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The angiopoietins are recently described growth fac-
tors for vascular endothelium. The Tiel and Tie2
receptors are expressed by endothelium. Acquired
immune deficiency syndrome (AIDS)-associated Ka-
posi’s sarcoma (KS) and cutaneous angiosarcoma are
malignancies of endothelial origin. KS involves pri-
marily the skin and mucosal surfaces and is common
in AIDS patients. In an effort to determine whether
the angiopoietins and Tie receptors play a role in the
pathobiology of angiosarcoma and KS, we studied the
expression of angiopoietin-1, angiopoietin-2, angio-
poietin-4, Tiel, and Tie2 mRNAs in biopsies of KS
from 12 AIDS patients, in biopsies of cutaneous an-
giosarcoma from two patients, and in control biop-
sies of normal skin from three volunteers by in situ
hybridization. Strong expression of angiopoietin-2,
Tiel, and Tie2 mRNAs was detected in the tumor cells
of KS and cutaneous angiosarcomas, in contrast to
the focal low-level expression in normal skin biop-
sies. Focal low-level expression of angiopoietin-1 was
seen in KS, cutaneous angiosarcomas, and in normal
skin. Focal low-level expression of angiopoietin-4 was
identified in a minority of KS lesions. These findings
suggest that the angiopoietins and Tie receptors may
play an important role in the pathobiology of KS and
cutaneous angiosarcoma and identify additional poten-
tial targets for therapeutic intervention in these vascular
malignancies. (Am J Pathol 2000, 156:2179-2183)

Recently, a new family of growth factors specific for the
vascular endothelium has been identified, termed the
angiopoietins.'™* The specificity of the angiopoietins for
the vascular endothelium results from the restricted dis-
tribution of the angiopoietin receptor, Tie2, to these
cells.>~7 All known angiopoietins bind to Tie2, but it is still
unclear as to whether they use the closely related recep-
tor Tie1. The actions of the angiopoietins seem to be quite

different from those of the well-characterized angiogenic
factor vascular permeability factor/vascular endothelial
growth factor (VPF/VEGF). The angiopoietins seem to act
in complementary and coordinated fashion with VPF/
VEGF, playing a later role in vascular development. Thus,
in mouse embryos lacking either angiopoietin-1 or Tie2,
the early stages of VPF/VEGF-dependent vascular devel-
opment seem to occur rather normally and result in the
formation of a primitive vasculature, but remodeling and
stabilization of this primitive vasculature is severely per-
turbed.®#° Transgenic overexpression of angiopoietin-1
leads to striking hypervascularization.’ In contrast,
transgenic overexpression of angiopoietin-2, a natural
competitor of angiopoietin-1 for the Tie2 receptors,
seems to severely disturb vessel stabilization and remod-
eling.? Angiopoietin-3 and angiopoietin-4 are more re-
cently described members of this family that seem to
represent the mouse and human counterparts of the
same genetic locus.’ Angiopoietin-4 seems to act as an
agonist and is expressed at high levels in lung.’

Angiopoietin-2 is dramatically induced at sites of vas-
cular remodeling in an otherwise stable adult vascula-
ture,? and also in tumor vessels, ' leading to the proposal
of a model in which angiopoietin-2 plays a facilitative role
at sites of vascular remodeling by blocking a constitutive
stabilizing action of angiopoietin-1, with such destabiliza-
tion facilitating an angiogenic response in the presence
of VPF/VEGF, but leading to vessel regression in the
absence of VPF/VEGF.

Acquired immune deficiency syndrome (AIDS)-associ-
ated Kaposi's sarcoma (KS) and angiosarcomas are ma-
lignancies of endothelial origin. KS involves primarily the
skin and mucosal surfaces and is common in AIDS pa-
tients." In an effort to determine whether Tie and angio-
poietins play a role in the pathobiology of KS and angio-
sarcoma, we studied the expression of Tiel, Tie2,
angiopoietin-1, angiopoietin-2, and angiopoietin-4 in bi-
opsies of KS from 12 AIDS patients, biopsies of angio-
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sarcoma from two patients, and in control biopsies of
normal skin in three volunteers.

Materials and Methods
In Situ Hybridization

Four-millimeter punch biopsies were obtained with informed
consent from seven human immunodeficiency virus (HIV)-
positive patients with cutaneous KS lesions and from normal
skin of three volunteers following human experimental
guidelines of the United States Department of Health and
Human Services and of Beth Israel Deaconess Medical
Center. Fresh tissue was also obtained in one of the two
cases of angiosarcoma studied. Fresh tissue was fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS),
pH 7.4, for 2 to 4 hours at 4°C and was then transferred to
30% sucrose in PBS overnight at 4°C, frozen in optimum
cutting temperature compound (Miles Diagnostics, Elkhart,
IN) and stored at —70°C. Archival paraffin sections were
studied in an additional five cases of KS as well as in both
cases of angiosarcoma. In situ hybridization studies were
performed on 4-um thick frozen sections with antisense
single-stranded *°S-labeled RNA probes for angiopoietin-1
(570 bp, including 70 bp of the 5’ untranslated region and
500 bp of the region up to amino acid 166), angiopoietin-2
(640 bp, including 360 bp of the 5" untranslated region and
280 bp of the region up to amino acid 99), angiopoietin-4
(640 bp), Tiel (562 bp from the ectodomain amino acid
region 162-349), and Tie 2 (508 bp from the ectodomain
amino acid region 70-239). Corresponding sense probes
were synthesized as controls. Plasmids were provided by
Regeneron Pharmaceuticals, Inc., Tarrytown, NY.

Details of in situ hybridization have been published
previously.'® Briefly, frozen section slides were passed
through 0.2 mol/L HCI, Tris/ethylenediaminetetraacetic
acid (EDTA) with 1 ug/ml proteinase K, 0.2% glycine, 4%
paraformaldehyde in PBS (pH 7.4), 0.1 mol/L of trietha-
nolamine containing 1/200 (v/v) acetic anhydride, and 2X
standard saline citrate (SSC). Slides were hybridized
overnight at 50°C with 3°*S-labeled riboprobes in the fol-
lowing 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 0.01 mol/L dithiothreitol. Post-
hybridization washes included 2x SSC/50% form-
amide/10 mmol/L dithiothreitol at 50°C; 4x SSC/10
mmol/L Tris/1 mmol/L EDTA with 20 wg/ml ribonuclease
at 37°C; and 2x SSC/50% formamide/10 mmol/L dithio-
threitol at 65°C and 2x SSC. Slides were then dehy-
drated through graded alcohols containing 0.3 mol/L am-
monium acetate, dried, coated with Kodak NTB 2
emulsion and stored in the dark at 4°C for 2 weeks. The
emulsion was developed with Kodak D19 developer and
the slides were counterstained with hematoxylin. Paraffin
sections were treated in a similar manner except slides
were initially deparaffinized in xylene and passed through
graded alcohols and a larger concentration of proteinase
K (3 png/ml) was used.

Table 1. mRNA Expression in KS and Angiosarcoma Cells

No. Low
cases Strong level Equivocal
KS tumor cells
Ang-1 12 0 12 0
Ang-2 12 1 1 0
Ang-4 12 0 5 7
Tiet 11 8 3 0
Tie2 12 9 3 0
Angiosarcoma
tumor cells
Ang-1 2 0 2 0
Ang-2 2 2 0 0
Ang-4 2 0 0 2
Tiet 2 2 0 0
Tie2 2 2 0 0

KS, Kaposi's sarcoma; ANG, angiopoietin.

Results

Lesional biopsies were studied from 12 patients with
AlDS-associated KS and two patients with angiosarcoma
(one case arose in breast skin after radiation and che-
motherapy for breast cancer and the other case arose
spontaneously). Punch biopsies of normal skin were
studied from three volunteers without AIDS. In our expe-
rience, the use of fixed frozen sections results in some-
what stronger and more consistent mMRNA labeling com-
pared to sections cut from archival paraffin blocks.
Expression of MRNA was graded as strong (more than 10
grains/cell), low level (between 5 and 10 grains per cell),
or equivocal (less than 5 grains/cell).

Expression patterns in KS tumor cells were similar in
the cases studied (Table 1). Strong expression of Tiel
MRNA was seen in eight of the 11 cases studied with
low-level labeling in the other three cases (Figure 1, a and
b). Strong but less intense expression of Tie2 mMRNA was
seen in nine of the 12 cases and low-level expression in
the other three cases (Figure 1, ¢ and d). Angiopoietin-2
mMRNA was strongly expressed in 11 of the 12 cases
studied (Figure 1, g and h), and low-level expression was
seen in the other case. Expression of angiopoietin-1
mRNA was low level in all 12 cases studied (Figure 1, e
and f). Angiopoietin-4 mRNA expression was low level in
five cases and equivocal in seven (Figure 1, i and j). No
specific labeling was seen with control sense probe.
Expression was also noted in small vessels admixed with
the KS including arterioles, venules, and capillaries. With
the most strongly expressed mRNAs, ie, Tiel, Tie2, and
angiopoietin-2, distinct expression was noted in endothe-
lial cells lining these vessels and expression levels were
much stronger than those seen in the control normal skin
biopsies. Expression patterns were similar in the three
normal skin biopsies studied and showed focal low-level
expression of angiopoietin-1, angiopoietin-2, Tiel, and
Tie2 associated with the vasculature. Expression of an-
giopoietin-1 was the most focal and the lowest of the four.
Unequivocal expression of angiopoietin-4 could not be
detected in normal skin.

Expression patterns in angiosarcomas (low- and high-
power photomicrographs, routine staining; Figure 2, a
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and b) were similar to KS (Table 1). Tie1 (Figure 2, ¢c and
d) and angiopoietin-2 (Figure 2, i and j) were the most
strongly expressed mRNAs in malignant endothelial cells
with strong but less intense expression of Tie2 (Figure 2,
e and f), focal low-level expression of angiopoietin-1 (Fig-
ure 2, g and h), and equivocal expression of angiopoi-
etin-4 (Figure 2, k and ).

Figure 1. /n situ hybridization studies of KS. Bright-field and corresponding
dark-field photomicrographs of KS lesions showing strong expression of Tiel (a
and b), Tie2 (¢ and d) and angiopoietin-2 (g and h) mRNAs. Strong expression
of angiopoietin-1 (e and f) and angiopoietin-4 (i and j) mRNAs was not detected.
Magnification, X400.

Discussion

In this study, we have shown that there is strong expres-
sion of angiopoietin-2, Tie1, and Tie2 in the spindle cells
of Kaposi’'s sarcoma and the malignant endothelial cells
of angiosarcoma. Furthermore, expression is markedly
up-regulated compared to the low-level expression de-

Figure 2. Angiosarcoma, hematoxylin and eosin stain at low and high power (a and b). Bright-field and corresponding dark-field photomicrographs of in situ
hybridization studies of angiosarcoma showing strong expression of Tiel (¢ and d), Tie2 (e and f) and angiopoietin-2 (i and j) mRNAs. Strong expression of
angiopoietin-1 (g and h) and angiopoietin-4 (k and 1) mRNAs was not detected. Magnification, X200 (a), X400 (b-D.
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tected in biopsies of normal skin. Focal low-level expres-
sion of angiopoietin-1 was seen in KS, cutaneous angio-
sarcoma, and in normal skin biopsies. Focal low-level
expression of angiopoietin-4 was detected in a minority of
KS biopsies whereas expression in cutaneous angiosar-
coma and normal skin was equivocal. These findings
suggest that angiopoietins and the Tie receptors may
play an important role in the pathobiology of Kaposi's
sarcoma.

Tie1 and Tie2 are receptor tyrosine kinases expressed
by endothelial cells.>” Tie1 and Tie2 have been reported
to play important roles in embryonic blood vessel devel-
opment.3&1* Angiopoietin-1, the ligand for Tie2 has also
been reported to be important in the development of the
embryonic vasculature.® Tie has been reported to be
up-regulated in arteriovenous malformations in the
brain.’® Tie expression has been reported to be up-
regulated in endothelial cells in the angiogenesis asso-
ciated with wound healing™ and breast cancer.'”'®
These studies all point to an important role for Tie recep-
tors and angiopoietins in vascular biology and pathology.
The results of our study suggest that Tie receptors and
angiopoietins may also be playing an important role in the
pathobiology of at least two types of malignant vascular
tumor, Kaposi's sarcoma and angiosarcoma.

Angiopoietin-2 and Tie 1 were the most intensely ex-
pressed mMRNAs studied. The findings that angiopoietin-2
is markedly induced in Kaposi’'s sarcoma is particularly
interesting in light of recent observations that angiopoi-
etin-2 may be one of the earliest markers induced in the
vasculature of other tumors, ™" although the precise signal
which leads to this up-regulation remains a mystery. The
role of angiopoietin-2 in tumor angiogenesis remains un-
clear, although it has been proposed that angiopoietin-2
serves to block a stabilizing action of the Tie2 receptor,
thus either making the destabilized vessels more suscep-
tible to the angiogenic effects of other agents such as
VPF/VEGF, or more vulnerable to regression in the ab-
sence of other angiogenic support.'™ This is of particular
interest in KS because the expression of VPF/VEGF and
its receptor KDR'®2% have also been reported in KS.
Therefore, angiopoietin-2 may be actually playing a stim-
ulatory role in these tumors.

No ligand for Tie1 has been identified, but the intensity
of the expression of Tie1 mRNA in these vascular tumors
suggests that it could be playing an important role in their
pathobiology.

Although the strong expression of angiopoietin-2 and
both Tie receptors is intriguing and suggestive of impor-
tant actions in Kaposi’'s sarcoma, understanding the pre-
cise roles of these factors depends on further experimen-
tation.

The pathobiology of KS is complex. Several other
growth factors and receptors have been reported to be
expressed by KS cells in biopsies or in culture including
interleukin-1, basic fibroblast growth factor (FGF), gran-
ulocyte monocyte colony-stimulating factor (GM-CSF),
platelet-derived growth factor (PDGF)-B, and transform-
ing growth factor-g (TGF-B8),>* bFGF, FGF receptor-1,
aFGF, FGF-5, and FGF-6*> PDGFA, PDGFB, and
PDGF-A type and PDGF-B type receptors,®2” interleu-

kin-6 and interleukin-6 receptors,®® hepatocyte growth
factor and its receptors,®®3° and thymidine phosphory-
lase.®' The human immunodeficiency virus-1 Tat protein
has been reported to activate the VPF/VEGF receptor
kinase insert domain-containing receptor (KDR).®? Syn-
ergy between bFGF and human immunodeficiency vi-
rus-1 Tat protein in the induction of KS in mice has been
reported.®® Clearly much work remains to be done before
one can understand the interactions and relative impor-
tance of the various growth factors and their receptors in
KS.

Manipulation of growth factors and their receptors of-
fers opportunities for therapeutic intervention in KS. An-
tisense oligonucleotides targeting bFGF have been used
to block the growth of KS in nude mice.®* Inhibition of
tumor angiogenesis in certain experimental systems us-
ing a soluble Tie 2 receptor has been reported.® The
manipulation of angiopoietins or their Tie receptors might
be of therapeutic benefit to AIDS patients with KS or
patients with angiosarcoma.
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