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Fig. 3. Colocalization of CD44-0X49 on the apical surface membrane and proliferating cell nuclear antigen (PCNA)
in the recovery stage after acute tubular necrosis. Note that the CD44-OX49-positive (brown) cells on the apical
surface membrane are mainly PCNA-positive (red) cells, that is, newly regenerative tubular epithelial cells on day 10
after the first gentamicin injection. Original magnification x 100.

Colocalization of CD44-0X49 on the Apical Surface

Membrane and PCNA

We demonstrated previously that the regeneration of
tubular epithelial cells was most marked on day 10 after
the first gentamicin injection. That is, the number of cor-
tical tubular PCNA-positive cells reached a peak on day
10[9]. To establish whether CD44-0X49-positive cells on
the apical surface membrane were newly regenerative
tubular epithelial cells or not, we carried out double stain-
ing for CD44-0X49 and PCNA as a regenerative marker.
The result showed that the CD44-OX49-positive cells on
the apical surface membrane were mainly PCNA-positive
cells, that is, newly regenerative cells in the tubular epithe-
lia, especially on day 10 after the first gentamicin infec-
tion (fig. 3).

Distribution of CD44-OX49 on the Plasma Membrane

in Tubular Epithelium

In order to clarify the distribution of CD44 on epithe-
lial cell PM in distinct stages in the gentamicin-induced
ATN and recovery process, we performed quantitative
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analysis for localization of CD44-0X49 on tubular epi-
thelial cell PM. The results showed that staining for
CD44-0X49 was negative in full necrotic tubules on day
6 after the first gentamicin injection. On day 10, CD44-
OX49 was positive on the apical PM in 68 tubules, lateral
PM in 38 tubules and basal PM in 15 tubules, respective-
ly, in 100 PCNA-positive and CD44-0X49-positive tu-
bules. On day 15, CD44-0X49 was positive on the apical
PM in 36 tubules, lateral PM in 82 tubules and basal PM
in 34 tubules, respectively, in 100 CD44-0X49-positive
tubules. On day 30, CD44-0X49 was positive on the api-
cal PM in 12 tubules, lateral PM in 42 tubules and basal
PM in 64 tubules, respectively, in 100 CD44-0X49-posi-
tive tubules. That is, CD44-0X49 was mainly localized to
the apical PM in the early recovery stage, the lateral PM
in the middle recovery stage and the basal PM in the late
recovery stage after ATN (fig. 4).
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Fig. 4. Distribution of CD44-0X49 on the epithelial cell plasma
membrane (PM) at distinct stages after acute tubular necrosis. Obser-
vations were petformed on 100 non-overlapping random tubules 20
per rat kidney section from 5 rats at day 6, 10, 15 and 30 after the first
gentamicin administration. The number of CD44-0X49 positive
stained tubules with stained ceils greater than 50% of PM was record-
ed. If both the basolateral PM and the apical PM were stained in
greater than 50% cells these were recorded separately as basolateral
PM positive and apical PM positive. Note that the CD44-0X49 is
mainly Iocalized to the apical PM in the early recovery stage, the
lateral PM in the middle recovery stage and the basal PM in the ate
recovery stage after ATN.

Discussion

Previous in vitro studies have demonstrated that in
polarized epithelial cells, a tailless CD44 molecule is
localized on the apical PM, whereas wild-type CD44 is
restricted to the lateral-basal PM of epithelial cells [7].
However, in vivo studies demonstrated that CD44 is gen-
erally localized on the lateral-basal PM of renal tubular
polarized epithelial cells in the kidneys, but whether it is
localized on the apical PM of epithelial cells is unclear [8).
Our present in vivo study showed that CD44 was local-
ized on not only the lateral-basal PM of renal tubular
polarized epithelial cells, but also the apical PM. The
staining for CD44-0X49 was positive on the apical PM in
newly regenerative tubular epithelial cells in the early
recovery stages after ATN, whereas staining for
CD44CPT was negative, CD44CPT was only located on
the lateral-basal PM. These results suggest that there were
at least two types of CD44 during regeneration and repair
processes after ATN. One was CD44 without a cytoplas-
mictail localizing on the apical surface membrane in new-
ly regenerative epithelial cells. Another was CD44 with a
cytoplasmic tail localizing on the lateral-basal PM. Le-

Different Type and Localization of CD44 in
Renal Tubular Epithelium

wington et al. [8] reported that there were 4 transcripts of
CD44 mRNA (4.5, 3.3, 2.0 and 1.6 kb) in kidrey after
acute ischemic injury in rats by Northern blot analysis. In
this study, we did not perform Northern blot or Western
blot analysis of CD44 because our previous study demon-
strated that CD44 was located not only in renal tubular
epithelial cells, but also in monocytes/macrophages in
injury kidneys [9] and general Western blot could not dis-
tinguish CD44 located in renal tubules or CD44 located in
monocytes/macrophages.

Both CD44 localized on the apical PM and on the lat-
eral-basal PM were positive for immunohistochemical
staining with a purified mouse anti-rat CD44-0X49
monoclonal antibody, which indicated both CD44 local-
ized on the apical PM and CD44 localized on the lateral-
basal PM might have same epitope in their distal extracel-
lular domains. The epitope recognized by the CD44-
0X49 antibody has been mapped to a region on both the
standard CD44 and the splice variant isoforms of CD44
[11].

In vitro studies have demonstrated that as polarized
MDCK epithelial cell cultures reach confluency, CD44 is
excluded from the apical surface and becomes concen-
trated at areas of cell contact along the lateral cell surfaces.
Additionally, in MDCK epithelial cells, both the endoge-
nous and transfected wild-type CD44 were found on the
lateral-basal surface. Deletion of the CD44 cytoplasmic
tail reduces the half-life of this mutant protein and causes
it to be expressed on the apical surface [7]. Confocal
microscopy studies showed that CD44 indeed is ex-
pressed at the apical surface of subconfluent cultures of
proximal and distal human tubular kidney cells on day 5.
However, on day 9, CD44 had disappeared from the api-
cal surface and translocated to the lateral-basal membrane
[12]. These in vitro results suggest that the localization of
CD44 may be regulated, and that the CD44 localized on
the apical PM of epithelial cells may be CD44 without
cytoplasmic domain. They may be a product of immature
cells at an early stage of cell development and with a short
half life. However, it has not been elucidated whether
CD44 is expressed on the apical PM of epithelial cells in
vivo. Our in vivo study revealed that CD44-OX49 was
distinctly localized on the apical surface membrane in
PCNA-positive newly regenerative epithelial cells in the
early recovery stage after ATN, suggesting that it is possi-
bly related to the regeneration of renal tubular epithelial
cells. Our previous study demonstrated that a CD44
ligand, osteopontin, is related to regeneration of epithelial
cells after ATN [9], this role of osteopontin might be
achieved by CD44. Many studies showed that CD44
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could be related to cell proliferation, regeneration and
repair of injured tissues. In the facial nucleus after nerve
injury and during the ensuing regeneration, strong up-reg-
ulation of CD44 on the regenerating motoneurons in the
axotomized facial nucleus suggests that CD44 play a role
in neurite outgrowth [13]. In the remodeling phase of
healing of fractures, intense CD44 and OPN were de-
tected in osteocytes and osteocyte lacunae, suggesting that
CD44 bound to OPN plays a role in the repair of skeletal
tissues [14]. In a partial hepatectomy model for studying
cellular proliferation, CD44 influenced cellular differenti-
ation, growth, cell-cell interactions and cellular polarity,
and played an important role in the proliferation of resid-
ual hepatocytes and the liver regeneration [15].
Concerning localization of CD44 on lateral-basal PM,
in vitro studies showed that lateral-basal targeting signals
of membrane protein were localized in the cytoplasmic
domain near the plasma membrane in a number of cases
[1]. Mutational studies have identified His¥¥0-Lys®3¢ in
the cytoplasmic domain (Asn?%9-Val®*¢!) of human CD44
as a localization signal that directs membrane proteins to
the lateral-basal surface. This sorting signal appears to
depend critically on the integrity of the dipeptide Leu33!
and Val**, That is, mutation of Leu?! generated a mu-

tant protein that was expressed on the apical PM, and .

mutation of Val332 resulted in the majority of the protein
being located to the lateral surface of the cells, with a
residual proportion observed at the apical surface [2, 16].
However, whether or not the CD44 localized on lateral-
basal PM is CD44 with a cytoplasmic domain in vivo is
not clear. The present study, in which the CD44CPT was
only observed at the lateral-basal PM, but not at the apical
PM, confirmed for the first time that CD44 localized on
the lateral-basal PM of renal tubular epithelial cells was
CD44 with a cytoplasmic domain in vivo.

Although the specific mechanism was not clear, the
functional significance of CD44 on the lateral-basal PM
may be related to the establishment of tubular epithelial
cell polarity during the recovery process after ATN. This
was because adhesion and the cytoskeleton play an impor-
tant role in establishment of cell polarity, and because
CD44 is closely related to adhesion and the cytoskeleton.
In epithelial cells, extrinsic cues from cell-cell adhesion
result in the formation of cytoskeletal and signaling net-
works at cell contacts resulting in partial reorganization of
the cells. However, full establishment of epithelial cell
polarity requires both cell-cell and ¢ell-ECM (extracellular
matrix) adhesion. Specialized cytoskeletal and signaling
networks assemble around adhesion receptors and posi-
tion other cytoskeletal complexes and protein-sorting
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compartments relative to the spatial cue. In addition,
binding of the cytoskeleton to adhesion receptors
strengthens cell adhesion and maintaing signaling from
the cues [17]. The CD44 proteins are cell surface adhesion
molecules involved in cell-cell and cell-matrix interac-
tions. The principal ligand of CD44 is hyaluronic acid, an
integral component of the ECM. Other CD44 ligands
include osteopontin, serglycin, collagens, fibronectin, and
laminin [4]. Kalomiris and Bourguignon [18] demon-
strated that CD44 is a transmembrane protein with a
cytoplasmic domain that binds directly to ankyrin, a mol-
ecule known to link the membrane to the cytoskeleton.
Ankyrin plays a specific role in membrane skeleton orga-
nization, ionic transpoert, and maintenance of cell polari-
ty, as well as cell-cell adhesion regulation, The interaction
between the membrane skeleton and cytoplasmic do-
mains of transmembrane proteins plays a fundamental
role in membrane integrity and stability, as well as in
many other cellular processes [19]. In addition, the CD44
¢ytoplasmic domain also can directly bind to ERM family
members {ezrin, radixin, and moesin), which are crucial
components that provide a regulated linkage between
membrane proteins and the cortical cytoskeleton, as well
as participating in signal-transduction pathways [6, 20,
21]. Our in vivo results showed that CD44 was expressed
distinctly on the lateral PM and in close contact with lat-
eral PM between cells (cell-cell adhesion) in the middle
stage of epithelial cell repair after ATN, In the late stage of
epithelial cell repair, CD44 was mainly located to the bas-
al PM. By that time, epithelial cell polarity had been basi-
cally established, evidenced by initial microvilli appear-
ance in the apical surface membrane. After full establish-
ment of epithelial cell polarity, CD44 disappeared from
the basal surface membrane. These results suggest CD44
is related to the establishment of epithelial cell polarity.
In summary, we used a gentamicin-induced ATN and
spontaneous recovery model in rats and two distinct anti-
bodies and surveyed the localization of CD44-0X49 and
CD44CPT on the PM in renal tubular epithelial cells in
the recovery process after ATN with immunchistochem-
istry and immunoelectron-microscopic examination. The
present study provided the following new in vivo evi-
dence. First, CD44-0X49 was localized not only on the
lateral-basal PM of renal tubular epithelial cells, but also
on the apical PM in PCNA-positive newly regenerative
tubular epithelial cells in the early recovery stages after
ATN, whereas CD44CPT was localized only on the Iater-
al-basal PM in vivo. Second, localization of CD44 was
changed from the apical to lateral to basal PM in renal
tubular epithelial cells during the recovery process after
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ATN, and finally disappeared from the basal surface
membrane when normal polarized epithelial cells formed
in vivo, These results suggest that there were two types of
CD44, with and without a ¢ytoplasmic tail, with different
localization during the recovery process after ATN. The
CD44 localized on the apical surface membrane might
have been CD44 without a cytoplasmic tail which could
be related to the regeneration of epithelial cells, whereas
the CD44 localized on the lateral and basal PM might
have been CD44 with a cytoplasmic tail which could par-
ticipate in establishment of tubular epithelial cell polarity
by adhesion and binding of cytoskeletal associated pro-
teins.
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The transcription factor NFiB plays a role in cell sur-
vival. Apoptosis, programmed cell death, via numerous
triggers including death receptor ligand binding is an-
tagonized by NFxB activation and potentiated by its
inhibition. In the present study, we found that caffeic
acid phenethyl ester (CAPE), known to inhibit NF«B,
induced apoptosis via Fas signal activation in human
breast cancer MCF.7 cells. CAPE activated Fas by a Fas
ligand (Fas-L)-independent mechanism, induced p53-
regulated Bax protein, and activated caspases. CAPE
also activated MAPK family proteins p38 and JNE.
SB203580, a specific inhibitor of p38 MAPK, partially
suppressed CAPE-induced p53 activation, Bax expres-
sion, and apoptosis, consistent with a mechanism by
which CAPE leads to Bax activation, known to be regu-
lated by p38 and p53. The expression of dominant nega-
tive c-Jun, which inhibits the JNK signal, also sup-
presses CAPE-induced apoptosis, suggesting MAPKs are
involved in CAPE-induced apoptosis. The expression of
Fas antisense oligomers significantly suppressed the
CAPE-induced activations of JNK and p38 and apoptosis
as compared with Fas sense oligomers. To ascertain
whether these phenomena are attributable to the inhi-
bition of NF«xB by CAPE, we examined the effect of a
truncated form of IxBa (IkBAN) lacking the phosphoryl-
ation sites essential foxr NFxB activation. IkBAN expres-
sion not only inhibited NFxB activity but also induced
Fas activation, Bax expression, and apoptosis. Our find-
ings demonstrate that NF«B inhibition is sufficient to
induce apoptosis and that Fas activation plays a role in
NF«B inhibition-induced apoptosis in MCF-7 cells.

Programmied cell death ean occur in all cells by highly effi-
cient mechanisms, leading to the quiet disposal of milliens of
cells in the adult human. This efficient removal of unnecessary
cells is regulated not only by cell death signals but also by those
of cell survival. Any imbalance between these signals can be
lethal in the development of higher organisms and likely plays
a major role in pathephysiological processes as diverse as ath-
erosclerosis, heart failure, and inflammation.

Originally defined as a nuclear factor that binds to the B site
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of the immunoglobulin x light chain gene enhancer in B lym-
phocytes (1), transcription factor NF«B is crucial for the indue-
ible expression of many genes involved in immunity and in-
flammation (2). NFkB is a member of the rel multigene family
and comprises five major proteins: p50, p65 (RelA), c-rel, pb2,
and RelB (3). The most abundant form of NF«B is the het-
erodimer of p50 and p65 that is retained in the cytosol by
specific inhibitory proteins termed I«B (2). IxB kinases are cen-
tral to NF«B activation (4-6). The I«B kinases trigger the phos-
phorylation of I«B on amino-terminal serine residues 32 and
36, upon which the conjugation of ubiquitin occurs, and then
targets the phosphorylated IxB for degradation by protea-
somes (6). The released nucleophilic heterodimer then moves
to the nucleus, where both p50 and p65 contribute to NFxB
DNA binding (3). The p65 subunit is responsible for transerip-
tional activity, resulting in the expression of NF«B-responsive
target genes. Caffeic acid phenethyl ester (CAPE),! a structural
derivative of flavonoids, is a biclogically active ingredient of
honeybee propolis and a potent and specific inhibitor of NF«B
activation (7).

In this study we found that CAPE, which is known to inhibit
NFxB, activates the Fas death receptor in human breast cancer -
MCF-7 cells. We demonstrate herein that CAPE not only in-
hibits NFxB activity but also activates Fas in a Fas-L-inde-
pendent manner. Moreover, CAPE induces Bax expression,
caspase activation, DNA fragmentation, and apoptosis. We
used a truncated form of IxBa (IkBAN) lacking the phospho-
rylation sites essential for NF«B activation as an alternative
method of inhibiting this activation. IxBAN expression caused
phenomena qualitatively identical to those observed with
CAPE treatment. Taken together, these findings suggest that
NF«B inhibition is sufficient to activate Fas death receptors
and to induce apoptosis in human breast cancer cells.

MATERIALS AND METHCDS

Materials—Anti-actin antibody, N-benzyloxycarbonyl-Val-Ala-Asp-
(OMe) fluoromethyl ketone (Z-VAD-FMK), Z-Leu-Glu(OMe)-Thr-
Asp(OMe)-fluoromethyl ketone (Z-IETD-FMK), Z-Leu-Glu(OME)-His-
Asp(OMe) fluoromethyl ketone (Z-LEHD-FMK), and recombinant
Fas-1. (soluble) were purchased from Sigma. Anti-active JNK antibody
and anti-active p38 antibody were from Promega. Polyclonal anti-Fas,
Fas-L, Bax, and Fas-associated death domain (FADD) antibody were
from Santa Cruz Biotechnology. 3,3'-Dithicbis(sulfosuccinimidyl-
propionate) was from Pierce. Fas ligand inhibitor was from Kamiya
Biomedical Company.

Cell Culture—MCF-T cells were grown in Dulbeceo’s modified Ea-

1The abbreviations used are: CAPE, caffeie acid phenethyl ester;
JNK, c-Jun NH,-terminal kinase; MAPK, mitogen-activated protein
kinase; Fas-L, Fas ligand; FMK, fluoromethyl ketone; FADD, Fas-
associated death domain; m.oi., multiplicity of infection; GFP, green
flucrescent protein.
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Fic. 1. CAPE-induced apoptosis, A, MCF-T cells were treated with
CAPE at the indicated concentrations for 48 h. Cell viability was de-
termined by trypan blue exclusion assay. B, MCF-7 cells were treated
with 10 uM CAPE for the indicated times. DNA fragmentation assay
was performed as described under “Materials and Methods.” C, MCF-7
cells were treated without (a, ¢) or with (b, d) 10 uM CAPE for 48 h.
Morphological changes in cells were examined by phase-contrast mi-
croscopy (e, b and by ataining with Hoechst 83258 (¢, d). D, MCF-7,
H9C2, HepG2,and WI-38 cells were treated with CAPE at the indicated
concentrations for 24 h. DNA fragmentation assay was performed as
described for panel B. Results are presented as the means + SE. of
three independent experiments. *, p < 0.05 compared with 10 pM
CAPE,

gle’s medium supplemented with 10% fetal calf serum at 37 °C under
5% CO, in air.
DNA Fragmentation—DNA fragmentation was measured using a
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F16. 2. Effects of CAPE on the expression of apoptosis-related
proteins. A, MCF-7 cells were treated with 10 pM CAPE for the
indicated times. After cell lysate preparation, immuncblotting analyses
were performed using specific antibodies. B, MCF-7 cells were treated
with 10 uM CAPE for 24 h. Intracellular localization of Bax protein was
examined by immunofluorescence microscopy.

cell death detection ELISAFYS kit {(Roche Molecular Biochernicals)
according to the manufacturer’s instructions. )

Nuclear Morphology—Morphological study. was performed as de-
scribed previcusly (8). After CAPE treatment, the cells were collected,
washed with phosphate-buffered saline;.fixed with 3.7% formaldehyde
for 20 min, and incubated in 2 pg/ml Hoechst33258 (Sigme) for 5 min.
Nuclear morphology was examined using fluorescence microscopy.

Immunoblot Analysis—Immunoblotting was performed as described
previcusly (9). Cells were lysed in buffer containing SDS and mercap-
tocthanol, and the cell lysate was then boiled. Denatured proteing were
separated on a polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane (Amersham Biosciences). The membrane was in-
cubated with a blocking solution (2% skim milk (Invitrogen) dissolved
in phosphate-buffered saline containing 0.2% Tween 20 (TPES) for L h
at room tempergature, washed with TPBS, and incubated for 1 h with a
primary antibody dissolved fn the blocking solution overnight at 4 °C.
After washing, the membrane was incubated for 1 h with the respective
horseradish-linked secondary antibody. Immunoreactive proteins were
detected with an enhanced chemiluminescence system (Amersham Bio-
sciences) and analyzed with image analysia software NIH-Image 1.62
for the Macintosh.

Immunofluorescence Microscopy—Immunocytochemical study was per-
formed as described previously (10, 11). Cells were washed with phos-
phate-buffered saline and fixed with 3.7% formaldehyde for 20 min. Cells
were permeabilized with phosphate-buffered saline containing 0.2% Tri-
ton X-100 for 5 min and then washed three times with phosphate-buffered
saline. Incubation with primary antibedy was carried out for 1 h at room
temperature. Excess antibody was washed three times with phosphate-
buffered saline. This was followed by incubation with an appropriate
fluorophore-labeled secondary antibedy for 1 h at room temperature in an
area protected against light. After washing out the excess antibody three
times with phosphate-buffered saline, we performed a mounting opera-
tion with phosphate-buffered saline containing 1 pg/ml Hoechst33258
{Sigma). Images were collected by fluorescence microscopy.

Reporter Assay—Reporter assays were performed as described pre-
viously {12}. Twenty-four hours after co-transfection with p3xxB-Lucor
p53-Luc (Stratagene) and pRL-TK (Promega) using SuperFect™ (Qia-
gen), the cells were treated with CAPE. Transcriptional activity in
CAPE-treated cells was measured as the enzyme activity of luciferase,
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Fic. 3. p38 involvement in CAPE-induced apoptosis. MCF-7 cells were treated with 10 uu CAPE for the indicated times. A, transeriptional
activity of p53 was measured as described under “Materials and Methods.” Results are presented as the means + S.E. of three independent
experiments. *, p < 0.05 compared with control. B, after cell lysate preparation, inmunocblotting analyses were performed using anti-p38 and
phospho-p38 antibodies, After MCF-7 cells had been pretreated with SB203580 for 30 min at the indicated concentration, they were treated with
10 uM CAPE for 24 h. C, transeriptional activity of p53 was measured as in panel A. Results are presented as the means % 8.E. of three independent
experiments. *, p < 0.05 compared with control. **, p < 0.05 compared with CAPE alone. DD, after cell lysate preparation, immuncblotting analysis
was performed using anti-Bax and actin antibodies. The quantitative analysis was performed and the expressed amounts of Bax were normalized
with actin. E, DNA fragmentation assay was performed as described under “Materials and Methods.” Results are presented as the means * 8.E.
of three independent experiments. *, » < 0.05 compared with control. **, p < 0.1 compared with CAFE alone. F, after MCF-7 ¢ells had been
pretreated with SB203580 for 30 min at the indicated concentration, they were treated with 5 ng/ml recombinant Fas-L for 24 h. DNA

fragmentation assay was performed as in panel E. Results are presented as the means + S.E. of three independent experiments. *, p < 0.05

compared with control. **, p < 0.05 compared with Fas-L alone.

which is a product of the reperter gene, using a dual-lnciferase reporter
assay system (Promega).

Fas Cross-linking and Immunoprecipitation—[mmunoprecipitation
was performed as deseribed previously (13, 14). After treatment with
CAPE, the cells were pelleted, washed twice in phosphate-buffered
galine, resuspended in phosphate-buffered saline, and treated with 2
mM cross-linker 3,3'-dithiobis(sulfosuccinimidylpropicnate) for 15 min
on ice. The reaction was quenched with 10 mM ammonium acetate for 10
min, The cells were pelleted, washed twice in phosphate-buffered sa-
line, and Iysed in lysis buffer (20 mM Tris-Cl (pH 7.4), 140 mu NaCl,
10% glycerol, 1% Triton X-100, and 2 mM EDTA) containing a protease
inhibitor mixture (Roche Molecular Biochemicals). The cell lysates were
then used for immunoprecipitation in the presence of an anti-Fas an-
tibody at 0.5 pg/ml (antibedy limiting) or 10 pg/ml (antibody excess).
Immune complexes were precipitated using protein A/G PLUS-agarose
{Santa Cruz Biotechnology) and washed four times in Iysis buffer. The
precipitate was resuspended in buffer containing SDS and mercapto-
ethanol, boiled, and then immunoblot analysis was performed.

Detection of Fas-FADD Complex—Using an immunoprecipitation
method, the Fas-FADD complex was detected as deseribed previously
(13, 14). After treatment with CAPE, the cells were pelleted, washed
twice in phosphate-buffered saline, resuspended in phosphate-buffered
saline, and treated with 2 mM cross-linker 3,3"-dithiobis(sulfosuccinimi-
dylpropionate) for 15 min on ice. The reaction was quenched with 10 mm
ammonivm acetate for 10 min. The cells were pelleted, washed twice in
phosphate-buffered saline, and lysed in Iyais buffer (20 mm Tris-Cl (pH
7.4), 140 mM NaCl, 10% glycerol, 1% Triton X-100, and 2 mm EDTA)
containing a protease inhibitor mixture, The cell lysates were then used
for immunoprecipitations in the presence of an anti-Fas antibody. Im-
mune complexes were precipitated using protein A/G PLUS-agarose
and washed four times in lysis buffer. The precipitate was resuspended
in buffer containing SDS and mercaptoethanol, boiled, and then immu-
noblotted. Half the immunoprecipitate was used for immunoblot anal-

ysis to detect the presence of FADD, and the other half was used to
detect the presence of Fas.

Blockage of Fas Signaling with Fas Antisense Oligonucleotides—For
antisense experiments, MCF-7 cells were transiently transfected with
sense or antisense Fas oligonucleotides using SuperFect™ (Qiagen) in
accordance with the manufacturer’s manual, After 24 h of transfection,
the cells were treated with CAPE. Oligomer sequences for Fas sense
(ATG CTG GGC ATC TGG ACC CTC) and antisense (GAG GGT CCA
GAT GCC CAG CAT) oligonuclectides were directed against the ATG
translation. start site in Fas mRNA and were modified with phospho-
rothicate (Invitrogen).

Recombinant Adenovirus Vector and Transfection Efficiency—We
constructed a recombinant adenovirus vector expressing the non-de-
graded form of the NF«B inhibitor IxBe as described previously (15).
This nondegraded I«Ba (ExBAN) lacks the NH,-terminal 54 amino acids
of wild type human IxBa. I«<BAN is reportedly not phosphorylated or
proteolyzed in response to signal induction but does fully inhibit NF«B
(16}, To evaluate the efficiency of adenovirus-mediated gene transfer,
cells were incubated with AdextacZ at 37 °C using different muitiplic-
ities of infection (m.e.i., 1, 10, 60, and 100). S-galactosidase expression
was evaluated by X-gal staining, After 48 h of incubation, AdexlacZ-
infected cells were fized with 1% glutaraldehyde in 0.1 M sodium phos-
phate (pH 7.0) and 1 mm MgCl, for 15 min. Cells were washed with
phosphate-buffered saline and assayed for lacZ expression by the X-gal
staining method (15). Transfection efficiency was increased in an m.o.i.-
dependent manner and reached ~70% at an m.o.i. of 100 (data not
shown). We therefore employed an m.o.i of 100 in all of the experiments.

RESULTS

CAPE-induced Apoptosis—We first examined the effect of
CAPE on cell viahility in human breast cancer MCF-7 cells.
CAPE treatment for 48 h decreased cell viability in a dose-de-
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FIG. 4. JNK involvement in CAPE-induced apoptosis. A, MCPF-7 cells were treated with 10 uM CAPE for the indicated times. After cell lysate
preparation, immunoblotting analyses were performed using anti-JNK and phospho-JNK autibodies. B, MCF-7 cells had been transfected with a
control vector, pCMV, or a dominant negative vector, pPCMV-Ac~Jun, 24 h before treatment with 10 pa1 CAPE for 24 h. DNA fragmentation assay
was performed as described under “Materials and Methods.” Results are presented as the means + S.E. of three independent experiments.
* p < 0.05 compared with control. **, p < 0.05 compared with CAPE treatmeat of control vector. C, MCF-7 cells had been co-transfected with pGFP
and pCMV or pCMV-Ac-Jun 24 h before treatment with 10 pM CAPE for 24 h, Morphological changes in cells were examined by staining with
Hoechst 33258. We considered GFP-positive cells to be pCMV- or pCMV-Ac-Jun-transfected cells. Arrows show véctor-untransfected cells in a
dominant negative c-Jun group (GFP-negative ¢ells). D, MCF-7 cells had been transfected with a pCMV or a pCMV-A¢~Jun 24 h before treatment
with 5 ng/ml recombinant Fas-L for 24 h. DNA fragmentation assay was performed as described under “Materials and Methods.” Results are
presented as the means % S.E. of three independent experiments. *, p < 0.05 compared with control. **, p < 0.05 compared with Fas-L treatment

of control vector.

pendent manner (Fig. 14). To investigate whether or not this
decrease in cell viability was caused by apoptosis, we analyzed
DNA fragmentation. An inerease in histone-associated DNA
fragmentation caused by 10 pm CAPE was detected at 12h and
thereafter (Fig. 1B). CAPE treatment induced nuclear frag-
mentation (Fig. 1C). These results show that NFxB inhibition
by CAPE does induce apoptosis in MCF-7 cells. Moreover, we
examined the effects of CAPE on DNA fragmentation in vari-
ous cell types other than MCF-7. As shown in Fig. 1D, CAPE
induced apoptosis in adherent cancer cell lines derived from
different species such as human hepatocellular carcinoma
HepG2 cells and rat myoblastic H9¢2 cells but failed to do so in.
normal human fibroblast WI-38 cells.

CAPE-induced Bax Expression—To investigate the mecha-
nisms underlying CAPE-induced apoptosis, we examined the
effect of CAPE on the expressions of apoptosis-related proteins.
CAPE treatment markedly decreased the expression of X-chro-
mosome-linked inhibitor of apoptosis, one of the NF«B target
genes, after 24 h (Fig. 2A), whereas Bax was induced after 12h
of CAPE treatment (Fig. 24). Immunohistochemical analysis
revealed CAPE treatment increased the amount of Bax protein
in cells, the size of which was reduced by CAPE treatment (Fig.
2B, arrow).

p38-regulated Bax Induction—Bax is one of the p53 target
genes. Because CAPE increased the amount of Bax, we exam-

ined the effect of CAPE on p53 transcriptional activity. As
shown in Fig. 34, CAPE activated p53 transcription 12 h after
CAPE treatment. Because p53 phosphorylation is required for
its activation and p53 is directly phosphorylated by certain
protein kinases, including p38 which belongs to the MAP ki-
nase superfamily (17, 18), we examined the effect of CAPE on
p38 activity by detecting its phosphorylation. CAPE treatment
induced p38 activation as early as 6 h; interestingly, this acti-
vation preceded the pS53 activation (Fig. 3B). Moreover,
SB203580, a specific p38 inhibitor, partially suppressed CAPE-
induced p53 transcriptional activity in a dose-dependent man-
ner (Fig. 3C). To investigate whether or not p38 inhibition
suppressed the expression of Bax, we examined the effact of
SB203580 on Bax expression. SB203580 inhibited CAPE-in-
duced Bax expression (IFig. 30) and CAPE-induced apoptosis
(Fig. 8E) in a dose-dependent manner. Inhibition of Fas-L-
induced apoptosis by SB203580 was also observed in MCF-7
cells (Fig. 3F).

JNK Activation by CAPE—JNK, a member of the MAP ki-
nase superfamily, is involved in apoptosis. Because Bax is
essential for JNEK-dependent apoptosis and JNK is necessary
for Bax activation (19, 20), we investigated the effect of CAPE
on JNK activity. CAPE treatment induced JNK activation in a
time-dependent manner (Fig. 44). Because the mutant (Ac-
Jun) lacks the transactivation domain of ¢~Jun, acts as a dom-
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Fic. 5. CAPE-induced Fas aggregation. A, MCF-7 cells were treated with 10 M CAPE for 24 h. Intracellular localization of Fas protein was
examined by immunofluorescence microscopy. B, MCF-7 cells were treated with 10 pm CAPE for the indicated times. After cell lysate preparation,
immuncblotting analyses were performed using anti-Fas {top panel) and FADD (bottor panel) antibodies. C, MCF-T cells were incubated at 4 °C
for 30 min, treated with 10 um CAPE for 1 h at 4 °C, and further incubated for 24 h at 37 °C. DNA fragmentation assay was performed as described
under “Materials and Methods.* D, MCF-7 cella were incubated at 4 °C for 30 min, treated with 10 um CAPE, and further incubated for 24 h at
4 °C in a high pressure-resistant iron pot that allowed the cells to be maintained under the same air conditions. DNA fragmentation assay was
performed as in panel C. Results are presented as the means * S.E. of three independent experiments. *, p < 0.05 compared with control.

** p < 0.05 compared with 37 °C.

inant negative mutant, and inhibits the JNK-mediated path-
way (12), we examined the effect of AcJun transfection on
CAPE-induced apoptosis. Ac-Jun expression partially but sig-
nificantly suppressed CAPE-induced DNA fragmentation (Fig.
4B). Moreover, we also performed morphological observations.
Nuclear fragmentation was detected in control vector-trans-
fected cells (Fig. 4C, GFP-positive cells in the control group).
On the other hand, nuclear fragmentation was also detected in
Ac-Jun-nonexpressing cells (Fig. 4C, GFP-negative cells in the
dominant negative group, errow). However, no nuclear frag-
mentation was detected in Ac-Jun-expressed cells (GFP-posi-
tive cells in the dominant negative group) despite CAPE expo-
sure (Fig. 4€). The same observation was made in MCF-7 cells
undergoing recombinant Fas-L-induced apoptosis (Fig. 4D).
Induction of Fas Aggregation by CAPE—We examined the
effects of CAPE con Fas, which is a member of the death recep-
tor family and functions upstream from Bax, because death
receptor family members cluster, thereby inducing a death
signal (21, 22). Using anti-Fas antibody, CAPE caused Fas
aggregation in MCF-7 cells (Fig. GA). Because Fas aggregates,
which have a high molecular mass and are SDS- and f-mer-
capto-ethanol-resistant, are immediately formed following re-
ceptor cross-linking (23), we estimated the apparent molecular
mass of Fas aggregates by immmunoblotting analysis (Fig. 5B,
top panel). High molecular mass aggregates formed at 24 h and
thereafter when NF«B activity was almost completely inhib-
ited. It was previously reported that maintaining cells at a low

temperature blocks Fas receptor clustering by >90% (24, 25),
Although the mechanism underlying the low temperature ef-
fect is not clear, changes in membrane fluidity have been sug-
gested. It should be noted that keeping cells at a low temper-
ature does not interfere with transcription in general (25). To
clarify the role of Fas aggregation in CAPE-induced apoptosis,
we preincubated cells at 4 °C and then measured DNA frag-
mentation. As shown in Fig. 5C, short exposure to a low tem-
perature (4 °C) for 1 h with CAPE treatment after preincuba-
tion for 30 min at 4 °C slightly suppressed CAPE-induced DNA
fragmentation, whereas prolonged exposure at 4 °C for 24 h
significantly suppressed CAPE-induced DNA fragmentation
(Fig. 5D). Because lowering the temperature may affect numer-
ous other processes besides clustering, we confirmed Fas ag-
gregation utilizing other techniques, such as an immunepre-
cipitation protocol. The basic principle is that a less than
stoichiometric amount of antibody will be able to immunopre-
cipitate more Fas molecules if aggregation occurs after CAPE
treatment. In contrast, a sufficient amount of antibody will
immunoprecipitate the same amount of Fas molecules regard-
less of aggregation. At limited antibody concentrations, the
amount of immunoprecipitated Fas was increased by CAPE
treatment (Fig. 64). As expected, equal amounts of Fas were
immunoprecipitated under conditions of antibody excess (Fig.
64). To determine whether this Fas aggregation functions as a
Fas death system in NF«B inhibition-induced apoptosis, our
attention was drawn to an adapter molecule, FADD, which
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couples the Fas death receptor to procaspase-8. As shown in
Fig. 5B (bottom panel), there was no change in FADD amount
with CAPE treatment. To investigate whether CAPE-mediated
Fas aggrepation resulted in FADD recruitment, co-immunopre-
cipitation experiments were performed (Fig. 6B). Immunopre-
cipitation of Fas followed by immunobletting using FADD-
specific antibody revealed an increase in the association of
FADD with Fas. On the other hand, Fas-L expression in MCF-7
cells remained low, and no change was detectable with CAPE
treatment (Fig. 6C). To investigate whether or not the multim-
erization of Fas and Fas-FADD complex formation required
Fas-L, we examined the effect of a Fas-L inhibitor on CAPE-
induced apoptosis. As shown in Fig. 6D, the Fas-L inhibitor
effectively inhibited recombinant Fas-L-induced apoptosis.
However, the Fas-L inhibitor did not change CAPE-induced
apoptosis despite treatment with a concentration higher than
that that inhibited Fas-L-induced apoptosis (Fig. 6D). We also
investigated whether or not Fas really was required for CAPE-
induced apoptosis. An alternate approach to knocking out Fas
signaling involves transient transfections with Fas antisense
oligomers. As shown in Fig. 7A, the expression of Fas antisense
oligomers significantly decreased Fas compared with Fas
sense oligomers. Under these conditions, we investigated the
effects of expressing Fas antisense oligomers on CAPE-induced
apoptosis. As a result, the expression of Fas antisense oli-
gomers significantly suppressed CAPE-induced apoptosis com-
pared with Fas sense oligomers (Fig. 7B). Furthermore, the
activation of JNK or p38 induced by CAPE was also inhibited
by the expression of Fas antisense oligomers compared with
Fas sense oligomers (Fig. 7, C and D). Consequently, CAPE
produces clustering of death receptors, suggesting Fas activa-
tion via a Fas-L-independent mechanism. This in turn causes
apoptosis via Bax, which is regulated by MAPKs (p38/NK)
and p53.

IxBAN-induced Fas Activation and Apoptosis—To clarify

- whether or not the aforementioned results are attributable to

the inhibition of NF«B by CAPE, we constructed a truncated
form of IxBa (IkBAN) lacking phosphorylation sites essential
for NFxB activation. As expected, CAPE inhibited the tran-
scriptional activity of NF«B in a dose- and time-dependent
manner in MCF-7 cells (Fig. 8, A and B). We confirmed that
I«BAN expression inhibited the transcriptional activity of
NF«B in a time-dependent manner, and no NF«B activity was
detected at 48 h after AdexIxkBAN infection (Fig. 8C). IkBAN
expression in MCF-7 ¢ells significantly increased DNA frag-
mentation as compared with the lacZ gene (Fig. 9A). Under
these conditions, Fas aggregation was detected in cells with
. ghrunken nuclei (Fig. 9B, arrow) and high molecular mass
proteins reacted with anti-Fas antibody (Fig. 9C). These
changes did not oceur in LacZ-expressing cells. To determine
whether IxBAN-induced apoptosis requires Fas aggregation,
we preincubated cells at 4 °C and then measured DNA frag-
mentation. Blockade of death receptor clustering at 4 °C sig-
nificantly inbibited IkBAN-induced DNA fragmentation (Fig.
9D). Mareover, the expression of IkBAN inhibited X-chromo-
some-linked inhibitor of apoptosis and induced Bax protein
(Fig. 10A). Immunchistochemical analysis revealed the amount
of Bax protein to be increased by IkBAN expression (Fig, 10B).
Thus, IxkBAN expression induced apoptosis by the same mech-
anism as CAPE.

Requirement of Caspase-8 and -9 for NF«B Inhibition-in-
duced Apoptosis—To further investigate the possible require-
ments of both Fas aggregation and Bax action in the initiation
of NF«B inhibition-induced apoptosis, we examined the effects
of caspase-8 and -9 inhibitors. Z-VAD-FMK is an irreversible
caspase inhibitor with a broad specificity against various
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terials and Methods.” Results are presented as the means *+ SE, of
three independent experiments. *, p < 0.05 compared with control.
** p < 0.05 compared with AdexI<BAN.

caspases, Z-IETD-FMK is an irreversible specific inhibitor of
caspase-8, and Z-LEHD-FMK is an irreversible specific inhib-
itor of ecaspase-9. When the cells were pretreated with each
caspase inhibitor, DNA fragmentation caused by either CAPE
treatment or IKBAN expression was suppressed in the presence
of each caspase inhibitor (Fig. 11). Because treatment with
Z-IETD-FMK or Z-LEHD-FMK alone suppressed NF«B inhibi-
tion-induced apoptosis, caspase-8 and -9 are considered to be
involved in an apoptotic pathway transmitted via NF«B inhi-
bition. Taken together, these results suggest NF«B inhibition
in MCF-7 cells induces Fas activation, activates Bax by a
JNK/p38-dependent mechanism, activates caspases, and in-
duces apoptosis.

DISCUSSION

In this study, we clarified for the first time that CAPE,
known to inhibit NF«xB, leads to the clustering of Fas death
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with AdexI«BAN. B, three days after infection, the intracellular localization of Fas protein was examined by immunofluorescence microscopy as
deseribed under “Materials and Methods.” C, three days after infection, cell lysates were prepared and immunoblotting analysis was performed using
anti-Fas antibody. D, MCF-7 cells were incubated at 4 °C for 30 min, infected with AdexlacZ (m.o.f. = 100} and AdexIxBAN (m.o.i. = 100), and incubatad
for 3 days at 4 °C in a high pressure-resistant iron pot as described for Fig. 5. DNA fragmentation assay was performed as in panel A. Results are
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receptors by a Fas-L-independent mechanism and induces apo-
ptosis. UV is known to cause Fas death receptor clustering by
a Fas-L-independent mechanism (24). We have demonstrated
herein a new Fas-L-independent mechanism by which inhibi-
tion of NF«B, which controls cell survival, is sufficient to in-
duce Fas aggregation, using I«<BAN.

As a ubiquitous multifunctional signaling system, members
of the NF«B family play prominent roles in the cell death/
survival balance (26). CAPE, a flavonoid derivative, is a biolog-
ically active ingredient of honeyhee propolis and strongly in-
hibits NFxB activation. We have demonstrated that apoptosis
is induced by CAPE in various cancer cell lines. However, it is
noteworthy that CAPE failed to induce apoptosis in WI-38
cells, not a cancer cell line. We investigated NF«B activities in
various cell lines, including those described in this report, and
found apoptosis induction by NF«B inhibition to parallel basal
NF«B activities {(data not shown). Namely, cancer cells with
high bagal NF«B activity are more sensitive to NF«B inhibition
by CAPE than normal cells. This raises the possibility that
cancer cell-specific drugs could be developed if NF«B-specific
inhibitors were available for humans.

In Fas-mediated cell death, it is well known that Fas binds to
its ligand, Fas-L (28, 29). On the other hand, CAPE induced
Fas aggregation and activated Fas independently of Fas-L in
MCPF-7 cells. It is also known that death receptor aggregation

results in the activation of two independent signaling path-
ways. One well characterized pathway involves the death adap-
tor molecule FADD. The other pathway is mediated through
Daxx, which enhances Fas-induced apoptosis by activating the
JNK/p28 kinase cascade via apoptosis signal-regulating kinase
1 (30-32), culminating in activation of the Bax subfamily of
Bel2-related proteins (20} or in the phosphorylation and acti-
vation of transcription factors such as p53 (17, 18), To clarify
the role of these two pathways in CAPE-induced apoptosis, we
examined each step. First, treatment with Fas antisense oligo-
nucleotides significantly inhibited CAPE-induced cell death.
Second, immunoblotting using FADD-specific antibody clari-
fied the association of FADD with Fas, and caspase-8 inhibifor
also inhibited CAPE-induced apoptosis. These results sug-
gest that CAPE promotes Fas aggregation and the associa-
tion of Fas with FADD and subsequently activates caspase-8.
Next, we examined the role of a second pathway using Fas
antisense oligonucleotides, a p38-specific inhibiter
(SB203580), and dominant negative c-Jun. Treatment with
Fas antisense oligonucleotides suppressed CAPE-induced
cell death and JNK/p38 activation. SB203580 and dominant
negative ¢-Jun partially but significantly suppressed CAPE-
induced p53 activation, Bax expression, and apoptosis. Al-
though we could not exclude the invelvement of some path-
way other than the Fas system, our results show both FADD/
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=g - B I )

DNA fragmentation (% of control}
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caspase-8 and JNK/p38 play important roles in CAPE-
induced cell death in MCF-7 cells.

In general, an apoptotic signal can be transmitted through
either the death receptors (28, 29) or mitochondria (33, 34).
Mitochondria-mediated cell death is distinguished from Fas-
mediated apoptosis. Mitochondria sense the apoptotic signal
and activate caspase-9 via the release of cytochreme ¢ and
Apaf-1, ultimately triggering apoptosis. In this study, CAPE
induced Fas aggregation and a caspase-8 inhibitor suppressed
CAPE-induced apoptosis. However, a caspase-9 inhibitor alone
suppressed CAPE-induced apoptosis. These results suggest
that both signals are necessary for CAPE-induced apoptosis. As
for MCF-7 cells, we speculate that the death signal of caspase-8
activated by the association of Fas with FADD is transmitted to
mitochondria via a second messenger such as Bid. Then, p38
activated by Fas aggregation acts on p53, followed by the
expression of Bax, which is in turn activated by JNXK that is
activated by Fas aggregation. Subsequently, cytochrome ¢ is
released, caspase-9 is activated, and apoptosis is induced via
caspases other than caspase-3.

Because a truncated form of IxBo (IKBAN) lacking the phos-
phorylation sites essential for NF«xB activation is a specific
inhibitor of NF«B, we used this approach in addition to CAPE
to obtain a line of convincing evidence that NF«B inhibition
activates Fas and thereby leads to apoptosis. IKBAN expression
caused a phenemenon qualitatively identical to that observed
with CAPE treatment. These results demonstrate that NF«B
inhibition accounts for CAPE-induced Fas activation and apo-
ptosis. However, it is still unclear how NF«B inhibition in-
creases Fas aggregation/activation. As Anderson (36) as well as
Rosette and Karin (37} reported, it is possible that physical
perturbation of the plasma membrane or conformational

L:u-

Control CAPE CAPE CAPE CAPE CAPE CAPE
+ + |+ + +

Z-VAD IETD IETD LEHD LEHD

(25 M) (50 1M (25 pM) (50 5M)

100) or AdexIxBAN (m.o.i, = 100). Three =
days after infection, DNA fragmentation B) 2 300
anssay was performed as described under = -
“Materials and Methods.” Results are pre- &
sented as the means * 8.E. of three inde- > 250
pendent experiments. *, p < 0.05 com- -
pared with control. Z-VAD, IETD, end & 200 ¢
LEHD denote Z-VAD-FMK, Z- IETD- ‘é’ 2
FMK, and Z-LEHD-FMK, respectively. S g
** b < 0.05 compared with CAPE alone £ 150
or AdexIxBAN alone. -;-»
= 100
&
&
& 50
Z 0 -
= Control  laxcZ IkBAN IKBAN TkBAN IkBAN
+ + +
Z-VAD IETD LEHD
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change through expression changes in some proteins via the
inhibition of NF«B may cause receptor clustering. From the
clinical perspective, it is interesting that CAPE, a natural
flavonoid, exerted a stronger effect than I«kBAN in apoptosis
induction.

In summary, we have demonstrated that the inhibition of
NF«B is pro-apoptotic in human breast cancer MCF-7 cells and
that this effect is attributable to Fas death receptor clustering.

Acknowledgment—We gratefully acknowledge the gift of p3xxB-Lue
from Dr. R. M. Schmid (Department of Internal Medicine I, University
of Ulm).
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Abstract

This study attempted to characterize the ability of thermoreversible gelation polymer (TGP) to induce differentiation of human
mesenchymal stem cells (hMSC) into osteablasts. Using a long olige microarray system consisting of 3760 genes, we compared the
expression profiles of the cells in 2-dimensional (2D) culture, 3D culture in collagen gel, and 3D culture in TGP with or without
osteogenic induction. Compared to 2D culture, the gene expression profile of hMSC showed almost the same pattern in TGP
without osteogenic induction, but 72% of genes (2701/3760) were up-regulated in collagen gel. With osteogenic induction, hMSC
showed higher ALP activity and osteocalcin production in TGP as compared to 2D culture. Moreover, up-regulation and down-

- regulation of osteogenic genes were augmented in 3D culture in TGP as compared to 2D culture. As TGP is chemically synthesized
and completely free from pathogen such as prion in bovine spongiform encephalopathy, these results suggest that TGP could be

applied clinically to induce osteogenic differentiation of hMSC.
© 2004 Elsevier Inc. All rights reserved. ’

Keywords: Stem cell; Osteogenesis; Human mesenchymal stem cell; DNA microarray; Polymer

Human bone marrow mesenchymal stem cells
(hMSC) can selectively differentiate into osteogenic,
chondrogenic, or adipogenic lineages depending on the
conditions of the medium in which they are cultured.
When hMSC are cultured with dexamethasone, ascorbic
acid-2-phosphate, and p-glycerophosphate, they differ-
entiate into an osteogenic lineage and form mineral [1].

There is a large difference between a flat layer of cells
and 2 complex 3-dimensional (3D) tissue, and the de-
velopment of biological materials for 3D culture is a key
area in regenerative medicine. For 3D culture, many
researchers have used collagen gel [2] or “Matrigel” [3],
but these materials are prepared from bovine or mouse
tumors and are not appropriate for clinical use.

" Corresponding author. Fax: +81-3-5800-9738.
E-mail address: hishikawa-tky@umin.ac.jp (K. Hishikawa).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.03.165

To avoid infection in clinical use, chemically synthesized
biocompatible polymer is an ideal material. Thermore-
versible gelation polymer (TGP) [4] is a biocompatible
polymer and is completely free from pathogen such as
prion in bovine spongiform encephalopathy [5].

In this study, we examined the osteogenic differenti-
ation of hMSC in TGP and compared comprehensive
gene expression with that in a 2D culture system. We
report here that osteogenic differentiation was aug-
mented in 3D culture in TGP, and TGP is a potential
clinical biomaterial for bone regeneration from hMSC.

Materials and methods

Cell culrure. Cryopreserved hMSC from a single donor and their
required basal medium and growth supplements were purchased from
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BioWhittaker {Walkersville, MD). Osteogenic medium was also pur-
chased from BioWhittaker. TGP was purchased from Mebiol (Tokyo,
Japan). Collagen gel (type I} was purchased from KOKEN (Tokyo,
Japan). For TGP preparation, 10ml of control or esteogenic medium
was added to TGP in a T25 flask 24 h before use. On day 0, cells were
seeded at a density of 3.0 x 10° cells'em? (2D culture) or 3.0 x 10° cells/
ml of TGP (3D culture). The next day, the culture medium was
replaced with osteogenic medium, and the medium was changed twice
a week until day 14.

Microarray analysis. DNA microarray hybridization experiments
were performed using Clontech Atlas glass human 3.8 (BD Bioscience)
according to the manufacturer’s protocol. The protocol and the
complete list of genes can be viewed at http/iwww.bdbiosciences.com/
clontech/techinfo/manuals/index.shtml. The DNA arrays were scanned
using GenePix4000A [6].

Measurement of ALP activity, ealcium deposition, and osteo-
calcin. ALP activity was measured using an ALP measurement
kit (ALP-K Test; Wako Chemicals) [7]. Osteocalcin was deter-
mined using an osteocalcin-immunofiuorescence kit (BACHEM
AG).

Histochemical staining. After 14 days of culture, cells were washed
twice with PBS and fixed with 10% PFA for 10min at room temper-
ature. Fixed cells were stained with 5% silver nitrate (Nakarai} for von
Kossa staining [8].
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Results
Microarray analysis in 3D culture

In mammalian tissues, cells connect not only with
each other, but also with a support structure called the
extracellular matrix (ECM). ECM contains collagen,
elastin, laminin, fibronectin, etc., and these proteins
contain specific motifs that are particularly favorable for
cell attachment and function. On the other hand, TGP
contains no such motifs as a scaffold, and nothing is
known as to whether this affects cell function or not.
When hMSC are cultured in control medium in 2D
culture, they slowly proliferate without differentiation.
Accordingly, we examined the gene expression profile of
hMSC cultured in 3D culture (TGP and collagen gel) in
control medium, In TGP culture, scattered plots of gene
expression were evenly distributed in both the upper left
(1959 genes: 52%) and lower right (1801 genes: 48%)
areas. On the other hand, scattered plots of gene

3D {collagen )

100 100000
2D
D 100,000
10,000
o 3D (TGP)
=
@
o
% 1,000
=]
L T
100 1,000 10,000 100,000
controt

Fig. 1. Scatter-plot analyses of gene expression of hbMSC in various culture conditions. (A) 3D culture in TGP vs. 2D culture without induction. (B)
3D culture in collagen gel vs. 2D culture without induction. (C) Osteogenic medium vs. control medium in 2D culture. (D) Osteogenic medium vs.
control medium in 3D TGP culture,
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expression in collagen gel were mainly distributed in the
upper left (2701 genes: 72%), indicating that collagen gel
itself stimulated gene expression of hMSC without any
induction.

Next, we examined the gene expression profile of
hMSC in osteogenic culture medium for 14 days. In 2D
culture, unexpectedly, scattered plots of gene expression
were evenly distributed in both the upper left (2026
genes: 53.8%) and lower right (1734 genes: 47%) areas,
and this was also the case in TGP culture with osteo-
genic medium (1896 and 1864 genes, respectively).

Matrix mineralization and osteocalcin production

Next, we confirmed whether osteogenic differentia-
tion could be induced in 3D culture in TGP. Human
MSC were cultured in 2D or TGP with osteogenic me-
dium for 14 days, and osteogenic differentiation was
demonstrated by mineralization stained using the von

-

TGP

9]

400

300 ¢

200 |

ALP activily (% control)

100 +

20} 2D TGPH TGP

D o250,

Kossa method. As shown in Figs. 2A and B, much more
mineral was produced in TGP as compared to 2D cul-
ture. Moreover, ALP activity [9] and osteocalcin pro-
duction were significantly higher in TGP as compared to
2D culture (Figs. 2C and D),

Up-regulation and down-regulation of osteogenic genes
in TGP

Among 3760 genes, we examined the up-regulation
of typical osteogenic genes such as type I collagen [9],
alkaline phosphatase [10], osteocalcin [11], and osteo-
pontin [12]. Moreover, recent genome-wide screening
by means of a cDNA microarray system consisting of
23,040 genes revealed that 55 genes were up-regulated
and 82 genes were down-regulated in hMSC: during
osteogenic differentiation [13). We also examined the
expression of ‘several of these genes (metallothionetin
2A, osteoprotegrin, dual specificity phosphatase 6,

(5

Qs ¢

e 7
4] _L Z %’

20() 2D+ TGPL) TGPH)

number of mineralized nodules/seeded cells

200

150 |

i00

50 |

osteacalcin production (3 control)

2D() 2D{+) TGP()  TGP(+)

Fig. 2. (A) von Kassa staining without induction () and with osteogenic induction (+) in 2D and 3D culture in TGP. (B) von Kossa histomor-
phometrie analysis. Deposition of calcified extracellular matrix (von Kossa staining) was significantly greater with osteogenic induction in both 2D
culture and 3D culture in TGP. Deposition was significantly enhanced in TGP compared with 2D culture. (C) Assay for alkaline phosphatase (ALFP)
activity. ALP activity was significantly higher with osteogenic induction in both 2D culture and 3D culture in TGP. ALP activity was significantly
enhanced in TGP compared with 2D culture. (D) Osteocalcin production. Osteocalcin production was significantly higher with osteogenic induction
in both 2D culture and 3D culture in TGP, Osteocalcin production was significantly enhanced in TGP compared with 2D culture. *p < 0.05: 2D(-)

vs. 2D{+). **p < 0.05: TGP(-} vs. TGP(+). ***p < 0.05: 2D(+) vs. TGP(+).
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Fig. 3. Osteogenic gene expression in 2D culture and 3D culture in TGP. (A} Genes up-regulated by osteogenic induction. (B) Genes down-regulated
by osteogenic induction. Fold change represents the ratio of signal intensity (expression in osteogenic medinm/expression in control medium). Closed

bars represent 2D culture and open bars represent 3D culture in TGP.

benzodiazapine receptor, $100 calcium binding protein
Al0, lipoprotein lipase, emerin, glucose-regulated
protein 58kDa, tryptophanyltRNA synthetase, in-
hibitor of DNA binding 4, and ribosomal protein S26)
in TGP with osteogenic medium. As shown in Fig. 3,
up- or down-regulation of all these genes was aug-
mented in 3D culture in TGP as compared to 2D
culture.

Discussion

3D culture techniques are expected to play a key role
in regenerative medicine, especially in the field of tissue
engineering, but several conditions are required for the
culture material. First, it should be free from pathogens

such as prion. Collagen gels are usually made from
bovine tissue, and it is impossible to rule out the
possibility of BSE completely. Matrigel is made from
animal tumors. On the other hand, TGP is a chemically
synthesized material and completely free from patho-
gens. Second, to optimize the conditions for lineage-
specific differentiation, the material should be able to
keep stem cells in an inactive stable condition without
induction. Matrigel contains several unidentified growth
factors. Collagen gel alone activated gene expression of
hMSC without any induction, but TGP did not (Fig. 1).
These results suggest that TGP is applicable as a 3D
material for clinical regenerative medicine.

Recently, Doi et al. analyzed the gene expression
profile during the mineralization process of hMSC by
means of a ¢cDNA microarray system consisting of
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23,040 genes, and confirmed up-regulation of 55 genes
and down-regulation of 82 genes. As shown in Fig. 3, we
also confirmed up- or down-regulation of several of
these genes during mineralization, but the roles of these
genes remain to be determined. It is interesting that ALP
activity and osteocalcin production were augmented in
3D culture in TGP compared to 2D culture. During
osteogenic induction, it is possible that hMSC may
produce some humoral factors that contribute to oste-
ogenic differentiation in an autocrine manner. We
speculate that augmentation of osteogenic induction was
caused by a high local concentration of these factors
with TGP culture. TGP is composed of poly(N-isopro-
pylacrylamide-co-n-butyl —methacrylate) [poly(INIP-
AAm-co-BMA)] and polyethylene glycol (PEG), and
has thermoreversible fine crosslinks between intermo-
lecular poly(NIPAAm-co-BMA) blocks due to hydro-
phobic interaction [4]. This structure makes it possible
to vary the diffusive speed according to the character of
the molecules. According to the formula of Lee et al.
[14], the diffusive speeds of phenol red (small hydrophilic
molecule), myoglobin (large hydrophilic molecule), and
methylene blue (small hydrophobic molecule} are cal-
culated as 1.6 x 1075, 2.1 x 1077, and 7.5 x 10~ em?/s,
respectively. Thus, TGP may be able to maintain a high
local concentration of hydrophobic molecules and hy-
drophilic large molecules, and this creates a concentra-
tion gradient of each molecule. It is possible that this
concentration gradient in TGP may act as a morphogen
gradient {15] in vivo and augment osteogenic induction
in hAMSC,

In summary, 3D culture in TGP is able to maintain
hMSC in a stable inactive condition without induction
and augment osteogenic differentiation of hMSC cultured
with dexamethasone, ascorbic acid-2-phosphate, and B-
glycerophosphate. TGP is completely free from prion and
may be able to induce a morphogen gradient in the dif-
ferentiation process in 3D culture. Our results suggest the
possible clinical application of TGP for regenerative
medicine, especially for bone regeneration by hMSC.
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