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FIG.1. (A)Immunolocalizations of [RS-1, IRS-2, and IGF-1 receptor (IGF-IR) and (B) mRNA expressions of IRS-1 and IRS-2 in and around
the epiphyseal cartilage of the proximal tibias of 5-week-old WT mice. (A) Blue, red, and green bars indicate layers of proliferative zone,
hypertrophic zone, and primary spongiosa, respectively. Tmmunolocalization of IRS-1, shown in brown, was evident in chondrocytes of varicus
differentiation stages (arrows) and osteoblasts in the primary spongiosa, although that of IRS-2 was not seen in chendrocytes, but in the bone cells
including osteaclastic cells (arrow). Localization of IGF-IR was widely observed in chondrocytes (arrows), osteoblasts, and endothelial cells of
blood vessels. No immunostaining was observed by the control non-immune IgG and IgY (data not shown), Bar, 10 pm. (B) Expression of IRS-1
and [RS-2 in the tibial epiphyseal cartilage isolated fram WT mice determined by RT-PCR. IRS-2 €Xpression was not seen even when the amount

of template cDNA or the number of amplification cycles was inereased.

Meorphological findings of the proliferative zone of the
IRS-17"" cartilage

We compared the proliferative zone of the epiphyseal
cartilage at 12 weeks between IRS-1""~ and WT mice (Fig.
3). PCNA™ cells thart are known to have proliferative ability
were seen in the WT proliferative zone; however, few were
found in the IRS-17'" cartilage. The PTH/PTHP receptor
(PPR) immunolocalizatior, a marker of the proliferative and
prehypertrophic chondrocytes, was also decreased in the
IRS-17'" cartilage.

Morphological findings of the hypertrophic zone of the
IRS-17" cartilage

‘We further compared the hypertrophic zone of the
epiphyseal cartilage (Fig. 4). Type X collagen, a marker
for hypertrophic chondrocytes, was similarly immunolo-
calized in the lower layer of the epiphyseal cartilage of
both WT and IRS-1"'" mice at 3 weeks (Fig. 4A). At 12
weeks, it remained immunolocalized at the hypertrophic
zone in WT mice, although the 'size of hypertrophic
chondrocytes became smaller (Fig. 4B, top). In the IRS-
17/~ cartilage, however, the staining became fainter but
more extensive, localizing in even smaller hypertrophic
chondrocytes than WT (Fig. 4B, top). TUNEL-staining
revealed that these small hypertrophic chondrocytes in-

cluded a considerable number of apoptotic cells that were
rarely seen in the WT cartilage at this age (Fig. 4B,
middle). Because TUNEL™ cells were hardly seen in the
proliferative zone as previously reported,®? the decrease
in its height seems mainly caused by the reduction of
proliferative ability of chondrocytes but not because of
the accelerated apoptosis in this layer. In addition, the
calcified matrix positively stained with von Kossa was
surrounding the chondrocytes in all directions, and it
covered the bottom of the hypertrophic zone in IRS-17/~
cartilage, although it was intermittently seen in the WT
cartilage (Fig. 4B, bottom). In the ultrastructural finding
of the bottom of the hypertrophic zone of the WT carti-
lage, the Jacunae of hypertrophic chondrocytes were open
to the marrow cavity with the invasion of blood vessels
and osteoclasts (Fig. 4C). In the IRS-17/" cartilage,
however, much smaller chondrocytes were surrounded by
the calcified matrix so that cartilage lacunae were not
open to the marrow cavity, indicating that the epiphyseal
cartilage had already been closed at 12 weeks,

Morphological findings of the primary spongiosa of the
IRS-17"" mice

At 12 weeks, the volume of primary spongiosa beneath
the epiphyseal cartilage was much smaller in IRS-1~'" mice
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FIG. 2. Chronological changes in and around the tibial cpiphyseal cartilage of WT and IRS-1~'" mice. (A) Time course of the length of WT
and IR§-1"' tibias, Data are expressed as means {symbels) = SD (etror bars) for 12 bones/group for WT and IRS-17/~, *p < 0.01 vs. WT. (B)

Time course of the height of the proliferative zone in the WT and IRS-

17"~ epiphyseal cartilage. Data are expressed as means (symbols) = SD

(crror bars) for 6-12 bones/group for WT and IRS-17"". *p < 0.01 vs. WT. (C) Time course of histological findings (HE staining) in and around
the WT (top) and IRS-17/~ (bottom) epiphyseal cartilage. The chronological changes were accelerated in the IRS-17'" cartilage compared with

WT, In the IRS-17/~

cartilage at 12 weeks, the proliferative zone was hardly visible, and the size of hypertrophic chondrocytes was decreased

(arrows), which resembled the findings of the WT cartilage at 24 weeks. Blue, red, and green bars indicats layers of proliferative zone,

hypertrophic zone, and primary spongiosa, respectively. Bar, 100 pm.

than in WT mice. ALP* arzas indicating active osteoblasts
were accordingly decreased in IRS-1™'~ mice (Fig. 5A). At
the TEM level, spindle-shaped osteoblasts producing un-
mineralized osteoid entirely covered the bone surface in
WT, whereas in IRS-17"" mice, osteoblasts with a more
flattened shzpe were intermittently seen on the mineralized
bone without the osteoid intervention. To examine the bone
tumover we performed the double staining of TRACP and
osteopontin (Fig. 5B). TRACP™ osteoclasts were also de-
creased in number in the IRS-17" spongiosa compared
with WT. Osteopontin is known to be Iocalized at the
calcification front and the cement line.®*3% [t was diffusely
localized in the bottom of the IRS-17~ hypertrophic zone,
which von Kossa staining confirmed was covered by the
calcified matrix. In the IRS-1™" bone collar, however,
osteopontin-positive cement lines, indicating the sites of
ongoing bone remodeling, were greatly decreased.
Histomorphometrical measurements supported these
findings. In IRS-17"" mice, bone volume was decreased to
one-half that of WT mice, and parameters for both bone
formation and resoeption were significantly [ower than those
of WT, indicating osteopenia of a low-turnover state (Fig.

6A). The immunohistochemical finding showing the de-
crease in the number of PCNA™ osteoblastic cells in the
IRS-17'" bone suggests the contribution of the suppression
of osteoblast proliferation to the decreased bone turnover
(Fig. 6B).

DISCUSSION

This study morphologically investigated the cellular
mechanism by which IRS-1 deficiency causes skeletal
growth retardation. The IRS-17'" epiphyseal cartilage ex-
hibited insufficient proliferation of chondrocytes, calcifica-
tion of hypertrophic chandrocytes, acceleration of apopto-
sis, and early closure of the growth plate, It is therefore
postulated that the JR3-1 signaling prevents the closure of
this cartilage at an early age.

IRS-1 and IRS-2 signalings are reported to have distinct
bioclegical roles and to be differentially expressed in a
variety of cells. Regarding glucose homeostasis, IRS-1
plays an important role in the metabolic actions of insulin
and IGF-T mainly in skeletal muscle and adipose tissue,
whereas TRS-2 does so in the liver.®**™ We have reported
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FIG, 3. Immunolocalizations of PCNA and
PPR in the tibial epiphyseal cartilage of 12-
week-0ld WT and IRS-17"" mice. Both PCNA*
cells (left, arrows) and PPR* cells (right, ar-
rows) observed in the proliferative chondrocytes
of WT mice (top) wers hardly seen in the
IRS-17"" cattilage (bomom). Blue, red, and
green bars indicate layers of proliferative zone,
hypertrophic zone, and primary spongiosa, re-
spectively. No immunostaining was observed by
the control non-immune IgG (data not shown).
Bar of the left panel, 100 pum. Bar of right panel,
10 pm,
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FIG. 4. Histochemical and ultrastructural findings in the hypertrophic zone of the WT and IRS-17/~ epiphyseal cartilage. {A) Immunostaining
of type X collagen at 3 weeks, Localization of type X collagen-positive hypertrophic chondrocytes indicated by arrows was similar at 3 weeks.
(B) Immurostainings of type X collagen {top), TUNEL (middle), and von Kossa (bowom) at 12 weeks, Type X collagen immunolocalization and
size of hypertrophic chondrocytes {arrow, top) were different between WT and IRS-17~ at this age. TUNEL* apoptotic cells were rarely seen
in the WT cartilage, but they were distributed broadly in the IRS-17' hypertrophic chondrocytes (aows, middle). No immunostaining was
observed by the control non-immune IgG (data not shown). von Kossa—positive calcified matrix was seen intermittently in WT and continuously
in IRS-17"", Arrowheads indicate the site of vascular invasion. (C) Ultrastructural findings of the bortom of the hypertrophic zone by TEM ar 12
wecks. Lacunac of hypertrophic chondrocytes were open to the marrow cavity In WT mice (arrowheads), although the IRS-17/~ chondrocytes
were separated from the marrow by the calcified tissue (asterisks), indicating closure of the epiphyseal cartilage. BV, blood vessel; Ocl, osteoclasts.
Blue, red, and green bars in A and B indicate layers of proliferative zane, hypertrophic zone, and primary spongiosa, respectively. Bar, 10 pm.
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FIG.5. Histochemical and uluastructural findings in the primary spongiosa of the proximal tibias of 12-weck-old WT and IRS-17'" mice. Bhue,
red, and green bars indicate layers of proliferative chondrocytes, hypectrophic chondrocytes, and primary spongiosa, respectively. Bar, 10 um. (A)
Both the volume of primary spongiosa and the number of ALP™ osteoblasts were decreased in IRS-1~"" mice (left). In the ulrastrictural findings
by TEM, unmineralized osteoid (asterisk) produced by osteoblasts (Ob) are indicated by green covered the bone surface in WT, while IRS-1-"
osteoblasts were flattened and scarce and were directly attached to the mineralized bone surface (arrows). (B} Double staining of TRACP and
osteopontin. TRACP™ osteoclasts (arrows) were rarely seen in the IRS.17" primary spongiosa. Osteopontin-positive calcified mamix at the
hypertrophic zone was increased (left); however, the cement line of bone coblar was decreased (right), suggesting the suppression of bone turmover

in IRS-1™"" mice.

that these two molecules are expressed in bone, although
they play distinct roles, both of which are important in the
regulation of bone metabolism.®*** In the epiphyseal car-
tilage, however, IRS-2 was not expressed, whereas IRS-1
was localized in various types of chondrocytes. In fact,
IRS-2~"" mice did not show growth retardation but IRS-1""~
mice did,**~*” indicating that IRS-2 is much less important
than IRS-1 in the epiphyseal cartlage.

Because IGF-I is known to be a potent regulator of
chondrocyte metabolism, and its receptor was widely local-
ized in the epiphyseal cartilage, it is most probable that the
abnormality seen in the IRS-17'" cartilage may be caused
by the lack of IGF-I signaling acting as an autocrine/
paractine factor. However, our previous study has shown
that serum IGF-I levels were similar between WT and
IRS-17'" mice, suggesting the absence of systemic com-
pensation for impaired IGF-I bioactivity.® Pant of the
impairment of the IRS-17'~ epiphyseal cartilage might pos-
sibly lie in the role that IGF-I plays in the mechanism by
which a number of other hormones act on bone. Growth
hormone is a well-known stimulus of IGF-I production in a
variety of tissues including cartilage and bone, and it exerts
its effects mainly through IGF-I mediation.®® It is therefore
possible that the inhibition of growth hormone signaling
through IGF-I production contributes to the growth retarda-
tion of IRS-17"" mice. Similarly, other hormones with

effects on cartilage such as sex hormones,®**® thyroid
hermone,“" and cortsol®® alter IGF-T levels in a manner
consistent with IGF-T having a role in the actions of these
hormones.

To understand the physiological role of IRS-1, it is
noteworthy that mice deficient in IGF-I receptor (IGF-IR)
and IGF-I exhibit more severe growth retardation than do
IRS-17'" mice.®"® IGF-IR™'" mice invariably die at
birth and show about 45% of the WT bedy weight,™”
whereas that shown by IRS-1™'~ mice was around 60% at
birth.®® IGF-I™"~ mice also exhibit more severe growth
retardation than IRS-1™'" mice (30% and 60%, respec-
tively, of WT body weight at 8 weeks)."*®) More impor-
tantly, the closure of the epiphyseal cartilage is delayed
in IGF-I™" mice,'® and it is accelerated in IRS-1"'"
mice. These discrepancies may be because of the exis-
tence of downstream signaling pathways of IGF-I/IGF-IR
other than IRS-1. In fact, the p66 isoform of Shc (p66™°)
is known to be another adaptor protein that is phosphor-
ylated by the IGF-IR activation. The p66™™, which is
confirmed to be expressed in chondrocytes and osteo-
blasts,"***) is a signaling molecule that positively regu-
lates apoptosis.“® It is therefore possible that the de-
crease in the apoptotic pathway through p66°™ causes the
delay of the epiphyseal closure in the IGF-I™'" mice,
whereas the comparative upregulation of the p66™° sig-
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FIG. 6. Histomorphometrical and PCNA im- ‘ i hs
munohistochemical findings in the primary 0 0
spongiosa of the proximal tibias of 12-week-old WT IRS-1+ WT IRS-1+ WT IRS-1*> WT IRS-1+
WT and [RS-17'~ mice. (A} Histomorphometri-
cal analysis. Parameters were measured in an Oc.N/B.Pm 0¢.5/BS ES/BS
area 1.2 mm in length from 0.1 mm below the (cellsf (e} (%)
epiphyseal cartilage at the proximal metaphysis 1¢ 100 10 1o
of the tibias in Villanueva-Goldner and calcein cm)
double-labeled sections. Darta are expressed as 50 R sL . 5L "
means (bars) = SD (error bars) for 6 bores/
group for WT and IRS-17". *p < 0.01 vs. WT,
BV/TV, wrabecular bone volume expressed as 0 WT IRS-1% WT [RS-1< WT RS-+

percentage of total tissue volume; OS/BS, per-
centzge of osteoid surface; MAR, mineral appo- B
sition rate; BFR/BS, bone formation rate ex-
pressed by MAR X percentage of bone
exhibiting double labels plus one-half singls 1a-
bels; Oc.N/B P, nurnber of mature osteoclagts
in 10 em of bone perimeter; Oc.5/BS, percentage
of bone surface covered by mature osteoclasts:
ES/BS, percentage of eroded surface. (B) Immu-
nolocalizations of PCNA. Some osteoblastic
cells were positive for PCNA (amows) in the WT
proximal tibias, but they were hardly seen in
IRS-17/". Bar, 10 pm.

naling might lead to apoptosis of the hypertrophic chon-
drocytes in IRS-17'" mice. Furthermore, carly closure of
the epiphyseal cartilage is clinically seen in the adreno-
genital syndrome or precocious puberty, indicating the
acceleration of the sex hormone production.®® Because
sex hormones are known to induce IGF-1 production in
chondrocytes,®**® IGF-I is assured to be increased in
the cartilage. It seems thar the p66°*™® signaling exceeds
the IRS-! signaling under the pathological conditions,
Although the skeletal phenotype of the p66°-deficient
mice has not yet been reported, our next task will be to
elucidate the differential regulation of chondrocytes by
IRS-1 and p66™ signalings.

In the IRS-17"" primary spongiosa, both bone formation
and resorption were decreased, showing a state of low bone
turnover. Histomorphometrical and PCNA immunchisto-
chemical analyses revealed the impairment of osteoblast
proliferation (PCNA) and activity {mineral apposition rate),
Regarding osteoclastic cells, because we previously re-
ported that IRS-1 is rot expressed in these cells, the down-
regulation of bone resorption markers is likely to be caused
by the decrease in the supporting ability of ostecclastogen-
esis by osteoblasts through RANKL induction.®* These
abnormalities in the cartilage and bone seen in the IRS-17
mice resemble those of skeletal senility in humans.®" Al-
though the involvement of IRS-1 in human aging is un-
known, a reduction in IGF-I is implicated as an important
factor in the etiology of age-related bone loss. 550 Thus,
IRS-1 signaling might be important in the prevention of
skeletal ageing caused by the decrease of IGF-L

Taken together, we hereby conclude that IRS-1 signaling
is important for skeletal growth because it prevents the
closure of the epiphyseal cariilage and maintains subsequent
bone turnover at the primary spongiosa. Because our pre-
liminary study has revealed that IRS-1 deficiency also im-
pairs fracture healing,*" further studies on IRS-1 signaling
in the regulation of cartilage and bome metabolist are
anticipated to disclose not only the molecular mechanism of
skeletal growth and aging, but also that of pathological
conditions such as osteoarthritis and osteoporosis.
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Abstract

Background The investigation into the intracellular mechanisms for gene
expression has acquired great impetus for the improvement of the transfection
efficiency by a non-viral gene delivery system.

Metheds Intracellular trafficking as well as release of plasmid DNA (pDNA)
complexed with polycations, including linear and branched polyethylenimine
(LPEl, BPEI) and poly(L-lysine) (PLL), were explored under confocal
microscopy using fluorescence resonance energy transfer (FRET) between
a pair of donor-acceptor fluorescent dyes (fluorescein and Cy3) tagged on a
single pDNA molecule.

Results pDNA complexed with LPEI underwent a rapid escape from the
endosomes, spreading uniformly into the cytoplasm with a substantial
decrease in FRET efficiency due to the disintegration of LPEl/pDNA polyplex
structure, pDNA complexed with BPEI also achieved a rapid escape from
the endosomes. Nevertheless, the pDNA retained high FRET efficiency even
after 24 h, indicating an appreciable stability of the BPEI/pDNA polyplex
to keep pDNA in a condensed state. In the PLL/pDNA polyplexes, neither
endesome escape nor pDNA decondensation was observed. These intracellular
characteristics of polyplexes showed a clear correlation to their gene
transfection efficiency: The LPEI/pDNA revealed a considerably higher and
faster gene expression compared with BPEI/pDNA. Atomic foree microscopy
revealed that BPE! induced more effective condensation of pDNA than LPE,
being consistent with restricted cytoplasmic release of complexed pDNA.

Conclusion Fast endosomal escape and subsequent smooth disintegration
of LPEl/pDNA in the cytoplasm are likely to be determining factors for the
excellent transfection efficiency of this polyplex system. These properties may
be particularly beneficial to achieve appreciably high gene expression in a
prompt manner. Copyright ® 2004 John Wiley & Sons, Ltd,

Keywords polyethylenimine; DNA; fluorescence resonance energy transfer;
confocal microscopy; transfection; nucleic acid conformation

Introduction

Improvement of transfection efficiency is one of the most important subjects
for the development of a non-viral gene delivery system. For this purpose,
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investigations into the intracellular mechanisms for gene
expression have been acquiring great importance [1].
Many cationic polymers indeed condense plasmid DNA
(pDNA) through an electrostatic interaction, which is a
requirement for effective cellular uptake [2,3]. However,
sufficient transfection efficiency for clinical application
has not been achieved, probably due to barriers such
as endosomal degradation of pDNA or the limitation of
nuclear localization. In recent years, special attention has
been directed toward polyethylenimine {PED), which has
shown excellent gene expression compared with other
polymers such as poly{L-lysine) (PLL}. The mechanisms
are usually explained by the ‘proton-sponge’ effect based
on the uniqueness of the chemical structure of PEI
{4,5]. Due to the integrated amino groups in the
backbone structure, PEI possesses a low pKa to show
a buffering property below physiological pH. Thus, PEI
in the endosome interferes with pH lowering of the
compartment, and induces an increased ion osmotic
pressure to cause endosomal swelling and subsequent
disruption [6]. Consequently, the endocytosed PEI
polyplex can be efficiently delivered into the cytoplasm.

Two different structures of PEI, ie., linear and
branched PEI, have so far been applied to construct
polyplex systems. Initially, appreciable gene expressions
without using chloroquine were often reported for
polyplexes composed of 800 and 25 kDa branched PEI
(BPED) [4,5,7-10], yet recent studies revealed that the
22 kDa linear PEI (LPEI) has even higher transfection
activity [11-17]. Although BPEI and LPEI have identical
chemical fermulas, their buffering capacities are not
considered comparable because of the difference in the
amine composition: The amines present in LPEI are all
secondary, in contrast, of those in BPEI, 25, 50, and
25% are primary, secondary, and tertiary, respectively
{18]. Based on the studies comparing various LPEI and
BPEI samples with a broad range of molecular weight,
there were indeed observed significant differences in the
transfection efficiencies [19,20]. Nevertheless, it is still

- unsolved whether the different efficiencies of the PEI
family can simply be explained from the standpoint of
the ‘proton-sponge’ effect, motivating us to conduct the
present study to explore the intracellular behavior of
PEI/pDNA polyplexes with varying composition.

Herein, we observed the intracellular fate of the inter-
nalized polyplexes by microscopic observation using flu-
orescently labeled pDNA. By using doubly labeled pDNA
with a pair of donor-acceptor fluorescent dyes (fluores-
cein and Cy3), the condensation state of pDNA inside
the cells was clearly detected by fluorescence resonance
energy transfer (FRET) measurement. Moreover, the
structural properties of the PEI/pDNA polyplexes, which
might correlate with their intracellular kinetics, were ana-
lyzed by atomic force microscopy (AFM). Notably, in the
LPEI/pDNA polyplexes, rapid escape from the endosomes,
effective release of pDNA from the complex into the cyto-
plasm, and easy pDNA decondensation were observed in
a sequential manner, correlating with the excellent and
earlier detectable gene expression.

Copyright © 2004 John Wiley & Sons, Ltd.
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Materials and methods

Materials

Branched polyethylenimine (BPEI, MW 25 kDa) was
purchased from Aldrich Chemical Co. {USA). Linear
polyethylenimine (LPEI, MW 22 kDa) was purchased from
MBI Fermentas (Exgen 500; Germany). Poly(L-lysine)
(PLL, MW 53 900) and poly(aspartic acid) sodium salt
(MW 26 000) were purchased from Sigma (St. Louis,
MO, USA). The pDNA encoding luciferase (pGL3-Luc,
Promega, USA; 5256 bps) was amplified in competent
DHSa Escherichia coli and purified using EndoFree™
Plasmid Maxi Kits (Qiagen GmbH, Germany). The DNA
concentration was determined by the absorbance at
260 nm. Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were purchased from Sigma.
Texas Red Dextran (MW 3000) was purchased from
Molecular Probes (Eugene, OR, USA). Hoechst 33258
was purchased from Dojindo (Japan). -

Fluorescent labeling

The plasmid DNA (pDNA) was labeled in a similar way
as that previously described using a Label IT nucleic acid
labeling kit (Panvera, USA) [21]. Following a protocol
provided by the manufacturer, slightly modified to allow
double labeling of DNA, 5-50 pl of a pDNA solution
(1 mg/ml) and the same amount of Label IT reagent (for
fluorescein, Cy3 and X-rhodamine) were mixed in 20 mM
MOPS buffer (pH 7.5) and incubated at 37°C for 2 h. For
double labeling, the two reagents (fluorescein + Cy3 or
fluorescein + X-rhodamine) were simultaneously added
to the pDNA solution. Any unreacted labeling reagent was
removed and pDNA was purified by ethanol precipitation.

Preparation of polyplexes

The polycations and pDNA were separately dissolved
in 10 mM Tris-HCl buffer (pH 7.4). Both solutions
were mixed at various charge ratios of the number
of nitrogen atoms to DNA phosphates. The final DNA
concentration was adjusted to 33.3 pg/ml. After 15 min
of incubation, the mixture was used for transfection and
other measurements.

In vitro transfection

293T cells were seeded in 24-well culture plates. After a
24-h incubation in medium containing 10% FBS, the cells
were rinsed and then 250 pl of culture medium without
FBS were added to each well. Polyplex solution (25 pl;
the pDNA concentration was 30pg/ml) was applied to
each well. After 4h, the medium was removed and
replaced by 10% FBS containing medium for further
incubation. The luciferase gene expression was measured
using Fluoroscan Ascent FL {Dainippon, Japan).

J Gene Med 2004; 6: 76-84.
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Flow cytometric analysis

The polyplezes loaded with fluorescein-labeled pDNA
were applied to the 293T cells in a manner similar
to the procedure for invitro transfection. After a 1-h
incubation, the culture medium was aspirated and the
cells were washed twice with phosphate-buffered saline
(PBS). After detachment by pipetting and resuspension
in PBS, the cells were analyzed using a flow cytometer
(EPICS XL, Beckman Coulter, Inc.). Mock transfection
allowed the definition of the natural fluorescence limit
for the 293T cells and thus assessment of the fluorescein-
positive cells. The cytometric data were analyzed using
EXPO32™ software (Beckman Coulter, Inc.).

Laser confocal microscopy

The cells were seeded in 35-mm glass base dishes (Iwaki,
Japan) for laser confocal analysis. A LSM 510 laser
scanning microscope, set up from an Axiovert 100M
microscope (Carl Zeiss, Germany), was used for the
optical sectioning of the cells. An argon/krypton mixed
gas laser with an excitation wavelength at 488 nm was
used to induce emission from fluorescein and Cy3. For
observation of the nuclei stained by Hoechst 33 258 and
the endosomes stained by Texas Red Dextran, excitation
wavelengths at 364 nm (Ar laser) and 543 nm (HeNe
laser) were used, respectively,

When the pDNA was labeled with only fluorescein,
the emission was observed using a 505 nm long pass
filter. For analyzing FRET with doubly labeled pDNA,
the emissions of fluorescein and Cy3 were detected by
a 500-530 nm band pass filter and a 560 nm long pass
filter, respectively. The fluorescence intensity ratios were
calculated (LSM 510 Software, version 2.02; Carl Zeiss,
Germany) at each pixel using the following equation:

Fluorescein/Cy3 Ratio
= (81~ 82)/(51+ 52) x 256 + 128

where 51 and 52 indicate the emission intensities of
fluorescein and Cy3, respectively. The ratio image with
an 8-bit (256 levels) gray scale was then created to express
the ratios on the cell image.

Exchange reaction assay

The FRET measurements associated with the globule-
to-coil transition of pDNA, which is triggered by the
dissociation of the polyplexes, were carried out as
previously described [21]. The fluorescence emission was
measured at 25°C using a spectrofluorometer (FP-777;
JASCO, Japan). The excitation wavelength was 492 nm.
The LPEI, BPEI, and PLL/pDNA polyplexes (DNA
concentration was 20 pg/ml) were prepared by using
the doubly labeled (fluorescein and X-rhodamine) pDNA.
After measurement of the initial emission intensity ratio of

Copyright © 2004 John Wiley & Sons, Ltd,
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X-rhodamine/fluorescein, a 20% volume of poly(aspartic
acid) solution (840 pg/ml) was added (the molar rato
of aspartic residue to DNA phosphate was 20), and, with
gentle stirring, the time-dependent change in the emission
intensity ratio was evaluated.

Atomic force microscopy

Each polyplex sample solution (5 pl) was deposited on
a freshly cleaved mica substrate for 30 s. The solution
was then rinsed with 50 pl of MilliQ deionized water
(Millipore) and dried under a gentle flow of nitrogen
gas. AFM imaging was performed in the tapping mode
with standard silicon probes (Olympus, Tokyo, Japan)
on a NVB10O microscope {(Olympus) controlled by
Nanoscope Illa software (Digital Instruments, USA).
The cantilever oscillation frequency was tuned to the
resonance frequency of the cantilever, 260-340 kHz.
The 256 x 256 images were recorded at a 0.5-2 pm/s
linear scanning speed at a sampling density of 4-60 nm?
per pixel. The raw AFM images were processed only for
background removal (flattening) using the software.

Results

N/P ratio of cationic polymer/pDNA
polyplexes

The polyplexes of the cationic polymers and pDNA at
various N/P ratios (N/P = 1-20) were tested for transfec-
tion to 293T cells. The best transfection efficiencies were
obtained for N/P = 10 in LPEI and BPEL and N/P =2 in
PLL {data not shown). The gene expression obtained by
LPEI was 10-100 times greater than BPEI (see Figure 6,
discussed later). These N/P ratios were then used when
preparing each polyplex throughout this study.,

Transfer of the polyplexes from
endosomes to the cytoplasm

The first step in the transfection is the cellular association
and internalization of the polyplexes. By using the
fluorescein-labeled pDNA, the cellular uptake of the
polyplexes (LPEI, BPEI, and PLL/pDNA) was investigated.
From flow cytometric analysis, the fluorescein-positive
cells were estimated to be more than 90% even after
a 1-h incubation with each polyplex, indicating that
considerable association of these polyplexes and cells
was achieved. The internalization of the polyplexes was
then observed using laser confocal microscopy. To certify
the escape from the endosomes, Texas Red Dextran was
used as the endosome marker. After a 4-h incubation with
either the LPEI/pDNA or the BPEL/pDNA polyplex, signals
of fluorescein and Texas Red were separately observed in
the cytoplasm (Figure 1), indicating that the polyplexes
had already escaped from the endosomes. On the other

J Gene Med 2004; 6: 76-84.
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Figure 1. Transfer of the polyplexes from endosomes to
the cytoplasm. The polyplexes were formed by polycatons
(LPEL, BPEIL, and PLL) and fluorescein-labeled pPDNA. 2093T
cells were seeded in 24-well culture plates. After a 24-h
incubation in medium containing 10% FBS, the cells were

" rinsed and then 250 k1 of culture medium without FBS were
added to each well. The polyplex solution (25 pl; pDNA
concentration was 30 pg/ml) was applied to each well. After
a 4-h incubation, confocal microscopic images were obtained
with endosome staining by Texas Red Dextran. The fluorescent
images are shown on the left-hand side and the corresponding
phase contrast images are on the right. (A) LPEI/pDNA and
(B) BPEI/pDNA. DNA complexes (arrowhead) and dextran (open
arrowhead} were separately observed. {C) PLL/pDNA. DNA
complex and dextran were co-localized (observed as yellowish
spot). Bar: 10 um

hand, in the PLL/pDNA polyplexes, both the fluorescein
and Texas Red signals were co-localized (observed ag
yellowish spot in Figure 1), even after 4 h.

It has been reported in the literature that the escape
of BPEI/pDNA polyplexes from the endosomes occurs
within 4 h after transfection based on an experiment using
a proton pump inhibitor that prevented acidification of
the endosomes [22]. In this study, both LPEI and BPEI
were observed to escape from the endosomes after 4 b,

Copyright © 2004 John Wiley & Sons, Lud.
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presumably suggesting a similar endosomolytic activity of
PEI by the proton-sponge effect.

Observation of pDNA decondensation
in the cytoplasm

The next step for gene expression is pDNA release into
the cytoplasm and transportation to the nucleus. After
24 h of transfection with the fluorescein-labeled pDNA,
the microscopic images showed remarkable differences
ameng the polyplexes. In LPEI/pDNA, the fluorescein
signals were spread all around the cytoplasm (Figure 2).
In contrast, the BPEI/pDNA polyplex was also distributed
in the cytoplasm; however, it remained dot-shaped,
similar to that observed after 1h of transfection,
This result suggested a difference in the polyplex
structures.

For further investigation, the doubly Iabeled pDNA
was used for FRET analysis. As previously reported, the
condensation of the doubly labeled (fluorescein and X-
rhodamine) pDNA in the polyplex induced FRET between
the two fluorescent molecules, and the condensation state

Figure 2. Intracellular distribution of fluorescein-labeled pDNA
after 24 h of transfection. The polyplexes Ipaded with flue-
rescein-labeled pDNA were applied to the 293T cells. Afier a
24-h incubation, confocal microscopic images were obtained.
The corresponding phase contrast images are on the right.
(A) LPEI/pDNA and (B) BPEl/pDNA. Bar 10 pm

J Gene Med 2004; 6: 76-B4.



8o

of pDNA can be evaluated even under physiological
conditions [21]. In this study, fluorescein and Cy3
were used for double labeling. By spectral analysis
with excitation at 492 nm, fluorescein (520 nm) has
higher intensity than Cy3 (570 nm) in free pDNA. In
contrast, when pDNA toock a condensed state through
complexation with the polycation, the emission peak of
Cy3 significantly increased due to FRET from fluorescein,
with a concomitant decrease in peak intensity of
fluorescein {data not shown).

By using this doubly labeled pDNA, the intracellular dis-
tribution of polyplexes was analyzed by FRET under laser
confocal microscopy. As shown in Figure 3, the cells trans-
fected by the LPEI/pDNA polyplexes were observed with
diffuse distribution of white-colored (higher value of the
fluorescein/Cy3 ratio) pDNA in the cytoplasm. This higher
fluorescein/Cy3 ratio compared with the background indi-
cated that the emission intensity of fluorescein had higher
emission intensity than Cy3 (S1 > S2; see ‘Methods’),
thus the pDNA acheived a decondensed state where FRET
did not occur. In contrast, the cells transfected by the
BPEI/pDNA polyplexes were observed as black-colored
(lower fluorescein/Cy3 ratio; S1 < 52) and dotted par-
ticles, in which the pDNA remained in the condensed
state (Figure 3). The result obtained by the PLL/pDNA
polyplexes alse indicated a similar condensation state.
However, the number of polyplexes observed in the cyto-
plasm was extremely small, even lower compared with
that observed after 4 h of transfection.

The DNA decondensation should be necessary to
accomplish transcription to mRNA, The feasibility of
the pDNA decondensation is thus believed to be closely
correlated to the transfection efficiency. To confirm
this hypothesis, the time-dependent increase in the
PDNA decondensation and the gene expression was
evaluated. In the LPEl/pDNA polyplexes, the intracellular
decondensation of pDNA was observed within 4h
after transfection, and the amount of decondensed
pDNA increased in a time-dependent manner (Figure 4).

- Concomitantly, the luciferase gene expression was
confirmed as quickly as 4 h after transfection, and showed
a time-dependent increase (Figure 5), thus presenting
a clear correlation with the pDNA decondensation. In
contrast, the gene expression by BPEl/pDNA was hardly
observed after 4 h, which is consistent with the restricted
pDNA decondensation, and, even after a 24-h incubation,
only 1/50 to 1/100 of the gene expression was obtained.

It should be noted that pDNA transportation to the
nucleus, where the transcription is considered to occur,
was not clearly observed for any cases. As shown in
Figures 3A and 4, the nucleus was observed as a ‘punched-
out’ shape in the cell. After staining the nucleus with
Hoechst 33 258, the localization of the fluorescein-labeled
PDNA at the nucleus was rarely detected in each polyplex
(Figure 6). Thus, there was a strong indication that only
a small portion of the internalized pDNA had been
transported to the nucleus. This issue may be related
to the intracellular mobility of the polyplexes, and will be
discussed below.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 3. Polyplex distribution after 24h of transfection
expressed by the ratio images. The polyplexes loaded with
doubly labeled (fluorescein and Cy3) pDNA were used. For
analyzing FRET, the emissions of fluorescein and Cy3 were
detected by a 500-530 nm band pass filter and a 560 nm long
pass filter, respectively, The fluorescence intensity ratios were
calculated at each pixel using LSM 510 Scftware version 2.02
(Carl Zeiss, Germany, see ‘Methods”), and the ratio image with
an 8-bit (256 levels} gray scale was then created to express
the ratios on the cell image. The corresponding phase contrast
images are on the right. (A) LPEI/pDNA; (B) BPEl/pDNA; and
(C) PLL/pDNA. Bar 10 pm

Feasibility of the pDNA release from
the polyplexes

The decondensation of pPDNA is induced after pDNA
dissociation from the polycation. Inside the cells, the

J Gene Med 2004; 6: 76-84,
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Figure 4. Time-dependent increase of decondensed pDNA
after transfection with LPEI/pDNA polyplexes. The ratio
images were created after transfection by LPEl/doubly labeled
(fluotescein and Cy3) pDNA. The cells were observed with
a diffuse distribution of white-colored (higher value of the
fluorescein/Cy3 ratio) pDNA in the cytoplasm. This higher
fluorescein/Cy3 ratio compared with the background indicated
that the emission intensity of fluorescein had higher emission
intensity than Cy3 (51> 52; see ‘Methods’), thus the pDNA
took a decondensed state where FRET did not occur. The
corresponding phase contrast images are on the right, The
ratio image after (A)4h; (B)8h; (C) 16 h; and (D) 24 h of
transfection

dissociation is considered to take place by an interex-
change reaction of the complexed pDNA with the
surrounding polyanion, such as cytoplasmic mRNA,
phosphatidylserine, or anionic proteoglycan [23]. Thus,

Copyright @ 2004 John Wiley & Sons, Ltd.
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Figure 5. Time-dependent increase of luciferase gene expression
with LPEl/pDNA, BPEI/pDNA, and PLL/pDNA polyplexes. After
4-24h of transfection, the luciferase gene expression was
measured using Fluorosean Ascent FL (Dainippon, Japan).n = 6;
+SE

Figure 6. Fluorescent images after 24 h of transfection using
fluorescein-labeled pDNA. The nucleus was stained with Hoechst
33258 prior to confocal microscopy for 15 min. Transfection
with (A) LPEl/pDNA; (B) BPEI/pDNA; and (C) PLL/pDNA. Bar
10 pm

the feasibility of this interexchange reaction may dis-
tinctly affect gene expression and should be eval-
uated from the standpoint of its physicochemical
properties.

J Gene Med 2004; 6: 76-84.
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By using the doubly labeled (fluorescein and X-
thodamine) pDNA, the interexchange reaction between
the polyanion and the complexed pDNA in the LPEI,
BPEI, and PLL/pDNA polyplexes was evaluated by FRET
measurement [21]. Poly(aspartic acid) was used as the
model counter-polyanion [24]. As shown in Figure 7,
the LPEl and BPEl/pDNA polyplexes showed a rapid
decrease in the emission intensity ratios, indicating that
the DNA decondensation was induced by the dissociation
from polycations. In contrast, the ratio of the PLL/pDNA
polyplex decreased in a much slower manner. The tight
binding of PLL with pDNA, resulting in the restricted
release of pDNA through a chain exchange reaction, may
have a role in the lower gene expression compared with
PEL Nevertheless, the kinetics of the decreased emission
intensity ratios was not significant between LPEI and BPEI.

From a different viewpoint, it is worth noting that
BPEIl/pDNA had a remarkably higher initial intensity ratio
than LPEI/pDNA. Since the intensity ratio is considered to
reflect the condensation degree of pDNA, the BPEI/pDNA
polyplexes are likely to induce a denser condensation of
pDNA. This was further demonstrated by AFM (Figure 8).
The polyplex diameters of LPEI and BPEI/pDNA were in
a similar range, around 100 nm. These diameters were
also confirmed by dynamic light scattering measurements
(data not shown). However, in the cross section, the
LPEl/pDNA polyplex was observed to have a multi-peak
profile. In contrast, the BPEI/pDNA polyplex showed
a taller and single-peak profile, suggesting a higher
molecular density at the core of the complex. These results
suggested that BPEI might induce the denser condensation
of pDNA inside the polyplexes, which was in line with the
higher FRET ratio of BPEl/pDNA.
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Figure 7. Interexchange reaction between poly(aspartic acid)
and pDNA in the polyplexes. The LPEI, BPEI, and PLL/pDNA
polyplexes were prepared by using the doubly labeled (flu-
orescein and X-rhodamine) pDNA. After measurement of the
initial emission intensity rato of X-rhodamine/fluorescein,
poly(aspartic acid) solution was added, and, with gentle stirring,
the time-dependent change of the emission intensity ratio was
evaluated. (@) LPEI/pDNA; (%) BPEI/pDNA; and (4) PLL/pDNA
polyplexes

Copyright @ 2004 John Wiley & Sons, Ltd,
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Figure 8. Atomic force microscopy of LPEI and BPEL/pDNA
polyplexes. Each polyplex sample solution (5 I) was deposited
on a freshly cleaved mica substrate for 30 s. The solution was
then rinsed with 50 pl of MilliQ deionized water (Millipore)
and dried under a gentle nitrogen gas flow. AFM imaging was
performed in the tapping mode with standard silicon probes
{Olympus, Tokyo, Japan) on a NVB100 microscope (Olympus)
controlled by Nanoscope IIla software (Digital Instruments,
USA). The cantilever oscillation frequency was tuned to the
resonance frequency of the cantilever, 260-340 kHz. The
256 x 256 images were recorded at a 0.5-2 pm/s linear
scanning speed at a sampling density of 4-60 nm? per pixel.
The raw AFM images were processed only for background
removal (flattening) using the software. (1) LPEI/pDNA and
(2) BPEL/pDNA. The figures on the right are the cross sections
at the lines indicated in the left-hand pictures (A-H)

Discussion

The process of transfection with non-viral gene delivery
systems consists of many steps, such as the association
of the DNA-loaded complexes with the cell surface, the
internalization presumably by endocytosis, the escape
from the endosomes, transport of the complexes or
the released pDNA to the nucleus, and transcription
in the nucleus. Each step may be a barrier to gene
expression; however, the escape from the endosomes
has been considered as one of the crucial obstacles. In
this regard, PEI has been a promising candidate due to
its buffering capacity under physiclogical pH conditions,

J Gene Med 2004; 6: 7684,
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which is expected to induce endosomal rupture and enable
polyplexes to escape without degradation. In fact, Akine
et al. reported that by using the fluorescent-labeled DNA,
the pH environment of DNA inside the cells was measured
as less acidic when delivered by BPEI and LPEI corpared
with PLL {25]. In contrast, it was also reported that an
increase in pH was not observed around the PEI/pDNA
polyplexes even by using a similar labeling method [26].
This inconsistency may be partly due to the difference
in the labeling target, i.e., the former labeled the pDNA
molecules and the latter the polymers. It is likely that
the dissociation of the pDNA and polymers induces the
discrepancy in their pH environments; however, details
of their intracellular fate remain unclear.

These problems led us to this study focusing on
the dissociation of pDNA from a cationic polymer.
When released from the complexes, the pDNA should
be decondensed from the condensed state inside
the polyplexes. In the doubly labeled pDNA, the
conformational change leads to a change in the distance
between the two fluorescent molecules attached to a
single pDNA muolecule. Thus, pDNA decondensation
through polyplex dissociation should be detected by FRET
measurement [21]. Moreover, since this measurement can
be carried out under physiological conditions, it is feasible
to apply it for single cell observations under fluorescence
microscopy.

In this study it was revealed that escape from the
endosomes, presumably via the proton-sponge effect,
was observed in the LPEI and BPEL/pDNA polyplexes.
However, despite their identical chemical formulas, LPEI
and BPEI showed a remarkable difference in intracellular
behavior. LPEI presented a rapid and efficient pDNA
decondensation in the cytoplasm, which was clearly
correlated with the earlier detectable gene expression.
In contrast, the BPEI/pDNA polyplexes were observed
to remain in the condensed state even after 24 h of
transfection.

Regardless of the condensation state of the pDNA,
- most of the fluorescent-labeled pDNAs was observed in
the cytoplasm, suggesting that only a small portion of
the internalized pDNA was transported to the nucleus.
This is consistent with the restricted mobility of the high
molecular DNA in the cytoplasm as reported by Lukacs
etal. [27]. Note that even a single molecule of DNA
with an applicable conformation for the transcription can
repeatedly produce the mRNA, playing a key role, in
a time-dependent manner, in determining the amount
of the synthesized protein. It is thus suggested that the
rapid and excellent gene expression is correlated with the
increase in the concentration of intra-cytoplasmic pDNA
undergoing smooth decondensation.

The BPEI/pDNA polyplexes were observed to remain
mostly complexed in the cytoplasm. A similar result was
reported by Godbey etal. [28]. They showed that by
microscopic observation of the intracellular trafficking
of the BPEI/pDNA polyplexes using separately labeled
DNA and BPEL, both pDNA and BPEI were observed co-
localizing in the nucleus as well as in the cytoplasm. These

Copyright ® 2004 John Wiley & Sons, Ltd.
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observations suggested that a portion of the BPEI/pDNA
polyplexes was transported to the nucleus; however,
the polymer and pDNA stll remained complexed.
Such a complexed pDNA is obviously unfavorable for
transcription. This excessive stabilization of BPEI/pDNA
polyplexes may cause lower gene expression compared
with LPEI.

From the standpoint of physicochemical properties,
the interexchange kinetics of pDNA and poly(aspartic
acid) did not reveal any difference between LPE!I and
BPEL However, the FRET analysis and the observations
by AFM indicated that their structures were obviously
different. Compared with LPEI, the BPEI/pDNA polyplex
showed the more condensed structure. Consequently, in
the cytoplasm, pDNA dissociation from BPEI is kikely to
be more difficult and a more time-requiring process than
from LPEI,

On the other hand, PLL made a striking contrast both
in intracellular behavior as well as the interexchange
reaction, After transfection, the PLL/pDNA polyplexes
were mostly entrapped in the endosomes, presimably
due to the lack of the proton-sponge effect. In addition,
the feasibility of the pDNA dissociation from PLL was
found to be much less than that of PEI, indicating that
the PLL/pDNA polyplexes are, in a sense, too stable
in the cells. These PLL properties are thought to cause
the significantly lower transfection efficiency compared
with PEL. However, we recently observed that, even by
using the PLL-based polymer systems, the sufficiently long
incubation in the presence of chloroquine could produce a
significant enhancement in gene expression (unpublished
data), suggesting that dissociation of pDNA from PLL may
be accomplished by the longer incubation.

In conclusion, the superiority of LPEI as a polyplex
compenent is considered to be the rapidity of gene
expression due to the smooth intracellular disintegration
of the complex with pDNA. This property may be
particularly beneficial to achieve an appreciably high gene
expression in a prompt manner,
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Abstract

Mesenchymal stem cells (MSC) show a very short proliferative life span and readily lose the differentiation potential in culture.
However, the growth rate and the proliferative life span of the stem cells markedly increased using tissue culture dishes coated with a
- basement membrane-like extracellular matrix, which was produced by PYS5-2 celis or primary endothelial cells. Furthermore, the
stem cells expanded on the extracellular matrix, but not those on plastic tissue culture dishes, retained the osteogenic, chondrogenic,
and adipogenic potential throughout many mitotic divisions. The extracellular matrix had greater effects on the proliferation of
MSC and the maintenance of the multi-lineage differentiation potential than basic fibroblast growth factor. Mesenchymal stem cells
expanded on the extracellular matrix should be useful for regeneration of large tissue defects and repeated cell therapies, which

require a large number of stem or progenitor cells.
® 2003 Elsevier Inc. All rights reserved.

Keywords: Mesenchymal stem cell; Basement membrane; Extracellular matrix; Regeneration; Differentiation

Mesenchymal stem cells (MSC) can be induced to
differentiate into a variety of tissues including bone,
cartilage, tendon, fat, heart, muscle, and brain, in vitro
and in vivo [1,2]. Autologous MSC have advantages
over ES cells: there is no teratocarcinoma formation, no
immune rejection, and there are no ethical problems.
However, compared with ES cells, which have an un-
limited proliferative life span (period before the cells
reach growth arrest in culture) and consistently high
telomerase activity, MSC have very poor replicative
capacity and short proliferative longevity [3,4]. Thus, an
important challenge in regenerative medicine is to im-
prove the replicative capacity of MSC, thereby to obtain
a number of MSC sufficient to repair large defects,
Forced expression of telomerase in MSC markedly
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E-mail address: ykato@hiroshima-u.ac.jp (Y. Kato),
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increases their proliferative life span and MSC with a
high telomerase activity showed osteogenic potential [5].
However, it is unknown whether these cells can maintain
the chondrogenic and adipogenic potential or whether
these cells have a risk of transformation. We report here
that the growth rate and the proliferative life span of
MSC markedly increased using tissue culture dishes
coated with a basement membrane-like extracellular
matrix (“bmECM”). Furthermore, MSC that expanded
10°-fold on bmECM retained its osteogenic, chondro-
genic, and adipogenic potential.

Materials and methods

Preparation of bnECM-coated dishes. PYS-2 cells, which produce
laminin, type IV collagen, and heparan sulfate proteoglycans [6-8),
were supplied by Dr. Atsumi (Riken, Wako, Japan), and bovine corneal
endothelial cells were isolated and maintained as described [9).
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BmECM-coated dishes were prepared according to the method of Dr.
Gospodarowicz [19), The cells were szeded at 2 x 10 cells/cm? on 60-
mm tissue culture dishes (Coming, Coming, N'Y) and maintained in
4ml of Dulbecco’s modified Eagle's medium (DMEM)-Ham’s F12
medium (1:1) (Sigma, St. Louis, MO) in the presence of 10% fetal bo-
vine serum (Hyclone, Logan, Utah) and antibiotics {100 U/ml penicillin
G and 100 pg/ml streptomycin) (medium-A). Medium was changed
every other day. Once the cultures became confluent, the media were
renewed by 4ml of medium-A supplemented with 5% dextran
(200,000 Da, Wako, Osaka, Japan) and the cultures were further in-
cubated for 7 days. Treatment of the cultures with 20 mM NH; resulted
in cell lysis, exposing the extracellular matrix adhening to the substrata
of tissue culture dishes. The substratum was washed five times with
PBS. Previous studies have shown that bmECM is composed of lami-
nin, heparan sulfate, entactin, and type IV collagen {11,12].

Preparation of laminin-coated dishes, type I'V collagen-coated dishes,
and ECM gel-coated dishes. Three milliliters of 10mM NaHCO,
containing 30pg/ml type 1V collagen or 30ug/ml laminin (Koken,
Tokyo, Japan) was incubated in 60-mm plastic tissue culture dishes at
4°C for 12h. Two hundred micrograms per millititer ECM gel solution
(Sigma) was made by diluting with DMEM-high glucose. Three mil-
liliters of the ECM gel solution was incubated in 60-mm tissue culture
dishes at 4°C for 12h. These concentrations of laminin, type IV col-
lagen, and ECM gel were optimal {or proliferation of MSC (data not
shown).

MSC culture. Human MSC were obtained from the ilium or the
alveolar bone according to a protocol approved by ethical authorities
at Hiroshima University. Cells in marrow aspirates (1 ml/100-mm dish)
were seeded on plastic tissue culture dishes. Passages were performed
when cells were approaching confluence. Unless otherwise specified,
MSC obtained from the primary cultures were seeded at 1 x 107 cells/
cm? on 60-mm of laminin-, type IV collagen- or ECM gel-coated
dishes, on bmECM-coated dishes or on plastic tissue culture dishes,
and cells were fed with DMEM-low glucose supplemented with 10%
fetal bovine serum and antibiotics (medium-B) every 3 days. Sub-
sequent passages were performed on the appropriale substrata. In
these studies, we seeded MSC at a low density (1 x 10° cells/cm?) to
avoid frequent passages and the risk of contamination considering
clinical application, although MSC showed a higher growth rate and a
longer proliferative life span at a high seeding cell density (5 x 10 cells/
cm?} (data not shown).

Differentiation. Chondrogenic, osteogenic or adipogenic conversion
of MSC was determined according to the procedures reported by
Pittenger et al, {1}, with some modifications. For chendrogenic differ-
entiation, cells were seeded at 2.5 x 10 cells per 15 ml plastic centrifuge
tube and maintained in 0.5m! of serum-free &-MEM supplemented
with 3500mg/ml glucose, 6.25pg/ml insulin, 6,25 pg/ml transferrin,
6.25ng/ml selenite, 5.33 ug/mt linolate, 1.25mg/ml bovine serum al-
bumin, 10 ng/ml transforming growth factor-p3, 100nM dexametha-
sone, and 50 pg/ml ascorbic acid-2-phosphate. The cultures were fed
with 0.5m{ of the medium until 3 days after seeding. Thereafter, the
cultures were fed with 1 ml of the medium every other day. Cells were
cultured under the chondrogenic status for 28 days. For osteogenic
differentiation, cells were seeded at 4 x 10* cells per 16-mm dish and
maintained for 21-28 days in DMEM-low glucose supplemented with
10 ug/ml insulir, 1@mM B-glycerophosphate, 100 nM dexamethasone,
and 50 pug/ml ascorbic acid-2-phosphate. For adipogenic differentia-
tion, cells were seeded at 2 x 10% cells per 35-mm dish and grown to
confluence in medium-B. Thereafter, adipogenic differentiation was
induced by subjecting confluent monolayers to 3-4 rounds of adipo-
genic treatments. Each round had twe steps; incubation with adipo-
genic medium (ODMEM-high glucose, 10% fetal bovine serum, 0.2 mM
indomethacin, 1 uM dexamethasone, 0.5 mM methyl-isobutylxanthine,
and 10 pg/ml insulin) for 72-96h and incubation with maintenance
medivm (DMEM-high glucose, 10% fetal bovine serum, and 10 pg/ml|
insulin) for 72-96 h. Cells were cultured under the adipogenic status for
28 days.

Glycosaminoglycan content, alkaline phosphatase activity, calcium
level, glycerol-3-phosphate dehydrogenase activity, and DNA content,
The glycosaminoglycan {GAG) content was determined using 2 sul-
fated GAG assay kit (Biocolor, Newtownabbey, UK) [13]. The alka-
line phosphatase (ALP) activity was determined by the method of
Bessey [14], The calcium level was determined by the method of Git-
elman [15}. The glycerol-3-phosphate dehydrogenase activity was de-
termined using an assay kit (lokudo, Sapporo, Japan) [16]. The DNA
content was determined using a fluorescent DNA quantification kit
(Bio-Rad, Chicago, IL).

RT-PCR. Total RNA was extracted using Isogen (Nippon Gene,
Tokyo, Japan). The first-strand cDNA was synthesized from 1 pg of
total RNA using the SUPERSCRIPT II RNase H~ reverse trans-
criptase (Life Technologies, Rockville, MD). Using the ¢cDNAs as a
template, PCR. was carried out under the following conditions: dena-
turation at 94°C for 30 s and primer extension at 65°C for 1.5 min in
27 cycles. Pairs of nucleotides, 5-TGGTGGAGCAGCAAGAGCAA-
¥ and 5-TGCCCAGTTCAGGTCTCTTA-3' for type II collagen, 5'-
CCCAACACCAAGACACAGTT-¥ and SC-ATCACCTTIGATG
CCTGGCT-Y¥ for type X collagen, and 5-GTCAAGGCCGAGAAT
GGGAA-Y and 5'-GCTTCACCACCTTCTTGATG-3Y for GAPDH,
F-CATTITGGGAATGGCCTGTG-3 and 5-ATTGTCICCTCCG
CTGCTGC-Y for bone sialoprotein, 5-CTAGGCATCACCTIGTGC
CATACC-Y and 5-CAGTG ACCAGTTCATCAGATTCATC-3 for
osteopontin, ¥-CCACCGAGACACCATGAGAG-Y and ¥-CCATA
GGGCTGGGAGGTCAG-Y for ostegcalein, and ¥-CATTCTGGC
CCACCAACTT-3 and 5-CCTTGCA TCCTTCACAAGCA-¥ for
PPAR-y2 were used as primers for RT-PCR, Qbtained PCR products
were separated on 1% agarose gels and stained with ethidium bromide,

Statistical analysis. Student’s £ test was used,

Results

The extracellular matrix produced by PYS-2 cells or
endothelial cells adhered to the substratum of plastic
tissue culture dishes and could be easily cut with a needle
and turned over like a sheet of paper (Fig. 1A). When
cells in marrow aspirates were seeded on plastic culture
dishes, adherent cells_MSC—proliferated in the pres-
ence of 10% fetal bovine serum at a high growth rate in
primary cultures [3], but their growth rate rapidly de-
creased in secondary and tertiary cultures (Figs. 1B-D).
In cultures on plastic tissue culture dishes, non-adherent
cells were removed completely by the first passage.
However, when cells in marrow aspirates were seeded
directly on bmECM, both MSC and many other cells
adhered to the substratum and these adherent cells were
not removed by changing the medium. Accordingly, we
harvested MSC when the cells were approaching con-
fluence in primary cultures on plastic tissue culture
dishes, and seeded the isolated MSC on bmECM or
plastic tissue culture dishes without the matrix
(“plastic™) to examine the effects of bmECM on the
proliferation of MSC.

The growth rate of human MSC isolated from the
ilium (Fig. 1B) or the alveolar bone (Fig. 1C) on
bmECM was much higher than that on plastic, and thus
the cumulative cell number in the cultures on bmECM
was 10°-fold greater than that on plastic on day 50.
After MSC obtained from primary cultures were seeded
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Fig. 1. Expansion of human MSC on ECM-coated dishes, (A) The gross appearance of bmECM. (B} Cells in marrow aspirates {1 m)/100-mm dish)
from the ilium of two volunteers (EXP. A in her 50s and EXP. B in her 80s) were seeded on plastic tissue culture dishes. MSC were harvested when
the cells were approaching confluence in primary cultures, and the isolated cells were seeded on bmECM produced by PYS-2 cells or on plastic (the
first passage cultures), as described in Materials and methods. Subsequently, passages were performed on the appropriate substrata. ***Differs
significantly from the cell number in cultures on plastic dish on days 7-8, [4-15, 23-25, 33-37, 47-51 or 63-72 (*p < 0.05, *p < 0.01). Arrows: MSC
obtained from the 2nd passage culture on day 15 or MSC from the 5th passage culture on day 51 were transferred into chondrogenic, osteogenic, and
adipogenic status. (C) MSG obtained from the alveolar bone of four volunteers (EXP. C,D in their 205 and EXP. E,F in their 80s) were cultured on
plastic or bmECM produced by bovine corneal endothelial cells, as described above, ***%**Differs significantly from the cell number in cultures on
plastic dish on day(s) 7-8, 14-15, 30, 51, 47-51 or 72-74 (*p < 0.05, **p < 0.01, and ***z < 0.001}. (D) MSC obtained from the ilium were cultursd
on laminin-, type IV collagen-, ECM gel-coated dishes, bmECM or plastic, as described above, ******Djflers si gnificantly from the cell number in
cultures on laminin-, type IV collagen- or ECM gel-coated dishes on days 7-8, 14-15, 23-25, 33-37 or 47-51 (*p < 0.05, **p < 0.01, and
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***p < 0.001). (B,F) Flat and spindle-like cell shape on plastic (E) and bmECM (E), (40x) (on day 45 in the 5th passage cultures).

on bmECM or plastic, the proliferative life span of MSC
on bmECM (50.3+1.5 days) was also significantly
(p <0.0001) longer than that of MSC on plastic
{29.2 + 4.4 days) (Figs. 1B and C). The effect of bmECM
produced by PYS-2 was similar to that of endothelial
cell bmECM (Fig. 1). MSC seeded at a low density and
grown on plastic lost their spindle-like appearance, be-
coming flat with an increase in the passage number
(Fig. 1E}. The flat appearance is characteristic of se-
nescent cells. However, most MSC grown on bmECM
maintained the spindle-like appearance until the 5th
passage culture on day 45 (Fig. 1F), suggesting that
bmECM suppressed cell senescence.

Laminin and type IV collagen are the major com-
ponents of bmECM, but MSC on laminin- or type IV
collagen-coated dishes showed lower growth rates than
on bmECM (Fig. 1F). The ECM gel isolated from
Engelbreth-Holm-Swarm murine sarcoma also showed
less growth stimulation than bmECM (Fig. 1F), sug-
gesting a loss of active substances during isolation of the
extracellular matrix components or the necessity of an
intact structure for growth stimulation.

The chondrogenic potential of MSC was examined as
a function of the passage number. MSC obtained from
the 2nd and the 5th passage cultures on day 15 and day
51 (Fig. 1B) were maintained in pellet cultures for 28
days (Fig. 2A). The amount of cartilage proteoglycan
stained with toluidine blue was greater in the pellets
obtained from the Sth passage cultures grown on
bmECM than in the pellets from the 2nd and the Sth
passage cultures grown on plastic. The expressions of
type II collagen and type X collagen mRNAs were
higher in pellets from the 5th passage cultures on
bmECM than in pellets from the 5th passage cultures on
plastic (Fig. 2B). GAG content and ALP activity in the
pellets decreased with the increase in the passage num-
ber, irrespective of the presence or absence of bmECM.
However, at each passage number, the GAG content
(Fig. 2C) and ALP activity (Fig. 2D) were higher with
MSC from cultures on bmECM than with MSC from
cultures on plastic.

Next, MSC from the 2rnd and the Sth passage cultures
on bmECM or plastic were incubated under the ostec-
genic status on plastic tissue culture dishes. During
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Fig. 2. Retention of chondrogenic, osteogenic, and adipogenic potential on bmECM. The MSC obtained from the 2nd and the 5th passage cultures
on plastic or bmECM produced by PYS-2 cells (Fig. 1B) were transferred into the chondrogenic status in pellet cultures for 28 days (A-D) and
stained with toluidine blue (A). (B) The mRNA levels of type II collagen (type II) and type X collagen (iype X) were analyzed by RT-PCR. GAG
content (C) and ALP activity (D) were determined on day 28. The MSC from the 2nd and the 5th passage cultures on plastic or bmECM were
transferred into the osteogenic status (E-H). (E) The cell layers were stained with alizarin red on day 21. (F) The mRNA levels of bone sialoprotein
(BSP), osteopontin (OP), and osteocalcin (OC) wers analyzed by RT-PCR on day 28. The ALP activity (G) and calcium level (H) of the cell-matrix
layers were determined on day 28. The MSC obtained from the 2nd and the 5th passage cultures on plastic or bmECM were cuitured under the
adipogenic status for 28 days (I-K). (I) The cell layers wete stained with oil-red O. (J) The mRNA level of PPAR-y2 was analyzed by RT-PCR. ()
Glycerol-3-phosphate dehydrogenase activity was determined. (C,D,G,H, and K) “~” and “+” represent MSC from culture on plastic and bmECM,
respectively. Values are averages +/— SD for four cultures. *p < 0.05, **p < 0.01, and ***p < 0.001 vs plastic,

osteogenesis, we did not use bmECM to discriminate the
effect of the extracellular matrix on proliferation from its
direct effect on differentiation, MSC from cultures on
bmECM became stained with alizarin red more in-
tensely than MSC from cultures on plastic on day 21
(Fig. 2E). The expressions of bone sialoprotein, osteo-
pontin, and osteocalein mRNAs on day 28 were also
higher in cultures of MSC from cultures on bmECM
than in cultures of MSC from cultures on plastic at the
Sth passage (Fig. 2F). ALP activity and calcium level on
day 28 decreased with the increase in the passage num-
ber. However, MSC from cultures on bmECM showed a
higher ALP activity (Fig. 2G) and a higher calcium level
(Fig. 2H) than MSC from cultures on plastic at the 2nd
and the Sth passages.

To examine the adipogenic potential, MSC from the
2nd and the 5th passage cultures on bmECM or plastic
were incubated under the adipogenic status on plastic
tissue culture dishes for 28 days. MSC from cultures on
bmECM showed higher adipogenic differentiation,
which was indicated by more intense staining with oil-
red O (Fig. 2I), higher PPAR-y2 mRNA expression
(Fig. 2J), and higher glycerol-3-phosphate dehydroge-
nase activity (Fig. 2K).

Next, human MSC were grown on bmECM or plastic
with 10% human serum, since human serum may be
safer than fetal bovine serum for clinical use. Under
these conditions, MSC proliferated more rapidly and
showed a longer proliferative life span on bmECM than
on plastic (Fig. 3A), Furthermore, this effect of bmECM
was greater than that of basic fibroblast growth factor
(FGF). The MSC grown on bmECM for 66 days de-
veloped into a cartilage-like tissue (Fig. 3B), even
though these MSC on bmECM had lost proliferation
capability. In contrast, scarcely any cartilage-like tissue
was formed with MSC obtained from 66-day-old cul-
tures on plastic (Fig. 3C).

Discussion

The extracellular matrix (ECM) plays a vital role in
organ morphogenesis, maintenance, and reconstruction
following injury, and actions of ECM can be attributed
to its effect on proliferation of stem cells, since stera cells
reside on the basement membrane in the epithelium and
some other tissues [17]. In muscle, satellite cells (stem
cells}~which can be induced to differentiate into muscle,



