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Ischemic and solid tumor tissues are less well per-
fused than normal tissue, leading to metabolic
changes and chronic hypoxia, which in turn pro-
motes angiogenesis. We identified human angiopoi-
etin-like 4 (angptl4) as a gene with hypoxia-induced
expression in endothelial cells. We showed that the
levels of both mRNA and protein for ANGPTL4 in-
creased in response to hypoxia. When tested in the
chicken chorioallantoic membrane assay, ANGPTL4
induced a strong proangiogenic response, indepen-
dently of vascular endothelial growth factor. In hu-
man pathology, ANGPTL4 mRNA is produced in isch-
emic tissues, in conditions such as critical leg
ischemia. In tumors, ANGPTL4 is produced in the
hypoxic areas surrounding necrotic regions. We ob-
served particularly high levels of ANGPTL4 mRNA in
tumor cells of conventional renal cell carcinoma.
Other benign and malignant renal tumor cells do not
produce ANGPTL4 mRNA. This molecule therefore
seems to be a marker of conventional renal cell car-
cinoma. ANGPTL4, originally identified as a peroxi-
some proliferator-activated receptor « and 7y target
gene, has potential for use as a new diagnostic tool
and a potential therapeutic target, modulating angio-
genesis both in tumors and in ischemic tissues. This
study also suggests that ANGPTL4 may provide a link
between metabolic disorders and hypoxia-induced
angiogenesis. (Am J Pathol 2003, 162:1521-1528)

There is growing evidence that changes in oxygen partial
pressure (ApQO,) play a key role in the regulation of many
cellular functions. A ApO, is observed during ischemia
that involves a decrease in blood supply resulting from a
fall in arterial flow or venous drainage. Tumor blood flow
may be chaotic, resulting in hypoxia.” A complex collec-
tion of biochemical and physiological interactions, includ-

ing imbalances in levels of angiogenic regulators, occurs
during hypoxia.? * These interactions are not fully under-
stood, but recent studies have demonstrated the essen-
tial role of hypoxia-inducible factor (HIF)-1« in hypoxia-
induced angiogenesis.>’ Indeed, HIF-1a regulates
many genes, including those for erythropoietin, vascular
endothelial growth factor (VEGF), tyrosine hydroxylase,
inducible NO synthase (iNOS), and angiopoietin-2.8-"°

Endothelial cells (ECs) are the prime targets of hy-
poxia-induced growth factors.’'2 In this study, we used
the human microvascular endothelial cell line HMEC-1,
the first immortalized microvascular EC line to retain the
characteristics of microvascular ECs."® HMEC-1 cells
were subjected to chemical hypoxia, by exposing them to
100 umol/L of desferrioxamine (DFO)' for 20 hours. We
then used representational difference analysis (RDA)'® to
identify 350 hypoxia-induced genes (data not shown).
Two of the cDNA fragments identified corresponded to
the human angpti4 gene (nucleotides 498 to 904 and
nucleotides 1147 to 1344) that encodes a secreted
growth factor, ANGPTL4, also known as hepatic fibrino-
gen/angiopoietin-related protein (HFARP)'® and peroxi-
some proliferator-activated receptor-y (PPAR+y) angiopoi-
etin-related gene (PGAR)'” or fasting-induced adipose
factor (FIAF)."® ANGPTL4 has been reported to induce
an anti-apoptotic activity in ECs'® and its gene has been
shown to be a target of PPARy or PPARq. '8

In this study, we demonstrated the induction of AN-
GPTL4 production by hypoxia at the mRNA and protein
levels. We suggest that this protein may be involved in
the mechanisms that compensate for ischemia by angio-
genesis and/or arteriogenesis.'®?° ANGPTL4 induced a
strong in ovo angiogenic response in the chicken cho-
rioallantoic membrane (CAM) assay, independently of
VEGF. We also found that the angpti4 gene was ex-
pressed in ischemic tissues in humans, in conditions
such as critical leg ischemia. In tumors, we found that
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ANGPTL4 was produced in liposarcomas and hepatocel-
lular carcinomas, in amounts similar to those previously
observed in adipose tissue and liver.'®~'® |t was also
produced in perinecrotic hypoxic regions in a wide vari-
ety of cancers. In addition, ANGPTL4 mRNA was present
in very large amounts in tumoral cells from conventional
renal cell carcinomas (RCCs), but not in other kidney
tumors (benign or malignant). It thus seems to be a bona
fide marker of conventional RCC. Both as a protein en-
coded by a target gene of PPARa and PPARvy, which
have been shown to be associated with the regulation of
lipid metabolism and/or glucose homeostasis and as a
hypoxia-inducible secreted protein, ANGPTL4 has poten-
tial for use as a new diagnostic tool and potential thera-
peutic target, modulating angiogenesis in tumors and
ischemic tissues.

Materials and Methods
Cell Culture

We used the HMEC-1 cell line of human dermal micro-
vascular endothelial cells (a gift from Thomas J. Lawley,
Emory University, School of Medicine, Atlanta, GA).
HMEC-1 cells were cultured in MCDB-131 medium sup-
plemented with 20% heat-inactivated fetal calf serum, 2
mmol/L of L-glutamine, 100 U/ml of penicillin, 100 pg/ml
of streptomycin, 10 ng/ml of human recombinant epider-
mal growth factor, and 1 wg/ml of hydrocortisone. For
hypoxic treatments, cells were grown in an atmosphere
containing 3% O, in an IG750 incubator (Jouan, France),
or in the presence of 100 umol/L of DFO. For growth
factor treatments, cells were incubated for 15 hours in
fresh serum-free medium supplemented with 1 ng/ml of
transforming growth factor-g1, 10 nmol/L of insulin-like
growth factor-1, 30 ng/ml of VEGF, 100 nmol/L of angio-
tensin 1, 0.1 ng/ml of basic fibroblast growth factor, or
100 nmol/L of epidermal growth factor.

Recombinant Chinese hamster ovary (CHO)/ANGPTL4
cells were established by transfecting CHO cells with the
full-length human ANGPLT4 cDNA in pCDNAS.1mycHis
(Invitrogen) and selecting stably transfected cells with
geneticin. Cells were maintained in Ham’s F12 medium
(Life Technologies) supplemented with 7% fetal calf se-
rum, 1% glutamine, 100 U/ml of penicillin, and 100 ug/ml
of streptomycin.

RNA Isolation and cDNA Synthesis

RNA was extracted with the RNeasy midiprep kit (Qia-
gen) from HMEC-1 cells grown to 80% confluence, un-
treated or treated with 100 umol/L of DFO for 20 hours.
RNA was digested with RNase-free DNase RQ1 (Pro-
mega) for 30 minutes and PolyA+ RNA was isolated by
performing the Oligotex mMRNA kit (Qiagen) procedure
twice. cDNAs were synthesized from 10 ug of polyA+
RNA by oligodT priming, using Superscript II.

Representational Difference Analysis (RDA)

The RDA procedure used was similar to previously pub-
lished methods, '® with several important modifications.?"
The ratios for rounds 1, 2, and 3 were 1:10, 1:500, and
1:1000, respectively. Subtracted RDA products were in-
serted into the pGEM.T cloning vector (Promega) and
analyzed by sequencing.

Gene Expression Studies

Northern blots were performed using the NorthernMax
and Strip-EZ RNA kits from Ambion. Normal kidney and
conventional RCC RNAs were obtained from Stratagene.
Paraffin section preparation, probe labeling by in vitro
transcription, and in situ hybridization, were performed as
previously described.?? Real-time quantitative polymer-
ase chain reaction was used to evaluate ANGPTL4 levels
by means of a SYBR Green assay (Applied Biosystems),
with 18S as a control, using an Ig Cycler (BioRad).
ANGPTL4 was amplified with the following primers:
5’-GCTGCATGCGTTGCCTC-3" (forward) and 5'-
CCCTTGGTCCACGCCTCTA-3" (reverse). 18S ribo-
somal RNA was amplified with the following primers:
5'-CGCCGCTAGAGGTGAAAT TC-3" (forward) and
5'-TCTTGGCAAATGCTTTCGC-3’ (reverse). Thermo-
cycling conditions were as follows: 2 minutes at 50°C
followed by an initial denaturation for 10 minutes at
95°C, followed by 40 cycles of two-step polymerase
chain reaction consisting of 15 seconds at 95°C, and
1 minute at 60°C. Duplicate experiments were per-
formed three times to compare each target cDNA us-
ing the AACt method.

CAM Assay

Approximately one million wild-type CHO cells, used as a
negative control, or CHO cells producing ANGPTL4 were
placed on the surface of the CAM of 9-day-old chick
embryos, following the shell-less protocol.?® Cells were
allowed to grow for 3 to 5 days, as previously de-
scribed.?* The VEGF inhibitor PTK787/ZK 222584 [1-(4-
chloroanilinol)-4-(4-pyridylmethyl) phthalazine succinate,
dihydrochloride salt; a gift from Dr. J Wood, Novartis
Pharmaceuticals, Basel, Switzerland]?®?® was dissolved
in dimethyl sulfoxide at 100 wmol/L. This solution was
then diluted 100 X in water and applied twice per day (20
wl of a 1 umol/L solution) to the CAM, not to the CHO/
ANGPTL4 cells, starting 48 hours after grafting. We in-
jected fluorescein isothiocyanate-dextran into the CAM to
make the vasculature more visible, and CAMs were then
examined by two observers blind to the cells used. CHO
nodules and the surrounding CAMs were then excised,
fixed in 4% paraformaldehyde, and processed for immu-
nohistochemical analysis.

Tissue Collection

All tumor specimens were obtained from the Pathological
Anatomy Department of Tenon Hospital (Paris, France).



They were originally obtained from patients undergoing
surgery. Tissues were fixed in 20% formaldehyde and
embedded in paraffin. The sections were stained with
hematoxylin, eosin, and safran and conventional histolog-
ical diagnosis was made by standard light microscopy.
Human tumors were classified according to the revised
World Health Organization criteria for tumors. Small leg
tissue samples were obtained from patients undergoing
amputation for critical leg ischemia at Saint Joseph Hos-
pital or Hopital Europeen Georges Pompidou (Paris,
France). For each patient, normal tissue, from a nonisch-
emic part of the leg, was taken as a control. Samples
were fixed in 4% paraformaldehyde and processed for
histology.

Immunohistochemistry

Immunostaining with anti-a-smooth muscle actin (1:2000,
clone 1A4; DAKO) or anti-endothelial CD34 (1:200, clone
QBEND10; Immunotech) antibodies was performed by
routine methods using a biotinylated secondary antibody
and the ABC-peroxidase complex (Vector Laboratories)
with diaminobenzidine-H,O, used as the chromogen for
detection.

Antibody Production

An antibody directed against human ANGPTL4 was gen-
erated by conjugating a 15-amino acid peptide from the
coiled-coil domain (amino acids 149 to 165) with ovalbu-
min and injecting the conjugate into rabbits (Neosystem,
France). This antibody made it possible to detect endog-
enous human ANGPTL4 protein on immunoblots, but not
by immunohistochemistry on paraffin sections.

Western Blotting

HMEC-1 cells were rinsed and fresh serum-free medium
was added. The media of untreated cells and of cells
treated with 100 wmol/L of DFO for 24 hours were con-
centrated by a factor of 60, by centrifugation (Ultrafree-4
Biomax-15-kd membrane; Millipore). Western blots were
probed with antibodies directed against human AN-
GPTL4 (dilution, 1:1000) and antibody binding was de-
tected with a biotin-streptavidin system.

Results

ANGPTL4 Is Induced in Hypoxic Conditions in
HMEC-1 Cells

ANGPTL4 was identified by cDNA RDA as 1 of the 350
hypoxia-induced mRNAs isolated from ECs (data not
shown). The hypoxic stimulation of ANGPTL4 mRNA ex-
pression in these cells was confirmed by Northern blot-
ting with RNA isolated from HMEC-1 cells cultured under
chemical hypoxia (100 umol/L DFO) or gaseous hypoxia
(3% O,) and comparison with RNA from HMEC-1 cells
cultured under normoxia. Both chemical and gaseous
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Figure 1. ANGPTL4 is a direct target of hypoxia in HMEC-1 cells. a: Northern
blot analysis of ANGPTL4 mRNA induction by chemical hypoxia (100 wmol/L
DFO) and gaseous hypoxia (3% O,). b: Kinetic analysis by real-time quan-
titative reverse transcriptase-polymerase chain reaction of ANGPTL4 mRNA
induction by 100 uwmol/L of DFO. c: Northern blot analysis of ANGPTL4
mRNA levels after 15 hours of treatment with various growth factors and 100
umol/L of DFO, demonstrating the specificity of the effects of hypoxia. d:
Northern blot analysis of ANGPTL4 mRNA levels after incubation for 15 hours
in an atmosphere containing 3% O,, with or without 1 pg/ml of actinomycin
D. e: Northern blot analysis of ANGPTL4 mRNA levels after incubation for 4
hours in an atmosphere containing 3% O,, with or without 10 ug/ml of
cycloheximide. f: Western blot analysis of ANGPTL4 protein, secreted into
the culture medium in response to hypoxia. Recombinant ANGPTL4 protein
secreted by stably transfected CHO cells was used as a control (right lane).

hypoxia induced robust induction of ANGPTL4 mRNA
(Figure 1a). Induction by DFO was quantified by real-time
quantitative polymerase chain reaction, using the 18S
RNA gene as a reference gene (Figure 1b). ANGPTL4
mMRNA levels had increased by a factor of six at 2 hours
after the start of hypoxia. ANGPTL4 mRNA levels re-
mained high thereafter, reaching a maximum of eight
times basal levels after 20 hours of hypoxia (Figure 1, a
and b).

We investigated whether the induction of ANGPTL4
production by hypoxia was specific, by incubating
HMEC-1 cells for 15 hours with various growth factors:
transforming growth factor-g1, insulin-like growth fac-
tor-1, VEGF, angiotensin Il, basic fibroblast growth factor,
epidermal growth factor, and DFO. Only DFO caused a
marked increase in ANGPTL4 mRNA levels, the other
growth factors having little (transforming growth factor-
B1) or no (all of the other growth factors) effect. We
investigated the mechanisms responsible for ANGPTL4
mRNA accumulation in response to hypoxia by incubat-
ing HMEC-1 cells for 15 hours in an atmosphere contain-
ing 3% O,, in the presence of 1 ug/ml of actinomycin D.
Actinomycin D totally abolished the induction of AN-
GPTL4 mRNA (Figure 1d), indicating that hypoxia exerts
its effects on angptli4 gene expression at the transcrip-
tional level. We then investigated whether hypoxia di-
rectly affected angptl4 gene expression. The induction of
ANGPTL4 mRNA persisted in the presence of cyclohex-



1524 Le Jan et al
AJP May 2003, Vol. 162, No. 5

imide, which inhibits protein synthesis (Figure 1e), con-
sistent with angptl4 being a direct target gene of hypoxia.
Finally, we showed, by Western blotting, that ANGPTL4 is
secreted into the culture medium of HMEC-1 cells in
response to hypoxia (Figure 1f).

ANGPTL4 Promotes Angiogenesis in Ovo

Because the production of ANGPTL4 by ECs is induced
by hypoxia and because this protein displays similarity to
ANGPTL3, which was recently described as an angio-
genic factor,?” we investigated the potential angiogenic
effects of ANGPTL4 in ovo. We used an original experi-
mental model recently developed by our group that in-
volves grafting CHO cells producing the protein of inter-
est onto the chick chorioallantoic membrane (CAM).24
Any effect on the development of CAM vascularization
can then be observed throughout the next few days. CHO
cells stably secreting ANGPTL4 (Figure 1f, right lane)
were grafted onto the outer surface of the CAM on day 9
of embryonic development. These cells (CHO/ANGPTL4)
implanted efficiently in the CAM (34 of 36 grafts per-
formed), resulted in the development of a three-dimen-
sional structure resembling a nodule. ANGPTL4 produc-
tion led to a major reorganization of mesodermal vessels
in the CAM, with the formation of a spoke-wheel pattern of
vascularization toward the nodule, a feature typical of
active neoangiogenesis (Figure 2a, left). In contrast, wild-
type CHO cells, used as a control, implanted very rarely
(2 of 38 grafts performed) and had no angiogenic effect
(Figure 2a, right).

Histological analysis of the nodule showed that
CHO/ANGPTL4 cells crossed the ectoderm and
formed spherical nodules in the mesoderm (Figure 2b,
left). In situ hybridization demonstrated that the CHO/
ANGPTL4 cells stably produced ANGPTL4 mRNA
within the nodule 5 days after grafting (Figure 2b, left
and middle). Vascular chemotaxis, induced by the AN-
GPTL4 produced by the grafted CHO/ANGPTL4 cells,
resulted in the invasion of newly formed vessels from
the CAM into the growing nodule, as shown by staining
with anti-smooth muscle cell-a-actin antibody (Figure
2b, right). The robust induction of new blood vessel
formation and the reorganization of the vascular sys-
tem provoked by ANGPTL4 demonstrate that AN-
GPTL4 is an angiogenic factor.

We characterized the angiogenic effect of ANGPTL4
further by repeating the CAM experiment in the presence
of PTK787/ZK 222584 [1-(4-chloroanilino)-4-(4-pyridylm-
ethyl) phthalazine succinate], a potent inhibitor of VEGF
receptor tyrosine kinases.®® Interestingly, PTK787/ZK
222584 inhibited the formation of CAM microvessels in
areas far from the grafted ANGPTL4-producing cells, but
did not efficiently inhibit the neovascularization induced
in the vicinity of the ANGPTL4-secreting cells (Figure 2c),
strongly suggesting that VEGF, despite being involved in
most angiogenic processes, is not involved in ANGPTL4-
induced angiogenesis.

Figure 2. Angiogenic activity of ANGPTL4 in the chicken CAM assay. a: Left:
CHO-ANGPTL4 nodule 5 days after grafting, displaying a spoke-wheel pat-
tern of vascularization. Highly vascularized nodule after in vivo fluorescein
isothiocyanate-dextran injection. Right: Cell aggregates from CHO control
cells remained on the ectodermal surface and displayed no induced angio-
genic response. b: CHO/ANGPTL4 nodule counterstained with toluidine
blue (left). Dark-field view of ANGPTL4 mRNA in the implanted nodule 5
days after grafting (middle). Invasion of the nodule by newly formed vessels
from the CAM is shown by staining with an anti-smooth muscle cell actin
antibody (right). c: Inhibition of the protein tyrosine kinase activity of the
VEGF receptor by PTK787/ZK 222584. PTK787/ZK 222584 applied close to
the cell aggregates (N) 2 days after grafting does not inhibit CHO-ANGPTL4-
mediated angiogenesis, as shown by the nonregression of blood vessels
surrounding the CHO-ANGPTL4 cells (++-+). In contrast, PTK787/ZK
222584 inhibits CAM blood vessel formation away from the CHO-ANGPTL4-
producing cells (*), but only in the treated area in which growth of the
microvasculature is inhibited. As a control, an untreated area of the CAM is
shown on the left of C. Scale bars: 2 mm (a), 150 um (b, left and middle);
and 20 pm in (b, right).

ANGPTL4 Is Produced in Human
Hypoxic/Ischemic Tissue

We investigated the physiological relevance of ANGPTL4
in hypoxic situations in humans by evaluating ANGPTL4
mMRNA levels in critical leg ischemia by in situ hybridiza-
tion. Human leg specimens were obtained from patients
who had undergone amputation. The distal (most dis-
eased) and proximal (most healthy) parts of the leg were
compared for each patient. ANGPTL4 mRNA levels were
below the threshold of detection by in situ hybridization in
the normal part of the leg (Figure 3, a through e; left). In
contrast, ANGPTL4 mRNA levels were repeatedly found
to be higher in the ischemic tissues of several patients
suffering from critical leg ischemia (Figure 3, a and b;
compare left and right panels). We tried to identify the
types of cell producing ANGPTL4 mRNA by performing in
situ hybridization without (Figure 3c, right) or with double-
immunohistochemical labeling, using anti-smooth muscle
actin (Figure 3d, right) and anti-CD34 antibodies (Figure
3e, right). We found that ANGPTL4 mRNA was produced
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Figure 3. In situ hybridization analysis of ANGPTL4 mRNA levels in critical
leg ischemia. Slides were counterstained with toluidine blue. The normal part
of the leg is shown on the left and the ischemic part of the leg on the right.
a: Bright-field view showing ANGPTL4 mRNA in tissues. b: Dark-field view
showing ANGPTL4 mRNA. c¢: ANGPTL4 mRNA production in large vessels
showing restricted labeling in the ECs and smooth muscle cells in the
ischemic part. d: ANGPTL4 mRNA in SMCs in the ischemic part (right) of the
leg, compared with the normal part (left), by double-labeling with an
anti-smooth muscle cell actin antibody. e: ANGPTL4 mRNA in ECs of a large
vessel of the ischemic part of the leg (right), compared with the normal part
of the leg (left), by double-labeling with an anti-CD34 antibody. Scale bars,
100 pm.

in the wall of the blood vessel in both vascular smooth
muscle cells and ECs.

ANGPTL4 Produced in Large Amounts in
Conventional RCC Cells

Solid tumor tissues are subject to chronic or intermittent
low partial pressures of oxygen. We therefore investi-
gated whether ANGPTL4 mRNA was produced by vari-
ous types of tumor (Table 1) in addition to glioblastomas,
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as demonstrated by Lal and colleagues.?® As ANGPTL4
was first detected in the placenta, liver, and adipose
tissue,’”'® we began by assessing angptl4 expression in
hepatocellular carcinoma and liposarcoma. ANGPTL4
levels in in situ hybridization experiments were not higher
in hepatocellular carcinoma than in normal hepatocytes
(data not shown). ANGPTL4 levels were slightly higher in
well-differentiated liposarcoma than in normal adipo-
cytes, and tumor adipocytes displayed a heterogeneous
pattern of expression (data not shown). Interestingly, AN-
GPTL4 was also detected in the perinecrotic region of
several types of tumor in which hypoxia has been re-
ported to up-regulate angiogenic factors.?® For example,
angptl4 expression was observed in the perinecrotic ar-
eas of pulmonary carcinomas (Figure 4a), renal oncocy-
tomas (Figure 4b), and chromophobic RCCs (Figure 4c).
One of the major findings of this study was the much
higher levels of ANGPTL4 mRNA in tumoral epithelial
cells from conventional RCC than in the adjacent nontu-
moral part of the kidney (Figure 4, d and e). Northern blot
analysis clearly showed the 2.3-kb ANGPTL4 mRNA to
be present in conventional RCC, whereas it was not
detected in the adjacent normal renal tissue (Figure 4f).
We examined other renal tumors to determine whether
ANGPTL4 was specific to this tumor type. We found that
tumoral cells from tubulopapillary carcinomas and chro-
mophobe carcinomas did not produce ANGPTL4 mRNA
(data not shown). Benign tumors (oncocytomas or angio-
myolipomas) and preneoplasic lesions (tubulopapillary
adenomas) also lacked ANGPTL4 mRNA (data not
shown). This result contrasts strongly with the high levels
of ANGPTL4 mRNA that we found in all 85 conventional
RCCs (Table 1). Thus, there seem to be two different
patterns of ANGPTL4 production in tumor tissues: AN-
GPTL4 is produced in a limited number of cells around
the necrotic and hypoxic areas of most tumors, and spe-
cifically in the tumoral cells of conventional RCC.

Discussion

ANGPTL4 has been identified by several groups: Kim
and colleagues’® identified it as a novel fibrinogen/an-
giopoietin-related protein by homology cloning, Kersten
and colleagues’® reported the corresponding gene to be
a novel peroxisome proliferator-activated receptor-« tar-
get gene (PPARa), and Yoon and colleagues'” identified
the angtpl4 gene as a PPARy target gene. ANGPTL4 has
been detected in the liver, adipose tissue, and placenta,
and it has been suggested that this protein is involved in
lipid metabolism, adaptation to fasting, and adipose tis-
sue differentiation.’” 8

We identified angptl4 as a hypoxia-induced gene while
performing a systematic search for genes expressed by
ECs under chemical and/or gaseous hypoxia. ANGPTL4
mMRNA levels rapidly (2 hours) and markedly (by a factor
of up to eight) increased under these conditions and the
amount of the corresponding protein in the medium also
increased. Hypoxic induction of ANGPTL4 mRNA pro-
duction has also been reported in glioblastomas?® and in
cultured cardiomyocytes.®° In this study, using our anti-
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Table 1. [n Vivo ANGPTL4 mRNA Expression in Tumoral Tissues

Normal Perinecrotic Tumoral

Organ Tumor type Histological type Number tissue areas cells
Kidney Malignant primary lesion Conventional carcinoma 65 - +++ +++

Tubulo-papillary carcinoma 5 - + -

Chromophobe cell carcinoma 4 - + —

Composite tumor 3 - + -

Benign tumor Oncocytoma 4 - + -

Angiomyolipoma 1 - NA -

Preneoplasic lesion Tubulo-papillary adenoma 2 - NA -

Breast Malignant primary lesion Canalar invasive carcinoma 7 - - -

Lobular invasive carcinoma 2 - NA -

Metastatic lesion Adenocarcinoma ganglionar metastasis 1 - NA -

Lung Malignant primary lesion Adenocarcinoma 4 - + -

Squamous cell carcinoma 8 - -
Small cell carcinoma 1 - -

Colon Malignant primary lesion Adenocarcinoma 6 - * -

Preneoplasic lesion Tubulo-villous adenoma 3 - NA -

Metastatic lesion Adenocarcinoma ganglionar metastasis 4 - NA -

Adenocarcinoma hepatic metastasis 2 — * -

Adenocarcinoma pelvian metastasis 2 - * -

Brain Malignant primary lesion Glioblastoma 2 - + -

Oligodendroglioma 2 - + -

Prostate Malignant primary lesion Adenocarcinoma 3 — * -

Benign tumor Adenomyoma 3 - NA -

Preneoplasic lesion High grade prostatic intra-epithelial neoplasia 1 — NA -

Soft tissues Malignant primary lesion Angiosarcoma 4 - * -
Liposarcoma 6 ++ ++ ++

Liver Malignant primary lesion Hepatocellular carcinoma 2 + * +
Miscellaneous Malignant primary lesion Carcinoid tumors 3 — NA NA

Tumor specimens used in this study. Expression levels are indicated by + signs. NA, not applicable, in cases in which no necrotic areas were
found; *, the presence only of very small regions of necrosis, in which ANGPTL4 mRNA was barely detected.

human ANGPTL4 antibody, we showed for the first time
the induction by hypoxia of ANGPTL4 protein production.

ANGPTL4 belongs to a family of angiopoietin-like pro-
teins, including ANGPTLS, that display angiogenic activ-
ity.?” It is also involved in the regulation of plasma lipid
levels.®" In this study, we have clearly demonstrated that
ANGPTL4 has a proangiogenic effect. We used the pro-
duction of the recombinant protein by CHO cells grafted
onto the chick CAM as an experimental model. ANGPTL4
is a secreted protein.'® It is therefore steadily released by
CHO/ANGPTLA4 cells and induces significant neoangio-
genesis and the rearrangement of the blood vessels.
ANGPTL4-induced neovascularization was not inhibited
by the VEGF inhibitor PTK787/ZK 222584. In control
CAMs, or away from the ANGPTL4-producing cells, the
effect of PTK787/ZK 222584 was similar to that reported
by Cruz and colleagues,®* who described the inhibition
of CAM vessel growth, which was restricted to the micro-
vasculature. As previously reported,?® PTK787/ZK
222584 did not inhibit kinases from other enzyme families
at the concentrations used in this study. We therefore
suggest that ANGPTL4 is a proangiogenic factor that
acts independently of VEGF. Nevertheless, more work is
needed to better characterize vascular proliferation in
response to ANGPTL4, the mechanism of action of re-
mains unknown as Kim and colleagues'® showed that
ANGPTL4 binds neither Tie-2 nor Tie-1.

We confirmed that ANGPTL4 production was induced
by hypoxia/ischemia by means of in situ hybridization
experiments comparing healthy and ischemic tissue
samples from patients suffering from leg ischemia. In the

chronically ischemic part of the leg, VEGF and VEGF-R2
have been shown to be restricted to atrophic and regen-
erating muscle cells.®® We show here that ANGPTL4 is
present in larger amounts in the ischemic tissue than in
the healthy part of the leg. ANGPTL4 was produced
principally by ECs, but also, to a lesser extent, by vas-
cular smooth muscle cells. ANGPTL4 was also produced
in the area surrounding the necrotic portions of various
benign or malignant tumors. A similar pattern has been
observed for endothelial Per-ARNT-Sim domain protein-
1(EPAS-1)/hypoxia-inducible factor-2, the production of
which in hypoxic perinecrotic regions is correlated with
tumor progression and angiogenesis.?®

ANGPTL4 production was also clearly up-regulated in
tumoral cells from conventional RCCs. In addition, AN-
GPTL4 was produced only in conventional RCCs, and not
in other benign or malignant renal lesions. ANGPTL4
therefore seems to be a marker for conventional RCC and
the determination of plasma ANGPTL4 levels may serve
as an indicator of the recurrence of this cancer or the
likelihood of metastasis. ANGPTL4 may also be of value
as a therapeutic target in conventional RCC, which is
resistant to radiotherapy and conventional chemother-
apy, and prone to metastasis via the bloodstream.

Finally, human conventional RCCs have been shown to
display altered carbohydrate metabolism, a feature not
shared by other renal tumors.®3 In fact, conventional RCC
arises from proximal tubular cells, which have a very high
metabolic demand as they ensure ion transport. The role
of ANGPTL4 in the metabolic pathways of these cells and
in conventional RCCs requires further investigation, but it
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Figure 4. Analysis of ANGPTL4 mRNA production in various types of tumor.
a—d: Bright-field (left) and dark-field (right) views of ANGPTL4 mRNA
production in necrotic areas of a pulmonary carcinoma (a), renal oncocy-
toma (b), chromophobic RCC (c¢), and in conventional RCC (d). e: Produc-
tion of ANGPTL4 mRNA by tumor cells of conventional RCC. f: Northern blot
analysis of ANGPTL4 mRNA levels in normal kidney and conventional RCC.
T, tumor tissue; N, necrotic area; C, kidney capsule. Scale bars, 100 wm.

seems likely that survival in hypoxia and the growth of
conventional RCCs may require PPARvy target genes
such as angptl4. Interestingly, PPARy has been detected
in conventional RCC specimens and both the synthetic
PPAR-vy agonists (pioglitazone and troglitazone) and the
endogenous PPAR-vy ligand, 15-deoxy-delta12,14-pros-
taglandin J(2) [15dPGJ(2)] inhibit the growth of conven-
tional RCC cells.®* These findings suggest that there is a
complex, as yet unknown interplay between the regula-
tion of PPAR~y-regulated genes and the hypoxic pathway
in some pathological conditions such as cancer.3®
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