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therapy [6-9], or intrathecal administration of enzymes
[10,11], for treatment of the brain in LSDs. Such
treatments were able to overcome the blood-brain
barrier to access brain tissue and exhibit considerable
efficacy in brain. However, it is difficult to maintain
such efficacy for long periods of time. Repetition of
these treatments is not practical because intracranial
administration is required for them. On the other
hand, the usefulness of intravenous administration is
limited because of the blood-brain barrier, except in
newborn mice which have an immature barrier. It
has been reported that intravenous administration of
extremely high doses of enzymes [12-14] or of
enzymes that remain in the circulation for long peri-
ods [15,16] yielded slight passage through the blood-
brain barrier, though with increase in the risk of
immune response.

Oral administration of small molecules would be a
good and convenient method of treatment of the brain
for prolonged periods, such as substrate reduction ther-
apy with N-butyldeoxynojirimycin or N-butyldeoxyga-
lactonojirimycin for glycosphingolipidoses [17-19] or
genistein for mucopolysaccharidoses {20], and chemical
chaperone therapy for Fabry disease [21] or GM1-gan-
gliosidosis [22]. However, the efficacy of substrate reduc-
tion therapies has thus far been quite limited, and
chemical chaperone therapies are not applicable for
every type of gene mutation.

GMI1 gangliosidosis is an LSD and a progressive
neurological disease in humans caused by a genetic
defect of lysosomal acid B-galactosidase, which hydro-
lyses the terminal B-galactosidic residue of ganglioside
GM1 and other glycoconjugates. The defects in f-
galactosidase activity result in accumulation of gangli-
oside GM1 in various organs, especially the brain,
causing progressive neurodegeneration. In our previ-
ous study [2], we injected recombinant adenovirus
encoding mouse B-galactosidase cDNA intravenously
in B-galactosidase-deficient newborn mice, and showed
that vector-mediated f-galactosidase-producing brain
cells could reduce ganglioside GMI1 accumulation.
We showed that B-galactosidase enzyme protein could
be secreted as well as taken up by the brain cells and
function effectively. However, the efficacy obtained
was transient. If sufficient amounts of the defective
enzyme could be permanently secreted by cells in the
brain, injury of the brain could be prevented. To
examine the possibility of long-term cell treatment of
the brain in LSDs, we carried out a transplantation
experiment in the brain of a GMIl-gangliosidosis
mouse model (acid B-galactosidase knock-out mouse)
using fetal brain cells (FBC) and mesenchymal stem
cells (MSC) from bone marrow. These cells used for
transplantation were derived from mice of the same
genetic background as recipient mice except for pos-
session of the human B-galactosidase gene.

2. Materials and methods
2.1. Knock-out and transgenic mice

A mouse model of GM1 gangliosidosis (BKO mouse)
was generated by targeting of the B-galactosidase gene at
exon 15 in ES cells as previously described [23]. New-
born mice were obtained by mating heterozygous female
mice with homozygous male mice. Identification of new-
born mutants was accomplished by quantitative analysis
of B-galactosidase activity in tail tip homogenates on the
day of birth. Mice with high B-galactosidase activity
(TG mice) [24] were generated by introducing the
human B-galactosidase gene as a transgene in ES cells
obtained from the BKO mouse, which has several copies
of the human B-galactosidase gene without the mouse f3-
galactosidase background. Age-matched wild-type mice
of C57BL/6 strain were used as a control.

2.2, Cell preparations for transplantation

Cultured mesenchymal stem cells (MSC) were
obtained from the bone marrow of the tibias and femurs
of 5-8 month-old TG mice according to the method of
Meirelles et al. [25] with some modifications. Dulbecco’s
modified Eagle’s medium (DMEM: Sigma Chemical
Co., St Louis, MO) containing 10% fetal bovine serum
(Medical and Biological Laboratories, Nagoya, Japan)
was used for culture.

Fetal brain cells (FBC) were obtained from the fetal
cerebral cortex of TG mice at 13 days of gestation
according to the method of Meberg and Miller [26].
The brain tissue was disrupted in a Pasteur glass pipette
by gentle stroking several times (uncultured FBC), and
then cultured for 4 h in Neurobasal medium (Invitrogen,
Carlsbad, CA, No. 12348-07) containing 2 mM gluta-
mine and 10% FBS, followed by two days in Neurobasal
medium containing 2 mM glutamine and B27 supple-
ment (Invitrogen, No. 14175-095) (cultured FBC).

2.3. Transplantation of cells into newborn mouse brain

Each BKO mouse received a single injection of 0.5~
1.0 x 10° of the cells prepared as described above in
the right cerebral ventricle from 24 to 48 hours after
birth. Study groups were as follows: uncultured FBC
(n=18), cultured FBC (n=10), MSC (n=17), and
mixed MSC and FBC (1:1) (n = 15). Mice of each exper-
imental group were divided into three subgroups for X-
gal staining, B-galactosidase assay and ganglioside GM1
analysis. Mice were examined at one, two, four, and
eight weeks and 6 months after injection as shown in
Table 1.

For biochemical analysis, mice were anesthetized
with diethylether and the blood was washed out with
normal saline by perfusion through the heart, and the
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brains were removed and kept at —80 °C until use. For
histological studies, the brains were fixed by perfusion
through the heart with 4% paraformaldehyde in 0.1 M
phosphate buffer pH 7.4 (PB) for 20 min., after washing
out the blood with normal saline. To obtain frozen sec-
tions, the brains were placed in 0.1 M phosphate buffer
pH 7.4 containing 30% sucrose, and frozen in liquid
nitrogen.

All surgical and care procedures were carried out in
accordance with the Guidelines for Use and Care of
Experimental Animals approved by the Animal Com-
mittee of Osaka City University School of Medicine.

2.4. X-Gal staining

Frozen sections (16 pm thick) were reacted with X-
gal using the B-gal staining Kit (Invitrogen Corp., Carls-
bad, CA) to visualize B-galactosidase activity.

2.5. B-Galactosidase assay

B-Galactosidase activity was analyzed in the tissue
homogenate with the artificial substrate 2 mM 4-methyl-
umbselliferyl -galactoside at pH 4.0 in 0.1 M sodium cit-
rate-phosphate buffer according to the method described
by Suzuki [27]. Protein was analyzed using the Bio-Rad
protein assay system (Bio-Rad Laboratories, Hercules,
CA) with the method of Bradford [28].

2.6. Analysis of ganglioside GM1

Amounts of ganglioside GM1 were measured by
immunoblot assay using anti-GM1 ganglioside mono-
clonal antibody (Code: 370685, Seikagaku Corp.,
Tokyo, Japan) by the method of Michikawa et al. [29]
with some modifications.

Brain tissue cells were disrupted by sonication and
solubilized in 20 mM Tris—HCl buffer pH 8.0 containing
137 mM NaCl, 10% glycerol, and a protease inhibitor
cocktail (Complete, Mini, Cat No. 11836153001, Roche
Diagnostics, Mannheim, Germany). Five micrograms of
tissue protein was applied onto Trans-Blot Transfer
Medium Pure Nitrocellulose Membrane (0.45 pm pore
size, Code: 162-0117, Bio-Rad Laboratories) through
the slots of a Bio-Dot SF Microfiltration Apparatus
(Bio-Rad Laboratories). The membrane was reacted
with anti-GM1 ganglioside monoclonal antibody
diluted 1:500, after blocking with 5% skim milk in
PBS solution for 1 h at room temperature, and then with
horseradish peroxidase-linked anti-mouse IgG sheep
antibody (Code: NA931, GE Healthcare UK Ltd.,
Buckinghamshire, UK) diluted 1:1,000. The washing
solution used was 0.1 M Tris buffered saline pH 7.5 con-
taining 0.1% Tween 20 (TTBS). Bound antibody was
detected using ECL after reaction with ECL™ Western
Blotting Detection Reagents (Code: RPN2209, GE

Healthcare UK Ltd.) and visualized on X-ray film. Den-
sitometric quantification of immunoreactive signal was
performed using the Kodak Digital Science™ EDAS
120 system with 1D Image Analysis software (Eastman
Kodak Company, NY). The values obtained were com-
pared with those of quantification of histological immu-
noreactivity with Leica Control Software as previously
described [30], and the same ratios were obtained among
the samples (data not shown). The assay was performed
three times and in duplicate for each sample indepen-
dently, and mean values were calculated.

3. Results
3.1, X-Gal staining

Layered staining of the transplanted cells was
observed over the entire ventricular surface on both
sides of the cerebral hemispheres in treated mice at
one week after injection (data not shown). Positive cells
had spread into the brain tissue by two weeks (Fig. lc
and f) in the mice treated with cultured FBC (n=1),
uncultured FBC (1 = 1), and MSC (n = 2) in the same
amounts. The cells had spread further and had reached
every part of the brain by 4 weeks in the mice of all
experimental groups (Fig. 1d, g and i). Less positive cells
were found in the mice treated with MSC (n=3) or
mixed MSC and FBC (n=3) (Fig. 1g and i) than in
the mice treated with cultured (n=3) or uncultured
FBC (n = 3) (Fig. 1d). The number of the X-Gal positive
cells increased gradually until 4 weeks after injection in
every experimental mouse. At 8 weeks after injection,
positive cells still existed in the cultured FBC- (n=3)
and uncultured FBC-treated (n =3) mice (Fig. le) in
the same numbers with a similar distribution as at 4
weeks. However, a significant decrease in number of
positive cells was found at 8 weeks in the mice treated
with MSC (n=23) or mixed MSC and FBC (n=3)
(Fig. 1h and j). In the mice treated with mixed MSC
and FBC, positive cells existed in higher numbers in
deep areas than in the mice treated with MSC alone.
In the mice treated with cultured (# = 2) and uncultured
FBC (n = 2), small numbers of positive cells with strong
staining still existed in many parts of the brain, espe-
cially around the striatum and lateral globs pallidus
(Fig. 1k and 1), at 6 months after injection. No grafted
cells were found in the mice treated with MSC (n=1)
or mixed MSC and FBC (# = 1) at 6 months. No signif-
icant differences were noted among the mice within each
experimental group at each stage.

3.2. p-Galactosidase activity
The P-galactosidase activity in FBC and MSC

derived from TG mice were 214.5-227.5 nmol/mg/h
(n=4) and 143.0-121.4 nmol/mg/h (n=3), respec-
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Fig. 1. X-Gal staining of brain coronal sections at +0.8 mm to —2.0 mm of bregma. (a and b) Non-treated BKO mouse at 4 and 8 weeks old,
respectively; (c-e) Treated with FBC at 2, 4, and 8 weeks after injection; (f-h) Treated with MSC at 2, 4, and 8 weeks after injection; (i and j) Treated
with mixed MSC and FBC at 4 and 8 weeks after injection; (k) FBC-treated brain at 6 months after injection; (1) Magnification of figure k. Positive
cells had spread into the brain tissue by two weeks (c and f). The cells had spread further by 4 weeks (d, g and ). Less positive cells were found in the
mice treated with MSC or mixed MSC and FBC (g and i) than in the mice treated with FBC (d). At 8 weeks, positive cells still existed in FBC-treated
mouse () as at 4 weeks (d). A significant decrease in number of positive cells was found at 8 weeks in the mice treated with MSC (h) or mixed MSC
and FBC (j). Strong positive staining cells still existed at 6 months in the brain of FBC-treated mouse (k and ).
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tively, while the activity in FBC and in MSC derived
from wild-type mice were 54.9-69.1 (n=2) and 63.0
(n = 1), respectively.

The results of brain B-galactosidase activity in trans-
plantation experiments are shown in Table 2. Increases
in B-galactosidase activity were found in the brains of
each experimental group at 4 weeks after injection.
Activity in the FBC-treated mice was definitely
increased at 4 weeks as well as at 8 weeks, while activity
at 8 weeks in the MSC-treated mice and mixed MSC and
FBC-treated mice was almost the same level as that in

the untreated mice. These findings were consistent with
those in the X-Gal staining study.

3.3. Immunoassay of ganglioside GM1

Immunoassay of accumulated ganglioside GM1 was
performed for each mouse using anti-GM1 ganglioside
monoclonal antibody. Values are ratios to the amounts
in age-matched normal control mice. The results are
shown in Fig. 2 and Tables 3. At 4 weeks after injection,
remarkable decrease in ganglioside GM1 accumulation

Table 1
Mouse numbers used for each experiment.
Time after injection 1 week 2 weeks 4 weeks 8 weeks 6 months
[X-Gal staining]
Uncultured FBC 1 i 3 3 2
Cultured FBC 1 1 3 3 2
MSC 2 3 3 1
Mixed MSC and FBC 3 3 i
[B-galactosidase activity]
Uncultured FBC 2 2
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
{Immunoblot assay of ganglioside GM1 amount]
Uncultured FBC 1 1 1
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
Table 2
B-Galactosidase activity.
4 weeks 8 weeks

Age-matched normal control (mean & SD)
Non-treated (mean & SD)

19761 (n=17)
438+0.35(n=25)

15956 (n="T)
410 £ 047 (n=15)

Treated with uncultured FBC Mouse | Mouse 7
Rt: 6.65* Rt: 4.94
Lt: 5.31° Lt: 6.03%
Mouse 2 Mouse 8
Rt: 7.36* Rt: 5.58°
Lt: 5.33* Lt: 5.05%
Treated with MSC Mouse 3 Mouse 9
Rt: 6.30% Rt: 4.13
Lt: 5.95% Lt: 3.67
Mouse 4 Mouse 10
Rt: 5.74% Rt: 4.19
Lt: 5.12% Lt: 5.05%
Treated with mixed MSC and FBC Mouse 5 Mouse 11
Rt: 5.80° 4.13 (mix of both hemispheres)
Lt: 5.40°
Mouse 6 Mouse 12
Rt: 5.06 Rt: 4.85
Lt: 4.52 Lt; 5.02

Values are in nmol/mg/h. Each sample was tested in duplicate and resuits are mean values. Rt, right hemisphere; Lt, left hemisphere.

2 Increase of activity over mean + 2SD of non-treated mice.
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Table 3
Immunoblot assay of ganglioside GM1 amount.
4 weeks 8 weeks 6 months
Age-matched non-treated (range) 2.65-3.55 (n=13) 4.98-5.28 (n=13) 7.58 (n=1)
Treated with uncultured FBC Mouse 1 Mouse VI Mouse XI
Rt: 1.42° Rt: 2.30° Rt: 6.18°
Lt: 1.80° Lt; 2.44 Lt: 6.40°
Treated with MSC Mouse 1I Mouse VII
Rt: 1.82% Rt: 5.30
Lt 1.312 Lt: 5.23
Mouse 111 Mouse VIII
Rt: 1.40° Rt: 4.40°
Lt 1.34° Lt: 4.73°
Treated with mixed MSC and FBC Mouse IV Mouse IX
Rt: 1.33% Rt: 4.55°
Lt: 1.34° Lt: 4.78°
Mouse V Mouse X
Rt: 1787 Rt; 4.45°
Lt: 1.62° Lt: 4.58°

Values are ratios to those for age-matched control mice. Each sample was tested in duplicate for three times and results are mean values. Rt, right

hemisphere; Lt, left hemisphere.
* Remarkable decrease.

® Slight decrease of ganglioside GM1 compared with non-treated mice.

was found in the mice of every group. However, at 8
weeks, decrease was detected only in the mouse treated
with FBC. Efficacy was still noted at 6 months after
injection in FBC-treated mouse. These findings were
consistent with those for X-Gal staining (Fig. 1) and
B-galactosidase activity (Table 2).

4. Discussion

Two therapeutic methods, HSCT and ERT, are clin-
ically available for LSDs. However, neither is markedly
effective in the brain. A number of experiments in ani-
mal models have been carried out on the treatment of
brain in LSDs. Each revealed some efficacy in the brain,
though it was transient and incomplete. Sufficient
enzyme expression throughout life is needed in the
brain. Thus, permanent engraftment of enzyme-secret-
ing cells in the brain, or permanent expression of an
exogenous gene with a vector or as an integrated gene
might eliminate the brain involvement in LSDs.

However, the immune responses of host animals are
among the most difficult problems to overcome in this
respect [31-33). Although the brain, which is sequestered
from systemic immune responses, is thought to exhibit
little immune response, elimination of cells expressing
a therapeutic transgene occurs in the brain. We specu-
late that innate inflammatory immune responses are
stimulated to kill such cells, not necessarily with the
induction of a linked adaptive immune response. When
host brain cells express a therapeutic transgene mediated
by a viral vector, the host cells themselves will be elimi-
nated, possibly resulting in acceleration of neuronal cell
death in neurodegenerative disorders. Transplantation
of cells having the same genetic information as the host

animals with LSD except for expression of a deficient
enzyme protein would thus be a good method of treat-
ment for avoiding the elimination of host neuronal cells
and curing diseased host cells.

We performed cell transplantation into the brain of
B-galactosidase-deficient mice to study the usefulness
of long-term engraftment for supplementation of defi-
cient enzyme protein. To minimize the immune
responses in the recipient P-galactosidase knock-out
mice, we used cells of mice with the same genetic back-
ground as the recipient except for possession of copies of
the human B-galactosidase gene.

Initially, in the transplantation experiment, we used
FBC from transgenic mice expressing the human f-
galactosidase gene. The cells could grow in an envi-
ronment similar to that of the recipient organ in
which they were originally growing. The cells spread
into the brains and the cell number increased at least
until 4 weeks. They grew very successfully for at least
8 weeks and survived for 6 months or more. However,
the number of engrafted cells had decreased signifi-
cantly at 6 months, while the size of the brain had
increased. The decrease in ganglioside GM1 accumula-
tion was also marked until § weeks after transplanta-
tion. However, at 6 months, this decrease was far less
pronounced, with re-accumulation of ganglioside
GMI. After the cells were engrafted and the cell num-
ber was increased by the cell division in the recipient
brain, they were depleted. The mechanism of depletion
of transplanted cells involved immunological rejection,
although the transplanted cells were very similar
genetically and physiologically to the recipient.

Next, we performed a transplantation experiment
using MSCs obtained from the bone marrow of the
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wild-type mouse A

Non-treated mouse - I

FBC-treated mouse

Right hemisphere e

FBC-treated mouse 4
Left hemisphere

Fig. 2. Immunoblot assay of ganglioside GM1 in brain homogenate at
8 weeks after treatment. Performed in duplicate as shown in two slots
for each sample. (a) Wild-type mouse; (b) Non-treated mouse; (¢ and
d) Right and left hemisphere, respectively, of a mouse treated with
FBC. The immunoreactivity against ganglioside GM1 antibody in the
treated brain (c and d) was less than non-treated brain (d). The
accumulated amounts of ganglioside GM1 were calculated in the ratio
to the age-matched wild-type mouse (a) from the densitometric
quantification signals. These values were shown in Table 3.

same mice expressing the human B-galactosidase gene.
MSCs were obtained using the method of plastic adher-
ence. This relatively crude procedure produces a hetero-
geneous population including multipotential MSCs.
These crude cells were used to avoid depletion of poten-
tially important cells and for ease of preparation for
clinical application. The cells spread into the brains
and the cell number increased similarly to FBC trans-
plantation experiment until 4 weeks. However, decrease
in number of engrafted living cells and efficacy in pre-
venting accumulation of ganglioside GMI1 were
observed in the examination of 8-week-old treated mice.

A number of studies on neural transdifferentiation
have been reported [34-37]. Some have reported that
neural transdifferentiation of MSCs is induced by cell
fusion with host neuronal cells [38-41] We therefore
used mixed FBC and MSC cells to stimulate cell fusion.
More engrafted cells were found in the deep areas of the
mouse brains treated with mixed cells than in the brains
treated with MSC alone. However, no fused cells could
be identified. The long-living cells were probably trans-
planted FBC themselves.

Decrease of ganglioside GM1 was observed even
though the increase of the B-galactosidase activity
was so small. Similar efficacy was shown previously
in our gene therapy experiment [2]. On the other
hand, we observed a general depletion of the trans-
planted cells over time in the BKO mouse brains.
The transplanted cells survived in early stage and
the number increased by cell division, then, died. This
was likely caused by immunological rejection, even

though we used fetal brain cells (FBC) from mice with
the same genetic background for transplantation. We
speculated that immunological reaction occurred
because these cells expressed the therapeutic enzyme
protein which the host animals did not have. The
same has been reported in the transplantation of
autogenous cells expressing an exogenous therapeutic
gene [33]. The grafted cells were gradually depleted
because of immunological rejection by the host
animals. To avoid deleterious immune attack and to
achieve sufficient long-term efficacy in brain, develop-
ment of methods to steer the immune response away
from cytotoxic responses or to induce tolerance to
the products of therapeutic genes is needed [42,43].
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Angiopoietin-1 (Angl) regulates both vascular quiescence
and angiogenesis through the receptor tyrosine kinase Tie2. We
and another group have recently shown that Angl and Tie2
form distinct signaling complexes at cell-cell and cell-matrix
contacts and further demonstrated that the former selectively
induces expression of Kriippel-like factor 2 (KLF2), a transcrip-
tion factor involved in vascular quiescence. Here, we investi-
gated the mechanism of how Angl/Tie2 signal induces KLF2
expression to clarify the role of KLF2 in Angl/Tie2 signal-me-
diated vascular quiescence. Angl stimulated KLF2 promoter-
driven reporter gene expression in endothelial cells, whereas it
failed when a myocyte enhancer factor 2 (MEF2)-binding site of
KLF2 promoter was mutated. Depletion of MEF2 by siRNAs
abolished Angl-induced KLF2 expression, indicating the
requirement of MEF2 in KLF2 induction by Angl. Constitutive
active phosphoinositide 3-kinase (PI3K) and AKT increased the
MEF2-dependent reporter gene expression by enhancing its
transcriptional activity and stimulated the KLF2 promoter
activity cooperatively with MEF2. Consistently, inhibition of
either PI3K or AKT and depletion of AKT abrogated Angl-in-
duced KLF2 expression. In addition, we confirmed the dispens-
ability of extracellular signal-regulated kinase 5 (ERK5) for
Angl-induced KLF2 expression. Furthermore, depletion of
KLF2 resulted in the loss of the inhibitory effect of Angl on
vascular endothelial growth factor (VEGF)-mediated expression
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of vascular cell adhesion molecule-1 in endothelial cells and
VEGF-mediated monocyte adhesion to endothelial cells. Collec-
tively, these findings indicate that Angl/Tie2 signal stimulates
transcriptional activity of MEF2 through a PI3K/AKT pathway
to induce KLF2 expression, which may counteract VEGF-medi-
ated inflammatory responses.

Angiopoietin-1 (Angl)? is a ligand for endothelium-specific
receptor tyrosine kinase Tie-2. Gene-targeting analyses of
either Angl or Tie2 in mice reveal an essential role of Angl/
Tie2 signaling in developmental vascular formation (1-3). In
adult vasculature, Angl/Tie2 signal maintains quiescence of
mature blood vessels by enhancing vascular integrity and endo-
thelial survival (4 —6). However, Tie2 signaling is also involved
in physiological and pathological angiogenesis, as opposed to
the maintenance of vascular quiescence (4, 5, 7-9). As to this
question, we and Alitalo’s group (10, 11) have recently clarified
that the distinct localization of Tie2 in the presence or absence
of cell-cell contact determines the specificity of downstream
signaling of Tie2. Angl induces frans-association of Tie2 at
endothelial cell-cell contacts, whereas Tie2 is anchored to
extracellular matrix by Angl in the absence of cell-cell contacts.
Trans-associated Tie2 bridged by Angl and extracellular
matrix-anchored Tie2 by Angl induce distinct signaling path-
ways preferable for vascular quiescence and angiogenesis via
AKT and extracellular signal-regulated kinase (ERK) 1/2,
respectively. By performing DNA microarray analysis, we also
revealed that a distinct set of genes is regulated by Angl in the
presence or absence of cell-cell contacts. Among them, Kriip-

? The abbreviations used are: Ang1, angiopoietin-1; KLF2, Kriippel-like factor
2; COMP, cartilage oligomeric matrix protein; MEF2, myocyte enhancer
factor 2; ERK, extracellular signal-regulated kinase; P13K, phosphoinositide
3-kinase; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor
2; VCAM-1, vascular cell adhesion molecule-1; GFP, green fluorescent pro-
tein; GST, glutathione S-transferase; HUVEC, human umbilical vein endo-
thelial cell; RT, reverse transcription; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HDAC, histone deacetylase; PCAF, p300/CBP-associated
factor; CBP, CREB-binding protein; CREB, cAMP-response element-binding
protein; BSA, bovine serum albumin; siRNA, small interfering RNA; MOPS,
4-morpholinepropanesulfonic acid; wt, wild type; mut, mutant; Lug, fucif-
erase; CA, constitutive active.
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pel-like factor 2 (KLF2) was selectively induced by Angl in the
presence of cell-cell contacts (10).

KLF2 is a zinc finger family of transcription factor function-
ing in both vascular smooth muscle cells and endothelial cells
and is, therefore, essential in developmental vascular formation
(12-15). The KLF2 knock-out mice exhibit impaired blood ves-
sel formation attributable to the lack of smooth muscle cell
recruitment (12). KLF2 expression in endothelium is induced
by laminar shear stress and is thought to act as a molecular
transducer of laminar shear stress (16 ~18). In the adult human
vasculature, KLF2 expression is found at laminar segments of
blood vessels and is decreased at branched points, which are
more prone to develop atherosclerotic lesions (18), suggesting
the role of KLF2 as a flow-mediated atheroprotective factor.
Consistently, more than 15% of flow-regulated genes are
dependent upon flow-mediated KLF2 induction (19).

It has been reported that laminar shear stress induces KLF2
expression via an ERK5-myocyte enhancer factor 2 (MEF2) sig-
naling pathway (19, 20). The MEF2 family of transcription fac-
tors is composed of four members (MEF2A, MEF2B, MEF2C,
and MEF2D) and is known as a regulator of vascular functions
(21-23). Therefore, KLF2 may act downstream of MEF2 to reg-
ulate vascular functions.

KLF2 controls endothelial functions by negatively regulating
inflammation and angiogenesis, thereby contributing to the
maintenance of vascular quiescence (24-27). KLF2 inhibits
cytokine-mediated induction of pro-inflammatory targets such
as vascular cell adhesion molecule-1 (VCAM-1) and E-selectin
(24, 25). In addition to anti-inflammatory action, KLF2 also
down-regulates expression of vascular endothelial growth fac-
tor (VEGF) receptor 2 (VEGFR2), leading to the inhibition of
VEGF-induced angiogenesis and hyperpermeability (26, 27).
Similarly, Angl functions as an anti-inflammatory and anti-
permeability factor (6, 29). Angl inhibits VEGF-stimulated leu-
kocyte adhesion to endothelium by reducing expression of cell
adhesion molecules such as VCAM-1 and E-selectin (30). Fur-
thermore, Angl counteracts VEGF-induced hyperpermeability
in vitro and in vive (29, 31-33). Our previous data that Angl
induced KLF2 expression (10) and the common roles by Angl
and KLF2 for vascular quiescence prompted us to test our
hypothesis that Angl/Tie2 signal may maintain the vascular
quiescence through KLF2 induction and to investigate how
KLF2 is induced by Angl/Tie2 signaling.

In this study, we found that Angl/Tie2 signal stimulates
transcriptional activity of MEF2 through a phosphoinositide
3-kinase (PI3K)/AKT pathway to induce KLF2 expression.
Moreover, we revealed that Angl-induced signaling function-
ally competes with VEGF-induced inflammatory responses.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, siRNAs, and Recombinant Protein—
Angl and cartilage oligomeric matrix protein (COMP)-Angl
were prepared as described before (34). VEGF was purchased
from R&D Systems. Wortmannin and AKT inhibitor IV were
obtained from Calbiochem. We generated anti-KLF2 mono-
clonal antibody against amino acids 2—34 of human KLF2.
Anti-green fluorescent protein (GFP) antibody was prepared as
described before (35). Other antibodies were purchased as fol-
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lows: anti-tubulin, anti-ERKS5, anti-FLAG (M2), and anti--ac-
tin from Sigma-Aldrich; anti-MEF2 from Santa Cruz Biotech-
nology; anti-phospho-AKT, anti-AKT, anti-phospho-ERK1/2,
and anti-ERK1/2 from Cell Signaling Technology; horseradish
peroxidase-coupled sheep anti-mouse and anti-rabbit IgG from
GE Healthcare Life Sciences; and Alexa Fluor 488-labeled sec-
ondary antibody from Molecular Probes. Stealth siRNAs tar-
geting the genes indicated below were purchased from Invitro-
gen: human KLF2 (HSS145585, HSS145587), human ERKS5
(HSS140815), human AKT1 (validated stealth RNA interfer-
ence: 12935-001), human AKT2 (validated stealth RNA inter-
ference: 12937-40), human MEF2A (HSS106435, HS5106436),
human MEF2C (HSS106438, HSS106439), and human MEF2D
(HSS106441, HSS106442). Glutathione S-transferase (GST)
fusion protein containing transactivating domain of MEF2C
(GST-MEF2C) was prepared as described before (36).

Plasmids and Adenoviruses—A luciferase reporter plasmid
containing the proximal 221-bp region of KLF2 promoter
(KLF2wt-Luc) was kindly provided by M. K. Jain (Case Western
Reserve University). The MEF2-binding site of the KLF2wt-Luc
plasmid was mutated using the QuikChange site-directed
mutagenesis kit (Stratagene) using the KLE2wt-Luc vector as a
template. Expression plasmids encoding MEF2C and constitu-
tive active mutants of AKT (pCEFL-myrAKT) and PI3K-vy
(pcDNA3-PI3Ky-CAAX) and a luciferase reporter plasmid
containing a single MEF2-binding site (pGL3-MEF2) have
already been described (36 —38). A cDNA encoding full-length
MEF2C amplified by PCR using pCEFL-GST-MEF2C as a tem-
plate was inserted into p3xFLAG CMV10 vector (Sigma-Al-
drich) or cloned into pCMV-DBD vector (Stratagene) to con-
struct the plasmid expressing a Gal4 DNA-binding domain
(DBD)-MEF2C fusion protein (Gal4/MEF2C). Plasmids encod-
ing Gal4/MEF2C mutant proteins (Thr-293, Thr-300, Ser-387
(phosphorylation sites by ERK5 and p38), and Thr-404 (poten-
tial phosphorylation site by AKT) were replaced with Ala, and 6
Lys residues (Lys-116, Lys-119, Lys-234, Lys-239, Lys-252, Lys-
264; acetylation sites by p300) replaced with Arg were gener-
ated using the QuikChange site-directed mutagenesis kit. An
expression vector encoding FLAG-tagged HDACS5 was gener-
ously obtained from C. Grozinger (Harvard University). Other
vectors are purchased as follows: pRL-SV40 and pRL-TK from
Promega Corp.; pPEGFP-C1 from Clontech; and pFR from Strat-
agene. Recombinant adenovirus vectors encoding GFP and
constitutively active form of AKT were kindly provided by H.
Kurose (Kyushu University) and Y. Fujio (Osaka University),
respectively.

Cell Culture, Transfection, siRNA-mediated Protein Knock-
down, and Adenovirus Infection—Human umbilical vein endo-
thelial cells (HUVECs) were cultured as described previously
(10) and used for experiments before passage 7. HUVECs were
placed on collagen-coated plates at a density of 2,000 cells/cm?
and 40,000 cells/cm? and cultured overnight to obtain sparse
and confluent cell cultures, respectively. U937 cells, a human
monocyte-like cell line, were cultured in RPMI 1640 (Invitro-
gen) supplemented with 10% fetal bovine serum, 50 units/ml
penicillin, and 50 pg/ml streptomycin. HUVECs were trans-
fected using Lipofectamine 2000 reagent (Invitrogen) and Lipo-
fectamine Plus reagent (Invitrogen) according to the manufac-
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for 3 h. After the stimulation, total
RNA was purified using TRlzol
(Invitrogen). Quantitative real-time
reverse transcription (RT)-PCR was
carried out using QuantiFast SYBR
Green RT-PCR kit (Qiagen) as
described before (10). For each reac-
tion, 100 ng of total RNA was tran-
scribed for 10 min at 50 °C followed
by a denaturing step at 95 °C for 5
min and 40 cycles of 10 s at 95°C
and 30 s at 60 °C. Fluorescence data
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were collected and analyzed using
Mastercycler ep realplex (Eppen-
dorf). The primers used for amplifi-
cation were as follows: for human
KLF2, 5'-CTACACCAAGAGT-
TCGCATCTG-3' and 5-CCGT-
GTGCTTTCGGTAGTG-3"; for
human VCAM1, 5 -CAAATCCTT-
GATACTGCTCATC-3' and 5'-
TTGACTTCTTGCTCACAGC-3’;
forglyceraldehyde-3-phosphatede-
hydrogenase (GAPDH), 5'-ATG-
GGGAAGGTGAAGGTCG-3’ and
5'-GGGGTCATTGATGGCAAC-
AATA-3'. For normalization, ex-

time (h)

v

FIGURE 1. Ang1 induces KLF2 expression in confluent HUVECs. A, sparse (open bars) and confluent (closed
bars) HUVECs were starved in medium 199 containing 1% BSA for 6 h and stimulated with COMP-Ang1(C-Ang1)
at the concentrations indicated at the bottom {(ng/ml) for 1 h. After the stimulation, total RNA was extracted and
subjected to real-time RT-PCR analysis to determine the expression level of KLF2 mRNA as described under
“Experimental Procedures.” Bar graphs show relative mRNA levels of KLF2 normalized to that of GAPDH. KLF2
mRNA levels are expressed relative to that in confluent cells stimulated with 400 ng/m| COMP-Ang1. Data are
shown as means =+ 5.D. of six independent experiments. 8, confluent HUVECs starved for 6 h were stimulated
with 400 ng/ml COMP-AngT1 for the periods indicated at the bottom (h) (COMP-Ang1 was used at the concen-
tration of 400 ng/ml throughout the following experiments). KLF2 mRNA levels were analyzed by real-time
RT-PCR as described in A. Values are expressed relative to that in the unstimulated cells and shown as means =
S.D. of five independent experiments. C, confluent HUVECs were starved in HuMedia EB2 medium containing
0.5% fetal calf serum for 12 h and stimulated with COMP-Ang1 for the periods indicated at the top (h). Cell
lysates were subjected to Western blot analysis with anti-KLF2 (top panel) and anti-tubulin (bottom panel)
antibodies. D, confluent HUVECs were stimulated with vehicle (control), 600 ng/ml Ang1 (Ang1), and COMP-
Ang1 (C-AngT) for 1 h. KLF2 mRNA levels were determined as described in A. Values are expressed relative to
that in the control cells and shown as means =+ S.D. of six independent experiments. Significant differences
between two groups (A) or from the control (B and D) are indicated as **, p < 0.01 or ***, p < 0,001. n.5. indicates
no significance between two groups.

pression of human GAPDH was
determined in parallel as an endog-
enous control.

Detection of KLF2 Protein Ex-
pression—To examine the KLF2
protein expression induced by
COMP-Angl, confluent HUVECs
plated on a collagen-coated dish
were starved in Humedia-EB2
medium (Kurabo) containing 0.5%
fetal calf serum for 12 h and stimu-
lated with 400 ng/ml COMP-Angl
for the periods as indicated in the
figure legends. After the stimula-
tion, the cells were washed once

turer’s instructions. For siRNA-mediated gene silencing,
HUVECs were transfected with siRNA duplexes using Lipo-
fectamine RNAIMAX reagent (Invitrogen) and used for the
experiments 48-72 h after transfection. HUVECs were
infected with adenovirus vectors at the appropriate multi-
plicity of infection. Forty-eight h after infection, the cells
were used for experiments.

Real-time Reverse Transcription-PCR—Sparse and confluent
HUVECs placed on collagen-coated plates were starved in
medium 199 containing 1% BSA for 6 h and stimulated with
COMP-Ang] as described in the figure legends. The cells were
stimulated in the presence of 30 uMm wortmannin or 8 um AKT
inhibitor IV. To examine the effect of COMP-Angl on VEGF-
induced VCAM-1 expression, HUVECs starved in medium 199
containing 0.5% BSA for 5 h were prestimulated with or without
COMP-Angl for 1 h and subsequently challenged with VEGF
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with ice-cold phosphate-buffered saline, harvested by scraping,
and pelleted by centrifugation at 4,000 X g for 10 min at 4 °C.
The cell pellets were then lysed at 4 °C in radioimmune precip-
itation buffer containing 50 mMm Tris-HCl at pH 7.5, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, and 1X protease inhibitor mixture. The
cell lysates were subjected to SDS-PAGE and Western blot
analysis as described previously (39).

Detection of ERKS, AKT, and ERK1/2 Activities—Confluent
and sparse HUVECs plated on collagen-coated dish were
starved in medium 199 containing 1% BSA for 6 h and stimu-
lated with 400 ng/ml COMP-Angl for 15 min. The cells were
then lysed at 4 °C in lysis buffer containing 25 mm HEPES at pH
7.5, 0.3 M NaCl, 1.5 mm MgCl,, 0.2 mm EDTA, 0.5 mm dithio-
threitol, 20 mm B-glycerophosphate, 1 mm sodium vanadate,
1% Triton X-100, and 1X protease inhibitor mixture. To meas-
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FIGURE 2. MEF2 is responsible for Ang1-induced KLF2 expression.
A, structures of KLF2wt-Luc and KLF2Zmut-Luc reporter constructs are
shown. B, confluent HUVECs were transfected with either KLF2wt-Luc (left)
or KLF2mut-Luc (right) reporter construct together with pRL-5V40 vector.
After transfection, the cells were stimulated without {—) or with {+)
COMP-Ang1 (C-Ang1) in 1% BSA-containing medium 199 for 24 h. The
medium was replaced with the freshly prepared same medium every 6 h.
After the stimulation, the cells were collected, and the lysates were
assayed for firefly and Renilla luciferase activities as described under
"Experimental Procedures.” The data represent firefly luciferase activity
normalized by the Renilla luciferase activity present in each cellular lysate.
Values are expressed as a percentage relative to that observed in the
KLF2wt-Luc transfected cells treated with vehicle and shown as mean *
S.D. of three independent experiments. C, confluent HUVECs transfected
with control siRNA (control) or with two independent MEF2 siRNA mix-
tures (MEF2#1 and MEF2#2: each mixture contains siRNAs targeting
MEF2A, MEF2C, and MEF2D) were stimulated as described in the legend
for Fig. 1 (panel D). KLF2 mRNA levels were determined as described in the
legend for Fig. 1 (panel A). Values are expressed relative to that in the
contro!l siRNA-transfected cells treated with vehicle and shown as
means = S.D. of three independent experiments. D, confluent HUVECs
transfected with control siRNA or with MEF2 siRNA mixture (MEF2#1} were
starved and stimulated with vehicle (—) or COMP-Ang1 (+) as described in
the legend for Fig. 1 (panel C). Cell lysates were subjected to Western blot
analysis with anti-KLF2 (top panel), anti-MEF2 (middle panel), and anti-
tubulin (bottom panel) antibodies. In B and C, significant differences
between two groups are indicated as **, p < 0.01, or ***, p < 0.001. n.s.
indicates no significance between two groups.

ure the ERKS5 activity, in vitro kinase assay was performed as
described previously (40). Briefly, endogenous ERK5 was
immunoprecipitated from aliquots of cell lysate with anti-ERK5
antibody at 4 °C for 3 h, and the immunocomplexes were recov-
ered with protein G-Sepharose beads (GE Healthcare Life Sci-
ences). Beads were washed three times with phosphate-buff-
ered saline containing 1% Nonidet P-40 and 2 mM sodium
vanadate, once with washing buffer containing 100 mm Tris at
pH 7.5 and 0.5 M LiCl and once with kinase reaction buffer
containing 12.5 mm MOPS at pH 7.5, 12.5 mm B-glycerophos-
phate, 7.5 mm MgCl,, 0.5 mm EGTA, 0.5 mM sodium vanadate,
and 0.5 mM sodium fluoride. Samples were then resuspended in
15 wl of kinase reaction buffer containing 3 ug of GST-MEF2C,
1 uCi of [y-*?P]ATP, and 20 uM cold ATP and incubated at
37 °C for 90 min. 3?P-labeled substrates were separated by SDS-
PAGE and detected by autoradiography. To evaluate the phos-
phorylation of AKT and ERK1/2, aliquots of cell lysate were
subjected to Western blot analysis with anti-phospho-AKT and

ACEVEN

FEBRUARY 27, 2009 +VOLUME 284-NUMBER 9

EF2 Activation by PI3K/AKT

A sparse confluent B 55,
———T——— * Aok ES. 2
C-Angl - + - + U i
MEF2C: T 201
kinase). 3
{kinase) , = 151
ERKS i wie e Z
T E 40
pAKT o
ot
AKT it we sme * 05
PERK12 . o
. e e C-Angt - 4 - %
ERK1/2 e« wme wew  SRNA Control ERKS
C control  ERKS
SIRNA  SIRNA
C-Angl - + - &
KLF2 .

tubulin € G G- -

FIGURE 3. Ang1-induced KLF2 expression does not require ERKS.
A, sparse (left) and confluent (right) HUVECs were starved in medium 199
containing 1% BSA for 6 h and stimulated with vehicle (—) or COMP-Ang1
(C-Ang1) (++) for 15 min. To measure the ERKS5 activity, in vitro kinase assay
was performed using anti-ERK5 immunoprecipitates from the corre-
sponding cell lysates as described under “Experimental Procedures.”
32p_|abeled substrates are shown at the top (MEF2C (kinase)). In parallel,
cell lysates were subjected to Western blot analysis with anti-ERK5 (ERK5),
anti-phosphoAKT (pAKT), anti-AKT (AKT), anti-phosphoERK1/2 (pERK1/2),
and anti-ERK1/2 (ERK1/2) antibodies. B, confluent HUVECs transfected
with control siRNA {/eft) or ERKS5 siRNA (right) were starved and stimulated
with vehicle (—) or COMP-Ang1 (+) as described in the legend for Fig. 1
(panel D). KLF2 mRNA levels were determined and expressed as described
in the legend for Fig. 2 {panel C). Values are shown as means = S.D. of five
independent experiments. Significant differences between two groups
are indicated as ***, p < 0.001. C, confluent HUVECs transfected with con-
trol or ERK5 siRNA were starved and stimulated as described in the legend
for Fig. 1 (panel C). Cell lysates were subjected to Western blot analysis
with anti-KLF2 (top panel), anti-ERK5 (middle panel), and anti-tubulin (bot-
tom panel) antibodies.

anti-phospho-ERK1/2 antibodies, respectively. The total con-
tents of ERK5, AKT, and ERK1/2 in each cell lysate were also
assayed in a parallel run using corresponding antibodies.

Luciferase Reporter Assay—Luciferase reporter assay was
carried out as described before (36, 40). Confluent HUVECs
plated on a collagen-coated 12-well plate were transfected with
different expression vectors, together with reporter plas-
mids as described in the figure legends. The total amount of
plasmid DNA was adjusted with empty vector. To examine
the effect of COMP-Angl, the cells were starved and stimu-
lated as described in the figure legends. The cells were lysed
using passive lysis buffer (Promega), and luciferase activities
in cell extract were determined using a Dual-Luciferase assay
system (Promega).

Detection of Subcellular Localization of FLAG-tagged
HDAC5—Confluent HUVECs plated on a collagen-coated
glass base dish were transfected with the plasmid encoding
FLAG-tagged histone deacetylase (HDAC) 5. Twenty-four h
after the transfection, the cells were starved in medium 199
containing 0.5% BSA for 6 h and subsequently stimulated with
vehicle, COMP-Angl, or VEGF for 3 h. After the stimulation,
the cells were fixed and stained with anti-FLAG antibody as
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FIGURE 4. Ang1 does not induce nuciear export of HDACS5. A, confluent HUVECs plated on a collagen-
coated glass base dish were transfected with the plasmid encoding FLAG-tagged HDACS. After 24 h, the
cells were starved in medium 199 containing 0.5% BSA for 6 h and stimulated with vehicle (control: upper
panel), COMP-Ang1 (C-Ang1: middle panel), or 50 ng/mi VEGF (bottom panel) for 3 h. After the stimulation,
the cells were fixed, immunostained with anti-FLAG antibody, and visualized with Alexa Fluor 488-conju-
gated secondary antibody. Alexa Fluor 488 and phase contrast images are shown at the left and right
columns, respectively. B, nuclear export of HDACS by vehicle (control), COMP-Ang1 (C-Ang1), and VEGF
observed in A was quantified. The number of cells expressing FLAG-tagged HDACS5 in the cytoplasm was
counted and expressed as a percentage relative to the total number of cells expressing FLAG-tagged
HDACS. At least 100 cells were scored for each treatment. Values are expressed as means = S.D. of three
independent experiments. Significant difference from the control is indicated as ***, p < 0.001. n.s.

indicates no significant difference from the control.

described before (10). Protein reacting with antibody was visu-
alized with Alexa Fluor 488-conjugated secondary antibody.
Alexa Fluor 488 and phase contrast images were recorded with
an Olympus IX-81 inverted fluorescence microscope. The
number of cells expressing FLAG-tagged HDACS in the cyto-
plasm among FLAG-tagged HADCS5-expressing cells was
counted. Nuclear export of HDAC5 was determined by the
HDACS in the cytoplasm instead of the nucleus. At least 100
cells were scored for each experiment.

Monocyte Adhesion Assay—HUVECs transfected with con-
trol or KLF2 siRNA were placed on collagen-coated 24-well
plates at the density of 40,000 cells/cm? cultured overnight,
and starved in medium 199 containing 1% BSA for 2 h. The
cells were prestimulated with 400 ng/mi COMP-Anglfor1h
and challenged with vehicle or 50 ng/ml VEGF in the pres-
ence or absence of COMP-Angl for 4 h. U937 cells labeled
with green fluorescent dye PKH67 (Sigma-Aldrich) were
added to the confluent HUVEC monolayers (8 X 10° cells/
well) and incubated in RPMI 1640 containing 1% fetal bovine
serum for 90 min. The cells were then washed three times
with prewarmed Hank’s buffered salt solution (Invitrogen)
and fixed with 2% formaldehyde. Phase contrast and PKH67
fluorescent images were recorded with an Olympus I1X-81
inverted fluorescence microscope. The adherent U937 cells
were quantified by measuring fluorescent intensity at five
randomly selected fields in each well using MetaMorph 6.1
software (Molecular Devices Corp.).

Statistical Analysis—The values are expressed as means *
S.D. Statistical significance was determined using one-way
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analysis of variance, two-way analy-
sis of variance, or unpaired ¢ test. p
values < 0.05 were considered sta-

R 24 o g . Py
tistically significant.

RESULTS

Angl Induces KLF2 Expression in
Confluent but Not Sparse Cultures
of HUVECs—To first examine the
KLF2 expression downstream of
trans-associated Tie2 at cell-cell
n.s. contacts and cell-substratum con-
tact-anchored Tie2 in response to
Angl, HUVECs were stimulated
with COMP-Angl, a potent Angl
variant, under either confluent or
sparse culture condition. COMP-
Angl concentration-dependently
induced KLF2 mRNA expression in
confluent HUVECs but not in the
sparse cells (Fig. 1A). Consistently,
KLF2 protein expression was up-
regulated upon stimulation with
COMP-Angl (Fig. 1C). KLF2 mRNA
and protein expression by COMP-
Angl peaked at 1 h after the stimu-
lation and then declined to the basal
level by 6 h (Fig. 1, B and C). KLF2
mRNA level was increased in
response to native Angl as well as COMP-Angl (Fig. 1D).
Taken together with the previously reported evidence that
Angl induces trans-association of Tie2 in the presence of cell-
cell contacts (10, 11), these results suggest that trans-associated
Tie2 at cell-cell contacts is capable of inducing KLF2
expression.

Angl Induces KLF2 Expression through MEF2—Next, we
sought to delineate the signaling pathway responsible for Angl-
induced KLF2 expression. It has been reported that laminar
shear stress and statins activate the KLF2 promoter via a single
MEF2-binding site located at —120/—111 bp upstream from
the transcriptional initiation site (19, 41, 42). Thus, we investi-
gated the role of MEF2 in Angl-induced KLF2 expression.
HUVECs were transfected with either luciferase reporter plas-
mid in which the reporter is driven by the proximal 221-bp
region (—221 bp upstream from the initiation site) of KLF2
promoter (KLF2wt-Luc) or by its MEF2-binding site-mutated
promoter (KLF2mut-Luc) (Fig. 24). COMP-Ang] significantly
induced KLF2 promoter-regulated reporter activity, whereas it
failed to induce reporter activation when KLF2 promoter
lacked MEF2-binding site (Fig. 2B), suggesting the indispensa-
ble role of MEF2 in Angl-induced KLF2 expression. To further
confirm the requirement of MEF2 for Angl-induced KLF2
expression, we employed an siRNA technique to down-regulate
MEF2 family proteins including MEF2A, MEF2C, and MEF2D.
Depletion of these MEF2 proteins inhibited COMP-Angl-in-
duced both KLF2 mRNA expression and KLF2 protein expres-
sion (Fig. 2, C and D and supplemental Fig. S1). These findings
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indicate that KLF2 expression induced by Angl depends upon
MEF2.

Angl-induced KLF2 Expression Is Not Mediated by the Sig-
naling Pathways Involving ERKS and HDAC5—ERKS5 stimu-
lates transcriptional activity of MEF2 factors by phosphoryl-
ating their transactivating domains (36, 43, 44). Previous
reports indicate that KLF2 expression is severely impaired in
ERK5-null mouse embryo (45) and that laminar shear stress
stimulates ERK5 activity to induce MEF2-dependent KLF2
expression (19). Therefore, we examined whether Angl stimu-
lates ERKS5 activity under either confluent or sparse conditions
to investigate the involvement of ERK5 in KLF2 induction by
Angl, COMP-Angl preferentially activated ERK5 as well as
ERK1/2 in sparse HUVECs (Fig. 3A). However, stimulation of
confluent cells with COMP-Angl did not enhance ERK5 kinase
activity, although AKT was potently activated under this con-
dition (Fig. 34). These results suggest that Angl induces KLF2
expression independently of ERK5. Consistently, depletion of
ERK5 by siRNAs did not affect COMP-Angl-induced KLF2
mRNA and protein expression (Fig. 3, B and C).

Class II HDACs, consisting of HDAC4, HDACS5, HDAC7,
and HDACS, interact with MEF2 and repress the expression of
MEF?2 target genes (46). Phosphorylation of class Il HDACs by
calcium/calmodulin-dependent protein kinase and protein
kinase D results in their nuclear exclusion, leading to the
enhancement of MEF2 transcriptional activity (46 —48). There-
fore, we examined whether Angl induces nuclear export of
class THDACs to enhance MEF2 activity. COMP-Ang1 did not
induce nuclear export of FLAG-tagged HDACS5, although
VEGF did (Fig. 4), suggesting that Angl-induced KLF2 expres-
sion does not depend upon the inhibition of class I HDACs.

A PI3K/AKT Pathway Is Responsible for Angl-induced KLF2
Expression—Angl is able to induce KLF2 expression only under
confluent condition as described above (Fig. 1A4). Under this
condition, an AKT pathway is preferentially activated by
Angl (Fig. 3A4). These evidences prompted us to investigate
whether the AKT pathway is responsible for KLF2 induction
by Angl. COMP-Angl-induced KLF2 expression was com-
pletely blocked by wortmannin and AKT inhibitor IV,
inhibitors for PI3K and AKT, respectively (Fig. 5, A and B).
Furthermore, we examined the involvement of AKT in
Angl-meditaed KLF2 expression by depleting AKT using
siRNAs for AKT. Depletion of AKT prevented both COMP-
Angl-induced KLF2 mRNA expression and COMP-Angl-
induced KLF2 protein expression (Fig. 5, C and D). These
results indicate that a PI3K/AKT pathway is indispensable
for Angl-induced KLF2 expression.

A PI3K/AKT Pathway Stimulates Transcriptional Activity of
MEF2—To clarify whether a PI3K/AKT pathway stimulates
MEF2-dependent transcription, HUVECs were transfected
with a plasmid expressing luciferase reporter gene under the
control of a single MEF2 site (MEF2-Luc) together with the
plasmid encoding constitutive active AKT (AKT-CA) or PI3K
(PI3K-CA). The reporter gene activity was only slightly stimu-
lated by AKT-CA or PI3K-CA (Fig. 6A4). However, coexpression
of MEF2C significantly enhanced AKT-CA- or PI3K-CA-in-
duced reporter gene expression (Fig. 64). To further investigate
whether MEF2-dependent transcription stimulated by
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FIGURE 5. A PI3K/AKT pathway is involved in Ang1-induced KLF2 expres-
sion, A, confluent HUVECs starved for 6 h were pretreated with vehicle (con-
trol) or 30 nm wortmannin (wort.) for 30 min and subsequently stimulated
with vehicle (—) or COMP-Ang1 (C-AngT) (+) for 1 h. KLF2 mRNA levels were
determined as described in the legend for Fig. 1 (panel A). Values are
expressed relative to that in the wortmannin-untreated cells stimulated with
vehicle and shown as means = S.D. of five independent experiments. B, con-
fluent HUVECs starved for 6 h were pretreated with vehicle (control) or 8 um
AKT inhibitor for 10 min and subsequently stimulated with vehicle (—) or
COMP-Ang1 (+) for 1 h. KLF2 mRNA levels were determined and expressed as
described in A. Data are shown as means = S.D. of four independent experi-
ments. C, confluent HUVECs transfected with control siRNA (control) or with
two independent AKT siRNA mixtures (AKT#1 and AKT#2: each mixture con-
tains siRNAs targeting AKT1 and AKT2) were starved and stimulated as
described in the legend for Fig. 1 (panel D). KLF2 mRNA levels were deter-
mined and expressed as described in the legend for Fig. 2 (panel (). Values are
shown as means * S.D. of four independent experiments. D, confluent
HUVECs transfected with control siRNA or with two independent AKT siRNA
mixtures (AKT#1 and AKT#2) were starved and stimulated as described in the
legend for Fig. 1 (panel C). Cell lysates were subjected to Western blot analysis
with anti-KLF2 (top panel), anti-AKT (middle panel), and anti-tubulin (bottom
panel) antibodies. In A-C, significant differences between two groups are
indicated as ***, p < 0.001.

PI3K-CA and AKT-CA is ascribed to the enhanced transcrip-
tional activity, we fused full-length MEF2C with DNA-binding
domain of yeast Gal4 protein (Gal4/MEF2C) and tested the
direct effect of AKT and PI3K on transcriptional activity of
Gal4/MEF2C. AKT-CA and PI3K-CA potently stimulated the
transcriptional activity of Gal4/MEF2C but not that of Gal4
(Fig. 6B). In addition, stimulation with COMP-Angl evoked
Gal4/MEF2C-dependent reporter gene expression (Fig. 6C).
Collectively, these findings indicate that Angl/Tie2 signal stim-
ulates the transcriptional activity of MEF2 through a PI3K/
AKT pathway.

A PI3K/AKT/MEF2 Signaling Axis Stimulates the KLF2
Promoter—We further investigated the functional role of a
PI3K/AKT/MEF2 pathway in Angl-induced KLF2 expression.
When HUVECs were transfected with the KLF2wt-Luc
reporter gene along with the plasmid encoding GFP, AKT-CA,
or PI3K-CA, AKT-CA and PI3K-CA induced more luciferase
expression than GFP (Fig. 6D). The stimulatory effects of
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FIGURE 6. A PI3K/AKT pathway stimulates transcriptional activity of MEF2, leading to KLF2 expression.
A, confluent HUVECs were cotransfected with pGL3-MEF2 and pRL-TK vectors, together with the plasmid encoding
either GFP or MEF2C as indicated at the bottom. The expression vector for GFP, AKT-CA, or PI3K-CA was also included
in the transfection mixture as shown at the /eft. The cells were lysed 24 h after the transfection. Luciferase activities
were assayed and presented as described in the legend for Fig. 2 (panel B). Data are expressed as a percentage
relative to that observed in the cells expressing both PI3K-CA and MEF2C and shown as mean = S.D. of four inde-
pendent experiments. B, confluent HUVECs were cotransfected with pFRand pRL-TK vectors, along with the plasmid
expressing either Gal4 (feft) or Gal4-MEF2C (right) as indicated at the bottom. The expression vector for GFP, AKT-CA,
or PI3K-CA was also included in the transfection mixture as shown at the left. After 24 h of incubation, luciferase
activities were assayed and represented as described in the legend for Fig. 2 (panel B). Data are expressed as a
percentage relative to that observed in the cells expressing both Gal4-MEF2C and PI3K-CA and shown as mean =
S.D. of three independent experiments. C, confluent HUVECs transfected with the plasmid encoding Gal4-MEF2C
together with pGal4-Luc and pRL-SV40 reporter plasmids were starved and stimulated as described in the legend for
Fig. 2 (panel B). Luciferase activities were assayed and presented as described in the legend for Fig. 2 (panel B). Data
are expressed as a percentage relative to that observed in the control cells and shown as mean = S.D. of four
independent experiments. D, confluent HUVECs were cotransfected with pRL-TK vector, along with either KLF2wt-
Luc or KLF2mut-Luc reporter gene, and also with the expression vector for either GFP or MEF2C as indicated at the
bottom. The plasmid encoding GFP, AKT-CA, or PI3K-CA was also included in the transfection mixture as shown at
the left. Twenty-four h after the transfection, luciferase activities were assayed and presented as described in the
legend for Fig. 2 (panel B). Data are expressed as a percentage relative to that in the cells transfected with KLF2wt-Luc
along with the vector encoding GFP and shown as mean = S.D. of four independent experiments. £, confluent
HUVECs were infected without (—) or with adenoviruses encoding either GFP or AKT-CA as indicated at the top.
Forty-eight h after infection, the cells were collected, and the lysates were subjected to Western blot analysis with
anti-KLF2 (KLF2), anti-phosphoAKT (pAKT), anti-AKT (AKT), anti-GFP (GFP), and anti-B-actin (Bactin) antibodies. Sig-
nificant differences between two groups (4, B, and D) or from the control {C} are indicated as *, p < 0.05,**,p < 0.01,
or ¥** b < 0.001.

AKT-CA and PI3K-CA on the reporter gene activity were sig-
nificantly augmented by coexpression of MEF2C (Fig. 6D).
AKT-CA and PI3K-CA did not stimulate the luciferase expres-

Angl Inhibits
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sion driven by the mutant promoter
that lacks the MEF2-binding site
(the KLF2mut-Luc), even in the
presence of MEF2C (Fig. 6D). In
addition, adenovirus-mediated over-
expression of AKT-CA potently
induced both mRNA and protein
expression of KLF2 in HUVECs (Fig.
6F and supplemental Fig. $2). Collec-
tively, these results suggest that

Angl/Tie2 signal induces KLF2
expression through a PI3K/AKT/
MEF2 signaling axis.

How does a PIBK/AKT signaling
enhance transcriptional activity of
MEF2? MEF2 activity is known to be
regulated by its posttranslational
modification such as phosphoryla-
tion and acetylation (49). We
examined the effect of a PI3K/
AKT pathway on posttranslational
modification of MEF2C. We con-
structed the plasmids encoding
Gald/MEF2C mutants: 1) Gal4/
MEF2C-ERK5/p38mut in which
potential phosphorylation sites
of MEF2C by p38 and ERK5
mitogen-activated protein (MAP)
kinases (Thr-293, Thr-300, and
Ser-387 corresponding to those in
human MEF2C) were replaced by
Ala (43, 50) and 2) Gal4/MEF2C-
AKT mutant in which consensus
phosphorylation site of MEF2C by
AKT (Thr-404 corresponding that
in human MEF2C) was mutated to
Ala; and 3) Gal4/MEF2C-6KR in
which the 6 Lys residues in MEF2C
acetylated by p300 (Lys-116, Lys-
119, Lys-234, Lys-239, Lys-252,
and Lys-264 corresponding to those
in human MEF2C) were replaced
by Arg (51). Using these plasmids,
MEF2-dependent transcription was
directly tested in the cells ex-
pressing PI3K-CA. Expression of
PI3K-CA could stimulate transcrip-
tional activity mediated by mutant
MEF2C to a similar extent to wild
type MEF2C (supplemental Fig. S3).
These results suggest that the post-
translational modification by ERK5,
p38, AKT, and p300 is not required
for PIBK/AKT pathway-stimulated
MEF2 transcriptional activity.

VEGF-induced Inflammatory Responses
through KLF2—W e finally addressed the significance of Angl/
Tie2-dependent KLF2 expression in the cells. KLF2 has potent

VOLUME 284-NUMBER 9-FEBRUARY 27, 2009

0102 ‘S Judy uo ‘1juad Je|noseaoipies) [euoleN 18 B109gl MMM Wo.) papeojumog



Supplemental Material can be found at.
hitp:/iwww.jbc.org/content/suppl/2008/12/23/M806928200.0C1.html
hitp:/iwww jbc.orglcontent/suppt/2009/02/19/284.9.5592.DC 1.himi

AngT-induced KLF2 Expression via

C control

EF2 Activation by PI3K/AKT

VEGF group have shown that endothelial

A conirol KLF2
C-Angt - + - +

KLED i

{ubulin A

B 120+

1004

1004

VCAM-1 mRNA level (%)
el
<

monocyte adhesion (%)

20+

0 0
VEGF - + - + -+ - o+ C-Ang?
control C-Ang?  control C-Angl

VEGF

cell-cell contacts specify down-
stream signaling pathways from
Tie2 (10, 11). In the presence of cell-
cell contacts, Angl induces trans-
association of Tie2, leading to a
preferential activation of the AKT
pathway. In addition, we also found
that KLF2 is specifically induced
by trans-associated Tie2. Because
KLF2 is a transcription factor
involved in vascular quiescence, we
hypothesized that KLF2 is responsi-
ble for Angl/Tie2 signal-mediated
vascular quiescence. To address this
possibility, we tried to delineate the
signaling pathways involved in
Angl-induced KLF2 expression.
We found that Angl/Tie2 signal
stimulates transcriptional activity of
MEF2 through a PI3K/AKT path-
way, which in turn induces KLF2
expression.

MEF2 plays important roles not

VEGF only in muscle development but

control siRNA KLF2 siRNA

control siRNA

KLF2 siRNA also in regulation of blood vessels

(21-23). MEF2C has been impli-

FIGURE 7. KLF2 is responsible for the inhibitory effect of Ang1 on VEGF-induced inflammation. A, confluent
HUVECs transfected with control or KLF2 siRNA were starved and stimulated as described in the legend for Fig. 1
(panel Q). Cell lysates were subjected to Western blot analysis with anti-KLF2 (top panel) and anti-tubulin (bottom
panel) antibodies. B, confluent HUVECs transfected with control or KLF2 siRNA were starved in medium 199 contain-
ing 0.5% BSA for 6 h. The celis prestimulated with or without COMP-Ang1 (C-Ang) for 1 h were challenged with
vehicle (—) or 50 ng/ml VEGF (++) for 3 h. VCAM-1 mRNA levels were analyzed by real-time RT-PCR as described in the
legend for Fig. 1 (panel A). Values are expressed as a percentage relative to that observedin the cells transfected with
control siRNA and stimulated with VEGF in the absence of COMP-Ang1. Data are shown as means * 5.D. of three
independent experiments. C, confluent HUVECs transfected with control or KLF2 siRNA were starved in medium 199
containing 1% BSA for 2 h, The cells prestimulated with (+) or without(—) COMP-Ang for 1 h were challenged with
vehicle (control) or 50 ng/mi VEGF (VEGF) for 4 h. PKH67 fluorescent dye-labeled U937 cells were adhered to the
HUVEC monolayers for 90 min. After fixation, phase contrast and PKH67 fluorescent (green) images were recorded
with an Olympus IX-81 inverted fluorescence microscope. Shown are representative merged images. D, adhesion of
U937 cells to HUVECs observed in C was quantified as described under “Experimental Procedures.” Values are
expressed as a percentage relative to that observed in the cells transfected with control siRNA and stimulated with
VEGF in the absence of COMP-Ang1. Data are shown as means = S.D. of four independent experiments. Significant
differences between two groups are indicated as ***, p < 0.001. n.s. indicates no significance between two groups.

cated as a regulator of endothelial
integrity and permeability (21).
Interestingly, MEF2C-deficient mice
exhibit a similar defect in vascular
development to KLF2-null mice
(52). Our present data demon-
strated that MEF2 is indispensable
for Angl-induced KLF2 expression.
Therefore, defect of vascular devel-
opment in Angl-deficient mice
might be partly due to the lack of
MEF2-dependent KLF2 induction.
Several posttranslational modifi-

anti-inflammatory effects on the vascular endothelium (19, 24, 25).
Angl also has anti-inflammatory effects and is known to counter-
act VEGF-induced inflammation (29, 30). Therefore, we hypothe-
sized that Angl may inhibit VEGF-induced inflammation by
inducing KLF2. To address this question, by depleting KLF2 using
siRNA, we examined the effect of Angl through KLF2 on VEGF-
induced VCAM-1 expression and VEGF-mediated monocyte
adhesion to HUVECs. COMP-Angl partly inhibited VEGF-in-
duced VCAM-1 expression and VEGF-induced adhesion of U937
cells to HUVEC:s (Fig. 7 and supplemental Figs. S4 and S5). How-
ever, these inhibitory effects of COMP-Angl were blunted by
depletion of KLF2 (Fig. 7 and supplemental Figs. S4and S5). These
findings suggest that Angl competes with VEGF on inflammation
through induction of KLF2.

DISCUSSION

Angl/Tie2 signal is involved in both angiogenesis and vascu-
lar quiescence in adult vasculature. Recently, we and another

“BEHEN
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cations of MEF2 in the regulation of MEF2-mediated transcrip-
tion has been reported (49). Among them, ERK5 regulates
MEF2 transcriptional activity by phosphorylating its tran-
scription activation domain (36, 43, 44). Parmar et al. (19)
have reported that flow-mediated increase in KLF2 expres-
sion occurs via an ERK5/MEF2 pathway. Because ERKS5 is
essential for maintaining blood vessel integrity and is known
to be stimulated by Angl (21, 22, 53), we examined whether
ERKS5 acts downstream of Angl/Tie2 to induce KLF2 expres-
sion. Unexpectedly, Angl only stimulated the ERK5 activity
in the absence of cell-cell contacts, and under this condition,
KLF2 induction by Angl did not occur. Furthermore, knock-
down of ERK5 did not prevent Angl-induced KLF2 expres-
sion, Therefore, ERK5 appears to be dispensable for Angl-
induced KLF2 expression.

Our data show that Angl/Tie2 signal utilizes a PI3K/AKT
pathway instead of ERK5 to induce MEF2-dependent KLF2
expression. Similarly, it has been reported that a PI3K/AKT/
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MEF2 pathway is used for insulin-like growth factor-induced
myogenin expression (54). Huddleson et al. (42) have also
shown that induction of KLF2 by shear stress requires a PI3K/
chromatin-remodeling pathway. In contrast to our result, they
claimed that AKT is not involved in this pathway, although it
is activated by shear stress. We propose the involvement of
AKT in Angl-mediated KLF2 induction because 1) AKT
inhibitor and knockdown of AKT both inhibit KLF2 mRNA
and protein expression by COMP-Angl; 2) AKT-CA induces
the MEF2-dependent transcription and stimulates the KLF2
promoter cooperatively with MEF2; and 3) overexpression of
AKT-CA induces both mRNA and protein expression of
KLF2 in HUVECs. Currently, the reason for this discrepancy
remains unclear, but it may be due to the different cell types
used for the experiments. We performed the experiments
with HUVECs, whereas they used an EOMA cell line. Alter-
natively, different stimuli such as Angl and shear stress may
trigger distinct signaling pathways downstream of PI3K to
stimulate KLF2 induction.

At present, a molecular link between AKT and MEF2 is
still unknown. Recently, it has been reported that AKT
directly phosphorylates transcriptional coactivator p300,
leading to the association of MyoD with p300 and p300/
CBP-associated factor (PCAF) (55). In addition, it has been
also shown that p300 can physically interact with MEF2 as
well as MyoD and enhances their transcriptional activity
(28). Importantly, shear stress is shown to induce recruit-
ment of p300 and PCAF into the KLF2 promoter (42). There-
fore, the Angl/Tie2/PI3K/AKT pathway may induce the
association of MEF2 with transcriptional coactivators such
as p300 and PCAF, thereby stimulating its transcriptional
activity. p300 directly acetylates and stimulates MEF2 activ-
ity (51). However, PI3K-mediated activation of MEF2 is not
mediated by such direct acetylation mechanism because
transcriptional activity of acetylation-defective mutant of
MEF2 could be stimulated by constitutive active PI3K (sup-
plemental Fig. S3). Thus, further examination is required for
clarifying the molecular link between AKT and MEF2.

KLF2 inhibits VEGF-induced angiogenesis and inflamma-
tion, possibly by maintaining vascular quiescence. Similarly,
Angl counteracts VEGF-mediated inflammatory responses.
OQur present data suggest that inhibition of VEGF-mediated
inflammatory responses by Angl depends upon KLF2. How-
ever, Angl also acts cooperatively with VEGF to induce angio-
genesis in a certain situation (5, 7, 9). This opposite effect of
Angl on VEGF-mediated responses may depend upon whether
KLF2 is induced or not. In the presence of cell-cell contacts,
Angl1/Tie2 signal is able to induce KLF2 expression and thereby
inhibits VEGF-induced inflammation and angiogenesis. How-
ever, in the absence of cell-cell contacts, Angl/Tie2 signal
accelerates angiogenic signal because KLF2 is not induced in
this condition, which accounts for the cooperation of Angl
with VEGF. Therefore, KLF2 may be a key downstream factor
from trans-associated Tie2 to maintain vascular quiescence.

In conclusion, we found that Angl/Tie2 signal stimulates
transcriptional activity of MEF2 through a PI3BK/AKT pathway
to induce KLF2 expression, thereby contributing to vascular
quiescernce.
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FBP17 Mediates a Common Molecular Step in the Formation
of Podosomes and Phagocytic Cups in Macrophages™
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Macrophages act to protect the body against inflammation
and infection by engaging in chemotaxis and phagocytosis. In
chemotaxis, macrophages use an actin-based membrane struc-
ture, the podosome, to migrate to inflamed tissues. In phagocy-
tosis, macrophages form another type of actin-based membrane
structure, the phagocytic cup, to ingest foreign materials such as
bacteria. The formation of these membrane structures is
severely affected in macrophages from patients with Wiskott-
Aldrich syndrome (WAS), an X chromosome-linked immunod-
eficiency disorder. WAS patients lack WAS protein (WASP),
suggesting that WASP is required for the formation of podo-
somes and phagocytic cups. Here we have demonstrated that
formin-binding protein 17 (FBP17) recruits WASP, WASP-in-
teracting protein (WIP), and dynamin-2 to the plasma mem-
brane and that this recruitment is necessary for the formation
of podosomes and phagocytic cups. The N-terminal EFC
(extended FER-CIP4 homology)/F-BAR (FER-CIP4 homology
and Bin-amphiphysin-Rvs) domain of FBP17 was previously
shown to have membrane binding and deformation activities.
Our results suggest that FBP17 facilitates membrane deforma-
tion and actin polymerization to occur simultaneously at the
same membrane sites, which mediates a common molecular
step in the formation of podosomes and phagocytic cups. These
results provide a potential mechanism underlying the recurrent
infections in WAS patients.

Podosomes (see Fig. 1A) are micron-scale, dynamic, actin-
based protrusions observed in motile cells such as macro-
phages, dendritic cells, osteoclasts, certain transformed fibro-
blasts, and carcinoma cells (1). Podosomes play an important
role in macrophage chemotactic migration, which is critical for
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recruitment of leukocytes to inflamed tissues. Podosomes are
both adhesion structures and the sites of extracellular matrix
degradation (2). Adhesion to and degradation of the extracel-
lular matrix are essential processes for the successful migration
of macrophages in tissues. Podosomes occur in most macro-
phages and can be observed by differentiating human primary
monocytes into macrophages with macrophage-colony stimu-
lating factor-1 (M-CSF-1)? and staining the F-actin using phal-
loidin (3, 4). Podosomes labeled in this way appear as F-actin-
rich dots (see Fig. 1C). Podosome formation has recently been
directly observed in vitro and in vivo in leukocyte migration
through the endothelium, diapedesis (5).

Phagocytosis of bacterial pathogens is one of the most impor-
tant primary host defense mechanisms against infections. The
phagocytic cup (see Fig. 1B) is an actin-based membrane struc-
ture formed at the plasma membrane of phagocytes, including
macrophages, upon stimulation with foreign materials such as
bacteria. The phagocytic cup captures and ingests foreign
materials, and its formation is an essential first step in phago-
cytosis leading to the digestion of foreign materials (6, 7). When
macrophages are stimulated by foreign materials, podosomes
disappear, and phagocytic cups, which are also rich in F-actin,
are formed to ingest the foreign materials (see Fig. 1D).

Wiskott-Aldrich syndrome (WAS) is an X chromosome-
linked immunodeficiency disorder. Patients with WAS suffer
from severe bleeding, eczema, recurrent infection, autoim-
mune diseases, and an increased risk of lymphoreticular malig-
nancy (8-10). The causative gene underlying WAS encodes
Wiskott-Aldrich syndrome protein (WASP) (11). WASP defi-
ciency due to the mutation or deletion causes defects in adhe-
sion, chemotaxis, phagocytosis, and the development of hema-
topoietic cells in WAS patients (10).

2 The abbreviations used are; M-CSF-1, macrophage-colony stimulating fac-
tor-1; FBP17, formin-binding protein 17; WAS, Wiskott-Aldrich syndrome;
WASP, Wiskott-Aldrich syndrome protein; N-WASP, neuronal WASP; WIP,
WASP interacting-protein; EFC domain, extended FER-CIP4 homology
domain; F-BAR domain, FER-CIP4 homology and Bin-amphiphysin-Rvs
domain; PMA, phorbol 12-myristate 13-acetate; GFP, green fluorescence
protein; siRNA, short interfering RNA; FITC, fluorescein isothiocyanate;
PDZ-GEF, PDZ-guanine nucleotide exchange factor; HEK293 cells, human
embryonic kidney 293 cells; HA, hemagglutinin; SH3, src homology 3 domain;
dSH3, SH3 domain deletion; GST, glutathione S-transferase; , Pl(4,5)P,, phos-
phatidylinositol 4,5-bisphosphate; siFBP, siRNA for FBP17; siC, scrambled
control siRNA,
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

The formation of podosomes and phagocytic cups is severely
affected in macrophages from WAS patients (3, 12, 42), sug-
gesting that WASP is involved in the formation of these struc-
tures. However, the detailed molecular mechanisms of their
formation remain unknown. WASP is complexed with a cellu-
lar WASP-interacting partner, WASP-interacting protein
(WIP) (13, 14). Recently, two groups (including us) have dem-
onstrated that WASP and WIP form a complex and that the
WASP-WIP complex is required for the formation of podo-
somes (4, 15) and phagocytic cups (16). Here, we identified
formin-binding protein 17 (FBP17) as a protein interacting with
the WASP-WIP complex and examined the role of FBP17 in the
formation of podosomes and phagocytic cups.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human macroph-
age-colony stimulating factor-1 (M-CSF-1) was purchased
from R&D Systems (Minneapolis, MN). Phenylmethylsulfonyl
fluoride, leupeptin, pepstain A, aprotinin, IGEPAL CA-630,
paraformaldehyde, saponin, bovine serum albumin, 3-methy-
ladenine, latex beads (3 wm in diameter), phorbol 12-myristate
13-acetate (PMA), human IgG, glycerol, Triton X-100, anti-
FLAG monoclonal antibody (M2), and anti-B-actin antibody
were purchased from Sigma-Aldrich. The anti-WASP mono-
clonal antibody, anti-WIP polyclonal antibody, and anti-Myc
monoclonal antibody (9E10) were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The anti-dynamin-2 anti-
body was purchased from BD Biosciences. The rat anti-hemag-
glutinin (HA) monoclonal antibody (3F10) was purchased from
Boehringer Ingelheim (Ridgefield, CT). The Cy2-labeled anti-
rat IgG was obtained from Jackson ImmunoResearch Labora-
tories (West Grove, PA).

Yeast Two-hybrid Screening—We screened a human lym-
phocyte ¢cDNA library (Origene Technology Inc., Rockville,
MD) using a full-length WIP as bait. A cDNA encoding full-
length WIP was cloned into pGilda (BD Biosciences Clontech).
The EGY48 yeast strain was transformed with pGilda-WIP, the
human lymphocyte cDNA library, and pSH18-34, a reporter
plasmid for the B-galactosidase assay. Transformants were
assayed for Leu prototrophy, and a filter assay was performed
for B-galactosidase measurement (17).

Cells and Transfection—THP-1 and human embryonic kid-
ney (HEK) 293 cells were purchased from the American Type
Culture Collection (Manassas, VA) and cultured in RPM11640
and Dulbecco’s modified Eagle’s high glucose medium (Invitro-
gen), respectively, both supplemented with 10% fetal bovine
serum. For human primary monocyte isolation, 1030 ml of
peripheral blood was drawn from healthy volunteers and WAS
patients after informed consent was obtained. Monocytes were
prepared from peripheral blood samples (10-30 mli) using a
monocyte isolation kit I (Miltenyi Biotech Inc., Auburn, CA).
Transfection of THP-1 cells and monocytes was performed
with a Nucleofector device using a cell line Nucleofector kit V
and a human monocyte Nucleofector kit, respectively, accord-
ing to the manufacturer’s instructions (Amaxa Biosystems,
Gaithersburg, MD). Transfection of HEK293 cells was per-
formed using SuperFect transfection reagent (Qiagen, Valen-
cia, CA). THP-1 cells and monocytes were co-transfected with
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the FBP17 constructs and a GFP-expressing plasmid, pmaxGFEP
(Amaxa Biosystems Inc.), as a transfection marker. The trans-
fection efficiency measured using pmaxGFP was 40-50% for
THP-1 cells and 10-20% for monocytes.

RNA Interference—A short interfering RNA (siRNA) for
FBP17 and its scrambled control siRNA was synthesized by
Dharmacon (Lafayette, CO). The targeting sequence was 5’'-
CCCACTTCATATGTCGAAGTCTGTT-3" (18). THP-1
cells and monocytes were transfected with siRNA usinga cell
line Nucleofector kit V and a human monocyte Nucleofector
kit, respectively, and a Nucleofector device. Cells were co-
transfected with an fluorescein isothiocyanate (FITC)-conju-
gated control siRNA, BLOCK-IT (Invitrogen), as a transfection
marker. The transfection efficiency measured using BLOCK-IT
was 40 —-50% for THP-1 cells and 10-20% for monocytes.

Immunoprecipitation—For immunoprecipitation of WASP
from THP-1 cells, 2 X 107 cells were lysed in buffer A (50 mm
Tris-HCI, pH 7.5, 75 mm NaCl, 1% Triton X-100, 1 mm phen-
ylmethylsulfonyl fluoride, 1 pg/mlleupeptin, 1 sg/ml pepstatin
A, 1 pg/ml aprotinin). Lysates were centrifuged at 10,000 X gat
4.°C for 15 min. The supernatant was incubated with 2 ug/ml
anti-WASP monoclonal antibody (Santa Cruz Biotechnology)
at 4 °C for 2 h and then incubated with anti-mouse IgG agarose
(Sigma). The resin binding the immune complex was washed
three times with 0.5 ml of buffer B (50 mm Tris-HCI, pH 7.5,
10% glycerol, 0.1% Triton X-100), and the complex was eluted
with 1X Laemmli’s SDS-PAGE sample buffer. Eluted proteins
were subjected to SDS-PAGE and analyzed by immunoblotting
for WASP, WIP, and FBP17.

GST Pull-down Assay—Glutathione S-transferase (GST) and
a fusion protein of GST and the src homology 3 (SH3) domain
of FBP17 (548 —609 amino acids) (GST-FSH3) were purified
from Escherichia coli (XL-1B) extracts using glutathione-
Sepharose-4B. HEK293 cells were transfected with the cDNAs
of Myc- or FLAG-tagged protein and lysed in buffer A. Lysates
from the transfected cells were incubated with the affinity mat-
rices of GST alone or GST-FSH3 at 4 °C for 1 h. After a 1-h
incubation, the matrices were washed five times with buffer A,
and pull-down samples were analyzed by immunoblotting
using anti-Myc or anti-FLAG antibody.

Immunofluorescence Microscopy—THP-1 cells and mono-
cytes grown on coverslips were differentiated into macro-
phages by incubation with 12.5 ng/ml PMA (Sigma) and 20
ng/ml M-CSF-1 (R&D Systems), respectively, for 72 h. HEK293
cells were transfected with various cDNA constructs and then
cultured on coverslips for 48 h. Cells were fixed with 4% (w/v)
paraformaldehyde, permeabilized with 0.1% (w/v) saponin, and
blocked with 1% {w/v) bovine serum albumin. Cells were
stained with primary antibodies and Alexa Fluor 488- or Alexa
Fluor 564-labeled secondary antibodies (Invitrogen). Cells were
also stained with Alexa Fluor 568-labeled phalloidin (Invitro-
gen). Cell staining was examined under a fluorescence micro-
scope (Zeiss Axioplan AR) or an MRC 1024 SP laser point scan-
ning confocal microscope (Bio-Rad).

Assays for the Formation of Podosomes and Phagocytic Cups—
The formation of podosomes and phagocytic cups was assayed
by visualizing these actin-based membrane structures by F-ac-
tin staining as described previously (4, 16). Briefly, podosomes
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

in differentiated THP-1 cells or macrophages were visualized
by F-actin staining with Alexa Fluor 568-phalloidin. To form
phagocytic cups in differentiated THP-1 cells or macrophages,
latex beads (3 um, Sigma) were opsonized with 0.5 mg/ml
human IgG (Sigma), and cells grown on coverslips were incu-
bated with the IgG-opsonized latex beads at 37 °C for 10 min in
the presence of 10 mM 3-methyladenine (Sigma) to stabilize the
phagocytic cups (16). The phagocytic cups were then also visu-
alized with Alexa Fluor 568-phalloidin. Cells were examined
under a fluorescence microscope (Zeiss Axioplan AR).

Assays for Macrophage Migration and Phagocytosis—For the
macrophage migration assay, human macrophages (2 X 10°
cells) were plated onto chemotaxis membranes with 5-um
pores (Corning, Acton, MA) coated with 0.15% gelatin/phos-
phate-buffered saline placed within Boyden chamber inserts.
M-CSF-1 was used as a chemoattractant and diluted in serum-
containing RPMI 1640 medium in lower chambers. After a 4-h
incubation, non-migrating cells were removed by gently wiping
the upper surface of the filter. The filter was removed from the
inserts using a razor blade and mounted onto glass plates, and
the number of migrating cells was counted under a fluorescence
microscope. For the phagocytosis assay, human macrophages
(1 X 10° cells) were seeded on coverslips and incubated with 0.5
ml of RPMI 1640 medium containing IgG-opsonized latex
beads (3 um) at 4 °C for 10 min, allowing the beads to attach to
cells. Phagocytosis was initiated by adding 1.5 ml of preheated
RPMI 1640 medium, and the cells were incubated with the
beads at 37 °C for 30 min. Control plates were incubated at 4 °C
to estimate nonspecific binding of latex beads to the cells. After
incubation, the cells were vigorously washed with phosphate-
buffered saline, and the number of intracellular latex beads was
determined by counting beads within cells under a fluorescence
microscope. The percentage of phagocytosis was calculated as
the total number of cells with at least one bead as a percentage
of the total number of cells counted. At least 100 cells were
examined.

Cell Fractionation—To prepare the cytoplasmic and mem-
brane fractions, macrophages (1 X 10° cells) were washed with
ice-cold phosphate-buffered saline and suspended in 50 mm
Tris-HCl buffer, pH 7.5, containing 1 mm EDTA and proteinase
inhibitors as described above. The cell suspensions were soni-
cated four times on ice for 5 s each using a bath-type sonicator
followed by ultracentrifugation at 265,000 X g at 4 °C for 2 h.
The supernatant was used as the cytosolic fraction, and the
pellet was resuspended in 50 mm Tris-HCl, pH 7.5, containing 1
mM EDTA and used as the membrane fraction. Anti-Caspase-3
(Santa Cruz Biotechnology) and anti-sodium potassium
ATPase antibodies (AbCam, Inc., Cambridge, MA) were used
to determine the purity of the cytosolic and membrane frac-
tions, respectively.

Statistics—Statistically significant differences were deter-
mined using the Student’s  test. Differences were considered
significant if p < 0.05.

RESULTS

FBP17 Binds to the WASP-WIP Complex and Dynamin-2 in
Macrophages—To explore the detailed molecular mechanisms
of the formation of podosomes and phagocytic cups, we
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searched for a protein interacting with the WASP-WIP com-
plex. We identified FBP17 as a WIP-binding protein in a yeast
two-hybrid screen using the full-length WIP as bait. FBP17 was
originally identified as a protein binding to formin, a protein
that regulates the actin cytoskeleton (19). FBP17 is a member of
the Schizosaccharomyces pombe Cdcl5 homology (PCH) pro-
tein family (20) and contains an N-terminal extended FER-
CIP4 homology (EFC) domain (also known as the FER-CIP4
homology and Bin-amphiphysin-Rvs (F-BAR) domain), protein
kinase C-related kinase homology region 1 (HR1), and an SH3
domain (Fig. 1E). The EFC/F-BAR domain has membrane
binding and deformation activities, and FBP17 is involved in
endocytosis in transfected COS-7 cells (18, 21, 22).

To confirm that FBP17 directly interacts with WIP or WASP,
we performed GST pull-down assays using a fusion protein of
GST and the SH3 domain of FBP17 (GST-FBPSH3). Purified
GST and the GST-FSH3 fusion protein were subjected to SDS-
PAGE (Fig. 1F, lanes 1 and 2). The HEK293 transfected cells
express the Myc- and FLAG-tagged proteins (Fig. 1F, lanes
3-6). The results from the GST pull-down assays were shown
(Fig. 1F, lanes 7—14). Both WASP and WIP were pulled down by
GST-FSH3 (Fig. 1, lanes 10 and 14), indicating that the SH3
domain of FBP17 directly interacts with both proteins.

It has previously been shown that FBP17 binds to N-WASP
and dynamin in transfected cells (18, 21). We examined
whether FBP17 binds to WASP, WIP, and dynamin-2 in mac-
rophages. THP-1 (human monocyte cell line) cells closely
resemble monocyte-derived macrophages when differentiated
by stimulation with PMA (23) and form podosomes and phag-
ocytic cups that are morphologically and functionally indistin-
guishable from those in primary macrophages (supplemental
Fig. 1) (4, 16, 23). WASP was immunoprecipitated from the
lysates of PMA-differentiated THP-1 cells with an anti-WASP
monoclonal antibody (Fig. 1G, lanes 2, 5, and 8) followed by
immunoblotting using antibodies to FBP17 (21), WASP, and
WIP. Both WIP and FBP17 co-immunoprecipitated with
WASP (Fig. 1G, lanes 5 and 8). FBP17 also co-immunoprecipi-
tated with dynamin-2 (Fig. 1G, lanes 14). These results, taken
together with the results in Fig. 1F, suggest that FBP17 binds to
the WASP-WIP complex and dynamin-2 in macrophages.

We next used immunofluorescence to examine whether
FBP17 localizes at podosomes and phagocytic cups because the
WASP-WIP complex is an essential component of podosomes
(4, 15) and phagocytic cups (16). THP-1 cells transfected with
FLAG-tagged FBP17 (FLAG-FBP17) and differentiated by
stimulation with PMA were stained with an anti-FLAG mono-
clonal antibody to visualize FBP17 and with phalloidin to visu-
alize the F-actin in podosomes and phagocytic cups (Fig. 1, H
and J, left and middle panels). Merged images revealed that both
F-actin and FBP17 are present in podosomes and phagocytic
cups (Fig. 1, H and I, right panels), indicating that FBP17 local-
izes at podosomes and phagocytic cups.

Importance of FBP17 in the Formation of Podosomes and
Phagocytic Cups—To determine the importance of FBP17 in
the formation of podosomes and phagocytic cups, we knocked
down FBP17 in THP-1 cells with siRNAs. To confirm that the
expression of FBP17 was knocked down in cells, we transfected
THP-1 cells with siRNAs, prepared lysates from the total
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