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Presently, there is no effective treatment for glioblas-
toma, the most malignant and common brain tumor.
Growth factors are potential targets for therapeutic
strategies because they are essential for tumor growth
and progression. Peptidylglycine a-amidating mono-
oxygenase is the enzyme producing a-amidated bio-
active peptides from their inactive glycine-extended
precursors. The high expression of peptidylglycine
a-amidating monooxygenase mRNA in glioblastoma
and glioma cell lines points to the involvement of
a-amidated peptides in tumorigenic growth processes
in the brain. After screening of amidated peptides, it
was found that human glioblastoma cell lines express
high levels of adrenomedullin (AM) mRNA, and that
immunoreactive AM is released into the culture me-
dium. AM is a multifunctional regulatory peptide with
mitogenic and angiogenic capabilities among others.
Real-time quantitative reverse transcriptase-polymer-
ase chain reaction analysis showed that AM mRNA
was correlated to the tumor type and grade, with high
expression in all glioblastomas analyzed, whereas a
low expression was found in anaplastic astrocytomas
and barely detectable levels in low-grade astrocyto-
mas and oligodendrogliomas. In the present study we
also demonstrate the presence of mRNA encoding the
putative AM receptors, calcitonin receptor-like recep-
tor/receptor activity-modifying protein-2 and -3
(CRLR/RAMP2; CRLR/RAMP3) in both glioma tissues
and glioblastoma cell lines and further show that ex-
ogenously added AM can stimulate the growth of

these glioblastoma cells in vitro. These findings sug-
gest that AM may function as an autocrine growth
factor for glioblastoma cells. One way to test the au-
tocrine hypothesis is to interrupt the function of the
endogenously produced AM. Herein, we demonstrate
that a polyclonal antibody specific to AM, blocks the
binding of the hormone to its cellular receptors and
decreases by 33% (P < 0.001) the growth of U87
glioblastoma cells in vitro. Intratumoral administra-
tion of the anti-AM antibody resulted in a 70% (P <
0.001) reduction in subcutaneous U87 xenograft
weight 21 days after treatment. Furthermore, the den-
sity of vessels was decreased in the antibody-treated
tumors. These findings support that AM may function
as a potent autocrine/paracrine growth factor for hu-
man glioblastomas and demonstrate that inhibition of
the action of AM (produced by tumor cells) may sup-
press tumor growth in vivo. (Am J Patbol 2002,
160:1279-1292)

Malignant glioblastomas are highly aggressive tumors
with a median patient survival time of 9 to 14 months.’
They are characterized by rapidly dividing cells, invasion
into normal brain, and a high degree of vascularity. The
histological grade of malignant gliomas, based on vas-
cular proliferation, endothelial cell hyperplasia, and mi-
crovessel count, has been shown to be inversely related
to prognosis.? Growth factors regulate cell proliferation
and differentiation and are directly involved in neoplastic
transformation.® A critical feature of many peptides (hor-
mones, growth factors, neuropeptides) that enables them
to mediate intracellular communication, is a carboxyl-
terminal a-amide group.*® A single enzyme complex
peptidylglycine a-amidating monooxygenase (PAM;
EC1.14.17.3) is responsible for the a-amidation of these
peptides and hormones.® PAM activity has been found in
a number of endocrine tumors (secreting a-amidated
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peptides), such as medullary thyroid carcinoma, pheo-
chromocytoma,® pancreatic tumors (secreting vasoac-
tive intestinal peptide),” and human pituitary tumors.®°
The finding that PAM immunoreactivity was also detected
in several unexpected cell types, such as ependyma,
choroid plexus, oligodendroglia, and Schwann cells'©
prompted us to investigate whether PAM expression
could be detected in gliomas.

The presence of PAM in gliomas should suggest the
active synthesis of a-amidated peptides functioning as
growth factors and playing a role in the regulation of both
cell proliferation and differentiation. To better define the
role of PAM in human gliomas, we have sought a-ami-
dated factors involved in tissue growth. A preliminary
screening of amidated peptides present in these tumors
and in derived cell lines have demonstrated that the
messenger ribonucleic acid for preproadrenomedullin is
by far the most predominant message encoding for two
a-amidated peptides, namely proadrenomedullin N-ter-
minal 20 peptide and adrenomedullin.

AM shows some homology with calcitonin gene-re-
lated peptide (CGRP), and has therefore been added to
the calcitonin/CGRP/amylin peptide family."" Subse-
quent work revealed that AM is produced by a wide
variety of tissues, most notably the adrenal medulla, lung,
kidney, and heart atrium.'? It has been shown to mediate
a multifunctional response in cell culture and animal sys-
tems and these responses include growth regulation and
induction of angiogenesis.’®'® Further studies have
demonstrated AM expression in a variety of human tu-
mors of both pulmonary and neural lineage including
small cell lung cancer, lung adenocarcinoma, bronchoal-
veolar carcinoma, squamous cell carcinoma of the lung
and lung carcinoids, ganglioneuroblastoma, and neuro-
blastoma.'”'® Several observations suggest that AM
may be potentially involved in tumorigenesis.'® A variety
of transformed cell lines, including the glioblastoma cell
lines T98G and A172'920 express the AM mRNA and
secrete AM.

Three AM receptors with different affinities for AM [L1,
RDC1, and calcitonin receptor-like receptor (CRLR)],
have been cloned and sequenced.?2'22 All of them be-
long to the seven-transmembrane domain G protein-cou-
pled receptor superfamily. Interestingly, CRLR requires
the presence of modulating proteins with a single trans-
membrane domain known as receptor activity-modifying
proteins (RAMPs).?* RAMP1 presents CRLR at the
plasma membrane as a terminally glycosylated, mature
glycoprotein and a CGRP receptor, whereas RAMP2 and
RAMP3 present CRLR as an immature, core glycosylated
AM receptor.?425

Although the expression of AM has been demon-
strated to be up-regulated in several tumors,'”~'° the
exact biological effects of AM in tumorigenesis remain
obscure. Proof of the role of AM in tumor growth requires the
demonstration that inhibition of AM action influences tumor
growth in vivo. The availability of specific polyclonal antibod-
ies capable of blocking AM interaction with its cell surface
receptors allowed us to test the hypothesis directly.

In the present study we demonstrate: 1) the presence
of the appropriate posttranslational processing enzymes

(PAM) in gliomas and glioma cell lines suggesting the
capacity of these cells to synthesize a-amidated pep-
tide(s); 2) the expression of AM,_s, amide, and AM-R in
glioma cells implicating a possible autocrine growth
mechanism; 3) that AM acts as a growth factor for glioma
cells in vitro; and 4) that treatment with a polyclonal anti-
body specific for AM decreases the proliferation of the
glioma cells in vitro, and inhibits the growth of a human
glioma xenograft in vivo.

Materials and Methods
Cell Culture

Human glioblastoma cell lines were obtained from the
American Type Culture Collection (Rockville, MD) and
maintained in minimum essential medium (U373, U138,
and U87) or in L15 medium (SW1783 and SW1088) con-
taining penicillin (50 U/ml), streptomycin (50 pwg/ml), glu-
tamine (1 mg/ml), and supplemented with 10% fetal bo-
vine serum. Cells were cultured under a moist 5% CO./
95% air atmosphere, and fed with fresh medium every 2
days, being routinely monitored for mycoplasma contam-
ination (Roche Molecular Biochemicals, Meylan, France).
Cells growing exponentially were harvested and pre-
pared for RNA analysis and amidation activity measure-
ment. All culture media components were purchased
from Invitrogen Life Technologies (Paris, France).

Cell Proliferation Assay

The effects of AM,_g, amide, CGRPg_ 5, amide, AM,,.5,
amide, and rabbit anti-human AM antibody (purified 1gG)
on cell proliferation was examined at the indicated time
points by the MTT [3,(4,5-dimethyl-thiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide] assay.?%?” After 2, 4, 6, and
8 days growth at 37°C in a humidified 95% air-5% CO,
atmosphere, the dye and solubilization solutions were
added from the Promega proliferation assay (Promega,
Lyon, France) which is a variation of the MTT assay.?®?”
The Bio-Tek Microplate Manager plate reader and soft-
ware was used to determine the change in the number of
viable cells from dye reduction measured by absorbance
at 570 nm.

Patients and Tissue Preparation

Tumors tissues from patients operated on for glioma at
the Department of Neurosurgery, CHU Timone, Marseille,
France, were studied. Our series include according to the
World Health Organization histopathological classifica-
tion,?® 4 oligodendrogliomas grade Il (low grade), 7 ana-
plastic oligodendrogliomas, 4 grade Il astrocytomas (low
grade), 4 anaplastic astrocytomas, and 14 glioblastomas
(grade V). Brain tumor samples were collected at the
time of surgery and immediately stored in liquid nitrogen
until used for RNA extraction. Nontumoral telencephalon
was obtained from a patient submitted to a surgical proce-
dure for epilepsy treatment. All tissue procurement proto-
cols were approved by the relevant institutional committees



(University of Aix-Marseille) and were undertaken under
informed consent of each patient and participant.

Northern Blot Analysis

Total RNA was prepared from tumors tissues and cell
lines using the acid guanidinium isothiocyanate/phenol/
chloroform procedure.?® Northern blot analysis was per-
formed essentially as described previously.2° Briefly, total
RNA (20 ng) was resolved on 1% agarose-formaldehyde-
denaturing gel. The denatured RNAs were transferred to
Hybond-N membranes (Amersham-Pharmacia Biotech, Or-
say, France) by capillary action in 10X standard saline
citrate [1.5 mol/L NaCl, 0.15 mol/L sodium citrate (pH 7.0)],
cross-linked by UV irradiation and hybridized to [a-*2P]-
labeled human 1.1-kb PAM cDNA®' and 1.2-kb AM
cDNA 32 respectively. Filters were prehybridized, hybrid-
ized, and washed as described previously.° To correct
for differences in loading and/or transfer, blots were
stripped and hybridized to cDNA probes derived from
frog rRNA 22 The autoradiograms were analyzed by mea-
surement of absorbance by scanner-densitometer using
NIH Image 1.54 software (National Institutes of Health,
Bethesda, MD). The hybridization signals of PAM and AM
mRNAs were normalized to that of 18S rRNA. The results
were expressed as the ratio of PAM or AM mRNAs ab-
sorbances to 18S rRNA absorbance.

Preparation of Tissue Extracts and Amidation
Assay

Cells were scraped from culture wells into ice-cold phos-
phate-buffered saline (PBS), collected, and prepared for
amidation assay as described previously.*°

Peptide Extraction and Radioimmunoassay

Cell pellets (6 X 10° cells) were boiled in 0.5 mol/L of
acetic acid for 20 minutes (1:10, w/v). After homogeniza-
tion with a Potter apparatus, cell suspensions were cen-
trifuged at 24,000 X g for 15 minutes. The pellets were
stored at —20°C until assayed for protein content using
the bicinchoninic acid protein assay reagent (Pierce
Chemical Co., Interchim, Paris). The supernatant was
lyophilized and the resulting residues were resuspended
in radioimmunoassay (RIA) buffer.'? The RIA of AM was
performed as previously reported,'? using the anti-serum
against human AM,_s, amide developed in our labora-
tory, and used at a final dilution of 1:30,000. To measure
the immunoreactive AM (IR-AM) in the culture medium,
the medium was extracted by the previously reported
method'? using Sep-PaK C18 cartridges (Waters, Mil-
ford, MA). Intra- and interassay coefficients of variation
were 5% (n = 10) and 8% (n = 7), respectively.
Chromatographic characterization of IR-AM in the cul-
ture medium was performed by reverse-phase high per-
formance liquid chromatography (HPLC) using a
uBondapak C18 column (3.9 X 300 mm; Waters). The
conditioned medium (80 ml) was extracted using Sep-
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PaK C18 cartridges. The extract was reconstituted with
water containing 0.1% (v/v) triflucroacetic acid and loaded
onto the column. The HPLC analysis was performed with a
linear gradient of acetonitrile containing 0.1% (v/v) trifluoro-
acetic acid from 10 to 60% at a flow rate of 1 ml/min/
fraction throughout 50 minutes. Each fraction (1 ml) was
collected, dried, and assayed for IR-AM.

Western Blot Analysis

The medium of U87, U373, or SW1088 cultures was
replaced with serum-free defined medium. After 24 hours
of cell culture, this conditioned medium was harvested
and concentrated 70-fold using a SpeedVac concentra-
tor (Savant Instruments, Inc.). An equal quantity (30 wul)
was prepared for electrophoresis by making them 2% in
sodium dodecyl! sulfate and 5% in 2-mercaptoethanol
and heated to 95°C for 5 minutes. Samples of medium
were fractionated on slab gels containing 12% acryl-
amide and 0.25% N,N-bis-acrylamide using the buffer
system of Laemmli.>* Proteins were electrophoretically
transferred to Hybond-C membranes (Amersham Phar-
macia Biotech) for 1 hour at 210 mA and visualized with
Ponceau S (Sigma). Molecular weights were estimated
by comparison with the prestained protein molecular
weight standards (Invitrogen Life Technologies). Hy-
bond-C strips were blocked in PBS buffer containing 5%
nonfat dry milk and incubated overnight in 1:1000 dilution
of rabbit anti-serum anti-human AM, and washed three
times in PBS. Signals were revealed using an enhanced
chemiluminescence kit (ECL kit, Amersham Pharmacia
Biotech). Specificity control consisted of a duplicate
membrane incubated in antigen-preabsorbed (10
nmol/ml anti-AM) anti-serum.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Real-time quantitative PCR was used to accurately detect
the changes of AM and GAPDH gene copies. The cycle
at which the ampilification plot crosses the threshold (CT)
is known to accurately reflect relative mRNA values.3%:3¢
Total RNA (2 ng) DNA-free was reverse-transcribed into
complementary DNA (cDNA) using 1 pg of hexamers
(Pharmacia Biotech, Orsay, France) and M-MLV reverse
transcriptase as described by the manufacturer (Invitro-
gen Life Technologies). Human AM and PAM and
GAPDH mRNAs were amplified (AM: forward primer, 5'-
TGCCCAGACCCTTATTCGG-3" and reverse primer, 5'-
AGTTGTTCATGCTCTGGCGG-3’; PAM: forward primer,
5'-CACTGATTGGACGGCAGAG-3" and reverse primer,
5'-CATCACTAGACGTGCCACCA-3’; GAPDH: forward
primer 5-CAAATTCCATGGCACCGTC-3" and reverse
primer 5-CCCATCTGATTTTGGAGGGA-3’), detected,
and quantitated in real-time using the ABI Prism 7700
Sequence Detector System (PE Applied Biosystems,
Foster City, CA) as described previously.®>36

The Tag Man probes for AM, PAM, and GAPDH were
5'-ACATGAAGGGTGCCTCTCGAAGCCC-3'; 5'-TTTTG-
GTGACCTACTGGCTGCAA-3" and 5-CCCATCACCAT-
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CTTCCAGGAGCGAG-3', respectively. The amplification
mixture contained cDNA derived from 50 to 150 ng of
total RNA, 0.2 umol/L of primer, and 0.1 umol/L of Tag
Man probe in 50 mmol/L of salt and 5 mmol/L of MgCl,. A
two-step PCR was performed for 35 cycles. Denaturation
was done at 94°C for 20 seconds, and annealing/exten-
sion at 60°C for 30 seconds. The reaction produced a
115-bp PCR product for AM, one of 155 bp for PAM, and
one of 101 bp for GAPDH. To determine the accuracy of
the assay, total RNA was reverse-transcribed and ampli-
fied on 3 separate days. The interassay accuracy of
amplification for the 3 days was 8%. For quantitation of
the data, AM mRNA levels were normalized to the
GAPDH mRNA levels in the same reaction. To create
standard curves for each gene, RNAs were produced by
in vitro transcription from linearized templates corre-
sponding to AM, PAM, and GAPDH cDNA constructs
using T, or T; polymerases and reverse-transcribed
to cDNA.

Taqg Man PCR Assay Conditions for AM, PAM,
and GAPDH mRNAs

Using the fluorogenic probes for AM, PAM, and GAPDH
with the experimental conditions defined above, we ob-
tained a linear relationship between the RNA concentra-
tion (previously transcribed into cDNA) and the fluores-
cent signal (ARQ) for AM, PAM, and GAPDH RNAs in 1-to
250-pg DNA target. For each unknown sample, we de-
termined the ARQ values for all three genes and the
results were expressed as fg of AM or PAM per pg
GAPDH.

RT-PCR of CRLR and RAMP mRNAs

Total RNA (5 ng) from human gliomas and glioma cell
lines, was reverse-transcribed into cDNA using 1 ug of
oligodT,,_4g (Parmacia PL, Paris, France) as primer in a
20-ul reaction volume containing 50 mmol/L of Tris-HCI
(pH 8.3), 75 mmol/L of KCI, 3 mmol/L of MgCl,, and each
of four dNTPs (Pharmacia), 20 U of Rnasin (Promega,
Lyon) and 400 U of M-MLV reverse transcriptase (Invitro-
gen Life Technologies) at 37°C for 60 minutes. The prim-
ers used in the PCR were designed to be specific for
CRLR, RAMP2, and RAMP3 and not to cross-hybridize
with any other known sequences as reported by Martinez
and colleagues.®” Human CRLR, RAMP2, and RAMP3
were amplified (CRLR: forward primer 5'-GTAATGTTAA-
CACCCACGAGAAAG-3' and reverse primer 5'-ATC-
CCCAGCCAAGAAAATAATAC-3'"; RAMP2: forward primer
5'-GGATATAGGCGCCCCCACAC-3" and reverse primer
5'-GGAAGCCCAGGTCAAACAACTCT-3’; and RAMP 3:
forward primer 5’-CGCAGCAAACGCACCGACAC-3" and
reverse primer 5’-GAGCCAGGGCAGGAACCAGAGATG-
3’). PCRs were performed in a 50-ul volume, with 20 mmol/L
of Tris-HCL (pH 7.4, 25°C), 50 mmol/L of KCI, 1.5 mmol/L of
MgCL,, 0.1% Triton X-100, 200 umol/L each of four dNTPs,
1 wmol/L of each primer, cDNA derived from the equivalent
of 300 ng of total RNA, and 2.5 U of Expand Long Template
(Roche Molecular Biochemicals). Samples were subjected

to 35 cycles in the MJ Research thermal cycler (MJ Re-
search Inc., La Jolla, CA). Cycle parameters were generally
as follows: the initial denaturation step was at 94°C for 4
minutes, the repeat cycle consisted of annealing at 50°C for
CRLR, and 58°C for RAMP2 and RAMP3 for 40 seconds,
followed by extension at 68°C for 50 seconds and denatur-
ation at 94°C for 30 seconds; the last extension time was
lengthened to 10 minutes. Samples were fractionated on a
1.2% agarose gels in 89 mmol/L of Tris, 89 mmol/L of
borate, 2.5 mmol/L of ethylenediaminetetraacetic acid, pH
8.0, buffer. After staining with ethidium bromide, gels were
photographed and prepared for Southern transfer by soak-
ing for 15 minutes in 1.5 mol/L NaCl and 0.5 N NaOH and
then for 30 minutes in 1 mol/L Tris-HCI, pH 8.0, and 1.5
mol/L NaCl and transferred to Hybond-N membrane as
described.®® The filters were hybridized with the internal
probes for CRLR, RAMP2, and RAMP3, 5'-TGGGACATT-
TGCAACTAACAG-3', 5'-GGGGACGGTGAAGAACTAT-
GAGAC-3’, 5'-TCTAGGGCCAGTGGAGGAAAAT-3’,
respectively. The filters were washed as previously
described®® and exposed to film to verify the identity of
the bands.

Development of Anti-Human AM Antibody

The polyclonal antibody against human AM was devel-
oped by use of the synthetic peptide corresponding to
the entire AM,_5, amide peptide (Bachem). Female New
Zealand rabbits received injections at multiple subcuta-
neous sites with 120 pg of synthetic peptide emulsified
with complete Freund’s adjuvant. Then the rabbits were
further immunized at 3-week intervals with 100 ng of AM,_s,
amide emulsified with incomplete Freund’s adjuvant.®® The
anti-sera obtained after the fourth booster injection were
screened for anti-AM activity, and then affinity purified on
rProtein A Sepharose Fast Flow columns (Amersham Phar-
macia Biotech).

Binding of "2°I-Labeled AM

Glioblastoma cells were cultured in 24-well plates for 48
hours (15 x 10* cells/well) and then serum-starved for 24
hours. After washing with PBS, cells were incubated in
TIS medium (MEM plus 10 pg/ml transferrin, 10 ug/ml
insulin, and 3 X 1078 mol/L sodium selenite) at 25°C for
120 minutes with the radioactive tracer in the presence or
absence of an excess (10~° mol/L) of unlabeled AM as
previously described.*® lodination of synthetic hAM was
performed by the chloramine T method,*® and purified by
reverse HPLC; monoiodinated ['?°I] hAM (SA, 350 Ci/
mmol) was used in the experiments. In binding inhibition
studies, cells were incubated with tracer and increasing
concentrations of the anti-AM antibody. At the end of the
incubation period, cells were extensively washed with
cold PBS containing 0.2% bovine serum albumin, solubi-
lized with 0.2 mol/L of sodium hydroxide, and analyzed
for bound radioactivity in a +y-spectrometer. Specific
binding was obtained by subtracting nonspecific binding
in the presence of excess unlabeled hAM from total bind-



ing. Data points represent the mean of three experiments,
each of which was performed in triplicate.

Animal Studies

Animal work was performed in the animal facility of the
school of medicine in accordance with institutional guide-
lines. Male 4-to-5-week-old athymic NMRI (nu/nu) mice
(Janvier, Laval Le Genest, France) were used. Mice were
acclimated and housed in sterile cages in groups of four
or less under laminar flow hoods in a temperature-con-
trolled room with a 12-hour light/12-hour dark schedule,
and fed autoclaved chow and water ad libitum.

Treatment of Glioblastoma Tumor Xenografts

Athymic NMRI (nu/nu) nude mice were implanted with
U87 glioblastoma cells. For the cell implantations, U87
cells, grown in culture, were washed with PBS, dispersed
in a 0.05% solution of trypsin, and resuspended. After
centrifugation (4000 rpm for 20 minutes at 8°C), the cell
pellet was resuspended in PBS and the final concentra-
tion was adjusted to 3 X 107 cells/ml and the suspension
was placed on ice. After the site was cleaned with etha-
nol, 0.1 ml (3 x 10° cells) of the suspension were sub-
cutaneously injected in the right flanks of nude mice.
Tumors were measured with a dial-caliper, and volumes
were determined using the formula width X length X
height X 0.52 (for ellipsoid form). After 12 days, when the
primary tumors were 1350 to 1500 mm? in size, animals
were randomly divided into three groups. One group (n =
20) received intratumoral injection of the anti-AM anti-
body (200 ng of purified IgG) as a suspension in PBS in
a volume of 0.2 ml every 3 days. As control, one group
(n = 7) received an irrelevant antibody (IgG of the same
isotype) and the other group (n = 7) received compara-
ble injections of the vehicle alone (PBS). Mice were sac-
rificed at the indicated time.

Immunohistochemical Analysis

Tumor specimens were embedded in Tissue-Tek and
frozen on dry ice/butane, and stored at —80°C. Frozen
sections (5 um) were cut on a Leica cryostat. Sections of
each specimen were stained using hematoxylin and eo-
sin (H&E). Immunohistochemistry was performed using
the Vectastain Elite ABC Kit (Vector Laboratories, Burlin-
game, CA). For the purpose of assessing tumor vascu-
larity and proliferation characteristics, tissue sections
were evaluated using antibodies to factor Vlli-related
antigen (von Willebrand factor) (DAKO, Denmark) and
Ki-67 nuclear antigen (DAKO). To ensure that represen-
tative tumor tissue sections were evaluated, all tumors
were sectioned through their largest diameter and then at
least five thin slices were made from each half of the
resected tumor. Detection was performed using a diami-
nobenzidine chromogen, which resulted in a positive
brown staining. Sections were counterstained with hema-
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toxylin, dehydrated in ethanol, and mounted with glass
coverslips. Negative control slides were obtained by
omitting the primary antibody. Ki-67 staining was quanti-
fied by counting the number of positively stained cells of
all nuclei in 15 randomly chosen fields.

In situ detection of apoptosis was measured by the
terminal  deoxynucleotidyltransferase  (Tdt)-mediated
dUTP nick end-labeling (TUNEL) method using the ap-
opTag Plus Kit (Intergen, Gaithersburg, MD) followed by
counterstaining with 1% methyl green. Apoptosis was
quantified by determining the percentage of positively
stained cells for all nuclei in 20 randomly chosen fields
per section at X200 magnification.

Tumor Vascular Density

Quantitation of vessel count was performed by a proce-
dure described by Wedner and colleagues.*’ The blood
vessels were counted randomly from nonnecrotic areas
in each tumor section in a X200 microscope field (1.0
mm?) (Olympus BH2, Tokyo, Japan), on vWF-stained
tissue sections. Vascular density was defined by averag-
ing the number of vessels with lumen in at least eight of
the most vascular areas.

Statistical Analysis

Data are expressed as mean = SEM. Statistical analyses
were performed by using the one-way analysis of vari-
ance followed by Fisher’s protected least significant dif-
ference test (Statview 512; Brain Power Inc., Calabasas,
CA). The difference was considered significant if the P
value was less than 0.05.

Results

Human Glioma and Glioma Cell Lines Express
High Levels of PAM mRNA

Total RNA from surgically resected human glioma, hu-
man glioma cell lines, and nontumoral brain tissue was
prepared to assess steady-state levels of PAM tran-
scripts. Northern blot analysis revealed the presence of
an ~4-kb PAM mRNA visualized using a 2.2-kb human
PAM cDNA probe.®" High levels of PAM transcript were
expressed in human gliomas (Figure 1A) and in the gli-
oma cell lines (Figure 1C) as compared to nontumoral
tissue (Figure 1A). The PAM cDNA probe was removed
from the blots, and the amount of ribosomal RNA present
in each sample was determined by hybridization to a
cDNA probe for ribosomal RNA (Figure 1, A and C). In
glioma tumors, the amount of PAM mRNA, quantified by
densitometry and normalized to 18S ribosomal RNA,
seemed to correlate with the tumor grade. PAM mRNA
levels were 9- to 15-fold higher in malignant glioblastomas
and fourfold to sixfold higher in low-grade gliomas as com-
pared to nontumoral brain tissue (Figure 1B). Most estab-



1284  Ouafik et al
AJP April 2002, Vol. 160, No. 4

A

NB GG 1V GG I

PAM .......” .

B

in

PAM mRNA

0.5 7

NB GGIV  GGII

C

SW Sw
U138 US7 U373 1783 1088

paM T W B B

D s

1.6
1.4
1.2
1
0.8

PAM mRNA

0.6
0.4
0.2

0
SW  SW
U138 U87 U373 563 088

Figure 1. Representative Northern blot analysis showing the expression of PAM mRNA in human glioma, glioblastoma cell lines, and nontumoral brain tissue.
A and C: Total RNA (20 pg) was fractionated on 1% agarose gel and transferred to Hybond-N membrane. The blots were hybridized with a 2.2-kb human PAM
¢DNA probe and exposed to X-ray film for 24 hours at —70°C with an intensifying screen. The blots were subsequently stripped and reprobed with a cDNA probe
corresponding to 18S rRNA to permit correction for the amount of sample actually transferred to Hybond-N membrane. B and D: For densitometric analysis, the
amount of PAM mRNA was normalized to the amount of 18S rRNA; this arbitrary ratio was used to express relative tissue and cell line PAM mRNA levels. Results
shown for glioblastoma cell lines are the mean = SEM of four independent experiments. NB, nontumoral brain; GGIV, glioma grade IV; GGII, glioma grade II.

lished cell lines derived from human glioblastoma con-
stantly expressed high levels of PAM mRNA (Figure 1D).

PAM Activity in Glioma Cell Lines

The amidation activity of extracts of each cell line was
assayed using a-N-acetyl-Tyr-Val-Gly substrate at pH
5.5.%° Total PAM activity was calculated by summing the
amount of PAM activity estimated in both particulate and
soluble fractions (Figure 2). The glioblastoma cell lines
U373 and SW1783 consistently displayed higher levels of
PAM activity (80 = 4 and 74 = 4 pmol/mg protein/hour,
respectively) than U87 (56 = 4.6 pmol/mg protein/hour);
U138 (57 *= 4.5 pmol/mg protein/hour) and SW1088
(54 £ 2.7 pmol/mg protein/hour) cell lines. Subsequent
studies have indicated that the culture medium of these
cell lines also displayed substantial amounts of secreted
PAM (not shown). The amount of PAM activity in each cell
line represents a balance between synthesis, storage,
inactivation, and secretion of the enzyme. Therefore, the
correspondence between glioma cell line PAM expres-
sion, as determined by Northern analysis (Figure 1D),
and the corresponding cell line PAM activity level may not
be quantitatively equal. The expression of PAM mRNA in
both gliomas and glioma cell lines and the presence of

PAM activity in these glioma cell lines demonstrate their
capacity to produce a-amidated peptides.

AM mRNA Is Expressed in Glioma Cell Lines

To determine the substrate(s) for PAM in the glioma cell
lines, we screened these cells by RT-PCR for the expres-
sion of many a-amidated peptides known to have mito-
genic effects on tumor cells. A very high expression was
found for AM in contrast to a weak expression of neu-
ropeptide Y and growth hormone-releasing hormone,
and no expression of calcitonin gene-related peptide
(CGRP), cholecystokinin, and vasoactive intestinal pep-
tide (not shown).

To assess the levels of AM mRNA in the glioma cell
lines and human nontumoral telencephalon, total RNA
was subjected to Northern blot analysis, and AM mRNA
was visualized using a human AM radiolabeled cDNA 22
The size of the messenger transcript was ~1.6 kb (Figure
3A), corresponding to what has been found in other
AM-producing tissues.*® The amount of AM mRNA was
then normalized to the amount of 18S ribosomal RNA
(Figure 3B). The Northern blot analysis demonstrated that
all glioma cell lines express AM mRNA, whereas no ex-
pression of AM mRNA was detected in nontumoral telen-
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Figure 2.PAM activity in glioblastoma cell lines. Crude particulate and
soluble fractions were prepared at least three times from each cell line.
Assays for PAM activity were performed in duplicate with at least two
different amounts of protein. Total PAM-specific activity was calculated by
taking into account the amount of protein in the two fractions. The mean
total specific activities * SEM are plotted.

cephalon tissue. However, the expression of AM mRNA in
nontumoral brain tissue was observed by RT-PCR (un-
published data),? suggesting a low level of expression
of AM mRNA in nontumoral human brain tissue. These
results confirm previously reported data in T98G and
A172 glioblastoma cell lines."®2°

Production and Secretion of AM Peptide by
Human Glioma Cell Lines

To investigate whether glioma cells could produce the
AM protein, RIA, reverse phase-HPLC, and Western blot
analysis were performed. Immunoreactive AM was de-
tected in both the cell extracts and culture media. All of
the glioma cell lines produced and secreted IR-AM. The
amount of IR-AM produced and secreted by different cell
lines is shown in Table 1. Reverse-phase HPLC showed
that IR-AM in the medium of U87 cells contained a single
peak eluting in the position of AM,_5, amide (Figure 4A).
The conditioned medium of U87 cells also contained two
minor peaks eluting earlier (Figure 4A), which could be
either a material very similar to AM,_s, amide, probably
an AM precursor fragment, or AM with some minor mod-
ifications. Western blot analysis of the conditioned me-
dium obtained from U87, U373, and SW1088 cells dem-
onstrated an immunoreactive band of 6 kd that
presumably represents the authentic peptide (Figure 4B).
In addition, immunoblot analysis of HPLC fraction con-
taining IR-AM revealed a major 6-kd immunoreactive
band (Figure 4B). The specificity of our immune-detection
assay was confirmed by an antibody absorption control that
eliminated the specific bands (Figure 4C). Taken together,
these findings confirmed that cultured glioma cells them-
selves produce and secrete AM peptide.
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Figure 3. Expression of AM mRNA in glioblastoma cell lines and nontumoral
brain tissue. Az Total RNA (15 ug) prepared from glioblastoma cell lines and
brain tissue was subjected to Northern blot analysis. The blot was hybridized
with human AM ¢DNA probe. The membrane was subsequently stripped and
hybridized with 18S ribosomal ¢cDNA. B: The autoradiograms were densito-
metrically analyzed and the amount of AM mRNA was normalized to the
amount of 18S rRNA. Data are presented as mean = SEM of four independent
experiments.

Expression of AM and PAM mRNAs in Human
Glioma

Total RNA from human gliomas was prepared to assess
steady-state levels of AM and PAM mRNA transcripts.
Real-time quantitative RT-PCR analysis was performed
on tumor fragments of the 31 gliomas. Based on World
Health Organization histopathological classification, the
present series included 4 low-grade oligodendrogliomas
(grade 1), 7 anaplastic oligodendrogliomas, 4 low-grade
astrocytomas (grade Il), 4 anaplastic astrocytomas, and
14 high-grade gliomas (grade IV). Quantification of PAM
MRNA transcripts revealed higher PAM mRNA levels in
glioblastomas compared with low-grade and anaplastic
astrocytomas. The mean level of PAM mRNA expression

Table 1. AM Content in Cell Extracts and Culture Medium
in Glioma Cell Lines

Cellular content, Culture medium content,

fmol/mg protein fmol/mi/h
us7 2.312 £ 0.256 0.415 £ 0.014
U138 2.564 + 0.288 0.248 = 0.044
SW1088 5.398 = 0.127 0.488 = 0.011
U373 2.583 = 0.250 0.231 £ 0.012
SW1783 9.892 = 0.101 0.104 = 0.013
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Figure 4. Reverse-phase HPLC profile and Western blot analysis of glioblas-
toma cell-conditioned media. A: Fractionation of 100 ml of U87 (concentrat-
ed to 1 ml before injection) compared with the elution time of synthetic AM
at 31 minutes (arrow). B: After the media of subconfluent US7, SW1088, and
U373 cells were changed, the media 24 hours later were collected and
concentrated 50-fold. Western blot analysis of these media using anti-human
AM antibody showed a single immunoreactive band. The reverse phase-
HPLC fraction at 31 minutes contains the 6-kd entity. The amount of synthetic
AM is 10 ng. C: These immunoreactive bands disappeared when we used the
preabsorbed anti-AM antibody.

was 748 = 87 fg/pg GAPDH mRNA in glioblastomas,
whereas it was 262 *= 73 fg/pg and 189 * 49 fg/pg for
anaplastic and low-grade astrocytomas, respectively.
Quantification of AM mRNA transcripts revealed a high
level of AM mRNA in glioblastomas, compared to low-
grade and anaplastic astrocytomas and oligodendrogli-
omas (Figure 5). The individual patterns of AM mRNA
expression are presented in Figure 5. The mean level of
AM mRNA expression was 55.8 = 14.3 fg/pg GAPDH
mRNA in glioblastomas, whereas it was 13.1 = 3.2 fg/pg
and 2.06 + 0.8 fg/pg for anaplastic and low-grade astro-
cytomas, respectively. Among the glioblastomas, the in-
dividual pattern of expression was highly variable; in
particular, five tumors (samples 1, 3, 5, 11, and 14)
expressed AM mRNA levels >70 fg/pg GAPDH mRNA.
Very low to null expression was detected in anaplastic
oligodendrogliomas (4.12 = 0.53 fg/pg) and low-grade
oligodendrogliomas (0.34 = 0.2 fg/pg). Omission of the
reverse transcriptase eliminated the signal, which indi-
cated that it was not attributable to contaminating
genomic DNA (not shown).
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Figure 5. Real-time quantitative RT-PCR analysis of AM mRNA levels in
glioma. Total DNA-free RNA from the oligodendroglioma (low grade and
anaplastic), astrocytoma (low grade and anaplastic), and glioblastoma were
transcribed to ¢cDNA and subjected to quantitative RT-PCR using the ABI
Prism 7700 sequence detection system for the estimation of relative AM to
GAPDH mRNA ratio as described in Materials and Methods. Each column
with bar shows mean * SD (n = 3).

RAMP and CRLR mRNAs Are Expressed in
Gliomas and Glioma Cell Lines

To determine whether the human brain gliomas and gli-
oma cell lines express CRLR, RAMP2, and RAMP3, we
examined the expression of their MRNA by RT-PCR. Sub-
sequent Southern blot analysis of the RT-PCR products
with the corresponding probes demonstrated in most of
the gliomas and the cell lines bands of the expected
sizes corresponding to the mRNA encoding CRLR as well
as RAMP2 and RAMP3 (Figure 6). No bands are seen in
the controls omitting reverse transcriptase enzyme (not
shown). Examination of the expression of L1 and RDC1
receptors by RT-PCR showed no expression of these two
types of receptors in the glioma cell lines (unpublished
data).

Characterization of Anti-Human AM Antibody

The anti-AM polyclonal antibody (purified 1gG) showed
very low cross-reactivity with AM-related peptides such
as AM,, o, amide, AM,g 5, amide, and AM, 5 5. Calcito-
nin, CGRP, 5, amide, CGRPg5, amide, and amylin
showed insignificant anti-AM antibody binding despite
some homology with AM (Table 2). In addition, no cross-
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Figure 6. Expression of RAMP and CRLR mRNAs. Total RNA from high- and
low-grade gliomas and glioblastoma cell lines was subjected to RT-PCR using
the three pairs of primers and PCR conditions were as described in Materials
and Methods. The PCR products were fractionated on agarose gels, prepared
for Southern blot analysis, and hybridized with the corresponding probe. The
number of bp present in PCR products are indicated on the right.
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Table 2. Cross-Reactivity of the Anti-Adrenomedullin
(Human) Antibody with AM-Related Peptides

Specificity
AM (human, 1-52) 100%
AM (human, 22-52) 10%
AM (human, 26-52) 9%
AM (human, 13-37) 1%
CGRP (human, 1-37) <0.1%
CGRP (human, 8-37) <0.1%
Amylin 0%

Sensitivity
ICs0 0.06 pmol/ml (antiserum dilution: X30,000)

reactivities against the following peptides were observed:
[ACTH (1-24), endothelin-1, AVP, CRF, TRH, substance
P, and ANF]. The Western blot analysis clearly supports
the antibody’s specificity for AM (Figure 4, B and C). We
next tested the ability of the antibody to block the binding
of labeled '®°I-AM to its cell-surface receptor on U87
cells (Figure 7). Anti-AM antibody blocked AM-receptor
interaction in a dose-related manner (Figure 7). An indif-
ferent rabbit anti-TRH antibody, of the same isotype as
the anti-AM antibody (IgG) at 20 ng, did not significantly
affect AM-receptor interaction (<1% inhibition).

Effect of AM and Anti-AM Antibody on the
Proliferation of U87 Cells in Vitro

It is now clear from a vast number of studies that the
major effect on AM-stimulated cells is an elevation of
cAMP,® a signal transduction pathway known to modu-
late cellular growth.*® To investigate this aspect, we used
the MTT assay technique to examine the effects of AM on
the growth of glioma cell lines. U87 cells cultured in
serum-free medium were exposed to 2 X 107 mol/L of
AM for 