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Infantile hemangiomas are characterized by rapid
capillary growth during the first year of life followed
by involution during early childhood. The natural
history of these lesions creates a unique opportunity
to study the changes in gene expression that occur in
the vessels of these tumors as they proliferate and
regress. Here we use laser capture microdissection
and genome-wide transcriptional profiling of vessels
from proliferating and involuting hemangiomas to
identify differentially expressed genes. Relative to
normal placental vessels, proliferating hemangiomas
were characterized by increased expression of genes
involved in endothelial-pericyte interactions, such as
angiopoietin-2 (ANGPT2), jagged-1 (JAGI), and notch-4
(NOTCH4), as well as genes involved in neural and
vascular patterning, such as neuropilin-2 (WETO2), a
plexin domain containing receptor (plexinC1), and an
ephrin receptor (EPHB3). Insulin-like growth factor
binding protein-3 (I/GFBP3) was down-regulated in pro-
liferating hemangiomas. Involuting hemangiomas were
characterized by the expression of chronic inflamma-
tory mediators, such as the chemokine, stromal cell-
derived factor-1 (SDF-1), and factors that may attenuate
the angiogenic response, such as a member of the
Down syndrome critical region (DSCR) family. The
identification of genes differentially expressed in pro-
liferating and involuting hemangiomas in vivo will con-
tribute to our understanding of this vascular lesion,
which remains a leading cause of morbidity in
newborn children. (4m J Pathol 2009, 174:1638—1649;
DOI: 10.2353/ajpath.2009.080517)

Infantile hemangiomas are extremely common tumors,
affecting ~4 to 10% of all infants.’ The lesions have
unique growth characteristics, typically being absent or
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barely noticeable at birth, followed by a period of rapid
growth and subsequent involution. The proliferating
phase is characterized by abundant immature endothe-
lial cells and adjacent pericyte-like cells (Figure 1A),
whereas the involuting phase is characterized by fewer
and larger capillary-like vessels surrounded by connec-
tive tissue (Figure 1B).

Recent studies provide some insights into the patho-
genesis of these vascular tumors.” First, hemangiomas
are clonal lesions. Evidence of nonrandom X inactivation
in endothelial cells was obtained from endothelial cells
cultured from infantile hemangiomas.® Similarly, evi-
dence of clonality was seen in cells obtained directly
from proliferating phase infantile hemangiomas.® Al-
though the vast majority of infantile hemangiomas occur
sporadically,” several kindreds have been identified to
segregate as an autosomal dominant trait with high pen-
etrance. Fibroblast growth factor receptor-4 (FGFR4),
platelet-derived growth factor receptor-g (PDGFRB), and
Flt-4 have been suggested as candidate genes for famil-
ial infantile hemangioma.® Also, somatic missense muta-
tions in the kinase insert of the vascular endothelial
growth factor receptor-2 (VEGFR2 or FLK1/KDR) gene
and the VEGFR3 (FLT4) gene have been found.® Re-
cently, in some individuals with infantile hemangioma,
germline mutations have been identified in the genes
encoding VEGFR2 (KDR) and TEM8 (ANTXR1). These
mutations in infantile hemangioma result in low VEGFR1
expression, VEGF-dependent activation of VEGFR2 and
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Figure 1. Proliferating and involuting hemangiomas. A: Representative im-
age of vessels in a proliferating hemangioma captured by LCM. B: Represen-
tative image of vessels in an involuting hemangioma captured by LCM.

its downstream signaling pathways, and endothelial
proliferation.®

Second, endothelial progenitor cells, in small numbers,
are found in proliferating hemangiomas. Early proliferat-
ing hemangiomas contain endothelial cells that express
CD133 and CD34, markers for endothelial precursor
cells, suggesting that the endothelial cells in proliferating
hemangiomas may be arrested at an immature stage of
vascular development, '

Third, some aspects of hemangioma resemble that
seen in the placenta. An unexpected set of tissue-spe-
cific markers co-expressed by both infantile hemangio-
mas at all stages of their evolution and placental vessels
has suggested that the vasculature of the placenta and
hemangioma may share a common cellular origin.'®'3

Despite the number of studies on proliferating heman-
gioma, there is little information on the molecular mech-
anisms of involution. Once hemangiomas reach their
maximum size, they spontaneously regress in a process
that is characterized by endothelial apoptosis,'*'® dila-
tion of vascular lumina, flattening of endothelial cells, loss
of mitotic activity, thickening of basement membranes,
and drop-out of lesional capillaries (Figure 1B). The mat-
uration process results in an involuting hemangioma that
consists of large capillary-like vessels dispersed in fi-
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broadipose tissue. Mesenchymal stem cells present in
the tumor may give rise to the adipocyte-like cells found
in the involuting phase hemangioma.'®

The natural evolution of infantile hemangiomas creates
a unique opportunity to study the changes in gene ex-
pression that take place as the vessels of these tumors
proliferate and then regress. Initial expression analysis
has been used to try and identify potential regulators of
hemangioma progression. These studies identified fac-
tors such as insulin-like growth factor-2 (IGF-2) and sev-
eral interferon inducible genes as potentially important
regulators of hemangioma growth and involution.'”'® Ad-
ditionally, molecular profiling suggested a placental ori-
gin for infantile hemangioma.'® However, none of these
studies used genome wide arrays and typically involved
preparing transcript from random samples of the re-
sected tumor. To more precisely define patterns of gene
expression in proliferating and involuting hemangiomas,
we used laser capture microdissection (LCM) to selectively
isolate the lesional vessels and avoid missing molecular
events that are masked by studying random samples from
the resected specimen.?® The gene profiling approach with
LCM-captured vascular cells provided new insights into
some of the signaling pathways that are associated with
proliferating and involuting hemangiomas.

Materials and Methods
RNA Quality Assessment

Keeping in mind the age of the patient, cases were
selected such that identification of genes involved in the
early proliferative and early- and mid-involutive phases
would be enriched, in an attempt not to miss molecular
events. Infants with proliferating hemangioma were under
the age of 12 months and children with involuting hem-
angioma were 2 to 7 years. To determine the pattern of
gene expression in the hemangiomas, blocks containing
formalin-fixed, paraffin-embedded lesions were screened
for useable RNA. In an initial quality control step, blocks
were screened for RNA quantity and quality using a
quantitative real-time polymerase chain reaction (PCR)
assay with primers designed to two amplicons on the
B-actin gene, following the manufacturer's recommended
protocol (Molecular Devices, Mountain View, CA). The 3’
amplicon is designed from a region ~100 nucleotides
and the 5" amplicon ~400 nucleotides from the poly A
tail, respectively. The assumption in this screen is that the
3" amplicon represents an indication of RNA quantity and
a ratio of 3’:5" amplicons represents a qualitative indica-
tor of transcript length and transcribability. The samples
represent the average status (i.e., length and transcrib-
ability) of other RNA molecules in the same block. This
assay was performed on a Mx3000p real-time PCR ther-
mal cycler (Stratagene, La Jolla, CA) using the Brilliant
SYBR Green QPCR Master Mix (Stratagene). Dilutions of
Human Universal RNA (Stratagene) are run from which a
standard curve is used to estimate the amount of RNA in
the sample. The assay measures the average B-actin
cDNA length by quantification of the PCR product yield
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from the 3’ end and compares this yield to a relatively 5’
sequence. The following primer sequences are used: 3’
primers: HBAC1650: 5’-TCCCCCAACTTGAGATGTAT-
GAAG-3’, HBAC1717: 5'-AACTGGTCTCAAGTCAGTG-
TACAGG-3’, and HBAC1355: 5'-ATCCCCCAAAGTTCA-
CAATG-3’, and HBAC1472: 5'-GTGGCTTTAGGATG-
GCAAG-3’. cDNA generated from the uRNA was serially
diluted with polyl (Sigma-Aldrich, St. Louis, MO) yielding
a standard curve consisting of four standards: 100 ng, 10
ng, 1 ng, and 0.1 ng. cDNA generated during the first
strand synthesis reaction served as the 100-ng standard.
The standard curve of the 3’ primer set (HBAC1650,
HBAC1717) was used to estimate the quantity of RNA in
the sample. The ratio of the RNA yield obtained from both
sets of PCR primers is the 3'/5’ ratio and was used as an
indication of RNA quality. For example, if the cDNA con-
tains both the 3’ and 5’ target sequences, the 3’/5’ ratio
would be ~1. Cross-linked or modified RNAs would have
aratio greater than 1. Based on this ratio, an estimation of
the quality of RNA was made. Lesions from which RNAs
yielded acceptable 3’ to 5’ ratios were selected for
microdissection.

Laser Capture Microdissection

Three blocks each (proliferating hemangioma and normal
term placenta) and four blocks of involuting hemangioma
were identified with useable RNA in the quality control
screen. Multiple, serially sectioned formalin-fixed, paraf-
fin-embedded sections were cut from the blocks at 7 u
thickness, deparaffinized, stained and dehydrated fol-
lowing the manufacturer’'s protocol (Paradise reagent
system Kit, Molecular Devices). Lesional tissue was mi-
crodissected from PEN membrane glass slides (Molecu-
lar Devices) using both the UV cutting and IR capture
lasers on the Veritas microdissection instrument (Molec-
ular Devices). All attempts were made to capture only
lesional vessels so that connective tissue including adi-
pose tissue would be excluded. It was inevitable; how-
ever, that intraluminal white cells, some perivascular col-
lagen, and occasional resident cells such as fibroblasts
and mast cells would have been included in the samples.
Still, these would have made a very minor contribution to
the sample and resultant data.

After microdissection, RNA was extracted from the
captured cells on the cap by incubating dissected tissue
in the RNA extraction buffer (Paradise reagent system Kkit,
Molecular Devices) overnight at 50°C. RNA isolation was
performed following the manufacturer’'s protocol using
the MiraCol purification column as part of the Paradise
reagent system kit. Samples were eluted in 12 ul of
elution buffer.

RNA Amplification, Hybridization, and Array
Analysis

RNA was amplified according to the manufacturer’s sug-
gested protocol (Paradise reagent system kit). Briefly,
first-strand synthesis was performed on each RNA yield-
ing cDNAs that incorporate a single-stranded T7 pro-

moter sequence. cDNAs generated in a second-strand
synthesis reaction using exogenous primers were puri-
fied using the MiraCol purification column provided in the
paradise reagent system kit. Amplified and purified cD-
NAs were submitted to the Partners Health Care Center
for Personalized Genetic Medicine (Cambridge, MA) for
labeling, quantification, and hybridization.

Samples were labeled with biotinylated probes using
the Bioarray high-yield transcription kit following the man-
ufacturer’s protocol (Enzo Biochemical, New York, NY).
The concentration of the biotin-labeled cRNA was deter-
mined by UV absorbance using a Bio-Tek plate reader
(Bio-Tek Instruments, Winooski, VT). In all cases, 20 ug of
each biotinylated cRNA preparation was fragmented, as-
sessed by gel electrophoresis, and placed in a hybrid-
ization cocktail containing hybridization controls as rec-
ommended by the manufacturer. Samples were then
hybridized to the Affymetrix Human X3P GeneChip Array
(Affymetrix Inc., Santa Clara, CA) at 45°C for 24 hours.
Microarrays were washed and stained using the manu-
facturer’s protocol for the Human X3P GeneChip Array on
a Model 450 Fluidics station (Affymetrix Inc.). The Fluidics
station process is controlled by the Affymetrix GeneChip
Operating System (GCOS).

The Affymetrix Human X3P GeneChip Array is de-
signed for whole-genome expression profiling of RNA
from formalin-fixed, paraffin-embedded samples. The tar-
get sequences on the X3P array are identical to those
used for designing the Human Genome U133 Plus 2.0
GeneChip array, for a total of 47,000 transcripts with
61,000 probe sets, although the probes on the two types
of arrays are significantly different. The probe selection
region on the X3P array is restricted to the 300 bp at the
most 3’ end of the transcripts. In contrast, the standard
Affymetrix design selects probe sets within the region 600
bases proximal to the 3" ends (Affymetrix Inc.). Images from
the scanned chips were processed using an Affymetrix
Model 7000 scanner with autoloader (Affymetrix Inc.). The
Affymetrix GCOS v1.3 operating system (Affymetrix Inc.)
controls the Model 7000 scanner and data acquisition func-
tions. Image files were downloaded, imported, and ana-
lyzed using the GeneSifter statistical software package
(Geospiza, Inc., Seattle, WA).

Statistical Analysis

Statistical t-test analysis was performed in which a pair-
wise comparison was made between the proliferating
hemangioma versus placenta, proliferating hemangioma
versus involuting hemangioma, and involuting hemangi-
oma versus placenta (see Supplemental Tables S1, S2,
and S3 at http://ajp.amjpathol.org). Data were normalized
to the mean. Results were filtered more stringently by
imposing a threshold cutoff of 3.0 or greater fold change
in expression and a quality call of 1 (P) in all three
replicates of at least one group. False-positives were
reduced by applying the Benjamini and Hochberg
correction coefficient. By plotting the relative intensities of
each of the genes from both samples on the same graph,
it is possible to directly compare the data (see Supple-



Table 1. List of Antibodies

Antibody  Manufacturer Source Concentration

MIB-1 DAKO Mouse Predilute
monoclonal

PDGFRa  Santa Cruz Rabbit 1:100
polyclonal

Clusterin  Santa Cruz Mouse 1:100
monoclonal

SDF-1 R&D Mouse 1:100

Systems monoclonal

DSCR1L1 Abgent Rabbit 1:100

polyclonal

mental Figure S1 at http.//ajp.amjpathol.org). Their simi-
larity (mirror images) suggests that the procedure is re-
producible. For example, box plots of the range of
intensities of the two samples also show that the data
from the two samples is comparable (data not shown).
Pearson’s correlation coefficients were calculated from
the array data as previously described (see Supplemen-
tal Figure S2 at http://ajp.amjpathol.org).

A one-way analysis of variance was performed on the
three groups (proliferating hemangioma, involuting hem-
angioma, and placenta). See Supplemental Table S4 at
http://ajp.amjpathol.org. Data were normalized to the
mean, then filtered, by imposing a threefold threshold
cutoff, a quality call of 1, and application of the Benjamini
and Hochberg correction coefficient.

GeneSifter uses Gene Ontology (GO) reports and z-
scores to summarize the biological processes, molecular
functions, or cellular components, as well as, the KEGG
(Kyto Encyclopedia of Genes and Genomes) pathways?’
associated with a gene list. The z-score is calculated by
subtracting the expected number of genes in a GO
term meeting the criterion from the observed number of
genes and dividing by the SD of the observed number
of genes.?? z-scores can then be used to identify GO
terms that are significantly over- or under represented
in a gene list.

Immunohistochemistry

Expression of proteins generated by some of the differ-
entially regulated genes was validated by immunohisto-
chemical analysis. Formalin-fixed, paraffin-embedded
tissue sections were mounted on microscope slides. Im-
munohistochemical staining was optimized using a Ven-
tana Discovery XT automated immunohistochemistry
slide processing platform according to the manufactur-
er's instructions (Ventana Medical Systems, Tucson, AZ).
Following the closed loop assay development (CLAD) pro-
tocol (Ventana Medical Systems), antibodies were opti-
mized using either the OmniMap or UltraMap DAB Anti-
Mouse (HRP) or Anti-Rabbit (HRP) detection Kkits
(Ventana Medical Systems). Antibodies used in this study
are listed in Table 1. For each antibody, standard quality
control procedures were undertaken to optimize antigen
retrieval, primary antibody dilution, secondary antibody
detection, and other factors for both signal and noise.
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Specificity for the antibodies was demonstrated by West-
ern blot analysis.

Results

Gene Expression in Proliferating and Involuting
Hemangiomas

In an initial quality control step, blocks of formalin-fixed,
and paraffin-embedded proliferating and involuting hem-
angiomas were screened for useable RNA by real-time
PCR. Seven primary tumor blocks with useable RNA were
identified from recent cases: three proliferating and four
involuting hemangiomas, as well as three term placental
specimens (see Supplemental Table S5 at http://ajp.am-
jpathol.org). LCM was used to isolate vessels from the
blocks that had useable RNA. Gene expression profiles
were measured in amplified RNA from laser-captured
microdissected vessels using the recently developed Hu-
man Affymetrix GeneChip X3P array, which can be used
for whole-genome expression profiling of formalin-fixed,
paraffin-embedded samples.?®

Comparing proliferating hemangioma with placenta
using pairwise analysis, 843 genes showed significant
differential regulation (459 up-regulated and 384 down-
regulated). The complete list of these genes is found
in Supplementary Table S1 (available at http./ajp.
amjpathol.org). In the pairwise comparison of proliferating
and involuting hemangiomas, only 289 genes showed
differential expression (116 up-regulated and 173 down-
regulated). The complete list of these genes is found
in Supplementary Table S2 (available at http://ajp.
amjpathol.org). Differentially expressed genes were
placed into biological process gene ontology categories
and several highly represented gene ontology categories
were found. Rather than presenting the entire data set,
we will focus on just some of the interesting signaling
systems that may be relevant to the biology of hemangi-
omas. Expression levels for selected genes (discussed
below) were consistent, when reviewed case by case, for
the proliferative and involutive phases and generally
varied minimally when correlated with patient age
within each group (see Supplemental Figure S3 at http.//ajp.
amjpathol.org).

Cell Proliferation Genes in Proliferating
Hemangioma

Not unexpectedly, proliferating hemangiomas express
genes involved in cellular proliferation. For example, pro-
liferating hemangiomas selectively express the gene for
the antigen identified by the monoclonal antibody Ki-67
(MK167) (Figure 2, A-C). Expression of this gene is in-
creased 3.5-fold, relative to levels found in the placenta.
These findings confirm the observations of many other
groups and help validate the gene expression analysis
from formalin-fixed tissue.
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Figure 2. Increased Ki-67 antigen expression in proliferating hemangioma. A: Analysis of variance showing statistically significantly increased MKI67 gene
expression in proliferating hemangioma, relative to placenta and involuting hemangioma. B: numerous Ki-67-immunopositive cells in proliferating hemangioma.

C: Only rare Ki-67-positive endothelial cells in an involuting hemangioma.

Endothelial-Pericyte Signaling Systems in
Proliferating Hemangioma

The first biological process category of differentially ex-
pressed genes in proliferating hemangioma, relative to
placenta, were categories related to endothelial differen-
tiation (z-score, 6.53), angiogenesis (z-score, 4.03), as
well as blood vessel development and morphogenesis
(z-score, 3.83). Some of the significantly up-regulated
genes in these categories included established compo-
nents of vascular growth factor signaling systems. For
example angiopoietin-2 (ANGPT2 or Ang?2) is increased
33.36-fold in proliferating hemangioma, relative to pla-
centa. Ang2 is expressed at low levels in many normal
adult tissues, but is strongly up-regulated at sites of
active vessel remodeling, such as in tumors.>* Jagged 1
(JAG1) (Figure 3A) and Notch 4 (NOTCH4) were in-
creased 6.5- and 3.2-fold, respectively, relative to pla-
centa (Table 2).

Other more novel genes involved in signal transduction
are expressed at higher levels in proliferating hemangi-
oma, relative to placenta (Table 2). For example, expres-
sion of the gene that encodes type 1 adenylate cyclase-
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activating polypeptide (pituitary) receptor (ADCYAP1R1,
often designated PAC1), is increased more than 10-fold
in proliferating hemangioma, relative to placenta (Figure
3B). The ligand for PAC1, pituitary adenylate cyclase-
activating polypeptide (PACAP), has been implicated
in the regulation of several homeostatic systems in the
body, including balancing pro- and anti-inflammatory
responses and cardiopulmonary control, as well as
being a mediator of adult neural stem cell differentia-
tion. Human tumors overexpress PACAP, suggesting a
relationship between PACAP and PAC1 to tumor pro-
gression.?®>2® Transcript for the endothelin receptor
type A (EDNRA) gene, which mediates some of the
effects of the vasoconstrictor endothelin-1, was in-
creased 4.97-fold in proliferating hemangiomas, rela-
tive to the placental vessels (Table 2). Additionally, the
latrophilin 1 gene (LPHN1), which encodes a member
of the latrophilin subfamily of G-protein-coupled recep-
tors, was expressed in proliferating hemangioma. This
protein functions in both cell adhesion and in neu-
ropeptide signaling.

Somewhat surprisingly, components of some other es-
tablished signaling systems were significantly down-reg-

Figure 3. Patterns of gene expression in prolif-
erating hemangiomas, relative to normal pla-
centa. A: Increased expression of Jagged 1 in
proliferating hemangioma. B: Increased expres-
sion of ADCYAPIRI in proliferating hemangi-
oma. C: Decreased expression of PDGFRa in
proliferating and involuting hemangioma rela-
tive to placenta. Pairwise comparison showing
statistically significant increased PDGFRa gene
expression, relative to placenta. D: PDGFRa is
strongly expressed in the trophoblast layer in
placental villi and weakly in a few stromal cells.
E: Proliferating hemangioma shows weak endo-
thelial cytoplasmic immunoreactivity for PDGFRa.
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Table 2. Genes Identified in Proliferating Hemangioma Versus Placenta in the Endothelial Gene Ontology Group
Gene description Gene symbol  Cluster ID Placenta SEM PH SEM  Fold change
Genes up-regulated in proliferating

hemangioma
Angiopoietin 2 ANGPT2 Hs.553484 0.0296  +0.0155 0.9858 +0.2653 +78.6
Angiopoietin 2 ANGPT2 Hs.553484 0.6157 *+0.4018 4.8394 +0.7700 +33.36
Matrix-remodeling associated 5 DKFZp56411922 Hs.369422 1.6427  +0.3292 37.8485 =*5.9250 +23.04
Insulin-like growth factor binding IGFBP7 Hs.479808 0.3566 *+0.1678 4916 =*+15634  +13.78

protein 7
Neuropilin and tolloid-like 2 NETOZ2 Hs.444046 0.1026  *0.0201 1.1525 £0.3427 +11.23
Neuropilin and tolloid-like 2 NETO2 Hs.444046 0.1802  +0.0220 0.9866 +0.1610 +5.48

Brain-specific angiogenesis inhibitor 3 BAI3

Hs.13261 0.187

+0.0252 1.3583 *0.2695 +7.26

Plexin domain containing 1 PLXDC1 Hs.125036 0.2664  *+0.0947 1.8975 +0.4650 +7.12
Plexin domain containing 1 PLXDC1 Hs.125036 0.5977  *=0.1128 2.1092 *=0.0928 +3.53
Jagged 1 JAGT Hs.224012 3.0387 *+0.3908 19.8124 *4.8743 +6.52
Endothelin receptor type A EDNRA Hs.183713 3.3445 *£1.1985 16.6182 =*=3.0545 +4.97
Intercellular adhesion molecule 2 ICAM2 Hs.431460 1.1697  *£0.4959 4.7548 +0.7278 +4.06
Notch homolog 4 NOTCH4 Hs.436100 0.958 +0.2294 3.0168 +0.5963 +3.15
Stabilin 1 STAB1 Hs.301989 2.1844  +0.5872 6.8518 +0.8059 +3.14
EPH receptor B3 EPHB3 Hs.2913 0.8408  *£0.1470 2.6435 *=0.2397 +3.14
Latrophilin 1 LPHN1 Hs.654658 1.9484  *+4259 6.0487 +0.4863 +3.1
Natriuretic peptide receptor A NPR1 Hs.490330 0.3672  *=0.0899 1.1348 +0.1405 +3.09
Genes down-regulated in proliferating
hemangioma
G protein-coupled receptor 37 GPR37 Hs.406094 0.9995  *0.2430 0.0327 *+0.0299 -30.57
(endothelin receptor type B-like)
Insulin-like growth factor binding IGFBP3 Hs.450230 58.0815  *+8.2921 2.2601 *=0.1342 —25.7
protein 3
fms-related tyrosine kinase 1 FLT1 Hs.507621 0.9922  *0.1717 0.2611 +0.0568 —22.67
fms-related tyrosine kinase 1 FLTT Hs.507621 7.2929  *+0.3733 0.3216 +0.0334 -3.8
Platelet-derived growth factor PDGFRA Hs.74615  0.8004 *+0.2168 0.0698 +0.0159 —-19.94
receptor, a polypeptide
Platelet-derived growth factor PDGFRA Hs.74615 21.6065  *+5.9401 1.0834 +0.3965 —11.47
receptor, a polypeptide
Transforming growth factor, B receptor TGBFGR3 Hs.482390 24.4882  *+7.4150 3.5753 +1.1188 -6.85
Il (betaglycan, 300 kDa)
Endothelial differentiation, EDG2 Hs.126667 0.1337  +0.0204 0.0219 *+0.0065 -6.12
lysophosphatidic acid G-protein-
coupled receptor, 2
Insulin-like growth factor binding IGFBP5 Hs.369982 3.0338 +0.8238 0.5067 *+0.2263 -5.99
protein 5
Endothelin receptor type B EDNRB Hs.82002 54154  +=1.1597 0.9312 +0.4842 -5.82
Platelet-derived growth factor C PDGFC Hs.148162 2.2281  *=0.5625 0.5379 *0.0195 -5.28
Platelet-derived growth factor C PDGFC Hs.148162 1.7552  *0.1443 0.3326 +0.0759 —-4.14
Bone morphogenetic protein 4 BMP4 Hs.68879 3.2881 +0.2085 0.581 *+0.1587 —5.66
Angiopoietin-like 1 ANGPTL1 Hs.555903 6.0324  *=0.1531 1.1551 +0.2386 -5.22
Vascular cell adhesion molecule 1 VCAM1 Hs.109225 11.9634  *£2.6759 2.851 =*=0.0521 —-4.2
Bone morphogenetic protein 5 BMP5 Hs.296648 1.1733  *0.0269 0.3078 +0.1370 —3.81
Insulin-like growth factor 1 receptor IGF1R Hs.20573 11978  +0.1845 0.3409 =0.1461 —3.51

Data from the arrays is normalized to the mean and a t-test is performed. Differences greater than threefold were considered significant, as outlined
in Supplemental Table S1 (available at http://ajp.amjpathol.org). Shown are average intensity values and standard errors of the mean.

ulated in proliferating hemangiomas. Notably, transcript
for insulin-like growth factor-binding protein-3 (IGFBP3)
dropped 25.7-fold, relative to placenta (Table 1 and Sup-
plemental Table S6 available at http://ajp.ajpathol.org).
IGFBP-3 has anti-proliferative, as well as, pro-apoptotic
effects and suppression of IGFBP-3 has been implicated
in the progression of several other tumors.?” Also de-
creased were levels of transcripts for vascular endothelial
growth factor (VEGF) receptor-1 (FLT1 or VEGFR1)
(—22.7-fold), which interacts with VEGF-A, -B, and-E, as
well as placental growth factor. Of relevance, low levels
of VEGFR1 have been found in infantile hemangioma
caused by mutations in the genes encoding VEGFR2 and
TEMBS. This is thought to cause diminished expression of
VEGFR1 with VEGF-dependent activation of VEGFR2 re-
sulting in endothelial proliferation.® Interestingly, VEGFR1

expresses two types of mRNA, one full-length receptor
and another for a short protein known as soluble VEGFr1
(sFLT-1). Decreased expression of Flt-1 in proliferating
hemangioma, relative to normal placenta, raises the pos-
sibility that levels of the angiogenesis inhibitor (sFLT-1)
also fall in the proliferating lesion. The platelet-derived
growth factor-a (PDGFa) receptor was significantly de-
creased (—19.9-fold) (Figure 3C), as was transforming
growth factor-B receptor Il (betaglycan) (TGFGR3)
(—6.9-fold), and the endothelial differentiation gene
(EDGZ2) lysophosphatidic acid G-protein-coupled recep-
tor-2 (—6.1-fold) (Table 2). The EDG family of G protein-
coupled receptors consists of eight family members that
bind lysophospholipid mediators, including lysophos-
phatidic acid. The family members function to mediate
endothelial survival, growth, migration, and differentia-
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Table 3. Genes Identified in Proliferating Hemangioma Versus Placenta in the Neural-Related Gene Ontology Group
Gene description Gene symbol  Cluster ID  Placenta SEM PH SEM Fold change
Genes up-regulated in
proliferating hemangioma
Neurexin 3 NRXN3 Hs.368307 0.0475 +0.0274 0.6723  *+0.1983 —-14.15
Sema domain SEMASB Hs.210870 0.3446 +0.0823 47682  +1.4570 —13.84
Neuropilin and tolloid-like 2 NETO2 Hs.444046 0.1026 +0.0201 1.1625  £0.3427 -11.23
Neuropilin and tolloid-like 2 NETO2 Hs.444046 0.1802 +0.0220 0.9866 +0.1610 —5.48
Calcium channel, voltage- CACNB2 Hs.59093 0.181 +0.0353 1.9403 £0.1480 -10.72
dependent, B 2 subunit
Thy-1 cell surface antigen THY1 Hs.134643 2.4515 +0.1842 24.686 +4.7819 -10.07
Thy-1 cell surface antigen THY1 Hs.134643 0.1932 *+0.1113 2.0679 *+0.3991 —-10.7
Glycoprotein M6B GPM6B Hs.495710 0.2587 +0.0754 22359 +0.4121 —8.64
Stathmin-like 2 STMN2 Hs.521651 0.0666 +0.0376 0.5451  *+0.1036 -8.19
Growth-associated protein 43 GAP43 Hs.134974 0.1623 +0.0335 1.2836 *+0.2768 —7.91
Like-glycosyltransferase LARGE Hs.474667 0.1282 +0.0805 0.9798 *0.0411 —7.64
Like-glycosyltransferase LARGE Hs.474667 0.2785 +0.0649 0.9296 *0.1537 —-3.34
Doublecortin and CaM kinase- DCAMKL1 Hs.507755 0.0804 +0.0074 0.5062 *=0.1272 -6.23
like 1
Growth differentiation factor 11 GDF11 Hs.567411 0.1215 +0.0606 0.6995  *0.0654 —5.76
Calcium channel, voltage- CACNB2 Hs.59093 0.3233 +0.1428 1.7604  £0.3409 —5.44
dependent, B 2 subunit
Spondin 2, extracellular matrix SPON2 Hs.302963 1.5026 +0.6944 7.9847  £0.9696 —5.31
protein
Agrin AGRN Hs.273330 1.1908 +0.3151 5.8269 *+1.6378 —4.89
Neurotrophic tyrosine kinase, NTRK2 Hs.584783 0.201 +0.625 0.913 +0.1898 —4.54
receptor, type 2
Syntaphilin SNPH Hs.323833 0.4756 +0.1026 1.8957  +0.0835 —3.99
Neuronal PAS domain protein 2~ NPAS2 Hs.156832 0.2201 +0.0683 0.8405 *+0.1069 -3.82
LIM homeobox 6 LHX6 Hs.103137 0.4948 +1.8650 1.865 +0.3464 -3.77
Zinc finger homeobox 1b ZFX1B Hs.34871 0.1723 +0.0671 0.6075  *=0.1102 —3.53
Debrin 1 DBN1 Hs.130316 0.4122 +0.1631 1.4353  +0.0678 —3.48
Kinesin family member 1B KIF1B Hs.97858 0.2501 +0.0530 0.8569 *+0.1366 —3.43
Genes down-regulated in
proliferating hemangioma
Neuron cell adhesion molecule ~ NRCAM Hs.21422 3.1693 +0.7344 0.11 +0.0310 28.81
Serpin peptidase inhibitor, SERPINE2 Hs.38449 3.7492 +1.1239 0.2653  *+0.0528 1413
clade E
Thrombospondin 1 THBS1 Hs. 164226 41411 +0.9587 0.3096  +0.0583 13.38
Roundabout, axon guidance ROBO2 Hs.13305 0.6957 +0.0722 0.0754  +0.0252 9.23
receptor, homolog 2
Brain-derived neurotrophic BDNF Hs.502182 1.1189 +0.2679 0.1788  £0.0381 6.26
factor opposite strand
Endothelin receptor type B EDNRB Hs.82002 5.4154 +1.1597 0.9312  *£0.4842 5.815
Slit homolog 2 SLIT2 Hs.29802 6.5785 +0.3129 1.4273  *0.3137 4.609
Neuron cell adhesion molecule ~ NRCAM Hs.21422 1.4863 +0.3032 0.3739  =0.2421 3.98
Plexin domain containing 1 PLXDC1 Hs.125036 0.5977 +0.1128 2.1092  +0.0928 3.53

Data from the arrays is normalized to the mean and a t-test is performed. Differences greater than threefold were considered significant, as outlined
in the Supplemental Table S1 (available at http://ajp.amjpathol.org). Shown are average intensity values and standard errors of the mean.

tion.?® Additionally, several growth factors, including
PDGF-C (PDGFC), bone morphogenetic protein-4 and -5
(BMP4 and BMP5) and angiopoietin like-1 (ANGPTL1)
were decreased in proliferating hemangioma, relative to
placenta (Table 2). Collectively, these findings suggest
that vessels in proliferating hemangioma express growth
factor signaling systems that are different from those in
placenta.

Differential Expression of Neural-Vascular
Guidance Proteins in Hemangiomas

A second biological process category of differentially
expressed genes in proliferating hemangioma, relative to
placenta, were categories related to the biology of the
nervous system. These included gene ontology groups

for the regulation of axogenesis and neurogenesis (z-
score, 5.94), positive regulation of neuron differentiation
(z-score, 5.00), and neuron development and differenti-
ation (z-scores, 3.73 and 3.68, respectively). Some of the
genes that are found in these Gene Ontology groups are
listed in (Table 3).

Notable in the list of neuronal gene ontology groups in
proliferating hemangioma were components of signaling
systems implicated in neural and vascular patterning.
These signaling systems include the semaphorins and
their neuropilin receptors, ephrins, and their Eph recep-
tors and slits and their Robo (roundabout) receptors.?®
Semaphorin 5B (SEMAB5B) is up-regulated 13.8-fold in
proliferating hemangioma. Expression of neuropilin-2
(NETO2) was increased 11.2-fold in proliferating hem-
angiomas, relative to placenta. Like the neuropilins,
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Figure 4. Increased protein expression in involuting hemangioma A: Increased expression of clusterin expression in involuting hemangioma relative to
proliferating hemangioma. Pairwise comparison showing statistically significantly increased clusterin in involuting hemangioma, relative to proliferating
hemangioma. B: A moderate number of clusterin-immunopositive cells in involuting hemangioma. C: Only a few clusterin-immunopositive cells in
proliferating hemangioma. D: Many SDF-1 immunopositive endothelial cells are present in involuting hemangioma. E: No SDF-1 immunopositive cells are
present in proliferating hemangioma. F: Many SDF-1-immunopositive endothelial cells in involuting hemangioma. G: Increased expression of DSCR1L1
expression in proliferating hemangioma relative to placenta or proliferating hemangioma. Analysis of variance showing statistically significant increased
DSCRI1L1 in involuting hemangioma, relative to placenta or proliferating hemangioma. H: Endothelial cells show moderate intense immunopositivity for
DSCRI1L1 in involuting hemangioma. I: Endothelial cells show less intense immunopositivity for DSCR1L1 in proliferating hemangioma.

plexins are also receptors for the semaphorins. Plex-
inC1 (PLXDC1) was increased in proliferating heman-
giomas, relative to placenta. Interestingly, other
classes of genes involved in guidance of vascular and
neural network formation were also differentially regu-
lated. Roundabout axon guidance receptor 2 (ROBO2)
and slit-2 (SLIT2) were up-regulated in placenta, 9.2-
and 4.6-fold, respectively, relative to proliferating hem-
angioma (Table 3).

Changes in the expression of netrins and their DCC
(deleted in colon carcinoma) or Unc5 receptors were not
observed in comparisons of placenta and proliferating
hemangioma or in proliferating and involuting hemangi-
oma. Lack of differential expression of these guidance
molecules suggests that these genes are dynamically
regulated during formation and regression of the vascular
lesions.

Chronic Inflammatory Mediators in the Involuting
Hemangioma

Notable in the biological process categories of differentially
expressed genes in involuting hemangioma, relative to pro-
liferating hemangioma, were categories related to chronic
inflammation, including immune response (z-score, 2.71)
and cytokine- and chemokine-mediated signaling path-
ways (z-score, 4.23). For example, the clusterin gene is
selectively expressed by involuting hemangiomas, consis-
tent with previously reported findings.*° Expression of clus-
terin transcription increased almost 20-fold in involuting rel-
ative to proliferating hemangioma (Figure 4A-C). Clusterin
is widely expressed and has been implicated in apoptosis,
inhibition of complement-mediated cell lysis, transport of
lipoproteins, and the modulation of cell-cell interactions.®"
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Table 4.
Ontology Groups

Genes Identified in Involuting Hemangioma Versus Proliferating Hemangioma in the Cytokine

and Chemokine Gene

Gene description Gene symbol Cluster ID  PH SEM IH SEM  Fold change
Genes up-regulated in involuting hemangioma
Chemokine (C-X-C motif) ligand 12 CXCL12 Hs.522891 0.8233 *+0.2576 15.8125 +3.9838 19.21
Chemokine (C-C motif) ligand 15 CCL15 Hs.272493 0.2674 *=0.1746 2.77 +0.5274 10.36
Chemokine (C-X-C motif) ligand 12 CXCL12 Hs.522891 0.577 *+0.3545 3.9029 +0.9987 6.76
Chemokine orphan receptor 1 CMKOR1 Hs.471751 0.369 +0.0250 1.9564 =*=0.4700 53
Chemokine orphan receptor 1 CMKOR1 Hs.471751 0.335 *0.1330 1.3817 =*=0.2787 412
Colony stimulating factor 2 receptor, B CSF2RB Hs.592192 0.8702 +0.2074 4.4963 =*=0.7623 517
Chemokine (C-C motil) receptor 5 CCR5 Hs.450802 0.123 +0.0291 0.5581 *=0.1340 4.54
Chemokine (C-X3-C motif) ligand 1 CX3CL1 Hs.531668 0.8211 *0.4302 3.7119 =*0.3802 4.52
Duffy blood group, chemokine receptor DARC Hs.153381 0.3705 *0.0326 1.6034 =*=0.3574 4.33
Tumor necrosis factor (ligand) superfamily, TNFSF10 Hs.478275 3.131 +0.7497 13.0375 =*=1.0947 416
member 10
Tumor necrosis factor (ligand) superfamily, TNSF13B Hs.525157 2.1214 +0.3642 8.7882 =*=2.0486 414
member 13b
Activated leukocyte cell adhesion molecule  ALCAM Hs.591293 0.6274 +0.0471 25164 =*=0.5349 4.01
CCAAT/enhancer binding protein (C/EBP), y CEBPG Hs.429666 0.1457 *+0.0825 0.4861 +0.0863 3.34

Data from the arrays is normalized to the mean and a t-test is performed. Differences greater than threefold were considered significant, as outlined
in the Supplemental Table S2 (available at http://ajp.amjpathol.org). Shown are average intensity values and standard errors of the mean.

Overexpression of clusterin has been linked to multiple
disorders, including a variety of human cancers.

Some of the significantly up-regulated chemokine
genes in involuting hemangioma are shown in Table 4.
Most dramatically up-regulated in involuting hemangi-
oma was stromal cell-derived growth factor 1 (SDF-1, or
CXCL12) (Figure 4D-F). This chemokine and its unique
receptor, CXCR4, are required for normal nervous system
and cardiovascular development, as well as for traffick-
ing of normal stem cells and metastasis of cancer stem
cells.3333 Also increased in involuting hemangiomas is
chemokine (CC) ligand 15 (CCL15). The cytokine encoded
by this gene is chemotactic for monocytes and is thought to
act through the CCR1 receptor. Similarly, fractalkine (che-
mokine (C-X3-C moitif) ligand 1 (CX3CL1) is up-regulated
4.5-fold in involuting hemangioma. Fractalkine is a cell
surface adhesion molecule that is expressed by vascular
smooth muscle cells or by endothelial cells activated by
inflammatory cytokines.®** Fractalkine can engage the
C-X3-C receptor (CX3CR1) that is expressed by mono-
cytes and macrophages. Additionally, the chemokine
(C-C) motif receptor 5 (CCRb5) is increased 4.5-fold in
involuting hemangioma. This receptor is expressed by
macrophages and T cells and it has as ligands, mono-
cyte chemoattractant protein 2 (MCP-2), macrophage
inflammatory proteins-1a and -B8 (MIP-1«a and -B), as well
as regulated on activation normal T-cell-expressed and
-secreted protein (RANTES). Colony-stimulating receptor
factor 2 receptor B (CSF2RB), the common signaling
subunit of the receptor for GM-CSF, IL-3, and IL-5, is also
differentially expressed in involuting, relative to prolifer-
ating hemangioma (Table 4). The high-affinity receptor
for GM-CSF consists of a cytokine-specific a subunit and
the common B subunit.®® If involuting hemangiomas also
express the a subunit, a functional cytokine receptor may
be generated.

Expression of genes that regulate the angiogenic pro-
cess may play a key role in the resolution of hemangio-
mas. A member of the Down syndrome critical region
(DSCR) family, designated Down syndrome candidate

region like 1 (DSCR1L1, also known as MCIP1, Adapt78),
was overexpressed 6.2-fold in involuting relative to levels
found in proliferating hemangiomas (Figure 4G-I). This
protein is an endogenous inhibitor of calcineurin, which in
turn, regulates the NFAT pathway.®® Of note, one study
notes reduction of DSCR1L1 expression in proliferative
hemangioma but no information is present regarding in-
voluting hemangioma.® Interestingly, another member of
the family, DSCR1, which was not differentially expressed
in proliferating and involuting hemangiomas (data not
shown), is known to attenuate endothelial cell prolifera-
tion and angiogenesis.®”%8

Discussion

Applying LCM of vessels from formalin-fixed specimens,
it is possible to selectively isolate vessels from proliferat-
ing and involuting hemangioma. Using techniques and
reagents that have been optimized for RNA isolation,
unbiased amplification from these fixed samples and an
array that is designed to interrogate sequences closer to
the 3" end of the transcript, we demonstrate that genome-
wide profiling is possible.?%39

Expression of Endothelial-Pericyte Signaling
Systems in Hemangioma

Proliferating hemangiomas were characterized by in-
creased expression of signaling systems involved in en-
dothelial-pericyte interactions. Multiple studies suggest
that angiopoietin-Tie2 signaling is involved in the recip-
rocal communication between endothelial cells and peri-
cytes. "' The increased Tie2 transcript expression seen
in proliferating hemangioma (Table 1) is consistent with
previous findings of increased expression of Tie2 and
enhanced response to angiopoietin-1 in hemangioma-
derived endothelial cells.*? Ang1 is a pericyte-derived,
microvessel-stabilizing signal, whereas Ang2 is ex-



pressed by endothelial cells*® and antagonizes Tie2 sig-
naling, leading to vessel destabilization. Up-regulated
Ang2 marks the onset of angiogenic sprouting in tu-
mors.** Although levels of Ang1 and Ang2 are not signifi-
cantly different, Ang-like-1 transcript levels are decreased
in proliferating hemangioma, relative to placenta, raising the
possibility that Tie2 signaling may be interrupted and the
vessel destabilized.

Both Jagged 1 and Notch 4 are increased in prolifer-
ating hemangiomas, raising the possibility that Notch
signaling plays a role in the proliferative lesion. Notch
signaling is important in establishing arterial/venous identity
in the development of vasculature.*® Activation of notch
signaling in endothelium induces arterial makers such as
neuropilin 1 and ephrin B2, and suppresses venous mark-
ers such as EphB4. Conversely, suppression of Notch in
endothelial cells is important in establishing venous
identity.4®

The endothelin receptor type A (EDNRA or ETA-R),
which mediates the effect of the vasoconstrictor endothe-
lin-1, is increased in proliferating hemangiomas. Interest-
ingly, there is increasing evidence that this receptor is
expressed in a variety of tumor cells and may play a role
in angiogenesis, tumor growth, and invasion in vivo.*”~4°

The insulin-like growth factor system may play a key
role in regulating proliferating hemangioma. Previous
studies have demonstrated that IGF2 is overexpressed
and regulates growth in proliferating hemangioma.’”
Here we find that transcripts for insulin-like growth factor-
binding protein-3 (IGFBP-3) drop 25.7-fold in proliferating
hemangioma, relative to placenta (Table 2). IGFBP-3 is
the major carrier of insulin-like growth (IGF) factors and
antagonizes IGF signaling, resulting in an inhibition of cell
growth and induction of apoptosis.®® Supporting its role
as a primary growth inhibitor, IGFBP-3 has been shown to
be increased by cell growth-inhibitory agents, such as
transforming growth factor-8°" and the tumor suppressor
gene p53.%2 These observations complement previous
studies demonstrating increased IGF-2 in proliferating
hemangioma'” and suggest that increased expression of
IGFBP-3 may prevent apoptosis of the lesions.

Expression of Nerve and Blood Vessel
Guidance Cues in Hemangioma

Axonal guidance and vascular patterning share several
guidance cues, including the semaphorins and their neu-
ropilin receptors, ephrins and their Eph receptors, slits
and their Robo receptors, and netrins and their DCC
(deleted in colon carcinoma) or Unch receptors.?® Sev-
eral classes of signaling systems implicated in vascular
patterning were up-regulated in proliferating hemangio-
mas. The first class was the semaphorins and their neu-
ropilin and plexin receptors.

In this study, expression of both plexinC1 (PLXDC1)
and neuropilin-2 were increased in proliferating heman-
giomas, relative to placenta. Although little is known
about plexinC1, neuropilin-2 is expressed in veins and
lymph vessels and defects in these vessels are observed
in neuropilin-2 mutant mice.>® Because neuropilins are
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receptors for semaphorins, these findings might be inter-
preted to reflect altered semaphorin signaling in the le-
sions. However, neuropilins are also receptors for spe-
cific VEGF isoforms, suggesting that changes in the level
of the neuropilin receptor may reflect alterations in VEGF
signaling.

The second class of signaling systems controlling vas-
cular development increased in proliferating hemangi-
oma was the ephrin-EPH receptor. Increased expression
of the Eph receptor B3 was seen in proliferating heman-
giomas. Expression of ephrin B ligands and EphB recep-
tors on adjacent endothelial or smooth muscle cells in the
same vessels may provide bidirectional signals for estab-
lishing contact-dependent communication and promote
vessel assembly, sprouting, and maturation.>* These
Ephrin-Eph signaling events regulate recruitment of vas-
cular smooth muscle cells toward endothelial channels.

The third class of signaling system regulating vascular
and neural patterning are the Slits and their Roundabout
(Robo) receptors. Members of the Slit-Robo receptor
family are capable of regulating midline axon guidance
and more recently have been implicated in angiogenesis
and endothelial migration, which are essential for angio-
genesis in vivo.®*~%" Here we find that Slit-2 and Robo?2
were down-regulated in proliferating hemangioma, rela-
tive to normal placenta. Additionally, Slit-3 was overex-
pressed in involuting hemangiomas relative to proliferat-
ing hemangiomas. Interestingly, Slit-Robo interactions
have been implicated in establishing the nonstereotyped
vascular network in a tumor model.*® Our findings sup-
port this observation and raise the possibility that dys-
regulated Slit-Robo signaling may be a general feature of
the chaotic tumor vascular network. The differential ex-
pression of multiple genes involved in several vessel path
finding systems suggests that the vascular lesions rep-
resent an abnormal vascular network resulting, at least in
part, from aberrant guidance cues.

Signaling Systems in the Involuting
Hemangioma

The chemokine SDF-1 is expressed at higher levels in invo-
luting, relative to proliferating, hemangiomas. SDF-1 and its
unique receptor, CXCR4, are key regulators in stem cell
trafficking. It is possible that SDF-1 induces recruitment or
retention of endothelial progenitors in involuting hemangio-
mas. Alternatively, SDF-1 may play a role in the recruitment
and retention of mesenchymal stem cells that give rise to
the connective tissue components found in the involuting
hemangioma. SDF-1 within the tumor environment may or-
chestrate endothelial cell movement and drive the formation
of the more definitive blood vessels characteristic of the
involuting hemangioma.

Information about the spontaneous involution of prolif-
erating hemangiomas may provide new insights into at-
tenuation of the angiogenic process. Several studies sug-
gest that the calcium-calcineurin-NFAT pathway may be
important in endothelial cells. For example, VEGF acting
through the VEGF receptor leads to activation of the
NFAT pathway with subsequent expression of endotheli-
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al-specific genes (unpublished data).®®° Additionally,
cyclosporine A, a well known inhibitor of calcineurin ac-
tivity, inhibits endothelial cell migration and tube forma-
tion in vitro, as well as corneal neovascularization in
mice.®® Endogenous inhibitors of calcineurin, termed
Down syndrome critical region 1 (DSCR1) and DSCR1-L1
interact directly with calcineurin and inhibit its activity.®"
Interestingly, DSCR1 attenuates endothelial cell prolifer-
ation and angiogenesis®” 862 and it diminishes the ex-
pression of inflammatory markers on activated endothe-
lial cells.®® VEGF acts to induce the expression of
DSCR1, suggesting that the up-regulation of the mem-
bers of the DSCR family may represent a mechanism for
the negative or feedback regulation of angiogenesis.

In summary, here we combined LCM and genome-
wide expression profiling to define mediators involved in
proliferating hemangiomas and to identify biological
themes associated with the transition from the proliferat-
ing to the involuting phase. Our ability to isolate and
transcriptionally profile vessels from proliferating and in-
voluting hemangiomas has enabled us to substantiate
reports of genes previously implicated in endothelial-
pericyte interactions and to uncover biological themes
that could be important in orchestrating the molecular
brake regulating hemangioma involution.
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