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Figure 7. Electrophoretic mobility shift assay detected a protein
binding to the promoter sequence of cyelin D1 in the nuoclear extract
of an ischemia-reperfusion rat kidney. A nuclear extract from renal
cortex was prepared form the cortex of an ischemia-reperfusion rat
kidney and a control rat kidney. The nuclear extract (10 jg) under-
went a reaction in a premixed incubation buffer (ge! shift assay kit)
with a y-*2P-end-labeled Ets-1 binding site of the cyclin D1 promoter
lesion (5-CATCTCGAGCAGGAAGTTCGA-3") for 30 min at 25°C,
To establish the specificity of the reaction, we performed competition
assays with 100-fold excess of unlabeled ets-1 biding oligonucleotides
(heterologous competitor DNA). To perform supershift assay, we
added 5 ug of anti-Bts-1 antibody (N-276, ¢s-111) to the nuclear
extracts, incubated the extracts for 1 h at 4°C, and performed gel shift
assay. Negative control without nuclear extract (lane 1), nuclear
extract of ischemia-reperfusion kidney (lane 2), nuclear extract of
control kidney (lane 3), and nuclear extract of ischemia-reperfusion
kidney with 100-fold excess of nnlabeled cligonucleotide (heterolo-
gous competitor DNA; lane 4) are shown. Nuclear extract of isch-
emia-reperfusion kidney incubated without anti-Fis-]1 antibody (lane
5} and nuclear extract of ischemia-reperfusion kidney incubated with
anti-Bts-1 (lane 6, supershift) are shown.

hypoxia causes the transcriptional stimulation of Ets-1 in LLC-
PK1 cells viza HIF-1e, and that the overexpression of Ets-1
stimulates [*H]thymidine uptake and cyclin D1 transcription in
renal tubular cells.

Recovery from ARF requires the replacement of damaged
cells with new cells that restore tubule epithelial integrity.
Regeneration processes are characterized by the proliferation
of dedifferentiated cells and subsequent redifferentiation of the
daughter cells into the required cell phenotype. A similar
phenomenon can also be observed during embryogenesis.
Therefore, it was postulated that regeneration processes may
repeat parts of the genetic program that serve during organo-
genesis to reestablish proper tissue function after damage
(3.45). Recently, we reported that the developmental gene
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Figure 8. Cell proliferation and cyclin D1 expression by the overex-
pression of Ets-1 in LLC-PK1 cells. (A) We examined the effects of
the overexpression of Ets-1 using an adenovirus on the cell prolifer-
ation of LLC-PK1 cells by PH]thymidine uptake. A shows the effects
of Ets-1 on [*H]thymidine uptake. (B) We next examined the role of
Ets-1 in the regulation of cyclin D1 promoter activity and protein
expression. We performed a transient transfection with the cyclin
D1-luciferase reporter gene and the B-galactosidase expression vector
and then infected it with either Adets-1 or Adnull (10° pfu/ml). When
Ets-1 was overexpressed, cyclin D1 promoter activity increased sig-
nificantly, by 3.6-fold, in LLC-PK1 cells; n = 5, mean % SEM; *P <
0.05 versus control.

Wnt-4 is expressed in ischemic acute renal injuries and that
Wnt-4 expression promotes the proliferation of renal tubular
cells (26). This article suggested that some developmental
genes are re-expressed during recovery of ARF. To confirm
this hypothesis, we examined the expression patterns and func-
tion of Ets-1 in an ischemic acute renal model and in renal
tubular cells.

In this study, we first demonstrated that Ets-1 expression is
upregulated in the early phase of ischemic ARF, The Ets-1
expression was localized exclusively in the proximal tubule at
the site of tubule regeneration where PCNA is expressed.
These results suggest that Ets-1 protein may -induce the trans-
formation of regenerative renal tubular cells. During develop-
ment, Ets-1 expression occurs in vascular structures and
branching tissues, including the kidneys (18). In the adult
kidney, the levels of Ets-1 expression are much lower than in
the embryonic kidney (18,22). Thus, our data suggest that the
cells that express Ets-1 after ischemic injury have characteris-
tics of embryonic renal cells, such as in the mesenchymal-to-
epithelial progression and proliferation,

Our data also indicate for the first time that Ets-1 signaling
contributes to the activation of cyclin D1 promoter and protein
expression. Sequences that resemble the core motif (GGA)
required for Ets protein binding are located within the proximal
cyclin D1 promoter (16). Overexpression of Ets-2 activates the
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Figure 9. Apoptotic changes were not observed by the overexpression
of Ets-1 in LLC-PK1 cells. We examined the effects of the overex-
pression of Ets-1 using an adenovirns on apoptotic changes of LLC-
PK1 cells by caspase 3 activity and a cell death ELISA kit. AJAKIDN
was used as a positive control. Overexpression of AJAktDN stimu-
lated caspase 3 activity (A) and the value of cell death ELISA (B).
Overexpression of Adets-1 did not significantly change stimulated
caspase 3 activity (A) or the value of cell death ELISA (B) in
LLC-PKI cells; n = 5, mean = SEM; *P < 0.001 versus control.
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cyclin D1 promoter through the proximal 22 bp {(46). The Ets-1
pathway plays a key role in normal embryonic development
and in malignant vascular formation (17-20). However, the
functional role of the Ets-1 signaling pathway in renal tubular
cells is not well known. Qur data demonstrate that overexpres-
sion of Ets-1 increases cyclin DI promoter activity, protein
expression, and cell-cycle progression in renal epithelial cells.
If this is the case, then the expression of Ets-1 in the recovery
phase of ARF could be expected to promote cell-cycle pro-
gression after tubular injury. Our data also demonstrated that
the Ets-1 binding site of the cyclin D1 promoter binds to the
nuclear extract of ischemic renal tissue. Qur ischemia-reperfu-
sion model also demonstrated that Ets-1 was co-localized with
PCNA, suggesting that Ets-1 might be a proliferative signal in
regenerating renal tubules.

In vascular endothelial cells, overexpression of Ets-1 caused
apoptotic changes (32). Apoptosis of renal tubular cells is
observed during ARF (47,48). Thus, we hypothesized that
upregulated Ets-1 may cause apoptotic changes in renal tubular
cells. To demonstrate this, we examined the effects of the
overexpression of Ets-1 on apoptotic changes in LIL.C-PK1
cells. AAAKDN was used as a positive control, and overex-
pression of AdAKtDN caused apoptotic changes in LLC-PK1
cells as shown in Figare 6. However, in our experimental
conditions, the overexpression of Adets-1 did not significantly
change caspase 3 activity or the value of cell death ELISA in
LIC-PX1 cells. This result suggests that the apoptotic phe-
nomenon caused by Ets-1 may be dependent on cell types or
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tissues. In the case of renal tbular cells, Ets-1 does not seem
to play a role in apoptosis in ARF.

We have yet to see which kinds of mechanisms induce the
transient upreguiation of Ets-1 after ischemia-reperfusion acute
renal injury. A recent paper by Oikawa et al. (27) reported that
hypoxia induced Ets-1 via the activity of HIF-1«. In their
study, the Ets-1 promoter contained a hypoxia-responsive ele-
ment-like sequence, and HIF-1« bound to it under the hypoxic
condition. The expression of HIF-1a was dramatically in-
creased as early as 6 h after ischemia-reperfusion (Figure 1C).
The upregulation of HIF-1e protein expression was temporary;
the intensity of the Ets-1 band decreased at 48 and 72 h after
ischemia-reperfusion. The time course of HIF-1a exceeded the
time course of Ets-1. The hypoxic inducibility of the Ets-1
promoter assay is inhibited by the overexpression of dnHIF-1«
in LLC-PK1 cells. The Western blot analysis alsc demon-
strated that transfection of dnHIF-1« reduced the increase of
Ets-1 protein by hypoxia (Figure 6C), These results indicated
that the upregulation of Ets-1 by hypoxia is dependent on
HIF-1«. This evidence led to the hypothesis that ischemia
causes hypoxia in the renal tubule, and the hypoxic condition
induces HIF-1a, then HIF-1e activates Ets-1 transcription in
renal tubular cells. It will be of interest to examine which kinds
of signal cascades exist between ischemia and Ets-1 induction.
Further studies will be necessary to gain a more precise un-
derstanding of the molecular mechanisms of renal recovery
after ischemia-reperfusion injury.
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Abstract

Background: CD44 is a transmembrane glycoprotein
comprising an extracellular domain, a transmembrane
domain, and a cytoplasmic tail. Previous studies demon-
strated that CD44 was generally restricted to lateral-basat
plasma membrane {PM) of epithelial cells, whether it
localized on apical PM in vivo has not been clarified.
Methods: In this study, we used a gentamicin-induced
acute tubular necrosis {ATN} and spontaneous recovery
model in rats and two distinct antibodies, an anti-rat dis-
tal extracellular domain (OX49) of standard CD44 (CD44-
0X49) and an anti-rat CD44 cytoplasmic tail {CD44CPT),
to survey the localization of CD44-0X49 and CD44CPT on
the PM in renal tubular epithelial cells in different recov-
ery stages after ATN with immunohistochemistry and
immunoelectron-microscopic examinations, Results:
CD44-0X49 was localized not only on the lateral-basal

PM in tubular epithelial cells, but also on the apical sur-
face membrane in PCNA-positive newly regenerative
tubular epithelial cells in early recovery stages after ATN.
However, CD44CPT was only localized on the lateral-bas-
al PM. The immunoelectron-microscopic results showed
that CD44-0X49 localization was changed from the api-
cal to lateral to basal surface membrane in renal tubular
epithelial cells during the recovery process after ATN,
finally disappearing from basal PM when normal polar-
ized epithelial cells formed. Conclusions: These results
suggest that there were two types of CD44 including
CD44 without a cytoplasmic tall localizing on the apical
surface membrane related to newly regenerative epithe-
lial cells, and CD44 with a cytoplasmic tail localizing on
the lateral-basal PM related to establishment of tubular

epithelial cell polarity after ATN in vivo.
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Introduction

The surface of polarized epithelial cells such as renal
tubular epithelial cells is typically divided into two func-
tionally and biochemically distinct, but physically contin-
uous, domains separated by junctional complexes, termed
apical and lateral-basal (also known as basolateral) plas-
ma membrane (PM) domains [1]. The apical PM, facing
the organ lumen, has a protective role by acting as a bar-
rier between the external and internal environments and
contains the necessary transporters for the uptake of small
molecules. The lateral-basal PM is involved in cell-cell
and cell-matrix adhesion, and also contains biological
molecules invelved in signal transduction and nutrient
uptake [2]. '

CD44 is a broadly distributed multistructural and mul-
tifunctional transmembrane glycoprotein. It has at least
20 multiple isoforms of different molecular sizes (85-
230 kD), such as standard CD44 or hemotopietic CD44,
variant CID44 and epithelial CD44. The major physiologi-
cal role of CD44 is to maintain organ and tissue structure
via cell-cell and cell-matrix adhesion, while it is also
involved in cell motility and migration, differentiation,
cell signaling and gene transcription [3]. The CD44 pro-
tein is a single chain molecule comprising an N-terminal
extracellular domain, a transmembrane domain, and a
cytoplasmic tail [4]. The cytoplasmic tail of CD44 con-
tributes to ligand and cytoskeletal associated protein
binding, and determines membrane localization in polar-
ized epithelial cells [5, 6]. In vitro studies have demon-
strated that in polarized Madin-Darby canine kidney
(MDCK) epitheliat cell cultures, a tailless CD44 molecule
is localized on the apical PM, whereas wild-type CD44 is
restricted to the lateral-basal PM of epithelial cells, sug-
gesting that the localization of CD44 may be regulated [7).
However, in vivo studies demonstrated that CD44 is gen-
erally localized on the lateral-basal PM of renal tubular
polarized epithelial cells [8], and it remains unclear
whether CD44 is also localized on the apical PM of tubu-
lar epithelial cells in any pathophysiological condition
and the structure of CD44 located on distinct surface
membrane of tubular epithelial cells in vivo.

Our previous study showed the up-regulated expres-
sion of CD44 in renal tubules during the recovery process
after acute tubular necrosis (ATN) [9], but the exact local-
ization and distribution of CD44 during the process of
injury and repair of the kidneys remains poorly under-
stood. In this study, we used a gentamicin-induced ATN
and spontaneous recovery model in rats and two distinct
antibodies, an anti-rat distal extracellular domain (OX49)
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of standard CD44 (CD44-0X49) and an anti-rat CD44
cytoplasmic tail (CD44CPT), surveyed the different local-
ization of CD44-0X49 and CD44CPT in the surface
membranes of renal tubular epithelial cells in different
recovery stages after ATN and discussed the potential
roles of CD44 localized on different surface membrane.

Methods

Animal Examination

Experiments were performed on 32 male Wistar rats (Charles
River Japan, Yokohama, Japan) weighing between 220 and 250 g
that were divided into two groups: a gentamicin group including 20
rats and a control group including 12 rats. The rats in the gentamicin
group were given 150 mp/kg/day of gentamicin sulphate solution
{Sigma-Aldrich Co. St. Louis, Mo., USA) by subcutaneous injection
in the neck for 5 days, and the rats in the control group were given an
equal volume of normal saline instead. All animals were fed a diet of
standard laboratory chow and allowed free access to water, but were
deprived of water for 24 hours before the first gentarnicin adminis-
tration, and for 12 hours a day during gentamicin administration.
Five rats in the gentamicin group and 3 rats in the control group were
sacrificed under ether anesthesia on days 6, 10, 15, and 30 after the
first gentamicin injection, respectively. The left kidney of each rat
was removed and bisected for routine histological examination by
general light microscopy and general electron microscopy. Then,
each rat was infused with 4% paraformaldehyde from the abdominal
aorta and the right kidney was removed and bisected for immunohis-
tochemical and immunoelectron-microscopic examination.

Primary Antibodies

The following primary antibodies were used in this study: a puri-
fied mouse anti-rat CD44H (also known as CD44s; clone: 0X-49, a
distal extracellular domain of standard CD44, named as CD44-
0X49 by the author) monoclonal antibody (PharMingen, San Diego,
Calif,, USA), a purified rabbit anti-rat CD44 cytoplasmic tail
(CD44CPT) antibody (see below} and a mouse anti-proliferating cell
nuclear antigen (PCNA) monoclonal antibody (Dako, Glostrup,
Denmark).

According to a previous report, residues 423-503 of rat CD44
were located in the cytoplasmic region [10]. An antibody against rat
CD44CPT was constructed using the following procedure. A cys-
teine-conjugated peptide corresponding to residues 483-503
{(DQFMTADETRNLQSVDMKIGY) of rat CD44 was synthesized
and coupled via a terminal cysteine residue to keyhole [irnpet hemo-
c¢yanin. This antigen was subcutaneously injected into rabbits and
antisera were collected. A specific antibody to CD44CPT was puri-
fied with Affi-Gel 10 (Bio-Rad, Hercules, Calif,, USA) coupled with
the peptide. The antibody test for CD44CPT showed that the anti-
body prepared against CD44CPT was stable and special in its activi-
ty to CD44CPT.

The antibodies against rat CD44-0X49 and CD44CPT needed
not any special antigen retrieval techniques in their use.

Immunohistochemistry
Immunchistochemical staining was carried out on 3-pm wax sec-
tions. The sections were first dewaxed and dehydrated. Then, they
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were incubated with 0.6% H30O; in methanol for 30 min to eliminate
endogenous peroxidase activity and incubated with normal goat
serum (Chemicon, Temecula, Calif,, USA) at room temperature for
30 min to block non-special reaction. Subsequently, they were incu-
bated at 4° C for 24 h with primary antibodies, mouse anti-rat CD44-
0X4% (2.5 pg/ml) or rabbit anti-CD44CPT (1.5 pg/ml} or mouse
anti-PCNA (1:20). After washing in PBS for 3 x 5 min, the sections
were incubated with a secondary antibody (Dako, EnVision+™, Car-
pinteria, Calif., USA), goat anti-mouse IgG (for CD44-0X49) or goat
anti-rabbit IgG (for CD44CPT) conjugated with peroxidase, or goat
anti-mouse IgG conjugated with alkaline phosphatase (for PCNA), at
room temperature for 30 min. After washing with PBS, the sections
were incubated with a DAB peroxidase substrate solution (Nichirei,
Tokyo, Japan) or a Fuchsin alkaline phosphatase substrate solution
(Dako, Carpinteria, Calif., USA) with an endogenous alkaline phos-
phatase inhibitor {Dako). The cellular nuclei of the sections were
counterstained with hematoxylin. Normal mouse IgG and normal
rabbit IgG were used as negative controls, respectively (Santa Cruz
Biotechnology, Calif.,, USA).

Double Staining

Double staining was performed on the same tissue section, which
included a combination of CD44-0X49 immunohistochemistry and
PCNA immunohistochemistry (see above) as a marker of cell prolif-
eration or regeneration. The first immunostaining for CD44-0X49
was performed with a DAB peroxidase substrate solution, which
caused a brown color reaction, followed by washing in PBS for 3 x
5 min and treatment for 10 min in a microwave oven in a 0.01 M
citrate buffer (pH 6.0). Then, the second immunostaining for PCNA
was performed with a Fuchsin alkaline phosphatase substrate solu-
tion, which caused a red color reaction,

Immunoelectron-Microscopic Examination

Alfter perfusion fixation with 4% paraformaldehyde, each rat kid-
ney was removed, cut into some small blocks (2 x 2 x 2 mm}and
taken into fusion fixated with 4% phosphate buffered paraformalde-
hyde and 0.019% glutaraldehyde for 24 h at 4°C, The tissue was then
washed overnight in 2 0.1 M phosphate buffer (PB), and washed fur-
ther in graded 10, 15 and 20% sucrose PBS series for 24 h at 4°C,
respectively. After rinsing in a mixed solution of 20% secrose and 8%
glycerin PBS for 2 h at 4°C, the tissue was embedded with optimal
cutting temperature (OCT) compound in acetone and dry ice etha-
nol. Approximately 10-20 um frozen sections were obtained with a
frozen microslicer, Then, according to the above immunochistochem-
ical staining procedure, the sections were preincubated with 0.6%
H:0, in methanof and normal goat serum for 30 min at room tem-
perature, respectively, and incubated with a purified mouse anti-rat
CD44-0X49 monoclonal antibody (2.5 pg/ml) for 24 h at 4°C, fol-
lowed by a goat anti-mouse second antibody conjugated with peroxi-
dase for 30 min. After washing with PBS, the sections were incubated
with a DAB peroxidase substrate solution. After postfixation with
29% osmium tetroxide (OsQq4) in 0.1 M PB for 2 h, the specimens were
dehydrated in a graded 50, 60, 70, 80, 90 and 100% (three times)
ethanol series for 10 min, respectively, embedded in epoxy resin
(Epok 812; Oken, Tokyo, Japan) and polymerized at 60°C for 5 days.
Ultrathin sections with 90-100 nm were obtained and half of the
sections were stained with lead citrate for 3 min and observed under
a H-7100 transmission electron microscope (Hitachi, Tokyo, Japan)
at an accelerating voltage of 75 kV.
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Quantitative Analysis

Quantitative analysis was performed to investigate the distribu-
tion of CD44 on epithelial cell PM in distinct stages in gentamicin-
induced ATN and its recovery process. Observations were performed
on 100 non-overlapping random tubules 20 per rat kidney section
from 35 rats at days 6, 10, 15 and 30 after the first gentamicin admin-
istration. Day 6, 100 totally necrotic tubules stained with CD44-
OX4%; day 10, 100 tubules with PCNA positive staining ~ these
tubules were stained using the double staining technique PCNA and
CD44-0X49; day 15 and day 30, 100 tubules with CD44-0X49 posi-
tive staining. The number of CD44-0X49-positive stained tubules
with stained cells greater than 50% of PM was recorded. 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, If the tubules were not fully necrotic in tubules on
day 6, tubules which were PCNA-negative on day 10 or tubules with
less than 50% cells stained for CD44-0X49 were not recorded as
positive tubules.

Results

Histopathological Findings

As described previously [9], renal proximal tubular
necrosis appeared to develop on day 6 (day 1-5 adminis-
tration of gentamicin) in the gentamicin group. On day
10, there was a lot of desquamated epithelial cell debrisin
the dilated tubular lumens. Mononuclear cells infiltrated
interstitial regions and tubular lumens from the superfi-
cial cortex to the corticomedullary zone. Newly regenera-
tive tubular epithelial cell lines appeared along the tubular

Fig. 1. Localization of distal extracellular domain (0X49) of stan-
dard CD44 (CD44-03(49) and CD44 cytoplasmic tail (CD44CPT).
Sections labelled a, ¢, 8, and g show immunohistochemical staining
of CD44-0X49 (brown) and cellular nuclear staining at days 6, 10,
15, and 30 after the first gentamicin administration (150 mg/kg/day
X 5), respectively. Serial sections b, d, f, and h show immunchisto-
chemical staining of CD44CPT (brown) and cellular nuclear staining
at days 6, 10, 15 and 30 after the first gentamicin administration,
respectively, On day 6, CD44-0X49 (arrow, a) and CD44CPT (ar-
row, b) are nepative in the desquamated epithelia, denuded tubular
basement membranes, CD44-0X49 and CD44CPT are positive in
only non-necrotic tubules. On day 10, CD44-0X 49 is markedly posi-
tive on the apical plasma membrane (PM) in newly regenerative epi-
thelial cells (armow, €), whereas CD44CPT is negative on the same
apical PM (arrow, d). On day 15, CD44-0X49 (arrow, e} and
CD44CPT (arrow, f) are almost identically located on the lateral PM.
On day 30, CD44-0X49 (arrow, g) and CD44CPT (arrow, h) are
almost identically expressed on the basal PM in non-full recovery
tubular epithelial cells, but are negative in normal or full recovery
tubular epithelial cells (triangle, g and h, respectively). Original mag-
nification x 100.
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basement membranes. On day 15, the regenerative tubu-
lar epithelial cells became larger and the renal tubular epi-
thelium became thicker. On day 30, most of the cortical
tubular structures recovered close to the normal architec-
ture, but spotty infiltration of mononuclear cells, atrophy
of renal tubules and fibrosis of the interstitium remained.
The control group showed no significant histological
changes throughout the experimental period (data not
shown).

Apical and Lateral-Basal Localization of CD44-0X49

To determine the localization of CDD44-0OX49 in rat
kidneys after ATN, we performed immunchistochemistry
using a purified mouse anti-rat CD44-0X49 monoclonal
antibody and counterstaining for cellular nuclei with he-
matoxylin. In the control group, no expression of CD44-
0X49 in the cortical tubular epithelial cells was found
throughout the experimental period, except for a few
monocytes and Bowman’s capsule {data not shown).
CD44-0X489 staining was markedly increased in the cor-
tical tubular epithelial cells and infiltrating cells in the
cortical interstitium and tubular lumens from the early
tubular necrotic period to the later recovery period in the
gentamicin group., CD44-0X49 staining was markedly
increased at the lateral-basal PM in non-necrotic tubular
epithelial cells, whereas it was not found on the denuded
basement membrane of full necrotic tubules on day 6 after
the first gentamicin administration. CD44-0X49 staining
was markedly increased on the apical PM in the regenera-
tive tubular cells on day 10, the lateral PM on day 15 and
the basal PM on day 30 in the gentamicin group (fig. 1a,c,
g, g). There were no positive findings in negative control
samples using normal mouse IgG (data not shown),

Lateral-Basal Localization of the CD44 Cytoplasmic

Tail

In order to prove whether CD44 localized on the apical
PM was a tailless CD44 or not, we performed immunohis-
tochemical staining using a purified rabbit anti-rat
CD44CPT antibody and counterstaining for cellular nu-
clei with hematoxylin on serial sections. As with CD44-
0X49, no expression of CD44CPT in the cortical tubular
epithelial cells was found throughout the experimental
period in the control group (data not shown). The
CD44CPT staining was markedly increased at the lateral-
basal PM in the non-necrotic tubular epithelial cells and
was not localized on the denuded basement membrane of
necrotic tubules on day 6 after the first gentamicin admin-
istration. The CD44CPT staining was markedly increased
at lateral or lateral-basal PM on days 10 and 15 and on the

192 Am J Nephrol 2004;24:188-197

basal or Iateral-basal PM on day 30 in regenerative tubu-
lar epithelial cells in the gentamicin group. However,
CD44CPT was not found on the apical PM in tubular epi-
thelial cells (fig. 1b, d, f, h). There were no positive find-
ings in negative control samples using normal rabbit IgG
(data not shown).

Change of CD44-0X49 Localization on Surface

Membrane

In orderto clarify the changing process of CD44-0X 49
localization from the apical to lateral-basal surface mem-
brane in regenerative tubular epithelial cells after ATN in
the gentamicin group, we performed immuno-electron
microscopic examination with CD44-0X49. As a result,
on day 10 after the first gentamicin administration,
CD44-0X 49 was mainly expressed on apical surface of
the tubular basement membrane or at the newly regenera-
tive complanate epithelial cell apex. In some tubular epi-
thelia, CD44-0X49 was also expressed on the apical and
lateral PM. On day 15, CD44-0X49 was mainly localized
on the lateral PM and gradually excluded from the apical
surface. Tight contact (cell-cell adhesion) between CD44-
0OX495-positive lateral PM of cells was generally found at
that time. On day 30, CD44-0X49 was mainly localized
on the basal PM and gradually ¢xcluded from the lateral
surface. Finally, CD44 disappeared from basal PM when
normal polarized epithelial cells formed (fig. 2).

Fig. 2. Change of CD44-0X49 localization from the apical to lateral-
basal surface membrane in the recovery process after acute tubular
necrosis. Immuno-electron microscopic examination with CD44-
0X49 (a—f) shows that in the early recovery stage after gentamicin-
induced acute tubular necrosis, CID44-0X49 is expressed on the api-
cal surface of the tubular basement membrane (a) or at newly regen-
erative complanate epithelial cell apex (b). In some tubular epithelia,
CD44-0X49 is expressed on the apical and lateral PM (e). In the
middle recovery stage, CD44-0X49 is localized on the lateral PM
and excluded from the apical surface (d). In some tubular epithelia,
CD44-0X4Y is expressed on the lateral and basal PM (e). Note the
close contact (cell-cell adhesion) between the CD44-0X49-positive
lateral PM of cells (e, d, ©, arrow). In the later recovery stage, CD44-
0X49 is localized on the basal PM (f, arrow). By that time, partial
microvilli of epithelial cells have been formed (f, triangle). Finally,
immunoelectron-microscopic examination with CD44-0X49 and
lead citrate for 3 min shows that staining for CD44-0X 49 disappears
in the lateral and basal PM (g, arrow) when microvilli of normal
polarized epithelial cells have been formed (g, triangle).
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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 CD44-0X49-positive (brown) celis 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-OX49 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 CD44-0X49-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 injec-
tion {fig. 3).

Distribution of CD44-0X49 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-
0XA49 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 CD44-0X45-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 performed 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 cells 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 CD44-0X4% is
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.

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 epitheliat 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-
mic tail 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 kidney after
acute ischemic injury in rats by Northern blot analysis. In
this study, we did not perform Northern blot or Western
blot analysis of CID44 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 CD44-0X49 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 neuvrite 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 Iocalization 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*¥-Lys3* in
the cytoplasmic domain (Asn290-Val38!) 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¥2, That is, mutation of Leu33! 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 maintains 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 transport, 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
cytoplasmic 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
distinetly 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, CDD44 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 immunochistochem-
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 later-
al-basa! 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

Xieetal



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 cytoplasmic 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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Abstract

This study atternpted to characterize the ability of thermoreversible gelation polymer (TGP) to induce differentiation of human
mesenchymal stem cells (hMSC) into osteoblasts, Using a long oligo microarray system consisting of 3760 genes, we compared the
expression profiles of the cells in 2-dimensional (2D) eulture, 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 osteoczlcin 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 mesenchymnal 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 B-glycerophosphate, they differ-
entiate into an osteogenic lineage and form mineral [1].

There is a large difference between a flat layer of cells
and a 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: +81-3-35800-9738.
E-mail address: hishikawa-tky@umin.ac.jp (K. Hishikawa),

(006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/.bbre.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 culture, 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 (Tokye,
Japan). For TGP preparation, 10ml of control or osteogenic medium
was added to TGP in a T235 flask 24 h before use. On day 0, cells were
seeded at a density of 3.0 x 10? cellsfem? (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:/fwww.bdbiosciences.com/
clontech/techinfo/manuals/index. shtml, The DNA arrays were scanned
using GenePix4000A. [6].

Measurement of ALP activity, calcium 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-immunofluorescence kit (BACHEM
AQG).

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
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Fig. 1. Scatter-plot analyses of gene expression of hMSC 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
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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,

*#'lhllc
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Fig. 2. (A) von Kassa staining without induction (=) and with osteogenic induction (+) in 2D and 3D culture in TGP, (B} von Kossa histomor-
phometric 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 (ALP)
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. (I?) Osteocalein production. Osteocalein production was significantly higher with osteogenic induction
in both 2D culture and 3D culture in TGP. Osteocalein 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 medium/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, tryptophanyl-tRNA 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 uwsually 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 optimire 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 ¢DNA 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 i3 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(NIP-
AAm-co-BMA)] and polyethylene glycol (PEG), and
has thermoreversible fine crosslinks between intermo-
lecnlar poly(NIPAAm-co-BMAY} 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 moelecule), and
methylene blue (small hydrophobic molecule) are cal-
culated as 1.6 x 1075, 2.1 x 1077, and 7.5 x 10~% cm?®/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 hMSC.

In summary, 3D culture in TGP is able to maintain
hMSC in a stable inactive condition without induction
and augment osteogenic differentiation of h(MSC cultured
with dexamethasone, ascorbic acid-2-phosphate, and (-
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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Abstract

The Spalt (sal) gene family plays an important role in regulating developmental processes of many organisms. Mutations of human
SALLI cause the autosomal dominant disorder, Townes-Brocks syndrome (TBS), and result in ear, limb, anal, renal, and heart
anomalies, Targeted deletion of mouse Salll results in kidney agenesis or severe dysgenesis. Molecular mechanisms of Salll, however,
have remained largely unknown. Here we report that Salll synergistically activates canonical Wnt signaling. The transcriptional
~ activity of Salll is related to its nuclear localization to punctate nuclear foci (pericentromeric heterochromatin}, but not to its Io-
calization or association with p-catenin, the nuclear component of Wt signaling. In contrast, the RNA interference of Salll reduces
reporter activities of canonical Wnt signaling. The N-terminal truncated Salll, produced by mutations often found in TBS, disturbs
localization of native Salll to heterochromatin, and also down-regulates the synergistic transcriptional enhancement for Wat signal
by native Salll. Thus, we propose a new mechanism for Wat signaling activation, that is the heterochromatin localization of Salll.

© 2004 Elsevier Inc. All rights reserved.

The Spalt (sal) gene family plays important roles in
regulating developmental processes of many organisms.
In Drosophila development, sal is a region-specific ho-
meotic gene, which specifies cell fate decisions of chor-
dontonal precursors in the peripheral nervous system
[1,2], regulates tracheal development {3], controls ter-
minal differentiation of photoreceptors [4], and deter-
mines proper placement of wing veins [5,6].

Humans have four sal related genes (SALLI, SALL2,
SALL3, and SALL4S) and mice also have four (Salf,
Sall2, Sall3, and Sall4) [7-15]. Heterozygous mutations
of human SALL! lead to Townes-Brocks syndrome,
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with features of dysplastic ears, preaxial polydactyly,
imperforate anus, and (less commonly) kidney and heart
anomalies [16]. With homozygous deletion in mice the
kidney had severe defects which meant that Sgllf has an
essential role in kidney development [17]. The molecular
mechanisms of Salll have remained obscure.

Salll encodes a protein that contains 10 zinc finger
motifs. The most N-terminal zinc finger is a single
C2HCtype and is conserved only in vertebrates (Dro-
sophila sal does not have the N-terminal C2ZHC zinc
finger) [18]. The other zinc fingers are of the C2H2-type
and are arranged as doublets with a third finger asso-
ciated with the second pair. Recently, it was reported
that Salll functions as a transcriptional repressor, by
being localized to pericentromeric heterochromatin and
is associated with histone deacetylase (HDAC) complex
[19,20]. When linked to a heterologous DNA-binding



