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Recent reports have demonstrated that erythroid progenitor cells
contain and secrete various angiogenic cytokines. Here, the impact of
erythroid colony-forming cell (ECFC) implantation on therapeutic
angiogenesis was investigated in murine models of hindlimb ische-
mia. During the in vitro differentiation, vascular endothelial growth
factor (VEGF) secretion by ECFCs was observed from day 3 (burst-
forming unit erythroid cells) to day 10 (erythroblasts). ECFCs from
day 5 0 day 7 (colony-forming unit erythroid cells) showed the
highest VEGF productivity, and duy 6 ECFCs were used for the
experiments. ECFCs contained larger amounts of VEGF and fibro-
blast growth factor-2 (FGF-2) than peripheral blood mononuclear
cells (PBMNCs). In tubule formation assays with human umbilical
vein endothelial cells, ECFECs stimulated 1.5-fold more capillary
growth than PBMNCs, and this effect was suppressed by aniibodies
against VEGF and FGF-2. Using an immunodeficient hindlimb ische-
nia model and laser-Doppler imaging, we evaluated the limb salvage
rate and blood perfusion after intramuscular implantation of ECFCs.
ECFC implantation increased both the salvage rate (38% vs. 0%, P <
0.05) and the blood perfusion (82.8% vs. 65.6%, P < 0.01). In
addition, ECFCs implantation also significantly increased capillaries
with recruitment of vascular smooth muscle cells and the capillary
density was 1.6-fold higher than in the control group. Continuous

- production of human VEGF from ECFCs in the skeletal muscle was
confirmed at least 7 days after the implantation. Implantation of
ECFCs promoted angiogenesis in ischemic limbs by supplying angio-
genic cytokines (VEGF and FGF-2), suggesting a possible novel
strategy for therapeutic angiogenesis.

peripheral arterial disease: transplantation; ischemia

ALTERNATIVE THERAPIES for clinical limb ischemia have become
very important for patients with peripheral arterial disease
(PAD), who cannot undergo surgical or percutaneous revascu-
larization. Pharmacological treatments have been shown to
have no favorable effects on the natural history of critical limb
ischemia (14). Delivery of angiogenic growth factors, such as
vascular endothelial growth factor (VEGF) (13, 353, 38), fibro-
blast growth factor-2 (FGF-2) (3, 27), hepatocyte growth factor
(22, 23). stromal cell-derived factor-la (10, 39), and placental
growth factor (18). using recombinant proteins or gene transfer
has been considered for alternative treatment of PAD, and their
efficacy has been demonstrated. However, angiogenesis is a
well-harmonized process established by vascular network mat-
uration and remodeling and involves the recruitment of mural

Address for reprint requests and other correspondence: T. Inoguchi, Dept. of
Medicine and Bioregulatory Science. Graduate School of Medical Sciences,
Kyushu Univ., 3-1-1 Maidashi. Higashi-ku. Fukuoka 812-8582. Japan (e-mail:
toyoshi @intmed3.med kyushu-u.ac.jp).

cells (pericytes and smooth muscle cells) to the nascent endo-
thelium. This process may be too complicated for effective
stimulation by administration of a single angiogenic factor.
Endothelial progenitor cells (EPCs) have been shown to
participate in postnatal ncovascularization aftecr mobilization
from the bone marrow (1). Therapeutic induction of EPCs

obtained from ex vivo expansion of peripheral blood (15), cord

blood (24), or bonc marrow (34) improved blood perfusion
after ischemia and rescued ischemic limbs from autoamputa-
tion in animal models. although preparation of the large num-
bers of EPCs required for a therapeutic effect is difficult. Bone
marrow mononuclear cells (BMMNCs) contain not only EPCs
but also various potent angiogenic cytokines (16), and cell
therapy for PAD using BMMNCs produced feasible angio-
genic effects in experimental limb ischemia and clinical trials
(36). On the other hand, implantation of peripheral blood
mononuclecar cclls (PBMNCs) also showed cffective induction
of angiogenesis, although the implanted PBMNCs contained
considerably fewer CD34-positive (CD34") cells than the
BMMNCs (0.02% vs. 2.4%) (11). These results may provide
the concept that the effect of PBMNCs or BMMNCs is mainly
derived from the supply of angiogenic factors rather than the
involvement of EPCs.

Recent reports have demonstrated that burst-forming unit
erythroid (BFU-E) progenitor cells express high levels of
VEGF mRNA (19, 29) and that erythroblasts sccrete VEGF
and placental growth factor proteins during in vitro differenti-
ation (37). Although these results suggest an important role for
crythroid progenitor cells in angiogenesis, no studies have
reported in vivo evidence of angiogenesis induction by ery-
throid progenitor cells.

In the present study, we investigated the angiogenic poten-
tial of peripheral blood-derived erythroid colony-forming cells
(ECFCs) and evaluated whether implantation of ECFCs could
represent a novel angiogenic cell therapy.

METHODS

Reagenrs. Recombinant human erythropoietin (thEPO) was kindly
provided by Chugai Pharmaceutical (Tokyo, Japan). whereas recom-
binant human interleukin-3 and recombinant human stem cell factor
(thSCF) were kindly provided by Kirin-Brewery (Tokyo, Japan).
Neutralizing antibodies against VEGF, FGF-2, and transforming
growth factor-B (TGF-B) were purchased from R&D Systems (Min-
neapolis, MN), and a mouse anti-rat CD31 antibody was obtained from
BD Biosciences (San Diego, CA). A mouse anti-e-smooth muscle actin
(SMA) antibody and the 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium (BCIP/NBT) color substrates were purchased from
Sigma (St. Louis, MO). Fluorescent carbocyanine 1,1’-dioctadecyl-1 to

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Fig. 1. Angiogenic cytokines in erythroid colony- o
forming cells (ECFCs). A: vascular endotbelial e
growth factor (VEGP) secretion from ECFCs duting >
in vitro differentiation. Day 3 ECFCs correspond to A=
burst-forming unit erythroid (BFU-E) progenitor Lk
cells, day 5 to day 7 BCFCs correspond to colony- 8
forming unit erythroid (CFU-E) progenitor cells, >

and deay 10 ECFCs correspond to erythroblasts (n =
3 for each). B-E: intracellular levels of angiogenic
cytokines in day 6 ECFCs and peripheral blood
mononuclear cells (PBMNCs). B: VEGF: C: fibro-

blast growth factor-2 (FGF-2): D: tumor necrosis B
factor-a (TNF-u); E: transforming growth factor-§ 200
(TGF-B). Cellular extracts were obtained from T *
BCFCs (I x 107) and PBMNCs (1 X 107) by = 150 4
freezing and thawing, and the concentrations of the g 50
different cytokines in the cellular extracts were mea- g
sured by ELISA (n = 3 for each). *P < 0.05. £ 100 +
L
€ 50
>

PBMNCs ECFCs

3,3,3' ' -tetramethylindocarbocyanine perchlorate dye was purchased
from Molecular Probes (Eugene, OR).

Preparation of ECFCs and PBMNCs. ECFCs were prepared as
previously described (31, 32). Briefly, light density mononuclear cells
were isolated from heparinized peripheral blood buffy coats (70 ml)
from healthy Japanese volunteers by density centrifugation through
lymphocyte separation medium (density 1.0770-1.0800 g/ml: ICN
Biomedicals, Aurora, OH). Red blood cells were lysed by suspending
the mononuclear cell pellet in red blood cell lysis buffer (0.16 mol/l
ammonium chloride, L0 mmol/l potassium bicarbonate, and 5 mmol/l
EDTA). Platelets were removed by centrifugation in phosphate-
buffered saline (PBS) containing 10% human serum albumin (kindly
provided by the Chemo-Sero-Therapeutic Research Institute, Ku-
mamoto, Japan). At this point, the cells were collected and used as
PBMNCs in experiments. Adherent cells were depleted by 1-h incu-
bation in a polystyrene tissue culture flask at 4°C. Nonadherent cells
were coliected. and negative selection was performed using antibodies
against CD3, CD11b, CD13, and CD435RA and immunomagnetic
beads in Vario-Macs columns (Miltenyi Biotech, Auburn, CA). The
remaining cells were cultured in Iscove’s moditied Dulbecco’s me-
dium (IMDM; GIBCO-BRL, Grand Island, NY) containing 15% heat-
inactivated fetal calf serum (FCS: Commonwealth Serum, Melboume,
VIC, Australia), 15% pooled human serum, 2 U/ml EPO, 20 ng/ml SCF,
and 10 ng/ml IL-3 at 37°C in 5% CO.-95% air in a high-humidity
incubator (day 0). On day 3, the cells (referred 1o as day 3 ECFCs) were
centrifuged through lymphocyte separation mediun and collected and
incubated under the same conditions, except for the absence of SCF.
ECFCs were collected on day 3 to day 10 and used in experiments.
Homogeneous expression of cell surface markers for erythroid matura-
tion, glycophorin A and transferrin receptor, were confirmed as previ-
ously described by us (21). The morphological purity of the day 6 ECFCs
was 95 — 3%, as determined by cytospin preparations.

Enzyme-linked immunosorbent assays. VEGF production by
ECFCs was detected using a Quantikine Immunoassay kit (R&D
Systems) according to the manufacturer’s instructions. The intracel-
lular fevels of VEGF, FGE-2, rumor necrosis factor-o (TNF-ar), and
" TGF-R in day 6 ECFCs and PBMNCs were detected using specific
immunoassays for human VEGF (R&D Systems). FGE-2 (R&D
Systems), TNF-c (Japan Immunoresearch, Takasaki, Japan), and
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TGF-B (Otsuka Pharmaceutical, Tokyo. Japan) according to each
manufacturer’s instructions.

Endothelial tubule formarion. Tubule formation experiments were
conducted in triplicate using an Angiogenesis kit (Kurabo. Osaka.
Japan), according lo the manufacturer’s instructions as previously
reported (6, 17, 40). Briefly, human umbilical vein endothelial cells
(HUVECs) and human fibroblasts were admixed and seeded into
24-well plates. For experiments, various numbers of ECFCs were
cocultured with HUVECs using cell culture inserts (BD, Bedford,
MA) seitled in the wells of the plates. Medium containing 2% FCS
was supplemented every 3 days. After 10 days of culture, the
HUVECs were fixed with 70% ethanol at 4°C and immunostained
with an anti-human CD31 antibody using BCIP/NBT as the substrate
for the secondary antibody. Five fields per well were selected for
digital photography under a microscope (Olympus, Tokyo, Japan),
and the areas of the tubule-like structures were measured quantita-
tively using an angiogenesis image analyzer software {Kurabo) (28,
40). Neutralizing antibodies against VEGF, FGF-2, TNF-a. or TGF-B
were preincubated with cell-conditioned medium for 60 min. as
described previously (11).

An animal model of hindlimb ischemia and transplantation of
ECFCs. This siudy was approved by the Committee on the Ethics of
Animal Experiments, Graduate School of Medical Sciences. Kyushu
University (Fukuoka, Japan). Hindlimb ischemia was created by
resecting the left femoral arteries and veins (7) of immunodeficient
nude mice (BALB/c nwnu; Charles River Japan, Yokohama, Japan)
as “an autoamputation model” or nude rats (F344/N rmu/mu; CLEA
Japan, Tokyo, Japan) as *‘a limb salvage model” under anesthesia with
pentobarbital sodium (50 mg/kg ip). All arterial branches were oblit-
erated by ligation or electrocoagulation. ECFCs or PBMNCs (1 X 100
cells in 50 pl IMDM for mice: 1 X 107 cells in 200 wl IMDM for rats)
were implanted intramusculasly into the ischemic thigh area (divided into
4 sites) followed by injection of 1,000 TU/kg thEPO to protect the ECFCs
from apoptosis. For the control groups, the same volume of PBS with or
without 1,000 1U/kg EPO was injected into the ischemic thigh area.

Limb salvage rate and laser-Doppler analvsis. In the autoamputa-
tion model. the hindlimbs were photographed at 2 wk after the
operation, and the appearances were classitied visually into the fol-
lowing three grades: [) complete salvage (completely normal status
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with no signs of ischemia); 2) limb necrosis (necrosis of tissue below
the knee); and 3) autoamputation (necrosis of tissue above the knee or
loss of the limb), as described previously (15).

In the limb salvage model, a laser-Doppler perfusion imager (Moor
Instruments, Devon, UK) was used to measure blood flow in the
ischemic and nonischemic limbs.

lmnunohistochemistry. Ischemic tissues from the thigh muscles of
rats in the limb salvage model were obtained at 4 wk after the
operation. Frozen sections (10-pwm thickness) were subjected to
mouse anti-rat CD31 antibody staining to show the capillary morphol-
ogy and alkaline phosphatase (ALP) staining by the indoxyl-tetrazo-
lium method to reveal the biochemical activity of the vascular endo-
thelial cells (7. 41). Digital images of 20 fields from two sections were
randomly selected from each animal for capillary counts.

Serun concentration of VEGF and FGF-2. Blood samples were
collected from rats at postoperative days 0, 1, 3 and 7. After centrif-
ugation, scrum samples were subjected to ELISA using Quantikine
Immunoassay Systems for human and mouse VEGFs and FGF-2
(R&D Systems) according to the manufacturer’s instructions.

Intramuscular content of VEGF. Ischemic thigh muscles obtained
from mice al postoperative days I, 4, and 7 were minced and
homogenized in 1 ml of PBS buffer containing protease inhibitors
(Roche Diagnostics. Mannheim, Germany) on ice. Afler centrifuga-
tion, VEGF levels in the supernatants were delermined using Quan-
tikine Immunoassay Systems for human VEGF (R&D Systems).
Levels of VEGF were expressed according to the muscle weight.

Statistical analvsis. The resulls were expressed as means = SE.
Differences between two groups were analyzed using Student’s s-test.
Mutltiple comparisons among the groups were carried out by one-way
ANOVA [ollowed by Bonferroni's method. The incidence of limb
salvage was evaluated by x~-analysis among the three groups. Data
were considered significant at £ < 0.05.

RESULTS

Angiogenic potential of ECFCs. During the in vitro differ-
entiation, VEGF secretion from ECFCs was observed from
day 3 (corresponding to BFU-E progenitor cells) to day, 10
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(corresponding to erythroblasts). As shown in Fig. 1A, ECFCs
from days 5 to 7 [corresponding to colony-forming unit ery-
throid (CFU-E) progenitor cells] possessed the highest VEGF
productivity. Therefore. day 6 ECFCs were used in the follow-
ing experiments. ECFCs also contained various angiogenic
factors, such as FGF-2, TNF-a. and TGF-B. in addition to
VEGF. The intracellular levels of angiogenic cytokines in day
6 ECFCs were compared with those in PBMNCs. The VEGF
content was 3.7-fold higher in ECFCs than in PBMNCs (Fig.
1B; 151.7 vs. 41.0 pg/ml, P < 0.05). The FGF-2 level was also
higher (Fig. 1C: 42.7 vs. 30.7 pg/ml). although the statistical
significance was marginal. The TGF-§ level was significantly
lower in ECECs than in PBMNCs (Fig. 1E; 0.51 vs. 291
ng/ml, P < 0.05).

ECFCs surpass PBMNCs for stimulation of tubule forma-
tion. In the tubule formation assays, HUVEC were Immuno-
stained with an anti-CD31 antibody, and the colored areas were
quantified as capillary growth. After coculture for 8 days, the
capillary tubule formation induced by ECFCs (4 X 107 cells)
was 5.2-fold greater than that induced by medium containing
2% FCS (Fig. 2A). A similar magnitude of tubule formation
was induced by 10 ng/ml VEGF. EPO, transferrin, and SCF
without ECFCs did not significantly affect the tubule forma-
tion. Furthermore, the tubule formation induced by ECFCs was
1.5-fold greater than that induced by PBMNCs. and this effect
was significantly suppressed by supplementation with antibod-
ies against VEGF (Fig. 2B; 62.3% suppression, P < 0.01) and
FGF-2 (Fig. 2B; 32.9% suppression, P < 0.05).

Intramuscular ECFC implantation salvages ischemic limbs
from autoamputation. In the autoamputation model using athy-
mic nude mice, the mice develop extensive necrosis or autoam-

ANGIOGENESIS BY ERYTHROID PROGENITOR CELLS

putation of the ischemic hindlimb. We classified the mice accord-
ing to the degree of ischemia at 2 wk after the operation as shown
in Fig. 3. More than one-half of the mice (54%) injected with PBS
developed autoamputation, and none of the mice (0%) exhibited
complete salvage. As for PBMNC-implanted mice, only 31%
exhibited autoamputation, but none of the mice exhibited com-
plete salvage. In contrast, 38% of mice implanted with ECFCs
exhibited successtul complete salvage, and only 31% developed
autoamputation. Statistical analysis revealed a significantly higher
rate of complete limb salvage in the ECFC group than in the PBS
group or PBMNC group (38% vs. 0%, P < 0.05).

Enhanced blood perfusion in ischemic limbs implanted with
ECFCs. To investigate blood perfusion in the hindlimbs after
implantation of ECFCs, we used athymic nude rats. None of
these model rats developed extensive necrosis or autoamputa-
tion of the ischemic hindlimb. The rats were implanted with

"ECFCs (1 X 107 cells) followed by EPO (1,000 TU/kg), EPO

(1,000 IU/kg) alone or PBS. At 4 days after the operation, limb
blood perfusion was severely reduced in all three groups. At 14
days after the operation, significant enhancement of the blood
perfusion was observed in the ECFC group compared with the
PBS group. (Fig. 4, A and B; 82.88% vs. 54.16%. P < 0.03).
Finally, at 28 days after the operation, the ECFC group showed
significantly augmented blood perfusion compared with the
EPO (82.82% vs. 70.57%, P < 0.05) and PBS (82.82% vs.
65.55%, P < 0.01) groups. No significant differences were
observed between the EPO and PBS groups.

Serum concentrations of angiogenic cytokines. We measured
the serum levels of human VEGF and FGF-2 in the ECFC and
PBS groups. Systemic concentrations of human VEGF and FGF-2
were undetectable at days 1, 3, or 7 (data not shown).

PBS

PBMNCs EGCFCs PBS

Auto-amputation

Limb necrosis

P<0.05
(I 1
P<0.05
PBMNCs ECFCs PBS PBMNCs ECFCs

Limb salvage

Fig. 3. Limb outcomes at 2 wk after the operation in an autoamputation model. Representalive Macroscopic photographs showing the three different grades
classified by the degree of ischemia. Percent distributions of the outcomes were evaluated by x2-analysis among mice receiving BCFCs (n = 16). PBMNCs (n =
13), and PBS (2 = 13). The incidence of limb salvage was statistically significant.
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Intramuscular content of angiogenic cytokines. We mea-
sured the levels of human VEGF in the ischemic hindlimbs of the
ECFC and PBS groups (Fig. 5). The implanted ECFECs produced
human VEGF after the intramuscular implantation. The human
VEGF content in homogenized muscle was abundant at day 1
after the implantation (515.4 pg/g muscle). Human VEGF pro—
duction lasted up to 7 days after the implantation.

Increased capillary density confirms ECFC-induced angio-
genesis. To confirm new capillary formation microscopically,
we stained frozen sections of ischemic hindlimbs obtained at
28 days after the operation, using three different approaches.
Briefly, anti-CD31 staining was used to define the morphology,
ALP staining- was used to assess the vascular endothelial
bioactivity, and anti-a-SMA staining was used to confirm the
stability and maturity of vessels (Fig. 64). According to the
anti-CD31 staining, the capillary density was 1.6-fold higher in
the ECFC group than in the EPO and PBS groups (Fig. 68)
(389.0/mm? vs. 265.3/mm? and 255.9/mm?, respectively, P <

Day 28

0.01 for each). No significant differences were observed be-
tween the EPO and PBS groups. Significant differences were
also found in both the ALP staining and anti-a-SMA staining
between the ECFC group and the EPO and PBS groups (ALP:
209.8/mm? vs. 137.8/mm” and 132.4/mm?, respectively, P <
0.01 for each; anti-c-SMA: 179.8/mm” vs. 115.8/mm? and
106.9/mm?, respectively, P < 0.05 for each).

DISCUSSION

Various angiogenic lactors and cytokines induce angiogen-
esis and vasculogenesis by collaborative interactions, but the
detailed molecular mechanism is not fully understood. VEGFE
is acknowledged to play a key role in this process and is
generally considered to be the most important modulator. It
induces the formation of collateral vessels and increases col-
lateral blood flow, leading to improvement in endothelium-
dependent vasodilation (5). In addition, it also directly upregu-
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Fig. 5. lntramuscular content of human VEGF. ECFC-implanted or PBS-
injected muscles (n = 6 for each) were obtained from mice at postoperative
days 1, 4, and 7, and the VEGF content in the homogenized muscles was
evaluated by ELISA. The values were expressed as means * SE: ND, not
detected. **P < (.01 vs. PBS.

lates endothelial nitric oxide synthase expression, consequently
increasing nitric oxide release (33). However, transgenic or
adenoviral overexpression of VEGF resulted in the formation
of vessels that were hyperpermeable and leaky. Masaki et al.
(20) reported that overexpressed VEGF in ischemic muscle
may be insufficient to induce maturation of the capillaries and
that the concerted actions of FGF-2 and VEGF may be neces-
sary for functional mature neovascularization accompanied by
a smooth muscle cell lining. These results suggest that combi-
nations of various angiogenic factors may be required for
functional mature neovascularization.

Recently, cell therapy lor PAD using BMMNCs has pro-
duced feasible angiogenic effects in experimental limb ische-
mia and clinical studies (34, 36). BMMNCs contain not only
various potent angiogenic cytokines but also EPCs. Circulating
EPCs have been discovered in adult peripheral blood as well as
human umbilical cord blood and are considered to differentiate
into endothelial cells and participate in neovascularization after
mobilization from the bone marrow (1). In fact, efficacy of
EPC implantation has been demonstrated in experimental limb
ischemia and patients with severe ischemia of the lower limbs
(12. 15). On the other hand, PBMNC implantation was also
reported to show effective induction of angiogenesis via the
supply of angiogenic factors, although the iinplanted PBMNCs
contained considerably fewer CD34* cells than the BMMNCs
(0.02% vs. 2.4%) (11). This finding raised the possibility that
the supply of angiogenic factors can induce functional mature
angiogenesis without the supply of EPCs.

Previously, it has been shown that BFU-E progenitor cells
express a high level of VEGF mRNA (19. 29) and that
erythroblasts secrete VEGF and placental growth factor pro-
teins during in vitro differentiation (37). In the present study,
we revealed that peripheral blood-derived ECFCs produced
VEGF during in vitro differentiation from BFU-E progenitor
cells to erythroblasts, whereas CFU-E progenitor cells showed
the highest VEGF productivity. ECFCs also showed abundant
production of FGF-2, in addition to VEGF. These results
suggest that erythroid progenitor cells may have an important

role in angiogenesis and also suggest the possibility of novel
therapeutic angiogenesis using erythroid progenitor cells. The
current study represents the first investigation of whether ex
vivo-expanded peripheral blood-derived ECFCs can augment
functional angiogenesis in both in vitro and in vivo models of
critical limb ischemia. The results revealed that 1) ECFCs
stimulated capillary tubule formation in coculture assays with
HUVECs, mainly by supplying VEGF and FGF-2; 2) intra-
muscular implantation of ECFCs significantly increased the
limb salvage rate in an autoamputation model using athymic
nude mice; 3) intramuscular implantation of ECFCs signifi-
cantly increased blood perfusion in a limb salvage model using
athymic nude rats; 4) capillary density increased in rats im-
planted with ECFCs; 5) not only vascular endothelial cells but
vascular smooth muscle cells were increased in ECFC-im-
planted muscle: and 6) the implanted cells survived and pro-
duced VEGE up to 7 days alter implantation. These results
demonstrate that ECFC implantation augmented functional
angiogenesis with recruitment of vascular smooth muscle cells
in critical limb ischemia via the cooperative supply of angio-
genic factors, especially VEGF and FGF-2. However, it re-
mained to be evaluated whether ECFCs acted only as a cyto-
kine donor. In addition, elevated cytokines might induce the
mobilization or homing of circulating EPCs (2). The detailed
mechanism requires further investigation.

Given its efficacy, implantation of ECFCs appears to have
several advantages. First, implantation of autologous ECFCs
does not induce toxicity or immunologic rejection compared
with methods involving human recombinant proteins, naked
plasmid DNAs or viruses. Second, BCFCs can easily be ob-
tained from the peripheral blood and expanded ex vivo. The
collection of mononuclear cells or EPCs from the bone marrow
requires general anesthesia, while more than 5-6 liters of
peripheral blood are needed to obtain a sufficient number of
mononuclear cells that are rich in EPCs (39). In the present
study. immature erythroid progenitor cells were partially puri-
fied from peripheral blood by negative selection with antibod-
jes against CD3, CD11b, CD15, and CD45RA and then dif-
ferentiated into mature erythroid progenitor cells in the pres-
ence of EPO, SCF, and IL-3. During this ex vivo culture,
immature progenitor cells at day 3 were finally expanded to
almost 15-fold mature progenitor cells at day 6. With the use of
this culture system, large-scale ex vivo amplification for clin-
ical use can be performed to obtain a sufficient number of
erythroid progenitor cells (8). Third, the ECFCs we used were
not pluripotent, and cell lineage was committed only to ery-
throid. Thus ECEC implantation appears 1o be very safe since
they finally differentiate into erythrocytes.

In the present study, we coadministered EPO (1 000 U/kg) to
protect the cells from apoptosis since a previous study revealed
that 70% of ECFCs underwent apoptosis within 16 h in
serum-free liquid culture without EPO, compared with only
23% in the presence of EPO (25). EPO is known to be involved
in the cell viability and proliferation of ECFCs (26). Recent
reports have suggested an angiogenic effect of EPO. EPO
stimulated the proliferation and migration of cultured
HUVECs (30), promoted EPC mobilization from the bone
marrow (4, 9), and increased blood perfusion in ischemic
limbs. In contrast with these reports, EPO alone had no
significant effect on capillary tubule formation and did not
significantly augment blood perfusion in the ischemic hindlimb
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model in the present study. However. it remained possible that
EPO promoted EPC mobilization from the bone marrow and
augmented ECFC-induced neovascularization. Future studies
are necded to address the cffects of EPO on in vivo angiogen-
esis. ’

In summary, we demonstrated for the first time that intra-
muscular implantation of peripheral blood-derived ECFCs into
ischemic limbs effectively induced functional collateral vessel
formation with recruitment of vascular smooth muscle cells via
the supply of various angiogenic factors, especially VEGF and
FGF-2. ECFCs can easily be obtained from patients, even those
with complications of ischemic heart disease, diabetes. or other
severe arteriosclerosis and who have a high risk for general
anesthesia. This novel angiogenic cell therapy appears to be
{easible, although its clinical efficacy should be tested in
human trial.

Fig. 6. Immunohistochemical analysis of capillary
formation. Capillary formation was evaluated by
anti-CD31 staining for the morphology (Jeff), ALP
staining for the vascular endothelial bioactivity
(middle), and anti-a-smooth muscle actin (SMA)
staining for the vascular maturity (right). A: digital
images of 20 microscopic fields from 2 sections
were obtained from each animal for capillary
counts: PBS group (n = 5), EPO-alone group (n =
5), and ECFC group (n = 4). NC, negative control:
ALP, alkaline phosphatase. B: quantitative analy-
sis of the capillary density. *P < 0.05 and **P <
0.01 vs. PBS. Bar, 30 pm.
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The androgen-androgen receptor (AR) system plays vital
roles in a wide array of biological processes, including prostate
cancer development and progression. Several growth factors,
such as insulin-like growth factor 1 (IGF1), can induce AR acti-
vation, whereas insulin resistance and hyperinsulinemia are
correlated with an elevated incidence of prostate cancer. Here
we report that Foxol, a downstream molecule that becomes
phosphorylated and inactivated by phosphatidylinositol 3-ki-
nase/Akt kinase in response to IGF1 or insulin, suppresses
ligand-mediated AR transactivation. Foxol reduces androgen-
induced AR target gene expressions and suppresses the in viiro
growth of prostate cancer cells. These inhibitory effects of
Foxol are attenuated by IGF1 but are enhanced when it is ren-
dered Akt-nonphosphorylatable. Foxol interacts directly with
the C terminus of AR in a ligand-dependent manner and dis-
rupts ligand-induced AR subnuclear compartmentalization.
Foxol is recruited by liganded AR to the chromatin of AR target
gene promoters, where it interferes with AR-DNA interactions.
IGE1 or insulin abolish the Foxol occupancy of these promot-
ers. Of interest, a positive feedback circuit working locally in an
autocrine/intracrine manner may exist, because liganded AR
up-regulates IGF1 receptor expression in prostate cancer cells,
presumably resulting in higher IGF1 signaling tension and fur-
ther enhancing the functions of the receptor itself. Thus, Foxol
is a novel corepressor for AR, and IGF1/insulin signaling may
confer stimulatory effects on AR by attenuating Foxol inhibi-
tion. These results highlight the potential involvement of meta-
bolic syndrome and hyperinsulinemia in prostate diseases and
further suggest that intervention of IGF1/ insulin-phosphatidyl-
inositol 3-kinase-Akt signaling may be of clinical value for pros-
tate diseases.

* This work was supported by a grant-in-aid for the “Mechanism of Sex Dif-
ferentiation” and a grant from the 21st Century COE Program from the
Ministry of Education, Culture, Sports, Science, and Technology of Japan.
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ment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.
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Androgen receptor (AR)” is a member of a nuclear receptor
superfamily and functions as a ligand-dependent transcription
factor. The androgen-AR system mediates male sexual differ-
entiation in the uterus, sperm production at puberty, prostate
development in the adult, and primary prostate cancer (PC)
growth in patients with PC (1). PC is the most common malig-
nancy in men worldwide and the second leading cause of can-
cer-related mortality in the United States (2). The fact that over
70% of PCs rely on androgen stimulation for growth sets the
basis for androgen ablation therapy, which is initially effective
but invariably results in treatment resistance after a period of
time (3). The disease is then referred to as androgen-indepen-
dent PC and progresses to a fatal outcome. Recent loss-of-func-
tion studies have revealed that AR still plays a key role in hor-
mone-refractory progression of PC (4, 5). An adaptation of AR
signaling in order to function under low or absent androgen
levels may occur (6). Among the various suggested mechanisms
by which AR may be reactivated in alow androgen environment
(7), signaling by growth factors, especially insulin-like growth
factor 1 (IGF1), is reportedly of significant importance (8 -11).
High IGF1 serum levels are correlated with an increased risk of
PC (8, 9), whereas IGF1 enhances AR transactivation under
very low or absent androgen levels (12, 13) and promotes PC
cell proliferation (10). Recent studies have also revealed that
high serum insulin levels are associated with an increased inci-
dence of PC (14, 15), although there is a lack of mechanistic
studies implicating insulin signaling in the regulation of AR
function.

Foxol, also known as FKHR, together with other two
homologs, FKHRL1 and AFX, belong to the Foxo subfamily of
the forkhead transcription factor family, which includes a large
array of transcription factors characterized by the presence ofa

2 The abbreviations used are: AR, androgen receptor; hAR, human AR; ARE,
androgen-response element; ChlIP, chromatin immunoprecipitation; DHT,
Sa-dihydrotestosterone; ER, estrogen receptor; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; GR, glucocorticoid receptor; IGF1, insulin-
like growth factor 1; IGF1R, insulin-like growth factor 1 receptor; MMTV,
mouse mammary tumor virus; PC, prostate cancer, PI3K, phosphatidylino-
sitol 3-kinase; PR, progesterone receptor; PSA, prostate-specific antigen;
PTEN, human phosphatase and tensin homolog (mutated in multiple
advanced cancers 1; EIA, enzyme immunoassay; PBS, phosphate-buffered
saline; ANOVA, analysis of variance; HI, heterogeneity index.
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conserved 110-amino acid winged helix DNA-binding domain
(16). Foxo subfamily members play important roles in cell cycle
regulation and apoptosis, as well as in metabolic homeostasis
(17).

Phosphatidylinositol 3-kinase (PI3K)/Akt signaling, which is
activated by both liganded IGF1 receptor (IGF1R) and insulin
receptor, phosphorylates each of the Foxo proteins at three dif-
ferent Ser/Thr residues (17). The phosphorylated Foxo pro-
teins become inactive and are exported from the nucleus. Sub-
sequently, they become sequestered in the cytoplasm, where
they interact with 14-3-3 protein.

In this study, we observe that Foxol, which is endogenously
expressed in PC cells, can interact with AR via the C terminus of
the receptor in a ligand-dependent manner and suppress ligand-
induced AR transactivation. Foxol impaired AR signaling by
interfering with ligand-induced AR nuclear translocation and
subnuclear compartmentalization as well as receptor-target gene
promoter interactions. Furthermore, IGF1/insulin-PISK/Akt
pathway-induced phosphorylation of Foxol ameliorated the sup-
pression. Intriguingly, liganded AR stimulated IGF1R expression,
suggesting the presence of local positive feedback between IGF1
and AR signaling in PC cells.

EXPERIMENTAL PROCEDURES

Materigls—The human PC cell lines LNCaP, DU145,
ALVA41, and PC3 were maintained as described previously
(18). HEK293 and COS7 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 10 units/liter penicillin, and 10 ug/ml streptomycin in
75-cm? flasks in a humidified 5% CO, incubator at 37 °C. The
following items were obtained commercially: 5a-dihydrotest-
osterone (DHT; Sigma); IGF1 (R&D Systems, Minneapolis,
MN), insulin (Sigma); anti-AR N-terminal {N-20) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA); anti-FLAG M2
monoclonal antibody; and anti-FKHR (Foxol) monoclonal
antibody {Sigma).

The firefly luciferase reporter plasmids pGL3-MMTV,

PPSA-LUC, GRE-Luc, and pERE2-tk109-LUC, as well as
expression vectors for human AR (pCMV-hAR), estrogen
receptor (ER) (pSG5-Era and pSG5-ErB), GRa (pSG5-GRew),
PR (pSG5-PRA and pSG5-PRB), an AR-EGFP chimera (pCMV-
AR-GFP), and expression vectors for FLAG-mFoxol (mouse)
and FLAG-mFoxol-3A (T24A, S253A, and S316A) chimeras
were described previously (18 -21). Full-length cDNAs encod-
ing wild-type and mutant mFoxol were subcloned in-frame
into pEYFP-C2 (Clontech) to generate EYFP-Foxol fusion
vectors.

PRL-SV40, pG5-Luc, pBIND, and act expression vectors
were obtained from Promega (Madison, WI). A full-length
cDNA encoding human phosphatase and tensin homolog
(PTEN) (mutated in multiple advanced cancers 1) (GenBank ™
accession number NM_000314) was obtained from OriGene
Technologies, Inc. (Rockville, MD). A full-length cDNA encod-
ing wild-type mFoxol was inserted in-frame into the act vector
to generate a pACT-Foxol chimera. Expression vectors for
pBIND-AR-N-(1-660) and pBIND-AR-C-(615-919) chimeras
were constructed previously (18).

Relative Luciferase Reporter Assays and Transfection—NRela-
tive luciferase reporter assays were performed as described pre-
viously (22). Transfections were carried out using FuGENE 6 or
FuGENE HD (Roche Applied Science). Stable clones expressing
modest amounts of FLAG-Foxol or FLAG were established
using 600 ug/ml G418 sulfate.

Cell Proliferation Assays—The proliferation of LNCaP cells
stably expressing either FLAG-Foxol or the control FLAG tag
was determined using a CellTiter 96% nonradioactive cell pro-
liferation assay kit (Promega) according to the manufacturer’s
instructions.

Coimmunoprecipitation, Western Blotting Mammalian
Two-hybrid Assays, and Modified Mammalian One-hybrid
Assays—Coimmunoprecipitation, Western blotting, mamma-
lian two-hybrid assays, and modified mammalian one-hybrid
assays were performed essentially as described previously (23).

Living Cell Laser Confocal Fluorescence Microscopy Assays—
Living cell laser confocal fluorescence microscopy assays were
performed essentially as described previously (22). Colocaliza-
tion and line scan analyses were carried out using the LSM
software (version 3.0).

Chromatin Immunoprecipitation (ChIP) Assays—ChIP as-
says were performed essentially as described previously (24). An
anti-AR N-20 antibody and anti-FLAG M2 monoclonal anti-
bodies were applied. Primer information is available upon
request.

Real Time PCR—Various transcripts in proper medium-
treated cells were analyzed by real time PCR using a LightCycler
as described previously (25, 26). Primer information for each
target transcript is available upon request.

PSA Measurements—Secretion of human PSA protein into
the cell culture medium was measured using an enzyme immu-
noassay (EIA) at SRL Inc. (Tokyo, Japan).

Statistical Analysis—Data were expressed as means = S.D.
and evaluated by Student’s two-tailed ¢ test or ANOVA, fol-
lowed by post hoc comparisons with Fisher’s protected least
significant difference test. Values of p < 0.05 were considered
statistically significant.

RESULTS

Foxol Represses Ligand-induced AR Transactivation and
Delays LNCaP Cell Proliferation—Initially, the effects of Foxol
on the transactivation induced by ligand-bound AR were inves-
tigated using relative luciferase activity assays. COS7 cells were
cotransfected with pCMV-hAR and an artificial luciferase
reporter for AR {(pGL3-MMTV) together with increasing doses
of a Foxol expression vector. As shown in Fig. 14, Foxol inhib-
ited agonist-induced transcription from the MM TV promoter
in a dose-dependent manner. Similarly, the transactivation of
endogenous AR monitored by the MMTV promoter in LNCaP
human PC cells was suppressed by Foxol in a dose-dependent
manner (supplemental Fig. 1a). Foxol also inhibited liganded
AR-mediated expression of the promoter of a native AR target
gene, PSA, in both COS7 (supplemental Fig. 1b) and DU145
(supplemental Fig. 1c) human PC cells. Thus, the inhibitory
effect of Foxol on AR, either exogenous or endogenous, is not
limited to one cell line and/or promoter. Endogenous Foxol
mRNA was readily detectable by RT-PCR in all four PC cell

=571~



(b}

LNCaP cells are typical andro-
gen-responsive PC cells, and their

™ BFoxol e
:g- 5 5 5 | oContol prohferatlop is .largely dependent
oL £ on the availability of androgen as
60} = 4 well as functional AR. To study the
5 50} 2 3 effects of Foxol on LNCaP cell
a0l )
30 Z growth, the two cell lines stably
20k o expressing either FLAG-Foxol or
Z 1
'S - E the control FLAG tag were grown
o
DHT (105 M) — N . N N = 0 in medium containing charcoal-
Foxol (ng) - - 30 60 120 stripped serum supplemented with
Ethanol either DHT (1072 m) or vehicle (eth-
© @ anol), and a time course experiment
[ grosol was performed. Among the cells
0xo . + e
60 I BControl C I - - grown in the presence of DHT, the
= " 7] " FLAG-Foxol-Ethanol .
= R i number of FLAG-Foxol-expressing
5 50 6 | ~d~= FLAG-Foxol-DHT X
E; « B - FLAG-Ethanol cells was decreased compared with
< 40 851 A
= 27| —&—FLAGDHT control cells, even after 1 day of
< 30 24 treatment, and then continued to
A, S3F : i .
20 <3 decrease in a time-dependent man-
0 2 ner (Fig. 1d). The basal proliferation
i F in the presence of ethanol was also
0 .
oM 10°M R L . : : L reduced to some extent in the stable
Ethanol DHT Day0 Dayl Day2 Day3l Day4 Day5 FLAG-Foxol-expressing cells, but

FIGURE 1. Foxo1 represses ligand-induced AR transactivation and delays LNCaP cell proliferation.
a, COS7 cells growing in 24-well plates were transiently cotransfected with a DNA mixture consisting of 300 ng
of pGL3-MMTV, 5 ng of pRL-CMV, 30 ng of pCMV-hAR, and increasing amounts (0-120 ng/ml) of FLAG-Foxo1.
The empty pcDNA-FLAG vector was cotransfected to equalize the total amount of DNA
amount) and control for artifacts of the vector DNA. The cells were then treated with 1078 m DHT or the solvent
(ethanol) dissolved in serum-free medium for 24 h, before being analyzed by luciferase assays. band ¢, LNCaP
cells stably expressing FLAG-Foxo1 or the control FLAG tag were exposed to increasing concentrations of DHT
(b) and PSA protein secreted into the culture medium (¢)
were assayed by real time PCRand EIA, respectively. d, LNCaP cells stably expressing either FLAG-Foxo1 or the
control FLAG tag were grown in the presence of 108 m DHT or the salvent (ethanol), and cell proliferation was
dynamically evaluated using a CellTiter 96% nonradioactive cell proliferation assay kit. Data are presented as
the mean = S.D. (g, ¢, and d) or mean = S.E. (b). Letters above the bars show statistical groups (ANOVA, p < 0.05).

as indicated. Endogenous expression of PSA mRNA

RLA, relative luciferase activity.

lines, namely ALVA41, DU145, LNCaP, and PC3 cells, with
DU145 and LNCaP cells showing 2-fold higher expression lev-
els than PC3 and ALVA41 cells (supplemental Fig. 1d).

To further explore the relevance of the inhibitory effects of
Foxol on AR observed in the promoter assays, the androgen-
mediated endogenous PSA expression levels were studied in
LNCaP cells stably expressing either FLAG-Foxol or the con-
trol FLAG tag. As shown in Fig. 1, band ¢, DHT-stimulated PSA
expression, which was dose-dependent in terms of both the
mRNA level (assayed by real time PCR) and the amount of
protein secreted into the medium (quantified by EIA), was sig-
nificantly lower in cells overexpressing Foxol, indicating that
Foxol down-regulates the expressions of endogenous andro-
gen-responsive genes. Lentivirus was applied as an additional
method for overexpressing Foxol in LNCaP cells, and similar
results were obtained (supplemental Fig. 1e).

Foxol also acted on other steroid hormone receptors (sup-
plemental Fig. 2). Specifically, it enhanced the transcription
mediated by liganded PR-A, PR-B, and GRe, exhibited no dra-
matic effect on ERa, but suppressed ERB function in a similar
manner to that observed for AR. Thus, the inhibitory effects are
relatively specific for AR and ERB.

more prominent inhibition was
observed in cells treated with
DHT. Thus, Foxol overexpression
reduced the proliferation of LNCaP
cells.

IGF1 Ameliorates Foxol Suppres-
sion over AR Transactivation—
Foxol protein is a target of Akt
kinase and negatively regulated by
phosphorylation in an insulin-
and/or IGF1l-dependent manner,
with resultant nuclear exportation
and cytoplasmic sequestration. Therefore, either IGF1 or insu-
lin is expected to attenuate the inhibitory effects of Foxol on
AR. Initially, we observed that a constitutively active mutant,
Foxol-3A (nonphosphorylatable mutant with all three Akt tar-
get residues mutated to alanine, specifically T24A, $253A, and
$316A), was more potent than Foxol at suppressing DHT-in-
duced AR transactivation (Fig. 2) in LNCaP cells, in which the
impaired PI3K/Akt signaling was rescued by cotransfection of
PTEN (LNCaP cells lack functional PTEN, and their Aktis con-
stitutively active (27, 28)). In these PTEN-expressing LNCaP
cells, IGF1 significantly augmented liganded AR-mediated PSA
promoter activities. Of importance, the IGFl-augmented
DHT-induced AR transactivation was sharply suppressed by
Foxol-3A but not by wild-type Foxol. In other words, IGF1
abolished the suppression of liganded AR by wild-type Foxol
but not that mediated by the Akt-nonphosphorylatable Foxol
mutant. The rescue by IGF1 was dose-dependent (supplemen-
tal Fig. 3a) and also found in DU145 cells, which contain intact
PTEN and PI3K/Akt signaling (supplemental Fig. 3¢). Intrigu-
ingly, insulin, another PI3K/Akt stimulator, also enhanced the
DHT-induced AR transactivation in the PTEN-expressing

(in terms of the molar
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FIGURE 2.1GF 1 ameliorates Foxo1-suppressed AR transactivation. LNCaP
cells growing in 24-well plates were cotransfected with 100 ng of FLAG-
Foxol, FLAG-Foxo1-3A (Akt-nonphosphorylatable constitutively active
mutant), or an equimolar amount of pcDNA-FLAG together with 400 ng of
PSA-Luc, 5 ng of pRL-CMV, 40 ng of PTEN, and 40 ng of pCMV-hAR. At 48 h
post-transfection, the cells were exposed to 1078 m DHT and/or 100 ng/m!
IGFT in serum-free medium for 24 h, before being lysed and analyzed by
luciferase assays. Letters above the bars show statistical groups (ANOVA, p <
0.05). The ascending order of the groups is as follows: F, A, C, G, E, H, B, and D.
RLA, relative luciferase activity.

LNCaP cells in a concentration-dependent manner, albeit less
potently (supplemental Fig. 35).

To exclude the possibility that Foxol inhibits AR transacti-
vation by decreasing the protein level of the receptor, the AR
protein level was examined by immunoblotting under the same
conditions used for the reporter assays. As shown in supple-
mental Fig. 4, a—c, cotransfection of Foxo1 with AR into LNCaP
cells did not alter the AR protein level in either the presence or
absence of DHT. Similarly, the AR mRNA expression level in
lentiviral Foxol-infected LNCaP cells was not significantly
altered (supplemental Fig. 4d). Hence, these data indicate that
Foxol suppresses the specific activity of the receptor.

Physical Interaction between Foxol and AR—Next, we exam-
ined whether there is a direct physical interaction between AR
and Foxol by using coimmunoprecipitation assays, LNCaP
cells cotransfected with FLAG-Foxol and pCMV-hAR to-
gether with PTEN and grown in serum-free medium were
treated with IGF1, insulin, or PBS in combination with DHT or
ethanol. As shown in Fig. 3a (upper panel), FLAG-Foxol bands
were detected in anti-AR antibody-precipitated immune com-
plexes from cells treated with DHT (lanes 6~ 8), whereas a very
weal signal was detected in ethanol-treated cells (lane 2), sug-
gesting that Foxol and AR interact directly, and their interac-
tion is significantly enhanced by the AR ligand. The presence of
IGF1 or insulin did not abolish the interaction (Fig. 3a (upper
panel), lanes 7 and 8), although both molecules appeared to
reduce the amount of Foxol protein interacting with liganded
AR. In contrast, no Foxol signal was detectable in normal rab-
bit IgG-precipitated immune complexes from cells treated with
either ethanol (Fig. 3a (upper panel), lane 1) or DHT (lane 5),
indicating the specificity of the Foxol-AR interaction. Using
PTEN-expressing LNCaP cells, we further verified that endog-
enous AR and Foxol interacted in an androgen-dependent
manner (supplemental Fig. 5), suggesting that the observed
interaction is physiologically meaningful and that Foxol may
repress liganded activated AR via a direct protein-protein
interaction.
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FIGURE 3. Physical interaction between Foxo1 and AR. g, coimmunopre-
cipitation of AR with Foxa1, LNCaP cells transfected with PTEN, pCMV-hAR,
and pcDNA-FLAG-Foxo1 or the control empty vector pcDNA-FLAG were
treated with PBS, IGF1 (100 ng/ml), or insulin (10 ng/ml) in combination with
DHT (1078 m) orethanol as indicated. Aliquots (1000 u1g) of whole cell extracts
were incubated with 5 ug of rabbit anti-AR (N-20) antibody or control normat
rabbit IgG together with 50 ul of protein A beads, and the presence of FLAG-
Foxo1 in the immunoprecipitates (IP) was detected by immunoblotting (/B)
with an anti-Foxo1 mouse monoclonal antibody. Immunoprecipitation of AR
by the anti-AR (N-20) antibody was validated by using an anti-AR antibody
obtained from Cell Signaling {catalog number 3202). The presence of AR and
Foxo1intheinputcelllysate samples were confirmed. b, modified one-hybrid
assays, COS7 cells were cotransfected with 50 ng of vectors for Foxol
(pcDNA-FLAG-Foxo1), VP16-Foxo1 fusion protein (pACT-Foxol), or both
together with 300 ng of pGL3-MMTV, 5 ng of pRL-CMV, and 50 ng of pCMV-
hAR and subsequently treated with 107° m DHT, 107® m casodex, 107 m
hydroxyflutamide, or the solvent (ethanol), respectively, for 24 h, before
being analyzed by luciferase assays. Note that the DHT-induced AR transacti-
vation is inhibited by Foxo1 but enhanced by VP16-Foxo1. The ascending
order of the groupsis A, F, G, C, B, E, and D. ¢ and d, the C terminus of AR
mediates the interaction with Foxol. Mammalian two-hybrid assays were
carried out to test for an jn vivo interaction between AR and Foxo 1. COS7 cells
were cotransfected with a DNA mixture consisting of 100 ng of pG5-LUC, 1.5
ng of pRL-CMV, and 75 ng of pACT-Foxo1 together with 25 ng of pBIND-AR-N
(c) or equimolar amounts of pBIND-AR-C (d). After the transfection, the cells
were treated with 1073 M DHT or ethanol. Parallel experiments in which pACT-
Foxo1was replaced with pACT-Foxo1-R (Foxo1 fused with VP16 in the reverse
orientation) were carried out as controls. Letters above the bars show statisti-
cal groups (ANOVA, p < 0.05). RLA, relative luciferase activity.

DHT Ethanal

The interaction was further confirmed by modified mamma-
lian one-hybrid assays (29). COS7 cells were cotransfected with
an MMTYV reporter and AR together with wild-type Foxol,
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pACT-Foxol, or both, and then treated with DHT or two anti-
androgens, namely hydroxyflutamide and casodex. As shown in
Fig. 3b, FLAG-Foxol inhibited DHT-induced AR transactiva-
tion as expected. However, pACT-Foxol (with a viral VP16
activation domain fused to the Foxol N terminus) enhanced
the liganded AR function, and the coexistence of FLAG-Foxol
and pACT-Foxol neutralized the luciferase activity. Thus,
although Foxol was suppressive toward AR, VP16-Foxol
became an artificial coactivator for AR, and this remarkable
shift strongly suggests that there is a direct interaction between
AR and Foxol. Interestingly, the antiandrogens casodex and
hydroxyflutamide did not produce the same phenomenon, sug-
gesting that only an agonist can induce the interaction.
Further clarification of the individual domains of AR respon-
sible for the interaction with Foxo1 was carried out by mamma-
lian two-hybrid assays, in which the AR N terminus (amino
acids 1-660) and C terminus {(amino acids 615-919) were indi-
vidually fused to the DNA-binding domain of GAL4 to produce
pBIND-AR-N and pBIND-AR-C, respectively. As a control, the
full-length Foxol cDNA was fused to the VP16 activation
domain in either the forward (pACT-Foxol-F) or reverse ori-
entation (pACT-Foxol-R). In comparison with pACT-
Foxol-R, pACT-Foxol-F did not alter the activity of the pG5-
LUC reporter coexpression with pBIND-AR-N in either the
presence or absence of the ligand, suggesting a lack of interac-
tion between the AR N terminus and Foxol (Fig. 3¢). In the case
of pBIND-AR-C coexpression, pACT-Foxol-F, but not pACT-
Foxol-R, significantly stimulated the reporter in the presence
of DHT (Fig. 34). These data indicate that the AR C terminus
interacts with Foxol in a hormone-dependent manner.
Subcellular Interactions between Foxol and AR in Living
Cells—The intracellular distribution of EYFP-Foxol in living
COS7 cells was visualized using laser confocal scanning micros-
copy. Consistent with previous observations (17), EYFP-Foxol
in serum-starved COS7 cells was predominantly located in the
nucleus in a homogeneous manner, with relatively weak diffuse
fluorescence also visible in the cytoplasm (Fig. 4a). However,
the nuclear accumulation of Foxo1 varied among the examined
cells (supplemental Fig. 6, a—c). This variation was presumably
because of differing IGF1/insulin signaling tones among the
different cells, because challenge with IGF1 caused 100% of the
EYFP-Foxol-expressing cells to show complete cytoplasmic
fluorescence (Fig. 4b). As expected, EGFP-AR predominantly
showed diffuse fluorescence in the cytosol with very weak
nuclear fluorescence in the absence of the ligand (Fig. 4c),
whereas DHT induced complete nuclear translocation and typ-
ical subnuclear foci formation (Fig. 4d). When EYFP-Foxol and
EGFP-AR were coexpressed, both proteins showed their origi-
nal distribution patterns in cells treated with the control sol-
vents (IGF1—/DHT—; Fig. 4f). Among the cells treated with
DHT alone (IGF1—/DHT —; Fig. 4g), the distribution of EYFP-
Foxol remained almost unchanged, whereas EGFP-AR exhib-
ited incomplete nuclear translocation and significantly
impaired subnuclear compartmentalization (foci formation)
and was diffuse in both the nucleus and cytoplasm. Although a
subgroup of cells showed relatively complete nuclear translo-
cation, their foci formation was apparently impaired (supple-
mental Fig. 6d). In cells treated with IGF1 alone (IGF1+/

DHT—; Fig. 4i), EYFP-Foxol was completely exported to the
cytoplasm, whereas EGFP-AR maintained its original distribu-
tion, namely predominant diffuse cytoplasmic localization with
wealk nuclear fluorescence. In comparison with IGF1—/DHT +
cells (Fig. 4g), EGEP-AR in cells treated with both ligands
(IGF1+/DHT +; Fig. 4/) showed more complete nuclear trans-
location and, importantly, also exhibited significantly improved
subnuclear compartmentalization.

To quantitatively evaluate the effects of IGF1/Foxol on the
subnuclear distribution of liganded AR, the intranuclear distri-
bution patterns of EGFP-AR in the cell populations, shown rep-
resentatively in Fig. 4, d, g and j, were subjected to line scan
analyses using the LSM software as described previously (22).In
Fig. 4, ¢, i, and k show the line scan data of 4, g and j, respec-
tively. In total, 20 cells from each group were subjected to the
line scan analyses. The fluorescence intensity of the cells in Fig.
4d was quite heterogeneous (heterogeneity index HD) =
53.12 * 10.53), whereas cotransfection of Foxol (cells in Fig. 4g)
decreased the HI to 17.83 * 9.46, indicating that the AR distri-
bution in these cells was quite constant. The HI value recovered
to 35.16 == 18.89 in cells further treated with IGF1 (cells in Fig.
4j), suggesting that the Foxol-inhibited subnuclear reorganiza-
tion of liganded AR was partially rescued by IGF1.

3T3-L1 cells contain a relatively high quantity of endogenous
AR, which undergoes typical subnuclear reorganization and
forms fine foci in the presence of DHT (23). Toaddress whether
Foxol also suppresses the foci formation of endogenous AR,
EYFP-Foxol was expressed in 3T3-L1 cells, and the endoge-
nous AR distributions in the presence and absence of DHT
were studied by immunofluorescence staining. As shown in
supplemental Fig. 7, DHT-induced AR foci were significantly
suppressed by Foxol overexpression. Specifically, the HI of
liganded nuclear AR was 66.26 = 15.77 (n = 20) in the absence
of Foxol but reduced to 38.25 = 8.91 (n = 20, p < 0.01) by
Foxol.

The distribution of EYFP-Foxol in cells coexpressing
EGEP-AR and treated with both ligands (IGF1+/DHT +) was
striking in that a substantial amount of Foxol remained in the
nucleus (Fig. 4j and supplemental Fig, 6¢). This distribution is in
great contrast to that in the cells in Fig. 4, b and i, where IGF1
induced complete nuclear export of Foxol in all cells. These
observations suggest that liganded AR sequestered part of the
Foxol in the nucleus, even in the presence of IGF1. Further-
more, the nuclear Foxol in these cells was heterogeneous and
colocalized with ligand-bound AR (Fig. 4/ and supplemental
Fig. 6¢), suggesting an interaction between the two proteins.

In contrast to EYFP-Foxol, EYFP-Foxol-3A resided in the
nucleus in a reticular manner regardless of the IGF1 availability.
Furthermore, it disrupted DHT-induced AR foci formation,
and importantly, the disruption was not rescued by IGF1 (sup-
plemental Fig. 8).

Interaction of Foxol and AR within the Human PSA Promoter—
Next, ChIP assays were carried out to determine whether Foxol
and AR associate with the chromatin of an AR target gene
promoter in vivo. LNCaP cells cotransfected  with
pcDNA-FLAG-Foxol and pCMV-hAR were subjected to
serum starvation and challenged with IGF1, insulin, or PBSas a
control in the presence of DHT or the solvent (ethanol).
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Genomic DNA corresponding to the androgen-response ele-
ments ARE 1/I1 and ARE 111, which are located in the promoter
and enhancer of the PSA gene, respectively, was remarkably
enriched in a DHT-dependent manner, as evaluated using an
anti-FLAG antibody (Fig. 5b). Weak bands were detectable in
the absence of any ligand, whereas treatment of the cells with
IGF1 or insulin either abolished or significantly reduced the
occupancy of the DNA by Foxol, regardless of the presence or
absence of DHT. There was very weak Foxol occupancy of the
DNA in a region between the enhancer and the promoter, but
no enrichment was detected in the presence of DHT, thus dem-
onstrating specificity (Fig. 5b). Again, the weak bands vanished
in the presence of IGF1 or insulin. The association of Foxol
with the chromatinized PSA promoter was specific, because
DNA from the GAPDH gene was not precipitated (Fig. 5b).
Thus, agonist-bound AR induces specific associations of Foxol
with chromatin AREs on the PSA promoter, demonstrating
that Foxol and AR form a ligand-dependent complex on chro-
matin. Furthermore, [GF1 and insulin are able to remove Foxol
from chromatinized DNA.

The ChIP assays further revealed that Foxol interfered with
ligand-induced recruitment of AR to the PSA promoter in
LNCaP cells. The cells were transfected with pCMV-hAR
together with pcDNA-FLAG-Foxol-3A or pcDNA-FLAG and
treated with the ligand as described above. Chromatin-tran-
scription factor complexes were precipitated with an anti-AR
antibody and combined with real time PCR analysis to quantify
the relative number of immunoprecipitated DNA copies to the
input control for each sample as described previously (24).
Small amounts of the DNA segments corresponding to PSA
ARE I/11 and ARE III were detected in the absence of DHT, and
DHT induced significant enrichment of these amounts (Fig.
5¢). IGF1 or insulin increased the AR-DNA interaction under
each circumstance (presence or absence of DHT; Fig. 5¢). Over-
expression of the nonphosphorylatable Foxol-3A significantly
reduced the relative copy numbers of PSA promoter DNA at
both positions, especially in the presence of DHT (Fig. 5¢), sug-
gesting that the association between the PSA promoter and
liganded AR was impaired. Furthermore, Foxol-3A also sub-
stantially abolished the responsiveness to IGF1 and insulin
(Fig. 5¢), indicating that intact and phosphorylatable Foxol
is vital for IGF1 or insulin to enhance the liganded AR-DNA
interaction.

Activation of AR Stimulates IGFIR Expression in LNCaP
Cells—We further found that IGF1R expression was up-regu-
lated in LNCaP cells in the presence of DHT. As shown in Fig.

6a, DHT treatment for 24 h dose-dependently increased the
IGF1R mRNA levels in serum-starved LNCaP cells,and 10 ™% m
DHT boosted the mRNA level by 17-fold. This stimulation of
IGF1R was relatively specific, because comparable concentra-
tions of DHT did not increase the levels of epidermal growth
factor receptor (supplemental Fig. 92) and Foxol mRNAs (sup-
plemental Fig. 9b). An autoregulation process may occur,
because the up-regulated IGF1R is expected to enhance IGF1-
PI3K-Akt signaling, thereby resulting in a further gain-of-func-
tion of AR via phosphorylation of the repressive Foxol.

DISCUSSION

Foxol Suppression and IGF1-related Mechanism of Refrac-
tory PC—IGF1 is capable of reactivating AR in low or absent
androgen environments and therefore represents one of the
suggested multiple mechanisms by which PC cells progress to
the androgen-insensitive stage (7). However, the mechanisms
by which IGF1 and other growth factors regulate AR-mediated
transcription in PC cells remain unclear.

IGF1, via binding to its receptor IGF1R, activates intracellu-
lar signaling pathways that favor proliferation and cell survival,
One of the most important pathways that becomes activated is
the PI3K/Akt pathway (30), because activation of this pathway
by IGF1, as well as other molecules, has been implicated in PC.
Specifically, increases in IGF1R expression (11, 31, 32) and loss
of the tumor suppressor gene PTEN (27, 28) elicit increased
activity of the PI3K/Akt pathway and greatly contribute to
tumor progression of PC,

Foxol, which is endogenously expressed in PC cells, is func-
tionally inhibited by phosphorylation at Ser-253, Ser-316, and
Thr-(24 in response to IGF1 or insulin through PI3K/Akt
kinase (17). Overexpression of Foxol in PC cells leads to apo-
ptosis (33). Our present results have revealed that Foxol
directly interacts with and suppresses the transactivation of AR,
whereas IGF1 signaling ameliorates this suppression and
results in AR gain-of-function. Thus, considering the reported
mechanism that B-catenin may mediate the stimulatory effect
of IGF1 signaling on AR (34), Foxol may represent an alterna-
tive explanation.

Because insulin induces PI3K-Akt signaling and the resultant
modification of Foxol (17), similar to IGF1, and also enhances
AR transactivation in PTEN-expressing LNCaP cells, it is of
great value to further elucidate whether insulin signaling
enhances AR function via a similar mechanism. Regarding this
point, it is noteworthy that the syndrome of insulin resistance,
which is characterized by an increased insulin level and abdom-

FIGURE 4. Subcellular interaction between Foxo1 and AR in living COS7 cells. The expressions of chimeric fluorescent proteins were observed in living
COS7 cells using a Zeiss LSM 510 META laser confocal microscope as described under “Experimental Procedures.” a and b, COS7 cells were transfected with 0.5
na/dish of EYFP-Foxa1 and then treated with PBS (@) or 100 ng/mIiGF1 (b). c and d, COS7 cells expressing EGFP-AR were exposed to ethanol (c) or 1078 m DHT
{d), respectively. f, g, i, and j, COS7 cells coexpressing EGFP-AR and EYFP-Foxo1 were exposed to DHT and/or IGF1 as indicated in the individual panels. The
fluorescence signals for green fluorescent protein (GFP) and yellow fluorescent protein (YFP) and the merged images are shown separately. e, h, and k, line scan
analyses. A straight line was drawn through the target cell, and the fluorescence intensities along the line were recorded. The mean and S.D. values of the
fluorescence intensity signals for the segment of interest (nucleus, avoiding the nucleoli) were calculated. The heterogeneity of the fluorescence intensity
along the segment of interest was evaluated by the parameter of the HI, which was calculated using the following formula: HE = 100 X S.D./mean. A
fluorescence intensity fluctuation graph, which clearly demonstrated the heterogeneity, was then created by plotting the intensity against the distance along

the line. The lines obtained by line scan analyses are shown for representative cells. The fluorescence intensity fluctuation graphs of the representative cells are
shown in e, h, and kand relate to the cellsind, g, and}, respectively. The x axis represents the distance along each line, whereas the y axis shows the fluorescence
intensity. The bar within each graph marks the segment of the line for which the Hl analysis was performed, and the corresponding intensity and Hi values are

indicated at the top of each graph. Scale bars, 10 um.
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FIGURE 5. Interaction of Foxo1 and AR within the human PSA promoter. g, schematic diagram of the
human PSA gene promoter region. The positions of the putative AREs are indicated, and the transcription
start site is designated 1. Pairs of arrows indicate the PCR-amplified regions. b, occupancy of the PSA
gene-regulatory regions by Foxo1. Soluble chromatm was prepared from FLAG-Foxo1-expressing LNCaP
cells treated with the indicated ligands (1078 M DHT; 100 ng/mi1GF1; 10 ug/mlinsulin) for 30 min and then
immunoprecipitated with an anti-FLAG antibody or normal mouse IgG as a control. Enrichment of ARE-
containing DNA sequences in the immunoprecipitated DNA pool, indicating association of Foxo1 with
the PSA promoter within intact chromatin, was visualized by PCR. The lower panels show the PCR-amplified
PSA promoter bands from the input controls. ¢, effects of IGF1/insulin and Foxo1 on the occupancy of the
PSA gene-regulatory regions by AR. Additional real time PCR was performed to quantify the amount of
immunoprecipitated PSA promoter DNA copy numbers from cells under various treatments relative to

their corresponding input controls.

inal obesity, is also associated with an increased incidence of PC
and development of a more aggressive form of the disease (14,
15), although the mechanism remains unclear.

Nevertheless, the association between the risk of PC and the
serum insulin level remains a controversial topic (35). There is
even a lack of consensus over the association between the cir-
culating level of IGF1 and the PC risk (30). With regard to this
concern, our present results suggest that, in contrast to sys-
temic circulating growth factors, there is also potential impor-
tance for the local bioavailability of growth factors and their
cross-talk with hormones. Ligand-bound AR, which is func-
tionally enhanced by IGF1-PI3K- Akt signaling-mediated disso-

receptor (18, 538). Our recent study
further proved that the intranuclear
complete/distinct foci formation of
an agonist-bound steroid hormone
receptor is an indicator of its tran-
scriptional activation status (23).

Regarding this point, Foxol is
able to disrupt AR nuclear translo-
cation, and more importantly, the
subnuclear foci formation induced
by DHT is mechanistically significant. Although the mecha-
nism remains to be elucidated, it can be speculated that Foxol
may compete with coactivators, such as CBP, which is essential
for AR foci formation (20) and for interaction with the receptor,
and thereby inhibit the formation of transcriptionally active
complexes. Importantly, our quantitative study revealed that
IGF1 canrescue, at least partially, the Foxol-disrupted AR sub-
nuclear compartmentalization but not the disruption caused by
the Akt-nonphosphorylatable constitutively active mutant
Foxol-3A. Therefore, Foxol interferes with the subnuclear
compartmentalization of ligand-bound AR, and this effect is
regulated by IGF1-PI3K-Akt signaling.
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FIGURE 6. Stimulatory feedback circuit between 1GF1/insulin signaling
and AR transactivation. a, DHT up-regulates IGF1R mRNA expression.
LNCaP cells were serum-starved and then incubated with increasing concen-
trations of DHT for 24 h. Next, total RNA was extracted and reverse-tran-
scribed into cDNAs, before the IGF1R mRNA expression levels were analyzed
by real time PCR as described under “Experimental Procedures.” The relative
mRNA amounts were normalized to the corresponding abundance of GAPDH
mRNA. Triplicate results are expressed as the mean = 5.D. Letters above the
bars show statistical groups (ANOVA, p < 0.05). b, proposed model for the
cross-talk between IGF1/insulin signaling and AR. The local biocavailability of
IGF1 (and/or insulin), which is probably abnormally high in PC, can be deliv-
ered from remote sites of production through the circulation or produced
locally. Following ligand binding to IGF1R or insulin receptor, the tyrosine
activity is activated, and this stimulates signaling pathways through intracel-
[ular networks that regulate cell proliferation and cell survival. One of the key
downstream networks is the PI3K-Akt system. Akt, or a similar phosphatidyl-
inositol 3,4,5-trisphosphate (PiP3)-dependent kinase, translocates to the
nucleus and phosphorylates Ser-253, Ser-316,and Thr-24 of Foxo. Phospho-
rylated Foxo1is exported to the cytoplasm, where it has the potential to bind
14-3-3 protein and become retained in the cytoplasm. Foxo1 interacts with
the C-terminal region of AR in the presence of a ligand (androgens such as
DHT) and interferes with the ligand-induced subnuclear compartmentaliza-
tion of AR, as well as the liganded receptor-target gerie promoter interaction,
thereby shutting down the AR transactivation. Modification of Foxo1 by the
PI3K-Akt system, which is activated by IGF1 and/or insulin, weakens the
Foxo1-AR interaction and ameliorates the inhibitory effects of Foxo1 on AR.
Ligand-bound AR, in turn, stimulates the expression of IGF1R, resulting in
enhanced IGF1 signaling tension. Moreover, liganded AR may also
strengthen the net outcome of the IGF1-PI3K-Akt-Foxo1 axis by inducing
biodegradation and/or direct functional inhibition of Foxo1, which results in
further amelioration of Foxo1-related apoptosis of PC cells. These mutually
inhibitory interactions between AR and Foxo1 functioning in the context ofa
positive feedback circuit between AR and IGF1 signaling and working in an
autocrine/intracrine manner in the local cellular environment may play
important roles in AR function modulation, prostate cell apoptosis, and also
PC etiology and progression.

Foxol-AR Interaction and Its Structural Basis and Regulation—
The direct interaction between Foxol and AR is ligand (DHT)-
dependent and relies on the C terminus of the receptor, which
is functionally ligand-dependent (20). Nuclear receptor cofac-
tors bind to AR via peptide motifs called nuclear receptor boxes
with a consensus sequence of LXXLL (L, leucine; X, any amino
acid) (39). These boxes are present in the N terminus of
Foxol and conserved from mice (*’LKELL*?) to humans
(*2LKELL*%) (21). The role, if any, of this motif in mediating
the Foxol-AR interaction remains to be determined. The inter-
action is probably weakened, but not completely abolished, by
IGF1, because IGF1 reduced the anti-AR antibody-immuno-
precipitated Foxol levels and improved the Foxol-disrupted
AR subnuclear compartmentalization. Liganded AR also
recruited Foxol to the chromatin of AR target gene promoters,
where Foxol, in turn, interfered with AR-DNA interactions,
mirroring its disturbance of AR subnuclear compartmentaliza-
tion. IGF1 or insulin, however, reduced the DNA occupancy by

Foxol but consistently enhanced that by AR. These IGF1/insu-
lin regulations probably rely on Akt-mediated phosphorylation
of Foxol, because the Foxol-3A-inhibited AR-DNA interac-
tion as well as the AR foci formation was not recovered by
IGF1/insulin. Thus, IGF1, and perhaps also insulin, appears
able to regulate the Foxol-AR interaction via PI3K/Akt phos-
phorylation of Foxol. It is important to note that the effects of
IGF1 and insulin on AR function are similar but not identical.
IGF1 is generally more potent and efficient at enhancing AR
transactivation, ameliorating the DHT-induced Foxol-AR
interaction and rescuing the Foxol-interupted AR subnuclear
compartmentalization (data not shown), although the differ-
ence was not that obvious in the ChIP assays. This phenomenon
is presumably because of differential phosphorylation patterns
of Foxol in response to IGF1 and insulin signaling. Although
both hormones bind to their cognate receptors and activate the
PI3K-Akt kinase cascade, which phosphorylates Foxol at Thr-
24, Ser-253, and Ser-316, previous studies on hepatocytes (17)
revealed that the phosphorylation patterns differ. Although the
signaling pathways triggered by IGFIR and insulin receptor
both phosphorylate the Akt site at Ser-253, which is a prereq-
uisite for phosphorylation of the other two potential Akt sites
Thr-24 and Ser-316, Thr-24 is phosphorylated by an unknown
kinase that is specifically induced by insulin receptor. This type
of site-specific phosphorylation of Foxol, and the correspond-
ing profiles of kinases downstream of IGF1 and insulin receptor
in the LNCaP cellular environment, may provide a potential
explanation for the different effects of IGF1 and insulin on the
Foxol-AR interaction as well as AR function.

It is noteworthy that another group also investigated the
Foxol-AR interaction recently (40). Consistent with our data,
full-length AR, as well as its C-terminal ligand-binding domain,
was found to interact with Foxol in an androgen-dependent
manner, although the authors also reported a ligand-indepen-
dent interaction between the N-terminal A/B region of the
receptor and Foxol, which we did not observe in our mamma-
lian two-hybrid assays. Through direct interactions, ligand-
bound AR was found to be able to inhibit DNA binding, as well
as the transactivation activity of Foxol, and impair the ability of
Foxol to induce prostate cell apoptosis and cell cycle arrest
(40). Liganded AR is also reportedly able to induce Foxol pro-
tein proteolysis and therefore ameliorate Foxol-related apo-
ptosis of PC cells (41). These studies, in combination with our
present findings, suggest that AR and Foxol are mutually sup-
pressive in terms of functional regulation. Besides the above-
mentioned IGF1R up-regulation, inhibition of Foxol provides
an additional way in which liganded AR may enhance the IGF1/
insulin-PI3K-Akt-Foxol axis. The mutual inhibition between
Foxol and AR in the context of IGF1 signaling may play an
important role in AR function and prostate cell apoptosis, as
well as in PC etiology and progression (Fig. 6b).

Taken together, the present results have identified Foxol, a
molecule functionally inhibited by IGF1/insulin-PI3K- Akt sig-
naling, as a novel corepressor for AR. The results further sug-
gest that positive feedback between the growth factor and
androgen in the local cellular environment may play important
roles in the regulation of AR transactivation. These findings
provide a new mechanism by which IGF1, and also potentially
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