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Infantile hemangiomas are endothelial tumors that
grow rapidly in the first year of life and regress slowly
during early childhood. Although hemangiomas are
well-known vascular lesions, little is known about the
mechanisms that cause the excessive endothelial cell
proliferation in these most common tumors of in-
fancy. To investigate the molecular basis of hemangi-
oma, we isolated endothelial cells from several pro-
liferative-phase lesions and showed that these cells
are clonal and exhibit abnormal properties in vitro
(E. Boye, Y. Yu, G. Paranya, J. B. Mulliken, B. R.
Olsen, J. Bischoff: Clonality and altered behavior of
endothelial cells from hemangiomas. J Clin Invest
2001, 107:745–752). Here, we analyzed mRNA expres-
sion patterns of genes required for angiogenesis, in-
cluding members of the vascular endothelial growth
factor (VEGF)/VEGF receptor family and the angiopoi-
etin/Tie family, in hemangioma-derived and normal
endothelial cells. KDR, Flt-1, Tie1, Tie2, and angio-
poietin-2 (Ang2) were strongly expressed in cultured
hemangioma-derived endothelial cells and in heman-
gioma tissue. In contrast, there was little expression
of angiopoietin-1 (Ang1) or VEGF. We found Tie2
mRNA and protein up-regulated with a concomitant
increase in cellular responsiveness to Ang1 in most
hemangioma-derived endothelial cells. Ang2 mRNA
was down-regulated in response to serum in heman-
gioma-derived endothelial cells, but not in normal
endothelial cells, suggesting altered regulation. These
findings implicate Tie2 and its ligands Ang1 and Ang2
in the pathogenesis of hemangioma. (Am J Pathol
2001, 159:2271–2280)

Infantile hemangiomas occur in 5 to 10% of Caucasian
infants by 1 year of age.1 Usually, these cutaneous en-

dothelial tumors are small and pose no threat or compli-
cations. However, a subset grows dramatically so as to
destroy tissue, impair function, or threaten life. Hemangi-
oma typically appears soon after birth, grows rapidly
during the first year of life (proliferating phase), slowly
regresses from 1 to 7 years (involuting phase), and there-
after becomes a fibrous residuum (involuted phase).2 In
�20% of cases, hemangiomas are multiple. The relation-
ship of these multifocal lesions to each other and how
they might differ from the more common single lesion
remains unknown. Children with endangering or life-
threatening hemangiomas are treated with corticosteroid
or interferon-�.3,4 However, not all hemangiomas re-
spond to these drugs and neurological toxicity has been
associated with interferon-� administration.5,6 The recent
demonstration of ectopic expression of type 3 iodothyro-
nine deiodinase in hemangioma, which in at least one
child caused hypothyroidism,7 underscores the need for
novel therapy.

Histological studies of hemangiomas provide impor-
tant insights into possible mechanisms for the aberrant
localized angiogenesis. Analysis of proliferating, involut-
ing, and involuted phase specimens reveals dramatic
changes in cell and tissue morphology that occur
throughout the natural life-span of hemangioma. Prolifer-
ating hemangiomas are composed of densely packed
cells with little connective tissue and barely discernible
vessel lumen.8 Smoller and Apfelberg9 suggested these
regions contain a primitive cell type capable of giving rise
to endothelial cells and pericytes. Transformation to more
organized and mature vascular channels occurs during
the involuting phase. The involuted phase is character-
ized by a few remaining thin-walled vessels, which re-
semble normal capillaries, surrounded by regions of fi-
brofatty tissue.8 Clearly, understanding the cellular and
biochemical mechanisms that control the growth and
regression of blood vessels in hemangioma would pro-
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vide critical insights into this particular tumor and angio-
genesis in general.

Much has been learned by studying the expression of
angiogenic regulators during the proliferating, involuting,
and involuted phases of hemangioma. Two potent stim-
ulators of angiogenesis, basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF)
are up-regulated in proliferative phase hemangioma,10,11

whereas tissue inhibitor of metalloproteinase-1, an angio-
genesis inhibitor, is increased in involutive phase speci-
mens.10 Monocyte chemoattractant protein-1, a chemo-
kine shown to stimulate angiogenesis,12 is up-regulated
in proliferating compared to involuting hemangiomas.13

The cell adhesion molecules VE-cadherin, E-selectin,
and ICAM-3 have also been shown to be expressed in
hemangioma with the latter two, E-selectin and ICAM-3,
increased in proliferating endothelial cells.14–16 Extracel-
lular matrix proteins implicated in blood vessel develop-
ment, such as type IV collagen, laminin, and fibronectin
are also present.17,18 Overall, the consensus of these
studies is that proteins that promote angiogenesis or
reflect the angiogenic/proliferative phenotype are up-reg-
ulated in proliferating hemangioma.

Many theories have been proposed for the pathogen-
esis of hemangioma, including the idea that a defect in
the local environment may drive endothelial cell prolifer-
ation.19 Our recent study strongly indicates that heman-
gioma constitute clonal expansion of endothelial cells in
which somatic mutations have occurred.20 However, the
cause(s) of involution is still a mystery; the endothelial
defect seems to be overridden as the child grows, per-
haps by angiogenic inhibitors produced locally or deliv-
ered systemically by the environment.

As a first step in unraveling molecular alterations in
hemangioma, we examined mRNA expression patterns
of the VEGF-receptors and the Tie receptors as well as
the cognate ligands. These receptors were chosen be-
cause of the abundance of experimental data demon-
strating their fundamental roles in physiological and
pathological angiogenesis.21 We found that, with the ex-
ception of Tie2, receptors were expressed at normal
levels with no obvious changes in transcript size. Coin-
cident with elevated Tie2, increased cellular responsive-
ness to angiopoietin-1 (Ang1) and altered regulation of
angiopoietin-2 (Ang2) were evident in hemangioma-de-
rived endothelial cells (HemECs) compared to normal
human microvascular endothelial cells. These changes
may contribute to the aberrant angiogenesis in hemangi-
oma, and suggest a role for angiopoietin/Tie pathway in
the pathogenesis of hemangioma.

Materials and Methods

Tissue Procurement

HemECs were isolated from ten surgically resected cu-
taneous proliferating hemangiomas obtained in accor-
dance with a protocol approved by the Committee on
Clinical Investigation, Children’s Hospital, Boston, MA.
The patient’s ages at the time of resection, location of the

lesion(s), and relevant clinical information has been pre-
viously described.20 The numbers of HemECs reflect in-
dependent isolates. Normal human female skin endothe-
lial cells (HFSECs) were acquired from age-matched
infants under the same protocol. Human dermal micro-
vascular endothelial cells (HDMECs) were isolated from
discarded neonatal foreskins obtained in accordance
with the Institutional Review Board at the Brigham and
Women’s Hospital, Boston, MA.

Cell Culture

HemECs, HFSECs, and HDMECs were isolated as de-
scribed,20,22 and grown on 1% gelatin-coated dishes in
endothelial cell basal medium (Clonetics, San Diego,
CA), 10% heat-inactivated fetal bovine serum (FBS) (Hy-
clone, Logan, UT), 1�glutamine-penicillin-streptomycin
(GIBCO-BRL, Rockville, MD), and 2 ng/ml bFGF (Scios
Nova Inc., Mountain View, CA) in 5% CO2 at 37°C. Cells
were passaged 1:3 every 4 to 6 days and used between
passage 5 to 10.

cDNA Probe Synthesis

Ang2 probe was generated by digestion of Ang2 cDNA
construct pKS�/hTL223 with BlpI and HindIII, or by re-
verse transcriptase-polymerase chain reaction (RT-PCR)
using 5�-AGCTG TGATCTTGTCTTGGC-3� (forward
primer) and 5�-GTTCAAGTCTCGTGGTCTGA-3� (reverse
primer)24 from RNA of HDMECs. Ang1 probe was cut
from cDNA construct pKS/hTL123 with NotI and EcoRI.
Flt1 and KDR probes were inserts of human cDNA (Gen-
Bank accession nos. AF063657 and AF063658) corre-
sponding to a BamHI-BglII fragment of 1.36 kb, and a
EcoRI-BsmI fragment of 1 kb, respectively. XhoI-XbaI,
EcoRI-HindIII, and KpnI-SacI cDNA fragments were used
to probe Tie2, VEGF, and VE-cadherin transcripts, re-
spectively. Tie1 probe was amplified by RT-PCR using
5�-CTTCCAGACAAGGTCACACACAC-3� (forward prim-
er), and 5�-GTCACAA GTGCCACCATTCTGAC-3� (re-
verse primer) from HDMECs RNA. bFGF probe was PCR
amplified using primers 5�-TCTAGGTAAGCTTCACTGG-3�
and 5�-AGTGTGTG CTAACCGTTAC-3� from bFGF cDNA.

Northern Blot Analysis

Total RNA was isolated using RNeasy Mini Kit (Qiagen,
Valencia, CA), and Northern blot analyses were per-
formed as described.25 Briefly, total RNA (10 �g) was
electrophoresed through 1.2% formaldehyde-agarose
gel and then transferred to nylon membrane (Midwest
Scientific, St. Louis, MO). Radioactive cDNA probes were
generated by using RediPrime DNA labeling kit (Amer-
sham Pharmacia Biotech, Inc., Piscataway, NJ) and
[�-32P] dCTP (Dupont-NEN, Boston, MA), and then puri-
fied with Quick spin columns (Boehringer Mannheim,
Indianapolis, IN). After UV cross-linking, membrane was
prehybridized, hybridized at 65°C with indicated cDNA
probes in hybridization solution containing 0.5 mol/L
Na2HPO4/.7 H2O, pH 7.2, 7% sodium dodecyl sulfate, 1
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mmol/L ethylenediaminetetraacetic acid (EDTA), pH 8.0,
and 1% bovine serum albumin (BSA), and washed at 65°C
in buffer containing 40 mmol/L Na2HPO4/.7 H2O, pH 7.2, 1
mmol/L EDTA, and 1% sodium dodecyl sulfate. Membrane
was autoradiographed using Hyperfilm MP (Amersham
Pharmacia Biotech). Signals were quantified using Scion
Image Software (www.scioncorp.com).

Western Blot Analysis

Cells were lysed in buffer containing 50 mmol/L Tris-HCl,
pH 7.5, 150 mmol/L NaCl, 1% Nonidet P-40, 0.25% so-
dium deoxycholate, 2 mmol/L EDTA, 2 mmol/L EGTA, 1
�g/ml leupeptin, 1 �g/ml aprotinin, 1 �g/ml pepstatin,
and 1 mmol/L phenylmethyl sulfonyl fluoride. Proteins
were separated on 7.5% sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis, transferred to polyvinyli-
dene fluoride membrane (Millipore, Bedford, MA), and
analyzed by immunoblotting with anti-Tie-2 (Santa Cruz
Biotechnology, Santa Cruz, CA) at 1 �g/ml or anti-actin
polyclonal antibodies (Sigma, St. Louis, MO) at 1:100
dilution. Antigen-antibody complexes were visualized by
using enhanced chemiluminescence Western-blotting
detection reagent (Amersham Pharmacia Biotech).

Migration Assay

Cell migration assays were performed using a modified
Boyden chamber (Neuroprobe, Gaithersburg, MD).
Briefly, polycarbonate polyvinylpyrrolidone-free mem-
branes with a pore size of 8 �m (Neuroprobe) were
coated overnight with 100 �g/ml of collagen type I (Col-
laborative Biomedical Products, Bedford, MA) in 0.2 N
acetic acid and air-dried. Test substances diluted in EBM
and 0.1% BSA were placed in the lower chamber. Cells
collected from confluent cultures were resuspended in
EBM and 0.1% BSA, and seeded in the upper chamber at
10,000 cells/well. The apparatus was incubated for 4
hours at 37°C with 5% CO2 to allow cells to migrate. After
incubation, the membranes were fixed in formalin (Fisher,
Pittsburgh, PA) and stained with Hematoxylin Gill No.3
(Polysciences, Inc., Warrington, PA). Nonmigrated cells
were scraped off. Each condition was performed in qua-
druplicate. Migration was quantified by counting cells in
five random high-power fields, each of which corre-
sponded to 1.25 mm2. Therefore, the migration data rep-
resents the mean � SD of 20 high-power fields from four
different wells.

Endothelial Cell Survival Assay

The assay was performed as previously described.26

Briefly, HemECs or HDMECs were plated at 1.2 � 105

cells/well in 24-well plates in EBM containing 10% FBS.
After 24 hours, cells were washed in phosphate-buffered
saline (PBS) and incubated in EBM containing 10% FBS
without or with 2 ng/ml bFGF, 10 ng/ml VEGF165 (R&D
Systems, Indianapolis, IN), 100 ng/ml Ang1* or Ang2
(Regeneron Pharmaceuticals, Tarrytown, NY) at the indi-
cated concentrations. After 5 days, viable cells were

stained with Trypan Blue (Life Technologies, Inc., Grand
Island, NY) and counted using a hemocytometer.

Regulation of Ang2 mRNA

Cells at �80% confluency were serum-starved for 24
hours in EBM containing 0.1% BSA, then treated for 8
hours with 5% FBS, 10 ng/ml of VEGF, 10 ng/ml of bFGF,
20 ng/ml of epidermal growth factor (R&D systems), 100
ng/ml of platelet-derived growth factor (PDGF) (R&D sys-
tems), 10 ng/ml of transforming growth factor-�1 (R&D
systems), 50 ng/ml of tumor necrosis factor-� (Sigma),
100 nmol/L of phorbol 12-myristate 13-acetate (PMA)
(Sigma), 1 �g/ml of endostatin (EntreMed, Rockville,
MD), and 100 ng/ml of TNP-470 (TAP Holdings Inc.,
Deerfield, IL). For dose-response experiments, serum-
starved cells were treated with 0%, 2%, 5%, or 10% FBS
for 8 hours. For time course experiment, serum-starved
cells were incubated with 5% FBS for 0, 2, 8, or 24 hours.
At the end of incubation, RNA was isolated from the
treated cells and analyzed by Northern blotting.

In Situ Hybridization

Details of in situ hybridization have been published pre-
viously.27 Briefly, slides were passed through xylene,
graded alcohols, 0.2 mol/L HCl, Tris/EDTA with 3 �g/ml
proteinase K, 0.2% glycine, 4% paraformaldehyde in
phosphate-buffered saline, pH 7.4, 0.1 mol/L trietha-
nolamine containing 1/200 (v/v) acetic anhydride, and
2� standard saline citrate (SSC). Slides were hybrid-
ized overnight at 50°C with 35S-labeled anti-sense
riboprobes in the following mixture: 0.3 mol/L NaCl,
0.01 mol/L Tris, pH 7.6, 5 mmol/L EDTA, 50% formamide,
10% dextran sulfate, 0.1 mg/ml yeast tRNA, and 10 mmol/L
dithiothreitol. VEGF sense probe was used as a negative
control for hybridization. Posthybridization washes included
2�SSC/50% formamide/10 mmol/L dithiothreitol at 50°C;
4�SSC/10 mmol/L Tris/1 mmol/L EDTA with 20 �g/ml ribo-
nuclease A at 37°C; and 2�SSC/50% formamide/10
mmol/L dithiothreitol at 65°C and 2�SSC. Slides were then
dehydrated through graded alcohols containing 0.3 mol/L
of ammonium acetate, dried, coated with Kodak NTB 2
emulsion (Eastman-Kodak, Rochester, NY) and stored in
the dark at 4°C for 2 weeks. The emulsion was developed
with Kodak D19 developer and the slides were counter-
stained with hematoxylin. Probes for VEGF, Flt1, KDR,
Ang1, Ang2, Tie1, and Tie2 have been described previ-
ously.28–30

Immunohistochemistry

OCT-embedded tissues were sectioned at 5 to 6 �m
thickness on Superfrost Plus glass slides (Fisher Scien-
tific, Pittsburgh, PA). After being fixed in cold acetone for
10 minutes, sections were washed in PBS and treated
with 1% H2O2 for 10 minutes to block endogenous per-
oxidases. Immunochemical staining was performed us-
ing R. T. U. Vectastain kit (Vector Laboratories, Burlin-
game, CA), according to the manufacturer’s instructions,
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and AEC chromagen (DAKO, Carpinteria, CA). Anti-Tie2
monoclonal antibody HTEK (Regeneron Pharmaceuti-
cals, Inc.) was used at 1:600. Mouse IgG control at the
same concentration was used as a negative control.

Results

Increased Expression of Tie2 in HemECs

Because infantile hemangiomas are composed of tortu-
ous and disorganized microvessels,10 we first examined
mRNA expression levels of a key regulator of vessel
growth and remodeling, Tie2, in five HemEC cultures
isolated from different proliferative phase hemangioma
lesions. The ages of the children at time of resection
ranged from 3.5 to 24 months.20 Levels were compared
to normal human microvascular endothelial cells isolated
from infant skin (HFSECs and HDMECs) and human skin
fibroblasts as a negative control. Tie-2 mRNA was de-
tected in all endothelial cells but was present at higher
levels in four of five HemECs (Figure 1A, top). HemEC-12,
isolated from a lesion from a 4-month-old child, ex-
pressed Tie2 at levels similar to those detected in normal
human microvascular endothelial cells. Consistently, Tie2
protein levels were up-regulated in the same HemECs
(Figure 1A, bottom). Similar results were obtained when
more than three different preparations of HFSECs and
HDMECs were compared in separate experiments (data
not shown).

The RNA analysis was expanded to include five more
HemECs and to examine other angiogenic factors includ-
ing Tie1, Tie2, and VEGF-receptor family members KDR,
Flt-1, and neuropilin-1. In addition, levels of VE-cadherin
and CD31/PECAM-1, two endothelial adhesion mole-
cules, were examined. In contrast to increased Tie2
mRNA in 8 of 10 HemECs, levels of Tie1, KDR, Flt-1,
neuropilin-1, VE-cadherin, and CD31/PECAM-1 were ex-
pressed at remarkably consistent levels in all HemECs
and normal human endothelial cells (ECs) (Figure 1B). As
expected, only neuropilin-1 was detected in human skin
fibroblasts. HemEC-8, -8B, -8C, and -8D were isolated
from distinct lesions from a single patient. Similarly,
HemEC17A and HemEC17B represent cells isolated from
distinct lesions from a single patient. Two lesions,
HemEC-12 and HemEC-8C, expressed normal levels of
Tie-2 (Figure 1, A and B). Importantly, endothelial cells
from hemangioma tissue and from normal human skin
were isolated and cultured using identical techniques
and conditions.20,22 Thus, variations in Tie2 mRNA and
protein levels cannot be attributed to differences in cul-
ture conditions. This is supported by the remarkably con-
sistent levels of Tie1, KDR, Flt-1, neuropilin-1, VE-cad-
herin, and CD31 (Figure 1B). The specific increase in
Tie2 in HemECs over several other angiogenic molecules
suggests that regulation of Tie2 expression is altered and
its increase may contribute to the abnormal angiogenesis
that underlies hemangioma.

Next, we examined whether mRNA expression of
VEGF, Ang1, and Ang2 was dysregulated in HemECs.
Ectopic expression of these factors by the endothelial

cells that comprise hemangioma might contribute to the
pathological angiogenesis of this tumor. VEGF transcripts
were detected at very low levels in normal human ECs
and HemECs, but at high levels in human fibroblasts
(Figure 2). Similarly, Ang1 mRNA was not detected in
normal ECs or HemECs, but was abundant in human
fibroblasts. Ang2 transcripts of 2.3, 2.8, and 5.8 kb31

were detected in all endothelial cultures but not in human
fibroblasts. These patterns are entirely consistent with
current knowledge about expression of these ligands by
cultured endothelial cells. Taken together, Tie2 is the only
factor among all examined that is differentially expressed
between HemECs and normal endothelial cells under
basal conditions. To gain further insight, we studied the

Figure 1. Tie-2 mRNA and protein are increased in HemECs. A: Total RNA
and total cellular protein lysates were prepared from subconfluent human
fibroblasts, normal human ECs (HFSECs and HDMECs), and HemECs cul-
tured under the same conditions. Numbers of HemECs reflect independent
primary cultures isolated from individual patient specimens. RNA samples
were analyzed by Northern blotting with 32P-labeled cDNA probes for hu-
man Tie-2 and GAPDH as RNA-loading controls. Protein lysates were ana-
lyzed by Western blotting with polyclonal anti-human Tie-2 antibodies.
Equivalent protein loading was demonstrated by probing the same blot with
polyclonal anti-actin antibodies. Signals were quantified using Scion Image
software program. Relative density, which was normalized to GAPDH for
RNA and actin for protein, is shown. B: Total RNA from cultured HFSECs,
HDMECs, or HemECs was analyzed by Northern blotting with 32P-labeled
cDNA probes for human KDR, Flt-1, neuropilin-1, Tie-1, Tie-2, CD31/PE-
CAM-1, VE-cadherin, and GAPDH. Size of transcript is presented in kb.
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biological role and regulation of the angiopoietin/Tie2
system in HemECs in more detail below.

Functional Consequence of Increased Tie2

Binding of Ang1 to its receptor Tie2 is known to stimulate
endothelial cell migration, endothelial sprouting, and en-
dothelial cell survival.32 We examined whether elevated
Tie2 expression affected the response of HemEC to
Ang1. Cellular migration in response to 0, 10, and 100
ng/ml of Ang1* was measured using the modified Boyden
chamber assay (Figure 3A). Compared to HDMECs,
HemEC-1 showed increased migration in response to 10
and 100 ng/ml of Ang1*. HemEC-1 also exhibited in-
creased survival in response to Ang1* compared to HD-
MECs (Figure 3B). Other survival factors, bFGF, and
VEGF promoted an approximately twofold increase in
survival of both HemECs and HDMECs, but did not show
any preferential effect. Similar results in both migration
and cell survival assays were observed in two other in-
dependent HemECs (data not shown). Increased cellular
migration and survival in response to Ang1 is consistent
with increased signaling through elevated Tie-2 levels.

Dysregulated Expression of Ang2 in HemECs

Regulation of Tie2 and Ang2 expression in cultured en-
dothelial cells has been studied previously in an effort to
understand the mechanism by which Ang2 regulates
angiogenesis through Tie2. For example, Tie2 gene ex-
pression is stimulated by hypoxia and proinflammatory
cytokines, tumor necrosis factor-�, and interleukin-1�.33

Ang2 mRNA is known to be up-regulated by VEGF,
bFGF, hypoxia, and PMA.24,31,34 We compared expres-
sion of Tie2 and Ang2 mRNA in response to various
growth factors, serum, cytokines, and angiogenic inhibi-
tors in normal HDMECs and HemECs (Figure 4A). As
expected, Tie2 mRNA was slightly enhanced by incuba-

tion for 8 hours in serum-free medium containing tumor
necrosis factor-�, but no difference in expression was
observed between HemECs and HDMECs (data not
shown). VEGF, bFGF, or PMA up-regulated Ang2 mRNA
(Figure 4A) in both HemECs and HDMECs. All three Ang2
transcripts were modulated in a similar manner by these
factors. However, incubation in 5% FBS caused a down-
regulation of Ang2 in HemEC-1, but not in HDMECs (Fig-
ure 4A, arrow). This apparent dysregulated Ang2 expres-
sion in response to serum was further characterized by
examining two different HDMEC preparations and two
additional HemECs. As shown in Figure 4B, the down-
regulation in response to FBS was also observed in
HemEC-4 and HemEC-10, but not in two different isola-
tions of HDMECs. Flt-1 was slightly increased and the
control transcript glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was unchanged by 5% FBS, indicating
the effect on Ang2 was specific. Down-regulation of Ang2
in HemECs in response to serum was both concentration-
and time-dependent, and occurred in response to plas-
ma-derived serum (Figure 4; C, D, and E). This finding
indicates that the down-regulation occurs in serum de-
void of PDGF, which is consistent with the fact that puri-
fied PDGF did not affect Ang2 gene expression (Figure

Figure 2. Analysis of soluble angiogenic factors VEGF, Ang1, and Ang2 in
HemECs. Total RNA was isolated from cultured human fibroblasts, normal
human ECs (HFSECs and HDMECs), and HemECs. Northern blot analysis
was performed with indicated 32P-labeled cDNA probes. GAPDH level
showed uniformity of RNA loading. Size of transcripts is presented in kb.

Figure 3. Enhanced migration and survival of HemECs in response to Ang1.
A: Migration of HemEC-1 (filled bars) and HDMECs (open bars) in re-
sponse to 0, 10, and 100 ng/ml Ang1*. All experiments were in quadruplicate.
Cells migrated/high-power field were counted in five random fields, and
values are presented as means � SD. B: HemEC-1 (filled bars) and HDMECs
(open bars) were plated at 1.2 � 105/well and incubated in EBM containing
10% FBS without or with bFGF, VEGF, Ang1*, or Ang2 for 5 days. Each
condition was performed in triplicate. Cell numbers were determined by
hemocytometer and presented as means � SD. The differences between
HemEC-1 and HDMECs cultured in presence of Ang1* were statistically
significant (P � 0.05).
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4A). These results suggest that regulation of Ang2 gene
expression is altered in HemECs, and underscore that an
autonomous endothelial cell defect occurs in hemangi-
oma and supports our previous studies showing altered
HemEC behavior in vitro.20

High-Level Expression of Tie2 in Hemangioma
Tissue

To determine whether mRNA expression patterns ob-
served in cultured HemECs could be confirmed in hem-
angioma tissue, we performed in situ hybridization on
histological tissue specimens from a set of four prolifer-
ating phase specimens using probes directed against
human Tie2, Tie1, Ang1, and Ang2, as well as VEGF,
Flt-1, KDR, (Figure 5). A bright-field from a representative
proliferative phase lesion is shown in Figure 5A, with
corresponding dark-fields in Figure 5, B to H. In contrast
to Ang1 (Figure 5E), there were strong expression of
Ang2 (Figure 5F), Tie1 (Figure 5G), and Tie2 (Figure 5H),
which was consistent with expression patterns observed
in cultured HemECs. Also, similar to what we found in
cultured HemECs, levels of VEGF transcripts were very
low in hemangioma tissue (Figure 5B), consistent with low
levels detected by quantitative TaqMan RT-PCR (n � 5,
unpublished data), whereas VEGF receptors, Flt-1 (Fig-

ure 5C) and KDR (Figure 5D) were abundantly ex-
pressed. These results confirm our in vitro studies on
HemECs and demonstrate that Tie2 is highly expressed
in proliferating hemangioma. In addition to Tie2 mRNA,
Tie2 antigen was readily detected in proliferating heman-
gioma, with abundant protein on vascular channels as
well as in some interstitial cells (Figure 6A). Sections
stained with control mouse IgG were negative (data not
shown). Expression in normal skin, shown for compari-
son, was confined to the lining of blood vessels (Figure
6B).

Discussion

We demonstrate here that Tie2 is specifically increased in
HemECs (Figure 1), and that this increase corresponds to
enhanced cellular responses to the Tie2 agonist Ang1
(Figure 3). In contrast, levels of other tyrosine kinase
receptors known to be critical for angiogenesis, such as
KDR, Flt-1, and Tie1, are expressed at very similar levels
to those detected in normal human microvascular endo-
thelial cells, cultured under the same conditions (Figure
1B). No evidence of strong VEGF or Ang1 expression
was found in HemECs (Figure 2). Regulation of Ang2
expression seems to be altered in HemECs, as shown by
the down-regulation of Ang2 mRNA in response to serum
(Figure 4). Our results strongly suggest a role for the
angiopoietin/Tie2 signaling pathways in the pathogenesis
of hemangioma.

The angiopoietin/Tie system plays critical roles in em-
bryonic vascular development and maintenance of nor-
mal adult vasculature.35–37 Overexpression of Ang1 in
mice can increase vascularization in the skin,38 whereas
delivery of soluble Tie2 can inhibit tumor angiogenesis.39

Both findings demonstrate that activation of angiopoietin/
Tie2 signaling pathway can lead to excessive angiogen-
esis. Defects in Tie2 are known to affect vascular devel-
opment in humans. An activating mutation in the
intracellular kinase domain of human Tie2 gene has been
implicated in one form of inherited cutaneo-mucosal ve-
nous malformations, demonstrating the critical function of
Tie2 in proper vascular development.40 We are currently
sequencing the Tie2 gene from hemangioma to deter-
mine whether hemangioma is associated with any Tie2
mutations. Further studies are needed to fully understand
how the elevated Tie2 seen in HemECs contributes to
pathogenesis of infantile hemangioma in vivo. We spec-
ulate that increased activity in the angiopoietin/Tie2 path-
way, as a consequence of somatic mutation(s) in a gene
that regulates this pathway in endothelial cells, contrib-
utes to the formation of excessive and disorganized vas-
culature in infantile hemangioma. It is worth noting that
Tie2 levels in 2 of 10 HemECs were similar to that in
normal controls (Figure 1). This suggests that other fac-
tors independent of the angiopoietin/Tie system can con-
tribute to pathogenesis of hemangioma.

Although Ang2 is known as a naturally occurring an-
tagonist of Ang1, the physiological roles of Ang2 are
complex and depend on local conditions, such as pres-
ence of other growth factors. In vivo, Ang2 promotes

Figure 4. Regulation of Ang2 mRNA in response to exogenous angiogenic
factors. A: Serum-starved HemEC-1 and HDMECs were incubated for 8 hours
in medium with 5% FBS, 10 ng/ml VEGF, 10 ng/ml bFGF, 20 ng/ml epidermal
growth factor, 100 ng/ml PDGF, 10 ng/ml transforming growth factor-�1, 50
ng/ml tumor necrosis factor-�, 100 nmol/L PMA, 1 �g/ml endostatin, or 100
ng/ml TNP-470. Northern blot analysis was performed with a 32P-labeled
cDNA probe for human Ang2. PBS, ethanol (EtOH), and 4 mmol/L of
HCl/0.01% BSA were used as carrier controls at same dilution as correspond-
ing factors. B: Effect of 5% FBS on Ang2 expression was compared in two
preparations of HDMECs, HemEC-4, and HemEC-10 after 8 hours of incuba-
tion. Northern blots were probed with 32P-labeled cDNA probes for Ang-2,
Flt-1, and GAPDH. C: Dose-response of Ang2 expression to FBS in HemECs.
Serum-starved HemEC-1 were incubated with medium containing 0, 2, 5, or
10% FBS for 8 hours. D: Time course of 5% FBS-induced down-regulation of
Ang2 RNA at 0, 2, 8, and 24 hours. E: Ang2 expression in HemECs in
response to plasma-derived serum. HemEC-1 was incubated with medium
containing no serum, 5% FBS, or 5% plasma-derived serum for 8 hours.
Uniformity of loading and RNA integrity was indicated by ethidium bromide-
stained 28S and 18S rRNAs for C, D, and E.
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Figure 5. In situ hybridization of proliferative phase hemangioma. Bright-field photomicrograph (A) and dark-field photomicrographs of corresponding areas
labeled by in situ hybridization for VEGF (B), Flt-1 (C), KDR (D), Ang1 (E), Ang2 (F), Tie1 (G), and Tie2 (H) mRNAs. Note strong expression of Flt-1, KDR, Ang2,
Tie1, and Tie2 mRNAs, and in contrast weak expression of VEGF or Ang1. Original magnification, �200.
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tumor angiogenesis in the presence of VEGF, but facili-
tates tumor vessel regression in absence of VEGF.41 Like
Ang1, high doses of Ang2 induce Tie2 autophosphoryla-
tion in vitro, and act as an apoptosis survival factor for
endothelial cells through PI3-kinase/Akt pathway.42 Here,
we showed that Ang2 was abundantly expressed in pro-
liferating infantile hemangiomas, suggesting a role for
Ang2 in neovascularization of hemangioma through an
autocrine loop. Previously, high levels of Ang2 mRNA
were also observed in highly vascularized glioblastoma
and hepatocellular carcinoma.43,44 Further study of the
mechanism or consequences of the down-regulation of
Ang2 by serum in HemECs, and how Ang2 functions in
the presence of low expression of Ang1 and VEGF, will
provide insight into the role of Ang2 in the pathological
angiogenesis of hemangioma.

There are conflicting reports on expression of VEGF in
infantile hemangioma. Takahashi and colleagues10 de-
tected VEGF protein by immunohistochemical staining
with a rabbit polyclonal anti-VEGF. They reported signif-
icant staining for VEGF in the cytoplasm of endothelial
cells and pericytes in proliferating hemangioma but no
immunoreactive product in several involuting or involuted
specimens. Chang and colleagues11 also examined

VEGF mRNA expression by in situ hybridization. They
reported 1660 � 371 positive cells/mm2 in proliferative
phase hemangioma (n � 10) and greatly reduced ex-
pression in involutive phase specimens (n � 3). In this
study, we found very weak VEGF mRNA expression by
three different methods: Northern blot of cultured
HemECs isolated from proliferating hemangiomas (n �
9), in situ hybridization of proliferating phase hemangio-
mas (n � 4), and TaqMan RT-PCR of proliferating hem-
angiomas (n � 5) (data not shown). These apparent
discrepancies may be attributable to age difference and
heterogeneity in hemangioma specimens, which may re-
sult in variations in expression levels of growth factors
such as VEGF. Even low levels of VEGF, produced locally
or deposited in hemangioma from exogenous cells, are
likely to contribute to growth of hemangioma, given its
well-known angiogenic effect.

To our knowledge, this is the first study on expression
of these tyrosine kinase receptors in infantile hemangio-
mas. The abundant expression of several key regulators
of angiogenesis, KDR, Flt-1, neuropilin-1, Tie2, Tie1, and
Ang2 in hemangioma tissue (Figure 5) most likely reflects
a proliferative endothelial phenotype. The fact that, with
the exception of Tie2, the expression patterns in normal
human ECs and HemECs are similar reflects the fact that
in vitro culture conditions induce a proliferative pheno-
type. However, cultured HemECs retain properties in vitro
that seem related to the development of hemangioma, as
demonstrated by increased responses to Ang1 and dys-
regulated expression of Ang2. In addition, we showed
previously that HemECs are clonal, exhibit increased
proliferation and migration, and are stimulated by the
angiogenesis inhibitor endostatin.20 These unique prop-
erties of cultured HemECs will be critical in elucidating
the molecular defect(s) that cause infantile hemangioma.

In summary, this study has identified the angiopoietin/
Tie2 system as molecular regulators associated with the
pathogenesis of infantile hemangiomas. The increased
Tie2 levels, enhanced response to Ang1, and dysregu-
lated Ang2 gene expression in HemECs may contribute
to the abnormal growth and remodeling of vasculatures in
hemangiomas. Targeting angiopoietin/Tie pathway may
prove to be effective anti-angiogenic therapy for prevent-
ing hemangioma progression.
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