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GROWTH FACTORS-CYTOKINES

IGF-I1 Regulates Pheochromocytoma Cell Proliferation
and Survival In Vitro and In Vivo

Maria Celia Fernandez, Marcela Venara, Susana Nowicki, Héctor E. Chemes,*
Marta Barontini,* and Patricia A. Pennisi

Centro de Investigaciones Endocrinolégicas Consejo Nacional de Investigaciones Cientificas y Técnicas,
Hospital de Nifios Dr. Ricardo Gutiérrez, C1425EFD Buenos Aires, Argentina

IGFs are involved in malignant transformation and growth of several tissues, including the adrenal
medulla. The present study was designed to evaluate the impact of IGF-1 on pheochromocytoma
development. We used a murine pheochromocytoma (MPC) cell line (MPC4/30) and an animal
model with a reduction of 75% in circulating IGF-I levels [liver-IGF-I-deficient (LID) mice] to perform
studies in vitro and in vivo. We found that, in culture, IGF-I stimulation increases proliferation,
migration, and anchorage-independent growth, whereas it inhibits apoptosis of MPC cells. When
injected to control and to LID mice, MPC cells grow and form tumors with features of pheochro-
mocytoma. Six weeks after cell inoculation, all control mice developed sctumors. In contrast, in73%
of LID mice, tumor development was delayed to 7-12 wk, and the remaining 27% did not develop
tumors up to 12 wk after inoculation. LID mice harboring MPC cells and treated with recombinant
human IGF-I (LID+) developed tumors as controls. Tumors developed in control, LID, and LID+ mice
had similar histology and were similarly positive for IGF-I receptor expression. The apoptotic index
was higher in tumors from LID mice compared with those from control mice, whereas vascular
density was decreased. In summary, our work demonstrates that IGF-I has a critical role in main-
taining tumor phenotype and survival of already transformed pheochromocytoma cells and is
required for the initial establishment of these tumors, providing encouragement to carry on re-
search studies to address the IGF-I/IGF-I receptor system as a target of therapeutic strategies for

pheochromocytoma treatment in the future. (Endocrinology 153: 0000-0000, 2012)

he IGFs are polypeptides structurally related to insulin
Tthat play an important role on cellular proliferation
and inhibition of apoptosis (1).

IGF-I and IGF-II are synthesized by almost all tissues
and are important mediators of cell growth, differentia-
tion, and transformation. They can play a paracrine
and/or autocrine role in promoting tumor growth in situ
during tumor progression. Increased expression of IGF-I,
IGF-II, or IGF-I receptor (IGF-IR) have been documented
in several malignancies, including glioblastomas, neuro-
blastomas, meningiomas, medulloblastomas, breast car-
cinomas, colorectal and pancreatic carcinomas, and ovar-
ian cancer (2). Evidence from recent epidemiological
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studies is also consistent with a role of IGF in tumor de-
velopment showing a correlation between circulating lev-
els of IGF-I and the relative risk of developing cancer,
although some reports show otherwise (3-7).

The IGF system plays a role in cell proliferation and
neoplastic growth of the adrenal gland. It has been dem-
onstrated that adrenocortical malignancies overexpress
IGF-IR, whereas adenomas or cortical hyperplasia have
expression levels similar to the normal tissue (8, 9).

Pheochromocytomas are chromaffin cell-derived neu-
roendocrine tumors arising from the adrenal medulla,

which

echolamines. Between 13 and 36% of sporadic pheocro-

synthesize, store, and wusually secrete cat-
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mocytomas undergo malignant transformation, with an
overall 5-yr survival of about 50 %, but some patients have
survived for 20 yr or longer (10, 11). Benign pheochro-
mocytomas have IGF-IR expression levels above those of
normal adult adrenomedullary tissue (12), which suggests
a possible regulatory role of the IGF-I/IGF-IR circuit in the
pathogenesis of the disease.

There are only two pheochromocytoma-derived cell
lines available for experimental research, neither of them
from humans. One is the PC12 cell line, derived from
spontaneous rat pheochromocytomas (13), and the other
one is the murine pheochromocytoma (MPC) cell line
more recently described. MPC cells are derived from tu-
mors developed in heterozygous neurofibromin (nf1) gene
knockout mice (14, 15). This cell line expresses the enzyme
phenylethanolamine N-methyl transferase required for
the synthesis of adrenaline. It also expresses high levels of
rearranged during transfection protein, a tyrosine kinase
receptor, which is involved in the development of the type
2 multiple endocrine neoplasia syndrome in humans.
Therefore, this cell line resembles human pheocromocy-
toma and is a potential tool for the development of ex-
perimental models of the disease (16, 17).

This study was designed to explore the role of IGF-I in
the development of pheochromocytoma in vitro and in
vivo. To this end, we used the MPC line and the liver-IGF-
I-deficient (LID) mouse model that hasa 75 % reduction in
circulating IGF-I levels (18). We found that IGF-I pro-
motes murine pheochromocytoma development by stim-
ulating proliferation, motility, ability to grow unattached,
vessel formation, and by inhibiting apoptosis of pheochro-
mocytoma cells.

Materials and Methods

Pheochromocytoma cell lines

Mouse pheochromocytoma cells (MPC4/30PRR) were
kindly provided by A. Tischler (Tufts University, Boston, MA).
PC12 cells were purchased from American Type Culture Col-
lection (Manassas, VA).

IGF-I stimulation

PC12 (used as positive control for IGF-IR expression and
activation) and MPC cells were cultured and maintained as pre-
viously described (14, 19). Cells from both lines were plated on
six-well plates, allowed to grow up to 70% confluence, and
starved overnight with serum-free medium. Next morning, se-
rum-free medium was refreshed twice (for 2 h and for 15 min)
before stimulation with IGF-I. After 5 and 15 min of stimulation
with 20 nM recombinant human (rh)IGF-1, cells were harvested
on lysis buffer, and proteins were extracted as previously de-
scribed (20). Experiments were performed in triplicates.
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Animal husbandry and PCR genotyping

Mice were housed in standard conditions of 12-h light, 12-h
dark cycle with water and food ad libitum at the Central Facility,
School of Sciences, University of Buenos Aires. The generation of
LID mice has been described previously (18). Control mice used
in these studies do not express the Cre transgene. Animals (LID
and control) backcrossed into the C57BL/6 background were
kindly donated by S. Yakar. Mice were genotyped using PCR on
tail DNA as previously described (18). All animals were treated
and cared in accordance with standard international animal care
protocols. All procedures were approved by the Animal Care and
Use Committee of the School of Sciences, University of Buenos
Aires.

Mouse model of pheochromocytoma

1 X 10° MPC cells were injected sc on the right flank of
8-wk-old male LID (n = 40) and control mice (n = 42). The
incidence and latency period of tumor development were re-
corded up to 12 wk after inoculation. The two longest perpen-
dicular axes in the x/y plane of each developed tumor were mea-
sured using vernier caliper for tumor volume calculation (21).
Mice were killed when one tumor dimension reached 2 cm.

IGF-1 injections

Starting on the day of MPC inoculation, a subgroup of LID
mice (n = 18 out of 40) was injected ip twice daily with 2 mg/kg
of rhIGF-I (LID+ mice) or with the same volume of saline in
control mice (n = 15 out 0of 42) as described previously (22), until
tumors were palpable in the control group. At this time, treat-
ment of LID+ or control mice was withdrawn.

Western blotting

Cell lysates from MPC and PC12 cells were prepared in lysis
buffer containing protease inhibitors (23). Briefly, lysates were
centrifuged at 12,000 X g for 20 min at 4 C; protein concentra-
tion in the supernatants was determined using Bradford reagent.
Proteins were resolved by SDS-PAGE and transferred to poly-
vinylidene fluoride membranes. Blots were blocked and probed
with various antibodies [antitotal-Erk1/2 (C16), anti-IGF-IR
B-subunit (C20), antiinsulin receptor (IR) B-subunit, monoclo-
nal anti-B-actin (clone AC), rabbit polyclonal antiphospho-ser-
ine-threonine kinase (Akt) (Ser473), antitotal-Akt, and an-
tiphospho-Erk1/2 (Thr202/Tyr204)]. Western blotting was
performed on whole-cell lysates, using 50 pg of protein.

Immunoprecipitation

Lysates from MPC and PC12 cells were spun at 120,000 X g
for 30 min, and supernatants containing 400 pg of total protein
were incubated overnight with 4 ug of anti-IGF-IR antibody.
The immunocomplexes were precipitated as described elsewhere
(20). Proteins were resolved by SDS-PAGE and were transferred
to polyvinylidene fluoride membranes. Blots were blocked and
probed with antibodies against tyrosine-phosphorylated pro-
teins (PY20 antibody) and the IGF-IR B-subunit.

Proliferation assay

MPC cells (4 X 10°) were seeded on 24-well plates in com-
plete medium (CM) [RPMI 1640, 10% horse serum (HS), 5%
fetal bovine serum (FBS)] or in low serum medium (LSM) (8 X
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10° cells) (1% HS; 0.5% FBS) and allowed to attach overnight.
One plate was used for each point (day) of the assay, and each
condition (with or without rhIGF-I) in triplicate, plus an addi-
tional plate that was used to determine the initial number of cells
(time zero plate). Twenty-four hours after seeding, cells attached
to the time zero plate were harvested by trypsinization and
counted after 0.5% trypan blue staining. In the remaining plates,
medium was replaced by the one containing rhIGF-I to a final
concentration of 100 nM for CM or 50 nM for LSM and refreshed
every 48 h throughout the experiment. Cells were cultured over
5-7 d, trypsinized, and counted every 48 h.

Bromodeoxyuridine (BrdU) incorporation

MPC cells were seeded in 24-well plates,and on d 5 of culture,
cells were incubated with 400 ul of fresh RPMI 1640 media
containing 1 mg/ml of BrdU for 1 h at 37 C with 5% CO,. Cells
were then washed with PBS and fixed with methanol:acetic (3:1)
for 30 min for immunocitochemitry. DNA denaturation was
assessed by incubating the fixed cells with 70% ethanol and 0.2
M NaOH for 3 min followed by cold 70% and then 96 % ethanol
(1 min each), allowing the plate to dry. To hydrate the cells, three
rinses with PBS were performed for 3 min. Endogenous perox-
idase and nonspecific sites were blocked with H, O, in 3% meth-
anol and HS in PBS for 30 min, respectively. Finally, cells were
incubated with monoclonal BrdU antibody in wet chamber at 4
C overnight. Immunoperoxidase staining was performed ac-
cording to the manufacturer’s recommended protocol for uni-
versal labeled streptavidin biotin/system horseradish peroxi-
dase. Nuclei were counterstained with hematoxylin, and over
3000 cells were counted. For in vivo BrdU incorporation, mice
received an ip injection of BrdU (100 mg/kg body weight) 3 h
before killing, and tumors were fixed with 4% paraformalde-
hyde and embedded in paraffin blocks for immunohistochem-
istry. BrdU was detected as previously described (24), and a sec-
tion of intestine from each BrdU-injected mouse was used as
positive control.

Apoptosis assays

MPC cells were seeded in 24-well plates and on d 5 of culture
were trypsinized, spun, washed with PBS, fixed, placed on eight-
well slides, and dried at room temperature. We used a primary
rabbitantibody specific for the active, p17 fragment of caspase-3
and a goat antirabbit secondary antibody conjugated to Alexa
Fluor 594 fluorochrome (red fluorescence). For DNA fragmen-
tation, we subsequently processed the same slide by the terminal
deoxynucleotidyl transferase 2'-deoxyuridine, 5’'-triphosphate
nick end labeling (TUNEL) method using In Situ Cell Death
Detection kit as described elsewhere (25, 26). Positive red-
stained cells for caspase-3 and green positive nuclei for TUNEL
assay were counted under the fluorescence microscope and re-
ferred as percentage of total cells observed on the same field,
counted on phase. Results were the average of at least 25 fields
or 2000 cells.

Soft agar assay

Anchorage-independent growth was assayed by scoring the
number and the diameter of colonies formed in 0.4% agarose.
Cells were suspended in 3 ml of RPMI 1640 containing 1% HS
and 0.5% FBS with or without 50 nM rhIGF-I and plated at a
density of 1 X 10° cells per well in 60-mm tissue culture dishes

endo.endojournals.org 3

over a bottom layer of 0.5% agarose. Colonies were allowed to
develop for 3 wk and counted under a Nikon Eclipse microscope
(Nikon, Melville, NY). Each group of cells with a diameter
greater than 100 wm (as assessed with a micrometric scale) was
considered as a colony.

Cell migration assay

MPC cells were seeded on six-well transwell chambers with
8.0-pum pore size polycarbonate membrane pretreated with col-
lagen. Cells (1 X 10°) were added to the upper well, which was
placed into a lower well containing RPMI 1640 1% HS, 0.5%
FBS, and 50 nm rhIGF-I as a chemoattractant. After 1824 h of
incubation at 37 C in 5% CO.,, the cells remaining on the upper
membrane surface were removed with a cotton swab. Cells on
the lower surface of the filter were fixed and stained with tolu-
idine blue. Fifteen fields of adherent cells were randomly counted
in each well with a Nikon microscope at X20 magnification, and
the results were numerically averaged (20).

Catecholamine measurements

Cell culture

MPC cells were seeded in a six-well plate with serum-free
RPMI 1640 media in the presence of 50 nm rhIGF-1. After 6 h of
treatment, 1 ml of conditioned media was collected on 200 ul of
0.3 N perchloric acid, and cells were lysed in 500 ul of 0.3 N
perchloric acid. Cetecholamines were determined in conditioned
media and cell lysates.

Urine samples

Mice were kept in metabolic cages for 12 h before killing for
urine collection on 6 N HCI. Catecholamines were partially pu-
rified from biological samples by batch alumina extraction, sep-
arated by reversed phase HPLC (HPLC-electrochemical detec-
tion), and quantified amperometrically (27). Recovery through
the alumina extraction step averaged 45-55%.

Pheochromocytoma cell isolation

Tumor tissue was dissected from control, LID, and
LID +IGF-I mice and cut into small fragments to be digested with
trypsin-EDTA at 37 C for 7 min with constant stirring (28).
Three volumes of fresh RPMI 1640 CM were added, and the
supernatant was collected by aspiration, transferred to a sterile
tube, and cells were collected by centrifugation at 200 X g for 10
min. Cells were resuspended in 2 ml of fresh RPMI 1640 CM,
seeded on top of a 60% Percoll solution, and centrifuged at
800 X g for 30 min. This procedure resulted in the removal of red
blood cells. Cells obtained in the 0-60% interface were col-
lected, washed with PBS, and centrifuged at 600 X g for 5 min.
Tumor cells were lysed for Western blot analysis as described
above.

Histology and immunohistochemistry

Tumors were removed and fixed in 4% paraformaldehyde.
Tissues were then embedded in paraffin, and consecutive 5-um
sections were cut and mounted on glass slides. Sections were
stained with hematoxylin and eosin (H&E) and Masson’s
trichromic staining according to standard protocols. Anti-
IGF-IR rabbit polyclonal antibody (1:200 dilution) and antifac-
tor VIII rabbit polyclonal antibody (1:250 dilution) were used as
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primary antibodies. Immunoperoxidase staining was performed
according to the manufacturer’s recommended protocol for Avi-
din- Biotin complex and 3,3’-diaminobenzidine substrate kits.
For positive controls, human breast cancer sections were stained
for IGF-IR as well as for factor VIIIL. For negative controls, all
reagents except primary antibodies were used. Vessel counting
was assessed as the number of positive cells for factor VIII (29).
Cleaved caspase-3 and TUNEL were performed following stan-
dard protocols for inmunofluorescence tissue labeling with the
antibodies and materials described above (apoptosis assays).

Chemicals and antibodies

Chemicals, culture materials, and antibodies were obtained
from the following sources: six- and 24-well plates (Corning,
Lowell, MA), RPMI 1640, HS, and FBS (GIBCO, Grand Island,
NY), trypsin-EDTA (Invitrogen, Carlsbad, CA), rhIGF-I (Ge-
nentech, Inc., San Francisco, CA), six-well transwell chambers
(BD Biosciences, San Diego, CA), eight-well slides (CellPoint,
Gaithersburg, MD), BrdU and Percoll (Sigma, St. Louis, MO),
protease inhibitors (Complete Mini EDTA free) and Inz Situ Cell
Death Detection kit (peroxidase) (Roche Diagnostics, Indianap-
olis, IN), Bradford reagent (Bio-Rad Laboratories, Philadelphia,
PA), labeled streptavidin biotin/system horseradish peroxidase
and Chromogen System (Dako, Carpinteria, CA), and ABC kit
and DAB substrate kit (Vector Laboratories, Burlingame, CA).
For antibodies, rabbit polyclonal antibodies to total-Erk1/2
(C16) and IGF-IR B-subunit (C20) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Monoclonal anti-
B-actin (clone AC) was obtained from Sigma. Rabbit polyclonal
antibodies to phospho-Akt (Ser473), total-Akt, and phospho-
Erk1/2 (Thr202/Tyr204) were from New England Biolabs (Bev-
erly, MA); tyrosine-phosphorylated proteins (PY20 antibody)
were from Transduction Laboratories (Lexington, KY); p17 sub-
unit of caspase-3 from Cell Signaling Technology (Danvers,
MA); and antifactor VIII rabbit polyclonal antibody from Dako.

Statistical analysis

Two-tailed Mann-Whitney U nonparametric test or Student’s
t test was used for analyzing differences between basal and IGF-
I-treated conditions for in vitro studies. Log-rank test was used
to analyze the differences in incidence and latency period be-
tween control, LID, and LID +IGF-I mice from survival curves.
One-way ANOVA was used for comparisons between more than
two groups of data. Unless specified, all values are reported as
mean = SE, and statistical significance was accepted at P < 0.035.

Results

MPC cells express a functional IGF-IR

In culture, MPC cells grow in epithelial-like clusters
attached to the culture plate, with spontaneous extension
of neurites. They have scarce cytoplasm and are positive
for IGF-IR immunolabeling (Fig. 1, A and B). To assess
IGF-IR activation, we performed immunoprecipitation of
the IGF-IR after rhIGF-Istimulation and blotted the mem-
branes for tyrosine phosphorylated proteins and analyzed,
by direct application, the phosphorylation status of two
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FIG. 1. Expression and activation of IGF-IR in MPC cells. A,
Representative microphotography of MPC cells organized in epithelial-
like clusters stained with H&E. B, Immunocytochemistry revealing the
expression of the IGF-IR. C, Western blotting of MPC cell lysates
immunoprecipitation (IP) of the IGF-IR and direct application after
rhIGF-I stimulation for 0, 5, or 15 min. Membranes were blotted with
antiphosphotyrosine (PY20) or anti-IGF-IR (lines 1 and 2), antiphospho-
AKT (p-AKT), antiphospho-ERK (p-ERK1/2), or anti-IGF-IR (lines 3, 5,
and 7). Blots were stripped and reprobed with antitotal-AKT (AKT) or
antitotal-ERK (ERK1/2) in lines 4 and 6.

major components of the signaling cascade of the IGF-IR.
PC12 cell lysates were used as positive control. As shown
in Fig. 1C, upon 5-15 min with 20 nm IGF-I stimulation,
MPC and PC12 cell lysates showed tyrosine phosphory-
lation of the IGF-IR as well as phosphorylation of AKT
and ERK 1/2. These results indicate that MPC cells express
an intact IGF-IR that is activated upon IGF-I stimulation
in vitro. Therefore, we continued our experiments using
only MPC cells.

IGF-I stimulates proliferation and inhibits
apoptosis in MPC cells but does not change cell
catecholamine content or secretion

The effects of IGF-I on cell proliferation and inhibition
of apoptosis have been described in several types of normal
and tumor cells (2). To asses these effects on MPC cells, we
performed proliferation assays with and without IGF-I
stimulation in two different culture conditions, one in CM



Endocrinology, August 2012, 153(8):0000—0000

and the other one with serum deprivation (LSM). A sig-
nificant increase in cell number was noted on cells in CM
cultures upon rhIGF-I stimulation (Fig. 2A, left panel).
Spontaneous MPC cell proliferation was blunted on LSM,
but addition of rhIGF-I resulted in a significant stimula-
tion (Fig. 2A, right panel).

To further characterize the observed effect of IGF-I on
MPC cell cultures, we performed BrdU incorporation,
cleaved caspase-3 detection, and TUNEL assay on d 5 of
culture. As shown in Fig. 2B, rhIGF-I stimulation in-
creased BrdU incorporation from 37 + 8 to 50 * 5% in
CM (Fig. 2B, left panel) and from 26 = 6 to 35 + 6% in
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LSM (Fig. 2B, right panel). BrdU incorporation on LSM
condition in the absence of IGF-I was higher than ex-
pected, considering that the number of cells did not in-
crease under this culture condition (Fig. 2A, right panel).
Therefore, we decided to analyze whether these cells were
undergoing apoptosis. Apoptotic cells were detected by
immunofluorescence for cleaved caspase-3 and TUNEL
assay for DNA fragmentation. There were no differences
in the apoptotic index observed in basal compared with
rhIGF-I-stimulated condition with CM (Fig. 2C, left
panel). Conversely, in LSM the percentage of apoptotic
cells (assessed by either cleaved caspase-3 or TUNEL

staining) was significantly reduced in

cells treated with rhIGF-I (Fig. 2C, right

A 2. * 0. * panel).
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g 60 . 60 tistically significant, Mann-Whitney U
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o
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Cl, . mor cells that best correlate with in vivo
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2 40 . .
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TUNEL Cleaved caspase-3 TUNEL Cleaved caspase-3

FIG. 2. Proliferative and antiapoptotic effects of IGF-1 on MPC cells. A, MPC cells were grown
in CM (3 X 10% cells/well) or LSM (8 x 10* cells/well) with (open squares) or without (closed
diamonds) rhIGF-I. Results of a representative experiment from a total of five performed in
triplicates are shown. B, On d 5, MPC cells grown on CM (left panel) or LSM (right panel) in
the absence (closed bars) or presence (open bars) of rhIGF-I and were incubated with BrdU for
1 h. Positive nuclei were quantified. Results are expressed as mean = st from three
independent experiments. C, Apoptosis assays. MPC cells were collected on d 5 to asses DNA
fragmentation by TUNEL assay and the activation of caspase-3 in CM or LSM in the absence
(closed bars) or presence (open bars) of rhIGF-I. Green positive nuclei for TUNEL assay and
positive red-stained cells for caspase-3 were counted in 25 random fields, and results are
expressed as mean = st from three independent experiments. *, P < 0.05, unpaired t test; ¥,

P < 0.01, Mann-Whitney U test.

creased the number and size of colonies
formed during the assay (Fig. 3, A and
B, right panels).

To study the effect of IGF-I on mi-
gration, MPC cells where seeded in
transwell chambers with or without
rhIGF-I for 24 h. The number of MPC
cells that migrated to the bottom cham-
ber significantly increased
rhIGF-I stimulation (Fig. 3C)

under
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FIG. 3. IGF-l enhances MPC colony formation and migration. MPC
cells were plated over a bottom layer of 0.5% agarose with or without
IGF-I stimulation, and colonies were allowed to develop for 3 wk. A,
Left and middle panels, Representative fields of colony formation
assays. Quantification is shown on the right. B, Representative colonies
under basal (left panel) and IGF-I-stimulated (middle panel) conditions.
The right panel shows the colony size (diameter) quantification. C,
MPC cells (1 X 10° cells) were seeded on six-well transwell chambers
with (open bars) or without (closed bars) rhIGF-I. After 18-24 h of
incubation, migrated cells were fixed and stained with toluidine blue.
Fifteen fields of adherent cells were randomly counted. Results are
expressed as mean = st from three independent experiments. *, P <
0.05, unpaired t test; **, P < 0.01, Mann-Whitney U test.

IGF-I deficiency decreases tumor incidence and
prolongs the latency period of MPC

Results obtained iz vitro do not always reflect the sit-
uation iz vivo. Therefore, to address whether the iz vitro
effects of IGF-Ion MPC cells were functionally relevant in
vivo, we next generated a model for pheochromocytoma
development. We inoculated MPC cells sc in C57B6 back-
ground male mice and compared tumor development and
characteristics with those developed in LID mice of the
same genetic background. A subset of LID mice (n = 18)
was treated with rhIGF-I (LID+) from the time of cell
inoculation until the time of tumor initiation (palpable
tumors) in the corresponding control group (6 wk) when
the treatment was ended (Fig. 4A). A total of 82 mice were
analyzed for tumor growth. As shown in Fig. 4B, 100%
(n = 42) of control mice developed palpable tumors 5-6
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FIG. 4. Effect of reduced circulating IGF-I levels on tumor incidence
and growth. A, Schematic representation of the experimental design.
MPC cells were inoculated sc in control and LID mice. A subset of LID
mice was treated with rhiGF-I (2 mg/kg-d) (LID+) until tumors
developed in control mice. B, The incidence and latency period of
tumor development was recorded and plotted in a Kaplan-Meyer curve
(control, n = 42, solid line; LID, n = 22, pointed line; LID+, n = 18,
dashed line). C, For each developed tumor, the two longest
perpendicular axes in the x/y plane were measured, and the volume
was calculated. Results are expressed as mean =+ st (control, solid line;
LID, pointed line; LID+, dashed line). **, P < 0.001, Log-rank test, LID
vs. control and LID vs. LID+; *, P < 0.01, Mann-Whitney U test,
control vs. LID+.

wk after cell inoculation. In contrast, in 16 out of 22 LID
mice (73%), tumor development was delayed to 7-12 wk
after cell inoculation, and the remaining six (27%) did not
develop tumors up to 12 wk after inoculation (Log-rank
test, P < 0.001; control vs. LID). Similarly to controls, all
LID+ mice developed tumors between 5 and 6 wk after
cell inoculation (Log-rank test, P < 0.001; LID+ vs. LID)
(Fig. 4B). In addition, the latency period until appearance
of a palpable mass in 50% of mice was 2 wk shorter in
control and LID + mice than that observed in LID mice (6
vs. 8 wk).



Endocrinology, August 2012, 153(8):0000—0000 endo.endojournals.org 7

Tumor growth was similar in LID compared with con-  growth rate decreased, and tumors from LID+ mice be-
trol mice (Fig. 4C). Tumor growth in LID+ mice was sim-  came smaller and remained smaller until the end of the
ilar to LID and control groups only until wk 4 from tumor ~ experiment. Moreover, three out of the 18 LID + mice had
initiation (wk 10 after cell inoculation). At this point, the =~ complete tumor regression.

Histology and functional
characteristics

Tumors developed in control, LID,
and LID+ mice had similar histologic
characteristics. They were highly cellu-
lar with little stromal tissue (Fig. 5, A,
D, and G). Tumor cells had scant cyto-
plasm, round to oval euchromatic nu-
clei, and gathered in well formed nests
separated by thin connective tissue
septa with capillaries (Fig 5, B, E, and
H). This histology was very reminiscent
to that of pheochromocytomas. IGF-IR
expression was similarly positive in tu-
mors from the three experimental
groups (Fig. 5, C, F, and I). These im-
munohistochemical observations were
confirmed by investigating IGF-IR ex-
pression by immunoblot in total lysates
of isolated tumor cells from control,
LID, and LID + mice. As shown in Fig.
5], upper panels, tumor IGF-IR expres-
sion was similar among all groups. The
expression of IR was also investigated
by immunoblot (Fig. 5], lower panels).
Densitometric analysis of the ratio IR/
actin shows that the IR expression is
significantly higher in tumors form LID
and has a tendency to be higher in tu-
mors from LID+ mice compared with
those from control mice (0.34 = 0.06
vs. 1.8 = 0.42 C vs. LID, P < 0.05;
0.034 £ 0.06 vs. 1.91 = 0.83 P = 0.06,

121 076 251 163 097 155 -

not statistically significant, Mann-
Whitney U test)
1 5 3 4 5 6 7 tion are identifying features of pheo-
IR :' - ‘ - chromocytomas. We measured 12 h of
acin [ O
In mice 3 wk after tumor development. As
FIG. 5. Representative fields of tumor histology are depicted for control (A-C), LID (D-F), and cantly increased in tumor-bearing ani-
LID+ (G-I) mice. H&E staining (A, D, and G), Masson’s trichrome staining (B, E, and H), and mals compared with their noninocu-
IGF-IR and IR expression. Protein extracts of isolated cells from tumors developed in control, 12 h - 1 mi
LID, and LID+ mice were probed for IGF-IR, IR, and B-actin. Numbers below the picture g/ » mean = SE; control mice,

Control LID LID+ Liver Catecholamine synthesis and secre-

urinary excretion of NE in urine sam-

033 042 122 213 151  1.91 0.40 expected, NE excretion was signifi-
immunohistochemistry of IGF-IR expression (C, F, and I). J, Representative Western blotting for lated Corresponding controls (NE
represent the ratio IGF-IR/B-actin and IR/B-actin. 0.17 £ 0.02 vs. 1.40 £ 0.21; LID mice,
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0.24 = 0.05 vs. 1.75 = 0.39 P < 0.05 noninoculated vs.
inoculated, Mann-Whitney test) .

IGF-I deficiency decreases vascular density and
increases apoptosis of MPC

Vascular density was assessed by immunostaining for
factor VIII as a marker for endothelial cells. As shown in
Fig. 6A, tumors from LID and LID+ mice had a significant
decrease in vessel density compared with tumors from
control mice.

In vivo BrdU incorporation revealed a significant in-
crease of DNA synthesis (cell proliferation) in tumors
from LID and LID+ mice compared with those developed
in control mice (Fig. 6B). TUNEL assay and cleaved
caspase-3 labeling showed that the percentage of apopto-
tic cells found in tumors from LID mice was higher than
that found in tumors from control mice but lower than the
one observed in tumors from LID+ mice (Fig. 6C). These
observations could explain, at least in part, the stabiliza-
tion or decline in tumor volume observed in LID+ mice
(Fig. 4C) 5-6 wk after the end of the treatment with
rhIGF-I.

Discussion

Our results demonstrate that IGF-I promotes murine
pheochromocytoma development, at least in part, by pro-
moting cell proliferation, migration, ability to grow un-
attached, and inhibition of apoptosis of MPC cells. In
vivo, IGF-I deficiency decreases vascular density, tumor
incidence, and prolongs the latency period for tumor
growth of MPC. Treatment with rhIGF-I during the la-
tency period (LID+) restores tumor incidence to control
values and shortens the latency period for tumor
development.

Previous studies have shown the presence of IGF-IR in
PC12 cells, a cell line derived from spontaneous pheo-
chromocytomas occurring in rats. In this model, IGF-I
stimulation increased cellular proliferation and survival
(32, 33). It has also been shown that IGF-I stimulates pro-
liferation and survival of rat chromaffin cells of the adre-
nal medulla during neonatal growth and in the adult (34).
However, information regarding the effects of IGF-I on
pheochromocytoma cells is still scarce. The present study
shows by the first time that IGF-I stimulation promotes
tumor growth, inhibits apoptosis, and enhances aggres-
sive phenotype of MPC cells.

Avoidance from apoptosis and a perpetual replicative
potential are two hallmarks of cancer (35). Cumulative
evidence has been obtained concerning the role of the IGF/
IGF-IR circuit in the emergence and progression of cancer.
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FIG. 6. Vascular density, proliferation, and apoptotic index in
pheochromocytomas with 4 wk of evolution from control (closed bars),
LID (open bars), and LID+ (gray bars) mice. A, Vascular density was
assessed by immunostaining for factor VIl as a marker for endothelial
cells. Results are expressed as mean = st. B, Proliferation index in vivo.
Mice were injected with BrdU 3 h before killing. Tumor positive nuclei
were quantified. Results are expressed as mean *+ sem from three
independent experiments. C, Apoptotic index. Tumors embedded in
paraffin blocks were sliced to perfom TUNEL and cleaved caspase-3
assays. Green positive nuclei for TUNEL assay and red-stained cells for
caspase-3 were counted and referred as percentage of total cells
observed on the same field. Results are expressed as mean = sg; **,

P < 0.001 LID and LID+ vs. control; *, P < 0.01 LID and LID+ vs.
control.; #, P < 0.01 LID vs. LID+, ANOVA Kruskal-Wallis, Dunns test.

IGF-IR was found to be essential for oncogenic transfor-
mation in certain cellular systems. Mouse fibroblasts lack-
ing IGF-IR cannot be transformed by known oncogenes,
such as simian virus 40 T antigen, papillomavirus ES, and
overexpression of Ras (36). On the other hand, overex-
pression of a constitutively activated IGF-IR was shown to
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be sufficient to cause mammary epithelial cell transfor-
mation in mouse models (37, 38). In prostate epithelial
cells, however, reexpression of the IGF-IR inhibited the
malignant phenotype of simian virus 40 T antigen immor-
talized human prostate epithelial cells (39). Also, epithe-
lial-specific deletion of IGF-IR accelerated the emergence
of aggressive prostate cancer when p$3 activity was com-
promised (40). These observations underscore the impor-
tance of the IGF axis in carcinogenesis and tumor pro-
gression but also demonstrate that IGF-1 effects are
variable in different cell and tissue types, including cancer.
The present results demonstrate that IGF-I has a critical
role on the survival and malignant behavior of MPC cells.
When injected sc, MPC cells survived and formed tumors
in 100% of mice that had normal levels of circulating
IGF-I. On the contrary, when circulating levels of IGF-I
were low, tumor development was delayed or even
prevented.

Epidemiological studies have revealed that high IGF-1
serum concentrations are associated with breast, colorec-
tal, and prostate cancer (5), and more recently, an IGF-I
polymorphism has been associated with nonsmall cell lung
cancer (41). LID mice have been well characterized and are
a suitable model to study tumor development in the con-
text of IGF-I deficiency (22,42-44). Our results using this
model support the idea that IGF-Iis critical for the survival
of these cells in vivo, at the point of injection. Furthermore,
LID mice have increased levels of GH, as a result of de-
creased IGF-I levels, and elevated basal insulin levels (18,
45, 46). The effects of GH and insulin on tumor growth
and development and the presence of GH receptor (GHR)
and IR in normal and tumoral adrenal medulla have also
been described (47, 48). We have confirmed the expres-
sion of IR in cell lysates from tumors harbored by LID and
control mice. However present, elevated GH and insulin
levels are not enough to compensate for the decreased
IGF-Teffect and therefore to promote pheochromocytoma
development in all IGF-I deficient mice. The crucial role of
IGF-I in tumor establishment was confirmed by the fact
that when LID mice were treated with rhIGF-I from the
time of cell inoculation until wk 6 (when the treatment was
withdrawn), tumor incidence equaled that of control mice,
underscoring the importance of IGF-I during the initial
establishment of these tumors.

Once established, tumors from LID and control mice
grew ata similar rate, which could be explained if cells that
survived on a context of decreased IGF-I (LID mice) had
either become IGF-Iindependent or acquired an increased
sensitivity to IGF-I. Although the expression of IGF-IR in
tumor cells from both LID and control mice showed no
differences between groups, the expression of the IR was
higher in tumor cells from LID compared with control
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mice, supporting a possible role of insulin in tumor growth
in LID mice. Regarding the GHR, we did not have the
possibility to test whether this receptor expression was
increased or changed in our samples. However, there is at
least one recent report (42), where in a mouse model of
prostate tumors developed in LID mice, a low systemic
IGF-I environment coupled with higher GH levels was
associated with compensatory increases in the expression
of the GHR in prostate tumor cells. We speculate that in
our model, with a similar context of tumor development,
it is possible that similar changes in the expression of the
GHR are taking place in pheochromocytoma cells. Thus,
it is also possible that the proliferation of the established
tumors in an environment of low IGF-I is dependent on
growth factors other than IGF-I, such as insulin or GH.

The effects of IGF-1 on inhibition of apoptosis have
been vastly documented (2). In our model, the in vitro
effect of IGF-I on MPC cells apoptosis was also observed
in vivo, where the IGF-I deficiency had a potent effect on
intratumor apoptosis. This was higher in tumors from LID
mice compared with those from control mice, which could
explain why, despite having higher proliferation rate, tu-
mors from LID and control mice have similar volume.

Angiogenic potential is important for tumor growth
and dissemination. Several growth factors, such as angio-
genin and vascular endothelial growth factor (VEGF),
have a critical role in angiogenesis. Correlations between
VEGF expression and vascular density have been docu-
mented in primary breast cancer specimens and gastric
carcinomas (49, 50). Also, it has been shown that IGF-I
stimulates VEGF production in different types of cells (22,
51). We also observed that IGF-I stimulation up-regulates
VEGEF expression in MPC cells (data not shown). In our
model, tumors developed in the context of low circulating
IGF-I have a decreased vascular density compared with
controls. Again, neither GH nor insulin could compensate
for IGF-I deficiency on apoptotic index and vascular den-
sity. These results strongly suggest that circulating IGF-I
determines angiogenesis and apoptosis in MPC.

For the present study, we chose a rhIGF-I dose that had
been previously used in LID mice and other experimental
models and treated cell inoculated LID mice (LID+) dur-
ing the latency period to tumor development. Using this
scheme of treatment, serum IGF-I levels in LID mice
reached values similar to control mice, and GH and insulin
levels were reduced and normalized during the period of
IGF-Tadministration (22,45). Treatment of LID mice with
rhIGF-I for 5-6 wk after cell inoculation restored tumor
incidence. However, tumor volume and vascular density
remained lower in tumors harbored by LID+ mice. As
discussed above, the depletion of systemic IGF-I in LID
mice may induce the selection of cells that are less sensitive
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to IGF-I, and more dependent for cellular proliferation on
GH and insulin that are elevated in this model. However,
two major aspects of tumor development, such as vessel
formation and avoidance from apoptosis, remained de-
pendent of IGF-1. We propose that in LID+ mice, the ini-
tial treatment with thIGF-I could have prevented the “se-
lection” that occurred in LID-untreated mice, resulting in
the establishment of tumors that are more dependent on
IGF-I for survival. Once treatment is ended, these tumors
are exposed to the low systemic levels of IGF-1. As a con-
sequence, tumors harbored by LID+ mice show a higher
apoptotic index and a low vessel density. Taken together,
these results provide support to our hypothesis that IGF-I
isimportant for cell survival at the point of injection, vessel
formation, and survival of intratumoral cells.

In summary, our work demonstrates that IGF-I has a
critical role in maintaining tumor phenotype and survival
of already transformed pheochromocytoma cells, and it is
required for the initial establishment of these tumors. Our
work provides encouragement to carry on research studies
to address the IGF-I/IGF-IR circuit as a possible target of
therapeutic strategies for pheochromocytoma treatment
in the future.
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