BRRS),
(3) PTEN-related Proteus syndrome (PS), and (4) Proteus-like syndrome. All four
of these diseases have in common the presence of hamartomas or abnormal
formation of benign tissue “tumors.” These “tumors” cause problems primarily
due to their location, particularly when they are located on the face and neck,
where they can cause significant disfigurement. While these abnormal growths can
obstruct any organ in the body, they tend to cause the most health problems when
they are located in the hypothalamus, spleen, or kidneys. PTHS must not be con-
fused with Proteus syndrome, which is a rare complex disease characterized by
disproportionate bony and soft tissue overgrowth caused by mutations in AKT1.
AKTT1 activity is regulated by PTEN, so both proteins are involved in intracellular
PI3K/Akt signaling [3].

The diagnosis of PTEN hamartoma tumor syndrome (PHTS) is based on specific
clinical findings. However, the diagnosis of PHTS is made only when a disease-
causing mutation in PTEN is identified. Diagnostic criteria have been developed for
Cowden syndrome [135, 136]. Diagnostic criteria for BRRS have not been developed,
but are based largely on the cardinal feature of microcephaly, hamartomatous intesti-
nal polyposis, lipomas, and glans penis pigmented macules [137]. PTEN-related
Proteus syndrome (PS) is widely variable and generally has a mosaic distribution. The
manifestations present generally at birth and include cystadenoma of the ovary,
various types of testicular tumors, CNS tumor, and parotid monomorphic adenomas.
Only 120 people with PS have been identified [138] and diagnostic criteria have been
developed by Biesecker et al. [139]. While diagnostic criteria have not been developed
for Proteus-like syndrome, it generally includes patients with features of Proteus
syndrome, who do not meet the criteria [140].

The phosphatase and tensin homolog (PTEN) protein is a tumor suppressor
protein encoded by the PTEN gene. PTEN is part of a subclass of phosphatases
that have dual activities which remove phosphates from tyrosine as well as
serine and threonine. PTEN is critical to the de-phosphorylation of phospho-
inositide-3,4,5-triphosphate, resulting in a down-regulation of the downstream
Akt signaling pathway. PTEN traffics in and out of the nucleus [141-143] and
when in the nucleus inhibits MAPK signaling resulting in an arrest of the cell
cycle [144, 145]. In the cytoplasm, PTEN’s activity primarily stimulates Akt
activity to induce apoptosis [146]. Germline mutations have been identified in
exons 1-8 (of 9 total) and include missense, nonsense, splice-site mutations,
insertions, and large deletions [147—-149]. Approximately 40 % of mutations have
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been reported in exon 5 [136]; however, most mutations are unique, but recurrent
mutations have been found [147-149].

Clinical molecular testing for disease-causing mutations in PTEN is most
commonly performed by analysis of the entire coding region by sequencing
(Table 4.1). Many laboratories also perform molecular analyses to identify deletions
and duplications, which can be missed by sequencing. Currently, at least one
laboratory focuses sequencing on select regions of the PTEN gene in addition to
performing FISH-metaphase analysis of mutations (Table 4.1).

Sequence Analysis of PTEN

Nearly all of the missense mutations identified in PTEN are deleterious [136].
Nearly 85 % of patients who meet criteria for Cowden’s syndrome and 65 % with a
diagnosis of BRRS have a PTEN mutation [149—-151]. PTEN mutations are found
in 20 % of patients with Proteus syndrome and 50 % of those with a Proteus-like
syndrome [136, 148, 152—154]. Another study found that no PTEN mutations could
be identified in patients diagnosed with Proteus-like syndrome [155]. These studies
suggest that either other genes are involved or else mutations in introns/splice sites
or promoters were present and not detected using the methodologies applied.
Additionally, deletion and duplications could have been present and not detected.
On a research basis, direct sequencing of the promoter regions of PTEN can be
performed, which alters the function of the PTEN gene product. Approximately
10 % of CS patients have promoter mutations and no other mutations identified in
the coding region [151].

Identification of Deletions and Duplications in PTEN

Individuals with CS who have large deletions have been reported [156]. Additionally,
up to 10 % of BRRS patients do not have a mutation that can be detected in the
PTEN exons due to deletions within PTEN [151]. Real-time PCR, Southern blotting,
Multiplex ligation-dependent probe amplification (MLPA), and other methods that
can detect gene copy can be used to determine PTEN deletions or other rearrange-
ments, which PCR-based sequencing is unable to detect.

Non-PTEN Gene Mutations Affecting Susceptibility to Disease

In addition to PTEN mutations, recent early studies have identified mutations in
succinate dehydrogenase complex subunit B (SDHB) and succinate dehydrogenase
complex subunit D (SDHD), the genes encoding the mitochondrial complex II
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protein succinate dehydrogenase, as well as the KLLN (killin) gene in individuals
with CS and CS-like disorder [157, 158].

Testing Strategies

Ideally, sequence analysis of PTEN exons 1-9, including the flanking introns, is
performed to confirm the diagnosis in a proband (see Table 4.1). Analysis of the
PTEN promoter region can be performed next (on a research basis), followed by
deletion and duplication analysis (see Table 4.1). Lastly, mutations in the mitochon-
drial complex II protein succinate dehydrogenase (SDH) have been described in
PTEN mutation-negative individuals with CS-like cancers [157]. So sequence
analysis of SDH may be warranted, which is available on a research basis for
other diseases (testing for SHD B performed for hereditary paraganglioma-
pheochromocytoma syndromes).

Differentiating Genetically Related Disorders

One of the challenges of genetically diagnosing Cowden syndrome (CS), Bannayan-
Riley-Ruvalcaba syndrome (BRRS), PTEN-related Proteus syndrome (PS), and
Proteus-like syndrome is that mutations in PTEN underlie other diseases with
diametrically opposed phenotypes. No other phenotypes other than CS, BRRS, PS,
and Proteus-like syndrome are consistently caused by PTEN mutations. Adult-onset
Lhermitte-Duclos disease (LDD) can be attributed sometimes to PTEN mutations
and characterized by dysplastic gangliocytoma of the cerebellum due to the
overgrowth of hamartomas, which can be seen in CS/BRRS. However, PTEN
mutations are rarely seen in the LDD form of disease, which presents in childhood
[159]. Similarly, PTEN mutations have been reported in ~20 % of people with
autism/pervasive developmental disorder and macrocephaly [160, 161]. Several
groups have now confirmed this PTEN mutation in 10-20 % of people with autism/
pervasive developmental disorder and macrocephaly [161-164].

Genetic Counseling

Patients with PTEN hamartoma tumor syndrome (PHTS) should be advised that
the disease is autosomal dominant, so that testing of family members should be
recommended. However, since disease is both sporadic and familial, some individu-
als with CS have no family history, with a rough estimate of 10-50 % having an
affected parent [165]. If a proband has an identifiable PTEN mutation, their parents
should undergo a clinical evaluation and be tested to identify if PHTS is present.
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Testing of proband siblings depends on the genetic status of the parents. If a parent
has a PTEN mutation, siblings should be tested since this is an autosomal dominant
disease. If neither parent has a PTEN mutation that is identifiable, the proband
siblings do not need to be tested. The risk of disease in proband siblings is minimal
since mosaicism in the germline has not been reported in PHTS [140]. If the
proband does not have an identifiable PTEN mutation, PHTS can be excluded by
clinical evaluation of the sibling. Each offspring of a proband has a 50 % chance of
inheriting the mutation and developing the PHTS. Therefore, genetic testing should
be performed on all offspring of a proband. Prenatal testing is available from many
laboratories (see Table 4.1).

Challenges and Future of Molecular Testing

Molecular Diagnostic Challenges

While the genetic cause for several inherited forms of vascular malformations is
known, significant challenges facing the field include elucidating the etiology of spo-
radic forms, identifying somatic mutations that cause rare disorders, and developing
therapies [88]. For example, TIE2 mutations account for 40-50 % of VMs, but addi-
tional mutations or predisposing genes responsible for the remaining cases are
unknown [72]. Another problem is that the genotype-phenotype correlations are not
well understood for many disorders, often because the function of the predisposing
gene is not known (i.e., glomulin mutations associated with GVM). This hinders an
understanding of the mechanism by which specific mutations cause disease and the
discovery of therapeutic treatments. Finally, a major difficulty within the field is that
molecular diagnostic testing for many vascular anomalies is not yet commercially
available. Molecular tests that do currently exist are, in most cases, on a research
basis only and many of these labs are located in European countries. Furthermore,
insurance companies are not often willing to reimburse for genetic testing and turn-
around times can be lengthy. This makes testing difficult, cumbersome, and costly
for many families. The promising news for the field is that clinical laboratories can
provide laboratory developed tests (LDTs) using standard, cost-effective technolo-
gies, such as sequencing, allele-specific PCR, and restriction enzymatic digestions
[166]. Furthermore, high-density SNP arrays and next-generation sequencing pro-
vide the opportunity for high-throughput genotyping, which revolutionizes the way
novel and known mutations associated with disease are identified and diagnosed.
Advances in sequencing technology have led to a lower error rate, longer read length,
and more robust performance, which far exceeds that of standard sequencing using
Sanger methodology [167]. The application of next-generation sequencing to vascu-
lar disease has the potential to rapidly screen every gene in an affected individual and
identify the mutation(s) associated with that particular vascular lesion. The labora-
tory is also able to identify novel mutations and provide more accurate diagnosis
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using technology that reduces tissue heterogeneity. Advances in automated extrac-
tion technology have allowed the lab to rapidly extract high-quality DNA from vari-
ous pathology tissue specimens, both fresh/frozen and formalin-fixed
paraffin-embedded (FFPE). Laser-capture microdissection also offers the capability
of obtaining lesion-derived material and isolating a specific cell population for sub-
sequent genotype analysis. Such analysis would require punch biopsy or surgical
resection of the affected tissue. A limitation lies in the ability to isolate a sufficient
number of cells for DNA, mRNA, or protein analysis. Cell culture expansion of iso-
lated cell types is an alternative solution if an inadequate amount of tissue is not
available for analysis. However, proper diagnosis based on mRNA on protein analy-
sis will depend on the cells maintaining their phenotype once cultured.
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Chapter 5
Clinical Management and Treatment
of Vascular Tumors

Kristin E. Holland and Beth A. Drolet

Infantile Hemangioma

Infantile hemangiomas (IHs), also known as hemangiomas of infancy, are the most
common soft tissue tumor of childhood. Despite their frequency, much remains to
be learned about the pathogenesis, and management is often based on anecdote
rather than evidence-based data. While most IHs are uncomplicated and do not
require intervention, they can be a significant source of parental distress, cosmetic
disfigurement, and morbidity. The wide spectrum of disease both in the morphology
of these lesions and more importantly in their behavior has made it difficult to
predict need for treatment and has made it challenging to establish a standardized
approach to management.

The clinical heterogeneity and unpredictable and variable course of IH
complicate management decisions and have contributed to the lack of an evidenced-
based standard of care. There are few prospective studies looking at safety and
efficacy of therapies for IH, and no Food and Drug Administration (FDA)-approved
agents for IH exist. As a result, selection of therapeutic modalities is based on
anecdote and small case series. Physicians caring for an infant with IH must first
determine whether treatment is indicated. Although most hemangiomas are
self-limited, up to 38 % of hemangiomas referred to tertiary care specialists require
systemic treatment due to complications such as ulceration, bleeding, risk for
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Table 5.1 Factors to consider in estimating potential need for treatment

Therapeutic consideration Intervention more likely
Location at risk for complication, functional See Table 5.2
impairment, cosmetic disfigurement
Presence of ulceration Symptomatic from pain, bleeding
Morphology of IH Large, segmental
Exophytic, sessile, or pedunculated lesions
Growth pattern Rapid or prolonged
Age Younger age =higher potential for growth

School-age child with incomplete
resolution or presence of residual IH

From Holland and Drolet [59]. Reprinted with permission from Elsevier Limited

Table 5.2 High-risk locations

Location Associated risk

Periorbital and retrobulbar Visual axis occlusion, astigmatism, amblyopia

Nasal tip, ear, large facial Cosmetic disfigurement, scarring

Perioral, lip Ulceration, feeding difficulties, cosmetic disfigurement
Perineal, axilla, neck Ulceration

“Beard” distribution, central neck Airway hemangioma

Liver, large High-output heart failure

Multifocal or multiple Visceral involvement (liver, gastrointestinal

tract most common)
Midline lumbosacral Tethered spinal cord, intraspinal hemangioma,
intraspinal lipoma, genitourinary anomalies

From Holland and Drolet [59]. Reprinted with permission from Elsevier Limited

permanent disfigurement, obstruction of vision, airway obstruction, or high-output
cardiac failure [1]. A number of factors outlined in Table 5.1 must be considered by
physicians managing patients with IH.

Ulceration

Ulceration is the most common complication (16 %) and can be a significant source
of pain, infection, bleeding, and permanent scarring [1]. Associated pain can interfere
with sleep as well as feeding. Locations at high risk for ulceration and the associated
frequency of this complication include anogenital (50 %), lower lip (30 %), and neck
(25 %) [2]. Infantile hemangiomas which are larger in size or of the “segmental”
subtype are more likely to develop ulceration. Of the clinical subtypes (i.e., superficial,
mixed, and deep), the mixed subtype (having both superficial and deep components)
has most frequently been associated with ulceration and is another independent risk
factor [2, 3]. The cause of ulceration is not well understood, but maceration and
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friction are likely contributing factors given the higher frequency in locations prone
to this. While ulceration can be complicated by bleeding, clinically significant
bleeding (i.e., requiring hospitalization/transfusion) is rare [2].

Initial therapy for most ulcerated hemangiomas, a common indication for
treatment, is local wound care. Gentle debridement of crust overlying the ulceration
can be achieved with wet compresses with dilute hydrogen peroxide soaks or
astringent solutions of aluminum acetate (i.e. Domeboro solution (Bayer HealthCare,
Morristown, NJ)). In the diaper area, barrier creams containing zinc oxide or
petrolatum play an important role in protecting the skin from maceration and irritation
from urine and stool, which may inhibit healing. Nonadherent dressings such as
petrolatum gauze or extrathin hydrocolloid dressings may act as an additional barrier
to outside pathogens or irritants and promote healing. As secondary infection can
develop in ulcerated IH, cultures should be obtained in nonhealing lesions recogniz-
ingthatcolonizationisnotuncommonandtopical antibiotics (i.e. polymyxin-bacitracin,
mupirocin, metronidazole) should be employed when indicated. Oral antibiotics may
be necessary in patients nonresponsive to topical measures.

In ulcerations recalcitrant to initial topical measures outlined above, topical
application of becaplermin gel, a recombinant human platelet-derived growth factor,
has been shown in a small case series to be effective at speeding healing [4]. More
recently, a boxed warning was placed on this medication about the possible increased
risk of mortality secondary to malignancy in some adult patients. As a result, its role
is generally reserved as a second- or third-line agent for patients who have failed
other treatment modalities.

The pulsed dye laser may be helpful in healing ulcerated hemangiomas and
is discussed later in the text in the section in which laser is discussed. Systemic
medication is often needed to slow the proliferation of the hemangiomas and heal
the ulceration. Ulceration in the midline face and of cartilage (nose, ears) is often
very difficult to treat and even with aggressive topical and systemic therapy
ulceration may persist.

Topical Therapy

Corticosteroids

Both topical and intralesional corticosteroids have a role in the management of [H
and are discussed later in the section in which corticosteroids are discussed.

Imiquimod

Topical imiquimod (5 %), an immune response modifier, has been reported to result
in improvement in infantile hemangiomas in several case reports and small uncon-
trolled case series [5—10]. Its antiangiogenic activity is thought to occur as the result
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of a combination of activation of the innate immune system through Toll-like
receptor-7 (TLR-7) to induce interferon alpha (IFN-a), tumor necrosis factor alpha
(TNFa), interferon gamma, and tissue inhibitor of matrix metalloproteinase as well
as through intrinsic proapoptotic activity [7, 9]. Successful treatment of IH with
systemic IFN-a is associated with a decrease of vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF) within the IH and in blood
[9]. In a Phase II, open-label study of topical imiquimod in the treatment of
nonulcerated superficial and mixed IH, serum levels of IFN-a were mostly
undetectable, and all were well below peak levels described with systemic IFN-o
[6, 9]. In addition, no correlation was observed between clinical response to topical
imiquimod and VEGF and bFGF levels in urine or blood. While shrinkage and flat-
tening of IH has been observed with the use of imiquimod cream [6], no significant
changes were observed in lesion area, volume, depth, or elevation in the Phase II,
open-label study. A greater response was seen in superficial IH compared to mixed
lesions, mainly in regard to color [7, 9]. Reported treatment regimens often start
with application of imiquimod 3 times/week overnight, increasing to 5-7 times/
week after 4 weeks if no response is seen [7, 9]. Local side effects are common
which include edema, erythema, scaliness, and crusting at the site of treatment [6,
7,9, 10]. Such an inflammatory response seems to correlate with response of the IH
given the absence of redness and crusting in recalcitrant lesions [10]. Residual
hypopigmented scars have been described in a patient with severe crusting [9].
The local side effects and poor therapeutic response have made this treatment
modality obsolete.

Timolol

In 2008, systemic propranolol was first reported to result in improvement in IH, and
it is currently widely used [11]. The use of systemic propranolol in the management
of IH is discussed in detail later in this chapter. More recently, twice daily application
of a topical p-blocker, timolol maleate 0.5 % ophthalmic solution (two drops twice
daily) and gel, has been reported to result in improvement in size, thickness, and
color of superficial IH in a single case report and in a small pilot study [12, 13].
Future studies will better establish the safety and efficacy of this medication and
define its role in the management of IH.

Systemic Therapy

Corticosteroids

Oral corticosteroids at a dose of 2-5 mg/kg/day (typically 2-3 mg/kg/day) have
historically been the mainstay of therapy. Patients are typically maintained on this
dose for 1-3 months and then slowly tapered over several months [14]. The duration
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of treatment and approach to tapering corticosteroids is variable, as it is dependent
on the treatment response, age of the child, inherent growth characteristics of the
IH, and complications of therapy. For example, younger infants tend to be treated
longer (months) given their greater potential for IH growth, whereas older infants
whose ITH may be nearing the end of its proliferative phase would be less likely to
need prolonged therapy. Response to treatment is variable. A quantitative system-
atic review of the literature identified 10 case series representing 184 patients in
which systemic corticosteroids were used in the management of IH; mean response
rate was 84 % (range 60—100 %) and a dose-response relationship was confirmed
with higher response rates (as defined by cessation of growth or reduction in size
coincident with initiation of treatment) noted in patients treated with higher dose
prednisone/prednisolone (>3 mg/kg/day compared to 0-2 mg/kg/day) [15]. A more
recent randomized, controlled trial evaluated daily oral prednisolone (2 mg/kg/day)
compared to monthly intravenous pulses of methylprednisolone (30 mg/kg/day for
3 consecutive days each month) for 3 months [14]. Greater improvement was noted
in the oral prednisolone group compared to the intravenous group at 3 months and
1 year (median visual analog score of 70 vs 12 and 50 vs —1.5, respectively).
Adverse effects are common and include irritability, gastrointestinal upset, sleep
disturbance, cushingoid facies, adrenal suppression, immunosuppression, hyperten-
sion, bone demineralization, cardiomyopathy, and growth retardation [16]. Catch-up
growth occurs in the majority of children once the corticosteroids are discontinued
[17, 18]. A prospective study of 16 infants evaluating the immunosuppressive
effects of corticosteroids demonstrated that both lymphocyte cell numbers and
function are affected [19]. As the levels of tetanus and diphtheria antibodies were
not found to be protective in 11 and 3 of the patients, respectively, it has been
recommended that patients who receive oral corticosteroids during the immuniza-
tion period have these checked and additional immunizations provided if titers are
not protective. In addition, prophylaxis with a combination of trimethoprim and
sulfamethoxazole should be considered in infants to protect against Pneumocystis
pneumonia (PCP) as there are reports of PCP in this setting [20].

Intralesional and topical corticosteroids have also been reported to decrease
the size or slow growth of IH and may be an alternative to systemic therapy in
lower-risk lesions. This is most effective for localized and superficial cutaneous
hemangiomas. The efficacy of topical corticosteroids is limited by the depth of its
penetration compared to the depth of hemangioma involvement. There have been
small case series and a larger (34 patients) retrospective study in which ultrapotent
topical corticosteroids (clobetasol propionate, halobetasol propionate, and aug-
mented betamethasone dipropionate) were used to treat infantile hemangiomas
[21-23]. In these reports, lightening of the superficial component was seen most
commonly with cessation of growth or shrinkage being reported less frequently.
Dosing regimens varied from once to twice daily application and durations ranging
from continuous therapy with close monitoring to 24 week cycles of active
treatment separated by 1 week without treatment. No evidence of hypothalamic-
pituitary-adrenal axis suppression was found, but this was not routinely evaluated
[22, 23]. Response to intralesional triamcinolone is not surprisingly faster, but has a
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higher side effect profile. Central retinal artery occlusion and blindness, believed to
be the result of pressure exceeding systolic pressure during injection, have been
reported in the treatment of periocular hemangiomas, limiting its use in this location
[16]. Other complications related to intralesional corticosteroids include skin
atrophy and necrosis, calcification, and, rarely, adrenal suppression (dose dependent).
Doses of intralesional triamcinolone should not exceed 3-5 mg/kg per treatment
[16]. Rebound growth with both topical and intralesional treatment may be seen,
and repeated injections or courses of topical therapy are often necessary to maintain
response.

Propranolol

Propranolol has recently been utilized in the treatment of infantile hemangiomas
after growth arrest of an infant’s hemangioma was incidentally noted when
propranolol was started for obstructive hypertrophic myocardiopathy [11].
Improvement in color, softening, growth arrest, and even regression of IH have been
observed with administration of propranolol [11, 24]. Since the initial report, the
use of propranolol for IH has soared, as it is perceived to have a lower side effect
profile than other systemic therapies used for treating IH. Its mechanism of action
in the treatment of IH is unknown, but there are a number of proposed effects
including vasoconstriction, decreased expression of vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF), and apoptosis of capillary
endothelial cells [13]. In addition to a number of case reports in the literature, two
retrospective studies (including a total of 62 patients) have reported the successful
use of propranolol in the management of IH with cessation of growth, lightening of
color, softening, and healing of superficial ulcers [25, 26]. Doses of 1-3 mg/kg/day
divided bid or tid have typically been used, but clearly outlined and safe protocols
for initiation and monitoring do not exist resulting in a wide range in recommenda-
tions. The most common serious side effects of propranolol include bradycardia
and hypotension. Other side effects include bronchospasm (particularly in patients
with reactive airway disease), congestive heart failure, depression, nausea, vomit-
ing, abdominal cramping, sleep disturbance, and night terrors. Hypoglycemia,
particularly after overnight fast, may be observed [27]. The most common side
effect reported in one retrospective study was somnolence [25], a potential sign of
hypoglycemia; glucose monitoring was not reported to be part of the routine
evaluation in this study.

There are theoretical considerations specific to using oral propranolol for the
treatment of IH (Table 5.3). Regarding hypoglycemia, most patients will be less
than 1 year of age and have limited glycogen stores and a relative inability to
communicate, recognize, or treat symptoms. Furthermore, low birth weight, an
important risk factor for the development of IH, also confers a greater risk of
hypoglycemia. Oral corticosteroids are used frequently for the treatment of infan-
tile hemangiomas; during treatment, there may be some protective effect as ste-
roids inhibit insulin action. However, after prolonged steroid use, there may be
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Table 5.3 Patients with theoretical increased risk of adverse effects from propranolol for IH

Population Side effect Reason for concern

<1 year of age Hypoglycemia Limited glycogen stores

*Particularly LBW infants Inability to communicate symptoms

Patients previously treated Hypoglycemia Muted counter-regulatory cortisol

with systemic steroids response secondary to adrenal
suppression

PHACE syndrome patients Hypoperfusion Narrowed, stenotic vessels may

with cerebrovascular anomalies | of brain require higher blood pressure for

perfusion; propranolol associated
with decreased cerebral blood flow

PHACE syndrome patients Systemic Aortic obstruction may require higher

with aortic arch obstruction hypoperfusion blood pressure to maintain perfusion
to segments distal to the obstruction

Hemangioma-related high- Decompensation | Decreased heart rate/contractility

output cardiac failure of heart failure limits cardiac response to high

(i.e., large liver hemangioma) output demands

From Holland and Drolet [59]. Reprinted with permission from Elsevier Limited
LBW low birth weight

residual adrenal suppression and subsequent loss of the counter-regulatory corti-
sol response, thus increasing risk of hypoglycemia. In patients with PHACE syn-
drome and cerebrovascular or aortic arch anomalies, lower blood pressure may
decrease blood flow through stenotic or dysplastic vessels resulting in hypoperfu-
sion of the brain (when cerebrovascular vessels are involved) or the lower body
(when aortic coarctation is present). Finally, in patients with high-output cardiac
failure secondary to a large liver hemangioma, the use of propranolol could result
in decompensation secondary to drug-induced suppression of heart rate/contractil-
ity. Until the safety of propranolol in these patients can be established and these
theoretic concerns allayed, caution should be exercised when prescribing
propranolol.

Vincristine

Vincristine is a vinca alkaloid which disrupts the mitotic spindle and interferes with
mitosis resulting in apoptosis. It has also shown efficacy as an antiangiogenic agent
[28]. It has been reported to be effective in the treatment of IH and has historically
been reserved for those IH resistant to corticosteroids or in patients intolerant of
corticosteroids. While there are several case reports indicating improvement in
“hemangiomas” with vincristine, these often represent other vascular tumors, and
knowledge about its use for infantile hemangioma is limited. Single weekly doses
of 1-1.5 mg/m? resulted in improvement of all nine patients reported by Enjolras
and a patient reported by Fawcett [29, 30]. Constipation is the most common side
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effect, but neuromyopathy, most commonly presenting as foot drop, is a potentially
serious side effect. Administration of vincristine requires placement of a central
line; therefore, risks associated with this must be considered as well.

Interferon

Recombinant interferon alpha (IFN-a), an inhibitor of angiogenesis, administered
as a subcutaneous injection of 3 million units per square meter per day, has also
been used successfully for the treatment of IH [16]. Side effects include flu-like
symptoms of fever, irritability, and malaise. Less commonly, transient neutropenia
and liver enzyme abnormalities may be develop. Spastic diplegia, irreversible in
some cases, has also been a reported side effect. The development of spastic diplegia
has been observed more frequently in infants treated at an earlier age, the time at
which there is often greatest need for treatment. Consequently, its use is not
recommended in infants less than 9 months of age.

Laser

The pulsed dye laser (PDL) has been successfully used for vascular birthmarks,
namely, capillary malformations or “port-wine stains” for years, and its efficacy
in this setting is well established. Its use in the treatment of proliferating IH
remains controversial as adverse outcomes including ulceration and scarring have
been described [31]. In addition, the use of PDL for intact IH is limited by the
depth of the laser’s penetration (1 mm). A controlled trial in which 121 infants
with ITH were randomized to either treatment with the pulsed dye laser or observa-
tion showed no significant difference in clearance of the IH at 1 year [32]. Patients
in the treatment group did demonstrate decreased redness compared to the
untreated group, but at the expense of having a higher incidence of atrophy and
hypopigmentation. There are a number of reports and two prospective studies
describing its benefit in the treatment of ulcerated hemangiomas both in terms of
speeding reepithelialization and decreasing pain [33, 34]. The mechanism for this
is not well understood. Greatest consensus surrounding the use of the PDL for IH
is in the treatment of residual telangiectases after involution, for which the PDL is
most effective.

Surgery

Surgical excision may be an option for function- or life-threatening hemangiomas
when medical therapy fails or is not tolerated, but more commonly its role is for
removal of residual fibrofatty tissue or correction of scarring after involution.
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Surgical correction may be pursued at an earlier age if it is clear that the child will
ultimately need a procedure for the residual effects. Surgical excision may also be
considered as a first-line therapy in select sites (scalp, neck, diaper area, and trunk)
given the lower risk of surgical scar.

Kaposiform Hemangioendothelioma and Tufted Angioma
With and Without Kasabach-Merritt Phenomenon

Kasabach-Merritt phenomenon (KMP) is a life-threatening, consumptive coagu-
lopathy associated with an underlying vascular tumor [35]. Kasabach and Merritt
first described this consumptive coagulopathy in a 2-month-old male with a giant
“capillary hemangioma and purpura” [35]. Major developments in the study of
vascular anomalies have led to a much clearer understanding of this phenomenon
and the associated coagulopathy. Infantile hemangiomas (IH) are now recognized to
be a unique vascular tumor which can be distinguished histologically from other
vascular tumors and malformations by the presence of immunohistochemical
staining with Glut-1 and other markers [36, 37]. Recent studies demonstrate the
association of KMP with the vascular tumors, kaposiform hemangioendothelioma
(KHE) and tufted angioma (TA), not infantile hemangioma [38—40].

KMP is characterized by severe thrombocytopenia, microangiopathic anemia,
hypofibrinogenemia, and elevated fibrin split products (FSP) in the presence of an
enlarging vascular tumor [41]. The coagulopathy is likely related to the sequestra-
tion of platelets and clotting factors within the vascular lesion resulting in systemic
disseminated intravascular coagulation and a high propensity for patients to clot and
bleed [42].

Clinical Presentation

KMP typically has its onset early in infancy with a median age of onset of 5 weeks
[43]. In approximately 50 % of cases, KMP was associated with a vascular tumor
diagnosed at birth with 90 % of published cases diagnosed before 1 year of age
[36-38, 43, 44]. Boys and girls were equally affected. KMP was most often associ-
ated with a large solitary tumor commonly involving extremities, axilla, groin, or
lateral face and neck. Most of these tumors are firm and have a nodular or even
pebble-like texture. The skin over the tumors is deep red to purple in color often
with subtle hypertrichosis. Occasionally, hyperhidrosis is noted over the surface
of the tumor. If thrombocytopenia is severe, the surface of the tumor and the sur-
rounding skin are ecchymotic. They may be localized to the skin, but often involve
subcutaneous and deep structures. Widespread cutaneous petechiae may be seen in
patients with platelet counts less than 10,000. Signs and symptoms of bleeding are
seen in over 50 % of children with KMP at presentation in one report [44]. Patients
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with retroperitoneal or visceral lesions presented with abdominal distention, signs
of organ dysfunction, and/or high-output heart failure often without cutaneous signs
[36, 38, 44]. Patients with KMP have anemia, profound thrombocytopenia, and
hypofibrinogenemia with elevated fibrin split products or p-dimers suggestive of a
very active consumptive coagulopathy. Platelet counts at the time of diagnosis
ranged from 6000 to 98,000 with fibrinogen levels less than 100 mg/dL while
p-dimers were always >1 [36, 38, 44].

MRI is the best modality to assess vascular tumors associated with KMP. These
tumors are diffusely enhancing masses isointense to muscle on T1 and hyperintense
on T2-weighted sequences [36]. They involve multiple tissue planes and have
poorly defined margins with finger-like extensions. Cutaneous thickening and fat
stranding are common features [36]. Superficial draining vessels are often dilated,
but vessels in the tumor are small and infrequent.

Vascular Pathology Associated with KMP

Several studies in the 1990s challenged the long held belief that KMP was a
complication of infantile hemangiomas and definitively established the association
of KMP with kaposiform hemangioendothelioma (KHE) and tufted angioma (TA)
[36, 45, 46]. Of the 40 biopsy samples from 52 patients in these studies, 35 were
diagnosed with KHE while 5 were called TA. Since then, biopsies of most lesions
associated with KMP have shared the same histopathologic features [38, 42, 44, 47].
Not all patients diagnosed with TA or KHE have an associated consumptive coagu-
lopathy arguing that other features such as age of the patient, tumor size, or location
may be important risk factors for KMP. In our experience, KHE or TA localized to
the skin and soft tissue is less likely to be associated with KMP.

Treatment

Pharmacologic intervention is not always necessary for TA/KHE. The natural
history of these vascular tumors is highly variable; smaller tumors localized to
the skin only may grow very slowly or even spontaneously involute. Treatment is
indicated if there is pain, rapid growth, local invasion causing functional impairment,
or if KMP is present. KMP is associated with significant morbidity and mortality;
infants with KMP can die from hemorrhage or invasion/compression of vital
structures by the tumor. Mortality from KMP has ranged between 10 % and 30 % in
most series [36-38, 42, 44, 45, 48]. The management of KMP should include
supportive care to maintain hemostasis and curative therapy directed at the treat-
ment of the underlying tumor. Despite marked thrombocytopenia at presentation,
platelet transfusions should be reserved for active bleeding. Infused platelets have a
very short circulatory time and have been noted to rapidly increase the size of the
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tumor and even exacerbate KMP in some cases presumably through increased
platelet trapping within the lesion [49-51]. Successful treatment of the underlying
vascular tumor is critical to the correction of KMP and to the overall survival of the
patient. A number of therapies have been reported for KHE/TA, but none have been
uniformly effective. Although surgical removal of the tumor has been associated
with immediate normalization of hemostasis and hematologic abnormalities [52], it
is rarely feasible due to the large size and infiltrative nature of KHE/TA associated
with KMP. Tumor embolization has been used with some success in combination
with medical and surgical therapies [44]. Medical therapies have included cortico-
steroids, interferon alpha (IFN-a), vincristine, as well as other chemotherapy agents
used alone and in combination with varying results [53-55]. First-line therapy with
corticosteroids at doses ranging from 2 to 30 mg/kg/day resulted in improved
hematological parameters in 10-30 % of patients within days of starting therapy
with little effect on tumor size [36]. IFN-a alone or in combination with steroids
resulted in resolution of coagulopathy and tumor regression in approximately 40 %
of patients [36]. However, the significant risk of irreversible neurotoxicity (spastic
diplegia) in young infants treated with IFN-a has tempered its use [56]. Vincristine
is emerging as a safe and effective treatment for KMP. All 15 patients in one series
treated with vincristine as front-line therapy either alone or in combination with
other agents responded with improved coagulation and hematologic parameters,
while 13 showed significant reductions in tumor size [57].

Despite cure of KMP, most patients remain with a large residual tumor after
medical or interventional radiology therapies [45]. These quiescent tumors can
progress, often resulting in pain, functional impairment, and in rare instances a late
relapse of KMP [45, 58]. Significant late effects in this population highlight the
need for long-term follow-up and a better understanding of the unique biology of
KHE/TA to facilitate the development of new (targeted) therapies resulting in more
complete resolution of the underlying malignancy.
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