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Chondrocyte preparation with the safety and efficiency is the first step in cartilage regenerative medicine.
To prepare a chondrocyte proliferation medium that does not contain fetal bovine seram (FBS) and that
provides more than a 1000-fold increase in cell numbers within approximately 1 month, we attempted to
use the medium containing 5% human serum (HS), but it exerted no more than twofold increase in 2 weeks.
To compensate for the limited proliferation ability in HS, we investigated the combinational effects of 12
factors [i.e., fibroblast growth factor(FGF)-2, insulin-like growth factor(IGF)-1, insulin, bone morphogenetic
protein-2, parathyroid hormone, growth hormone, dexamethasone, 1025-dihydroxy vitamin Ds, L-3,3’,5"-
triodothyronine, interleukine-1 receptor antagonist, 17B-estradiol, and testosterone] on the proliferation of
human auricular chondrocytes by analysis of variance in fractional factorial design. As a result, FGF-2,
dexamethasone, insulin, and IGF-I possessed promotional effects on proliferation, while the combination of
FGF-2 with insulin or IGF-I synergistically enhanced the proliferation. Actually, the chondrocytes increased
7.5-fold in number in 2 weeks in a medium containing 5% HS with 10 ng/ml FGF-2 , while the cell number
synergistically gained a 10-12-fold increase with 5 pg/m! insulin or 100 ng/ml IGF-I in the same period.
The proliferation effects were more enhanced at a concentration of 100 ng/ml for FGF-2, and especially for
the combination of 100 ng/ml FGF-2 and 5 ug/ml insulin (approximately 16-fold within 2 weeks). In the
long-term culture with repeated passaging, this combination provided more than 10,000-fold within 8 weeks
(i.e., passage 4). Thus, we concluded that such a combination of FGF-2 with insulin or IGF-I may be useful
for promotion of auricular chondrocyte proliferation in a clinical application for cartilage regeneration.
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INTRODUCTION tion of defective or injured body parts. This new ap-

proach is anticipated to overcome the difficulties or

Tissue engineering is a challenging technology in problems in the present clinical treatment. Recently, the
which the tissues or the cells are cultured in the labora- studies on tissue engineering have endeavored to grow
tory and are used for replacement or support of the func- every type of human tissue: liver, bone, muscle, carti-
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lage, blood vessels, heart muscles, nerves, pancreatic is-
lets, and more. Among them, cartilage regenerative
medicine has progressed well. Tissue-engineered carti-
lage has already been available for clinical use in the
treatment of patients with joint defects (5,22,23) or for
the correction of vesicoureteral reflix (6).

However, to broaden the indication range of cartilage
regenerative medicine (e.g., to microtia, which is a con-
genital anomaly of the ear, cleft lip and palate, or osteo-
arthritis), some improvement would be necessary. One
of issues to be improved is cell preparation with safety
and efficiency. We should obtain a sufficient cell num-
ber from a small volume of specimen within a limited
period, for clinical use. In a previous report on autologous
chondrocyte transplantation for joint defects, a culture me-
dium with 10% autologous human serum provided ap-
proximately 5 X 10° cells within 3 weeks, corresponding
to 0.3-0.4 ml of regenerative cartilage material (23).
However, because the volume of the regenerative carti-
lage needed in the treatment of microtia or end-stage
osteoarthritis of knees may be some tens of milliliters,
more than a 100-fold increase in cell numbers would
need to be prepared for such cases, compared with that
in an autologous transplantation.

To improve the efficiency of cell preparation, many
rescarchers have attempted to use growth factors with
fetal bovine serum (FBS). Quatela and coworkers exam-
ined the proliferation of human auricular chondrocytes
in DMEM containing 5% FBS with 10 ng/ml fibroblast
growth factor (FGF)-2 and 3 ng/ml transforming growth
factor (TGF)-B, which exerted a maximal synergistic ef-
fect on thymidine uptake (25).

Although FBS contains various factors that can in-
crease chondrocyte proliferation (7,10), the use of FBS
may be restricted for clinical application because it in-
cludes the risk for transmission of viral and other patho-
gens. In addition, problems of possible immune reaction
against bovine protein in the serum should be considered
when the regenerated tissues cultured in the FBS-contained
medium are transplanted into humans. The previous stud-
ies had shown immune response by antibody detection
against bovine serum proteins in burn patients receiving
keratinocyte grafts cultured from FBS (12,19).

Under clinical conditions, we may use human serum
(HS) obtained from the patients by autologous blood
transfusion, which would help the proliferation of their
own cells. With HS, we statistically examined the addi-
tional effectiveness of soluble factors with regard to their
synergy in chondrocytes obtained from the patients. For
this experiment, we chose 12 kinds of soluble factors,
all of which possess some effect on chondrocyte prolif-
eration or differentiation and are clinically available be-
cause their safety has already been secured. Using the
statistical method that is termed “analysis of variance by
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fractional factorial design” (8), the effects of the individ-
ual factors and the synergy of combinations were evalu-
ated. This statistical method is useful when the number
of potential factors is large, because it can minimize the
total numbers of runs required. According to this method,
we selected highly effective combinations of soluble
factors for proliferation of human auricular chondro-
cytes, which might be immediately applied in the clini-
cal field.

- MATERIALS AND METHODS
Growth Factors and Reagents

Dulbecco’s modified Eagle’s medium (DMEM),
DMEM nutrient mixture F-12 HAM (DMEM/F12), pen-
icillin-streptomycin solution, trypsin-EDTA solution, fe-
tal bovine serum (FBS), and human serum (HS, lot#
043K0500, 043K0501, and 043K0502) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Dexa-
methasone (Dex), 10:25-dihydroxy vitamin Dy (vitD), L-
3,3",5'-triiodothyronine (T3), and 17B-estradiol (E,) were
from EMD Bioscience (San Diego, CA, USA). Colla-
genase from Clostridium histolyticum and ISOGEN
were from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Other reagents were: atelocollagen (Kawaken Fine
Chemicals Co., Ltd., Tokyo, Japan), bullet kit chondro-
cyte growth medium (CGM, Cambrex Bioscience Walk-
ersville, Inc., Walkersville, MD, USA), FGF-2 (kindly
provided by Kaken Pharmaceutical Corporation, Ltd.,
Tokyo, Japan), recombinant human insulin-like growth
factor-I (IGF-I, former Genzyme-Techne, Minneapolis,
MN), insulin (MP Biomedicals Inc., Irvine, CA, USA),
recombinant human bone morphogenetic protein-2 (BMP-
2, kindly provided by Yamanouchi Pharmaceutical Co.,
Lid., Tokyo, Japan), human parathyroid hormone [PTH
(1-34), Anaspec, Inc., San Jose, CA], human growth
hormone (GH, Biogenesis, Ltd., Poole, UK), recombi-
nant human interleukin-1 receptor antagonist (IL-1 RA,
Strathmann Biotech GmbH, Hamburg, Germany), and
testosterone (Ultrafine Chemicals, Manchester, UK).

Cell Isolation

All procedures of the present experiments were ap-
proved by the ethic committee of the University of
Tokyo Hospital (ethic permission #622). Remnant auric-
ular cartilage and surgical debris of the costal cartilage
were obtained from five children (age range 10-15 years)
who underwent microtia surgery at the University of
Tokyo Hospital, with informed consent. The perichon-
drium was separated from the auricular cartilage under
sterile conditions, while that of the costal cartilage had
been already remeoved during the operation. The isolated
cartilage was minced into I-mm?® pieces and digested
with 0.15% collagenase in DMEM containing penicillin
and streptomycin at 37°C for 24 h. The digested suspen-
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sion was filtered using a sterile 100-um nylon cell
strainer (BD Falcon, Bedford, MA, USA) and centri-
fuged at 430 X g for 5 min. The resulting pellet of cells
was washed twice with DMEM containing the antibiot-
ics and then resuspended in the medium. The number
of cells was calculated using a hemocytometer, and the
viability of the cells was determined using trypan blue
vital dye.

Chondrocyte Culture and Evaluation of Proliferation

Chondrocytes were suspended in 0.24% atelocollagen
solution (pH 7). The mixture was placed in each well of
a six-well plate at 2 ml, or a 96-well plate for 0.1 ml, at
a density of 2 x 10* cells/ml. The atelocollagen formed
a gel in 1-h incubation at 37°C, embedding the cells in
a 3D condition. The commercial medium, CGM contain-
ing 5% FBS with an undisclosed concentration of FGF-
2, IGF-1, and insulin, or the medium containing DMEM/
F-12 with or without serum and/or soluble factors was
gently poured on the gel at a volume of 2 ml or 0.1 ml,
respectively, in a 37°C/5% CO, incubator. Throughout
the experiment, the medium was changed three times
per week. To release the cells, the gel was incubated in
0.3% collagenase at 37°C for 2 h.

To evaluate the cell proliferation by cell count, the
auricular chondrocytes (cultured in CGM, passage 4)
from the five patients were individually incubated in
five wells of a six-well plate for each medium. After a
2-week incubation, the cell numbers were counted by a
hematocytometer, while the viability of cells was checked
by trypan blue staining. For the long-term culture with
repeated passaging of the auricular or costal chondro-
cytes, we cultured the cells in three wells of six-well
plates with the CGM or the DMEM/F-12 with 5% HS
and soluble factors. Passage was performed every week
or every other week, while the mean cell numbers in the
three wells were counted during every passage.

To evaluate the samples on the 96-well plates, we
used a colorimetric assay for cell proliferation, Cell Pro-
liferation Kit II (Roche Molecular Biochemicals, Mann-
heim, Germany). Briefly, after the release of chondro-
cytes from the gel in each well of the 96-well plates, the
cells were centrifuged for 5 min at 430 X g and sepa-
rated from the supernatant, which was then removed.
The labeling mixture was then added to the cells, which
were incubated for 4 h in a 37°C/5% CO, incubator. The
spectrophotometric absorbance of the samples using a
microtiter plate reader was measured at a wavelength of
450 nm. The reference wavelength was 650 nm.

Fractional Factorial Design

Twelve factors (i.e., FGF-2, IGF-I, insulin, BMP-2,
PTH, GH, Dex, vitD, T3, IL-1RA, E,, and testosterone)
were examined for their combinational effects on prolif-

685

eration. The doses of each factor were used from previ-
ous papers or were determined as their modifications
due to our own preliminary data and/or economical rea-
sons (Table 1). With the usual factorial design, 2 =
4096 treatment combinations would be needed, but this
is practically impossible. We adopted fractional factorial
design (8) to reduce the experimental units to a practical
number of 256 combinations. This design retains good
statistical properties and has found its greatest use in
industrial research. We used the software JMP-5.1.1]
(SAS Institute, Inc., Cary, NC, USA) to generate the 256
kinds of randomized combinations in which those 12
factors independently appeared on the incidence of 50%
(Table 2). We then made the same number of media
containing DMEM/F-12 with those combinations of fac-
tors and 5% HS. Three kinds of auricular chondrocytes
obtained from different patients were incubated in each
well of 96-well plates with those media for 2 weeks.
The effects of each medium on proliferation were exam-
ined in the colorimetric assay for cell proliferation. Val-
ues for three kinds of auricular chondrocytes in each
media were processed by analysis of variance using the
software JMP, providing an F-value, meaning the effects
of the individual factors or the interaction terms of two
factors, as well as a parameter estimate indicating ex-
pected changes produced by one factor or two. Total
effect of two factors on proliferation was compared with
each other, as the sum of parameter estimates of two
main effects and interaction.

Total RNA Extraction and Real-Time PCR

The chondrocytes were released from the atelocolla-
gen gel by a 30-min incubation in 0.3% collagenase.
The total RNA was isolated from the chondrocytes with
ISOGEN following the supplier’s protocol. Complemen-
tary DNA (cDNA) was synthesized from 1 ig of total

Table 1. Twelve Soluble Factors Affecting Chondrocyte
Proliferation and Differentiation

Soluble Factors Doses References
FGE-2 10 ng/ml 13
IGF-1 100 ng/ml 30
Insulin 5 pg/ml 14
BMP-2 200 ng/ml 27
PTH 5x 108 M 32
GH 100 ng/ml 20
Dex 107 M 21
VitD 107 M 11
T3 107 M 17
IL-1 RA 20 ng/ml 31
E, 107 M 26
Testosterone 10°M 18
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P, PTH; G, GH; D, Dex; V, vitD; T, T3; IL, IL-1 RA; E, E,; Te, testosterone.

L]

2.

Table 2. Combinations of Soluble Factors Determined by Fractional Factorial Design F, FGF-2; 1, IGF-I;

In, insulin; B, BMP-
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RNA with the Superscript II reverse transcriptase kit (In-
vitrogen, Carlsbad, CA, USA). For the real-time PCR, the
ABI Prism Sequence Detection System 7000 was used.
Primers were designed based on the sequences obtained
from the GenBank, and amplicons of 50-250 base pairs
with a melting temperature of between 55°C and 60°C
were selected. Aliquots of the first-strand cDNA (1 pg)
were amplified with the QuantiTect SYBER Green PCR
Kit (Qiagen, Osaka, Japan) under the following condi-
tions: initial denaturation for 10 min at 94°C followed
by 40 cycles consisting of 15 s at 94°C and 1 min at
60°C. The data analysis consisted of a fold induction,
and the expression ratio was calculated from the differ-
ences in the threshold cycles at which an increase in the
reporter fluorescence above a baseline signal could first
be detected among the three samples and was averaged
for duplicate experiments. The sequence of primers we
utilized in the real-time PCR to detect human Col2A1
and human GAPDH were: hCol2A1 forward 5-GAGT
CAAGGGTGATCGTGGT-3, reverse 5-CACCTTGG
TCT CCAGAAGGA-3"; hGAPDH forward 5-GAAGG
TGAAGGTCGGAGTCA-3, reverse 5-GAAGATGGT
GATGGGATTTC-3". hGAPDH was used as a house-
keeping gene.

RESULTS

Proliferation of Auricular or Costal Chondrocytes
With or Without FBS

In a microtia operation, both remnant auricular carti-
lage and surgical debris of the costal cartilage, neither
of which is used for reconstructive surgery, were ob-
tained from individual patients. The mean weight was
1.18 g (1.00-1.42, n = 5) or 3.60 g (2.2-5.0, n =5), re-
spectively, while the mean cell number of the isolated
chondrocytes was 3.8 x 108 (1.5 x 10°-7.0 x 10%) or 2.5 x
10% (1.0 x 10°-4.0 x 10°%). We first examined the prolif-
eration of the auricular and costal chondrocytes taken
from these tissues. When the commercial medium, CGM
containing 5% FBS with an undisclosed concentration
of FGF-2, IGF-I, and insulin, was used for chondrocyte
proliferation and passage was performed every week,
both kinds of chondrocytes showed exponential growth
after some lag phase in all five patients. The growth rate
was higher in the auricular chondrocytes than in costal
ones. Figure 1 shows the typical growth curve of two
patients. The auricular chondrocytes increased their
number by 1000-fold within passages 3—4 (3—4 weeks),
while it took more than five passages (5 weeks) for the
costal ones (Fig. 1).

Next, we attempted to substitute FBS for HS and/or
some other factors. When we examined the proliferation
of the auricular chondrocytes in the medium without any
serum or soluble factors, they did not undergo prolifera-
tion at all (Fig. 2, open bar). When we added FGF-2 and
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IGF-1, whose combination had been known to increase
the proliferation in a previous paper (42), little prolifera-
tion was noted (Fig. 2, open bar). In contrast, HS may
have some effects on the proliferation of auricular chon-
drocytes, but it provided no more than twofold in 2
weeks (Fig. 2, filled bar). FBS showed better prolifera-
tion of approximately threefold within 2 weeks (Fig. 2,
filled bar). When FGF-2 and IGF-1 were added to the
medium containing HS or FBS, the proliferation was in-
creased to approximately seven- to ninefold in both (Fig
2, slanted striped bars), suggesting the possibility that
HS may promote proliferation to the same extent as
FBS, with some soluble factors. However, none of them
were over that of CGM (Fig. 2, horizontal striped bar).

Statistical Analysis for Combinational Effects
of Soluble Factors

We selected 12 kinds of soluble factors to be exam-
ined (Table 1). We used a fractional factorial design to
determine an optimal combination with a minimal num-
ber of experiments. Using 256 kinds of media deter-
mined by the software JMP-5.1.1.] (Table 2), we exam-
ined the proliferation effects in a colorimetric assay. The
results obtained for the 256 kinds of media were also
analyzed by the software IMP-5.1.1.J.

In this analysis, FGF-2, Dex, insulin, and IGF-I
showed parameter estimates of 0.192 (F = 676), 0.0943
(F = 166), 0.0626 (F =75.1), and 0.0524 (F =52.6), re-
spectively, and they showed significant effects on prolif-
eration alone (p <0.001). Eight other factors did not
prominently promote proliferation of the auricular chon-
drocytes in the presence of 5% HS, and especially BMP-
2 worked rather negatively in the chondrocyte prolifera-
tion (parameter estimate —0.194, F =720). Regarding
synergy, the interaction term of FGF-2 and insulin and
that of FGF-2 and IGF-I exhibited statistically positive
effects (parameter estimates 0.0582 and 0.0565, F' = 64.3
and 60.7, p <0.001), although IGF-I and insulin de-
creased the effects of synergy (parameter estimate —0.0601,
F =068.7, p <0.001). Therefore, we chose the combina-
tions of FGF-2 with insulin or IGF-I as ideal ones that
showed high F-values in both individual factors and in-
teraction terms of two factors. Actually, the combina-
tions of FGF-2 and insulin or FGF-2 and IGF-1 showed
high values of parameter estimates, suggesting strong ef-
fects on proliferation, when the chondrocytes were cul-
tured together with 5% HS (Fig. 3).

Effects of Doses of FGF-2, Insulin, and IGF-1
on the Synergy

To confirm the effects of FGF-2, insulin, IGE-I, or
their combinations on chondrocyte proliferation, the in-
crease in cell numbers was counted, following the cul-
ture in the media containing 5% HS with those factors
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Figure 1. Growth curves of human chondrocytes. Each kind of cell was cultured in a six-well
plate with CGM. Every week, the cells were harvested, counted in numbers, and reseeded in a six-
well plate until the cell numbers increased more than 1000-fold. The number of auricular chondro-
cytes (open square) arrived at a 1000-fold increase more quickly than that of the costal cartilage

(filled square) in all patients (n = 5).

or their combination in various doses. FGF-2 showed a
dose dependency for proliferation in the range of 10—
500 ng/ml, although more than 1 pg /ml seemed to be
the top limit. Insulin and IGF-I did not exhibit increas-
ing effects on proliferation in the range of 5~-500 pg/ml
or 100 ng-10 pg/ml, respectively (Fig. 4).

The synergistic effects of insulin or IGF-I with FGF-
2 seemed to be maintained until the dose of FGF-2 in-
creased to 100 ng/ml (Fig. 5). In the combination of 10
ng/ml FGF-2 with 5 pg/ml insulin or 100 ng/ml IGF-I,
the cell number increased to approximately 12- or 10-
fold, respectively, within 2 weeks, while the increase
was limited to eightfold with FGF-2 alone (Fig. 5, FGF-
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2 10 ng/ml). The addition of both insulin and IGF-I to
FGF-2 showed an 11-fold increase, which was some-
what lower, compared with the combination of FGF-2
with insulin (12-fold) (Fig. 5, FGF-2 10 ng/ml). The
same tendency was observed in the combination of 100
ng/ml FGF-2 with insulin, IGF-I, or both. Especially the
combination of 100 ng/ml FGF-2 and insulin showed
prominent proliferation (16-fold) (Fig. 5, FGF-2 100 ng/
ml). When the dose of FGF-2 was 500 ng/ml, the addi-
tion of insulin, IGF-1, or both made little difference
compared with FGF-2 alone, suggesting that synergistic
effects of insulin and IGF-T were not found at this dose
of FGF-2 (Fig. 5, FGF-2 500 ng/ml). Although 500 ng/

FBS sam
- + +

Figure 2. Effects of FBS, HS, or additional soluble factors on the chondrocyte proliferation. Hu-
man auricular chondrocytes (2 x 10* cells corresponding to the broken line) obtained from five
patients were encapsulated in 2 ml of atelocollagen gel and incubated with each kind of medium
in a six-well plate for 2 weeks (1 =5 for each medium). HS, human serum; FBS, fetal bovine
serum; FGF-2, 10 ng/ml; IGF-1, 100 ng/ml. All values are presented as mean + SD.
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Figure 3. Results of analysis of variance by fractional factorial design. FGF-2 (column #1), Dex (column #2), insulin (column #3),
and IGF-1 (column #4) showed high values of parameter estimates, suggesting the promotion of proliferation. The combination of
FGF-2 and insulin (column #13) and that of FGF-2 and IGF-I (column #14) were strongly effective for proliferation. However, the
simultaneous use of insulin and IGF-I (column #38) somewhat decreased the effects of synergy, compared with a single use of
insulin (column #3) or IGF-I (column #4). F, FGF-2; D, Dex; In, insulin; I, IGF-I; IL, IL-1RA; P, PTH; E, E,; Te, testosterone; T,

T3; V, vitD; G, GH; B, BMP-2.

cell numbers ( x104)

FGF-2 (ng/ml) insulin (zg/ml) IGF-I(u g/ml)

Figure 4. Dose dependency of FGF-2, insulin, and IGF-I in the chondrocyte proliferation. Human
auricular chondrocytes were 3D cultured in the media containing DMEM/F-12 with 5% HS and
FGF-2, insulin, or IGF-I at various kinds of doses for 2 weeks (n = 5 for each medium). All values
are presented as mean + SD. Statistics were assessed using the Student’s #-test (*p < 0.05 vs. FGF-
2 10 ng/ml, **p < 0.05 vs. FGF-2 100 ng/ml). The broken line indicates the number of chondro-

cytes at the starting point of incubation (2 x 10¢ cells).
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Figure 5. Synergistic effects of FGF-2 with insulin or IGF-I on the chondrocyte proliferation. The
cell numbers of human auricular chondrocytes from the different patients were counted after a 2-
week incubation (1 = 5 for each medium). The media contained DMEM/F-12 with 5% HS and the
soluble factors. The broken line indicates the initial number of chondrocytes at the starting point
(2 X 10¢ cells). All values are presented as mean + SD. Statistics were assessed using the Student’s
Itest (*p < 0.05 vs. the group using FGF-2 10 ng/ml alone, **p < 0.05 vs. the group using FGF-2

100 ng/ml alone).

ml of FGF-2 alone showed higher proliferation effects
than did 100 ng/ml, the combinations of 500 ng/ml
FGF-2 with insulin, IGF-1, or both showed almost the
same proliferation ability as those combinations with
100 ng/ml FGF-2 (Fig. 5). These results were reproduc-
ible in every lot of HS (data not shown).

To confirm the actual 1000-fold increase in the cell
numbers, we examined a fong-term culture with re-
peated passaging of the auricular chondrocytes in 5%
HS-DMEM/F-12 containing FGF-2 (100 ng/ml) with or
without insulin (5 pg/ml) or IGF-I (100 ng/ml). A pas-
sage was performed every other week, an interval that
corresponded to the period used in the above experi-
ments for determining the kinds and doses of the soluble
factors. In the growth curves, all kinds of media as well
as the CGM provided good proliferation after some lag
phase, and realized a 1000-fold increase during passage
4 (Fig. 6). Especially, the combination of FGF-2 and
insulin exhibited the highest growth rate, arriving at
10,000-fold within passage 4.

Finally, we checked the gene expression pattern of
the chondrocytes proliferated in these four kinds of me-
dia. All of them showed an absolutely lower expression
in Col2A1, compared with chondrocytes of the primary
culture (passage 0). The expression ratio was 7470 +
2450 in the primary culture, while those of a long-term
culture in CGM, the medium containing FGF-2, and that
in the combination of FGF-2 with insulin or IGF-I were

296 +1.82, 726 £4.59, 11.3+7.11, and 15.5 +3.50,
respectively.

DISCUSSION

The first issue that we must achieve is to gain suffi-
cient cell numbers of cultured chondrocytes for the carti-
lage regenerative medicine. A previous report described
that fetal elastic chondrocytes proliferated more quickly
than fetal hyaline cartilage (9). In the present study, the
auricular chondrocytes of school children age patients
also had more favorable proliferation, compared with
the costal ones. In addition, we could determine an ef-
fective proliferation medium containing human serum or
several soluble factors, showing high responsiveness to
the auricular chondrocytes. Also because the auricular
cartilage can be accessed easily in minimally invasive
fashion, through a simple auricle biopsy, this kind of
chondrocyte would be a good candidate for a cell source
for cartilage regenerative medicine.

In the present study, we determined the combinations
of two factors, which promote the proliferation of hu-
man auricular chondrocyte in the presence of 5% HS,
among 12 soluble factors, by analysis of variance in
fractional factorial design. For the analysis, we did not
confine the factors to be examined to those that had been
previously published to be effective for the proliferation
of the human auricular chondrocytes, but used many fac-
tors that are reported to possess some effects on either
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Figure 6. Growth curves of human auricular chondrocytes cul-
tured in various kinds of media. Passage was performed every
other week. DMEM/F-12 containing 5% HS with 100 ng/mi
FGF-2 and 5 pg/ml insulin (triangles) provided more than a
10,000-fold increase during passage 4, while CGM (squares)
and DMEM/F-12 containing 5% HS with FGF-2 alone (dia-
monds) or the combination of FGF-2 and IGF-I (circles) also
arrived at 1000-fold during passage 4.

the proliferation or differentiation of chondrocytes, in-
cluding those derived from animals and cell lines in or-
der to widen the screening size. The doses of each solu-
ble factor were those used in previous studies (Table 1).

We confirmed the synergistic effects of FGF-2 with
insulin or IGF-1 in the human auricular chondrocytes
and proved their usefulness in combination with HS. Al-
though it is well known that FGF-2, insulinm and IGF-
I are mitogenic to chondrocytes (13,14,30), the mecha-
nisms that promote chondrocyte proliferation seem to be
different among such mitogens. Bohme and collabora-
tors reported that insulin or IGF-1 could trigger chon-
drocyte proliferation under strictly serum-free condi-
tions, although FGF-2 did not promote cell division in
serum-free cultures of chondrocytes (3). Quarto and co-
workers also described that FGF-2 alone does not induce
cell proliferation of chick embryonic chondrocytes with-
out FBS (24). In contrast, FGF-2 could bolster the mito-
genic activity of FBS in cultures, indicating that the cells
became conditioned by FBS so that they could respond
to FGE-2 (3).

This difference in the conditions in which each factor
expresses mitogenic activity may be explained by the
general concept of competence and progression factors,
both of which are required to trigger cell division. The
former include FGF-2, EGF, or PDGF, allowing the pas-
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sage from Gy to G, at the entry in the cell cycle, while
the latter correspond to insulin or IGF-I, which commit
the cells to DNA synthesis (1). The synergy of FGF-2
with insulin or IGF-I seemed to be associated with the
cooperation of these competence and progression fac-
tors. In contrast, because insulin and IGF-I, which pos-
sess a common role as progression factors, did not com-
pensate each other and could not accelerate the cell
cycle effectively, the simultaneous use of both insulin
and IGF-I did not help the promotion of proliferation,
as seen in the present study. Further studies on signal
pathways downstream of FGF-2 and insulin or IGF-I in
chondrocytes are anticipated to disclose not only the de-
tailed mechanisms of the synergistic effects of those fac-
tors but also to provide the optimal promotion of chon-
drocyte proliferation.

In contrast, BMP-2 worked rather negatively in the
chondrocyte proliferation. In the experiment using the
murine chondrocytic cell line ATDCS, BMP-2 upregu-
lated the expression of the type II and type X collagen
mRNA and stimulated the sequential progression of the
early and late phase differentiation, although it had little
effect on the proliferation of the cells (27). Also, for
human auricular chondrocytes, BMP-2 is speculated to
drive the direction to produce the cartilaginous matrix,
but to arrest the progression of the cell cycles.

Regarding the doses of FGF-2, less than 10 ng/ml
was used for the promotion of proliferation in chondro-
cytes and MSC in many previous reports (13,25,28).
Quatela and collaborators did not show that doses of
FGF-2 greater than 100 ng/ml provide increasing effects
on proliferation of human auricular chondrocytes in
monolayer culture (25). Because the capacity of a 3D
culture system for cells is higher than that in a mono-
layer culture, even more than 100 ng/ml FGF-2 contin-
ues to promote chondrocyte proliferation and maintain
the synergistic effects with insulin or IGF-1, as seen in
the present data.

After the long-term culture, which provided more
than a 1000-fold increase in cell numbers, any kind of
media we examined equivalently brought dedifferentia-
tion of the chondrocytes. Chondrocytes embedded in na-
tive tissue synthesize type II collagen and proteoglycan,
although the same cells cultured in a monolayer lose
their typical morphology from round to a spindle fibro-
blast-like shape and protein synthesis, a phenomenon
termed dedifferentiation (29). In order to reverse this in-
evitable phenomenon, many researchers have used 3D
culture embedded in agarose gel (2), alginate beads (4),
collagen type I gel (15), or collagen type II gel (16).
However, when we applied the 3D embedded culture
for chondrocyte proliferation, mRNA expression of the
proliferated chondrocytes showed a dedifferentiation
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pattern that the Col2al expression decreased, compared
with those of the primary culture of the chondoryctes. It
suggested that dedifferentiation inevitably occurs, even
if it may be less in the 3D-embedded culture than in
the monolayer culture, when the period of cell culture
becomes long. Therefore, when we obtain a sufficient
number of cells after a long proliferation culture, we
should change the culture system, including the medium
contents or cell density, in order to reverse the dediffer-
entitaion. At present, we have investigated the optimal
medium inducing redifferentiation of the chondoryctes,
and realized the production of regenerated cartilage pos-
sessing mature and abundant cartilaginous matrix in
vitro.
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ABSTRACT

Recently, the detection of side population (SP) cells, which
have the ability to strongly efflux Hoechst 33342 fiuorescence
dye, has attracted attention as a method of stem cell isolation.
We identified SP cells from mouse skin using the same method
as from bone marrow. This population almost completely dis-
appeared after treatment with the calcinm channel blocker
verapamil. SP cells were mainly localized in the epidermis,
with a few in the dermis. The ratio of SP cells decreased as the
mouse became older. Surface marker analysis revealed that
the sorted SP cells expressed a.6-integrin, f1-integrin, Sca-1,
keratin 14, and keratin 19, which are proliferating and pro-
genitor cell markers, at levels higher than in non-SP cells,
while they expressed E-cadherin, CD34, and CD71 at lower

levels. The expression of breast cancer resistance protein 1
(BCRP1), which participates in dye efflux, was expressed at
high levels at both the protein and mRNA level in sorted SP
cells. Immunohistochemical analysis showed that BCRP1 was
expressed in the basal layers and hair bulge regions of mouse
skin. BCRP1 mRNA was found in basal layers and hair fol-
licles of newborn skin by in situ hybridization. These results
indicate that the localization of BCRP1-positive cellsis com-
patible with that of keratinocyte stem cells. Based on the close
relationship between BCRP1 and the SP cell phenotype, we
conclude that keratinocyte stem cells are closely related to the
SP- or BCRP1-positive cells. STEM CELLS 2005,23:834-841

INTRODUCTION

Many studies have investigated the localization, character, and
function of stem cells in the skin. Multipotent skin stem cells have
been thought to be localized in the basal layers or the arrector pili
muscle—attaching areain the follicle, called the bulge area, where
they have been detected by labeling skin with titrated thymidine
or bromodeoxyurindine [1, 2} or colony-forming culture [3].
Several specific molecular markers can distinguish stem cells
from other skin cells; a6-integrin, pl-integrin, CD34, and kera-
tin 19—positive and CD71-negative skin cells are thought to be
keratinocyte stem cells [4—8]. Although many methods have been
developed for the isolation and analysis of specific cell types,
these cannot be used for medical experimentation on living mate-

rial because of the damaging techniques, such as isotope radia-
tion and cell fixation.

Recently, it was discovered that hematopoietic stem cells
with the characteristics of immature stem cells could be isolated
as a specific cell population that had the capability to strongly
efflux Hoechst 33342 DNA-binding fluorescent dye [9]. The
method relies on incubating the target cells with Hoechst 33342
and performing subsequent fluorescence-activated cell sorter
analysis of dual-wavelength Hoechst fluorescence with gating on
a specific side population (SP) displaying low red and low blue
fluorescence. This low-staining population is called the SP.

These interesting phenomena are explained by the mecha-
nism of a novel stem cell half-transporter. Breast cancer resis-
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tance protein (BCRP1), which is one of the multidrug resistance
proteins (MDRPs) on the cell membrane and an ATP-binding
cassette transporter, predominantly effluxes Hoechst 33342 [10].
MDRPs are associated with resistance to some carcinostatics and
are overexpressed in several cancer cell lines [11, 12]. In hema-
topoietic stem cells, SP cells express relatively high levels of this
BCRP1 [13]. Zhou et al. [10, 14] determined that bone marrow
SP cells require surface expression of BCRP1 for the efflux of
Hoechst dye. Therefore, BCRP1 expression may serve as a new
marker for stem cells, not only in hematopoietic cells but also in
other types of cells.

As for skin SP cells, only a few studies have been previ-
ously performed [15-18]. It has not been clarified where SP
cells are localized and whether skin SP cells possess stem cell
characteristics. Accordingly, in the present study, we analyzed
skin cells from newborn and adult mice for the presence of SP
cells. We further examined the characteristics of the isolated
skin SP cells and localized the SPs that were BCRP1-positive
inmouse skin.

MATERIALS AND METHODS

Isolation of SP Cells from Mouse Skin

C57BL/6] mice (Clea Japan, Tokyo, http://www.clea-japan.
com) were used. Animal studies were conducted according
to protocols approved by the International Medical Center of
Japan. For the isolation of skin cells, mice were shaved and the
dorsal and ventral skin was removed. The skin was minced
in cold phosphate-buffered saline (PBS) and incubated for
60 minutes at 37°C in 0.25% trypsin-EDTA (Gibco, Grand
Island, NY, http://www.invitrogen.com). Newborn skin was
first incubated in 2000 U/ml dispase (Godo Shusei, Tokyo,
http://www.godo. jp/english) overnight at 4°C and then sepa-
rated into epidermis and dermis. Each tissue was incubated
for 30 minutes at 37°C in 0.25% trypsin-EDTA. Cells were
washed, resuspended at 1 x 10 cells/mlin PBS with 3% fetal
bovine serum, and incubated in 5 ug/ml Hoechst 33342 dye
(Sigma, St. Louis, http://www.sigmaaldrich.com) for 60 min-
utes at 37°C. An aliquot was stained with Hoechst in the pres-
ence of 100 uM verapamil (Wako Chemical, Osaka, Japan,
http://www.wako-chem.co.jp/english), which blocks the
action of the transporter responsible for Hoechst exclusion.
After terminating the staining, the cells were washed and then
analyzed and sorted by EPICS ALTRA flow cytometer (Beck-
man Coulter, Fullerton, CA, http://www.beckman.com). They
were first excited with 50 mW of UV (351-364 nm), and then
the emission was detected through a 450/20-nm (Hoechst
blue) band-pass filter and a 675-nm (Hoechst red) long-pass
filter. All of the parameters were collected using linear ampli-
fication in list mode and displayed in a Hoechst blue versus

Hoechstred dotplot to visualize SP.

Antibody Staining

After sorting, aliquots of the cells were incubated for 30 minutes
at4°C with anti-mouse a6-integrin antibody (fluoresceinisothio-
cyanate [FITC]—conjugated, 1:100), anti-mouse B1-integrin anti-
body (FITC-conjugated, 1:100), anti-mouse stem cell antigen-1
(Sca-1) antibody (FITC-conjugated, 1:100), anti-mouse CD34
antibody (FITC-conjugated, 1:100), anti-mouse CD71 antibody
(phycoerythrin [PE]-conjugated, 1:100), anti-mouse E-cadherin
antibody (FITC-conjugated, 1:100), anti-mouse CD3 antibody
(FITC-conjugated, 1:100), anti-mouse B220 antibody (FITC-
conjugated, 1:1000,), or anti-mouse CD45RO antibody (PE-con-
jugated, 1:100) (all from BD Biosciences, San Jose, CA, http://
www.bdbiosciences.com). For keratin 14, keratin 19, and BCRP1
staining, we used an IntraPrep Permeabilization Kit (Immuno-
tech, Marseille, France, http://www.bc-cytometry.com). Anti-
mouse keratin 14 and 19 monoclonal antibodies (1:100) were kind
gifts from Professor E.B. Lane, University of Dundee School of
Life Sciences, Dundee, Scotland, U.K. Anti-mouse BCRP1 anti-
body (BXP-9, 1:50) came from Kamiya Biomedical (Seattle).
FITC-conjugated anti-mouse immunoglobulin G (IgG) antibody
(1:1000, Molecular Probes, Eugene, OR, http://probes.invitro-
gen.com) and PE-conjugated anti-rat IgG antibody (1:200, BD
Biosciences) were used as the secondary antibodies.

Western Blotting for BCRP1 Expression on SP and
Non-SP Cells

Each fraction of sorted and unsorted cells from epidermal and
dermal tissues was collected by centrifugation at 4°C. The pel-
lets were homogenized in RIPA buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, 150 mM NaCl, I mM phenylmethylsul-
fonyl fluoride, and 1 ug/mi leupeptin) at 4°C. The lysates were
analyzed by SDS-PAGE. Equal amounts of protein were elec-
trophoresed in a 7.5% SDS-polyacrylamide gel and then trans-
ferred onto a nitrocellulose membrane. The membrane was
blocked with 2% bovine serum albumin in tris-buffered saline
(TBS) for 2 hours. Primary antibody staining with anti-mouse
BCRP1 monoclonal antibody (BXP-53, 1:100, Kamiya Bio-
medical) was performed in TBS with 0.1% Tween 20 (TBST)
overnight at 4°C. Secondary antibody staining with anti-rat
IgG (HRP-conjugated, 1:1000, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, http://www.scbt.com) was performed
for 1 hour at room temperature. Last, chemiluminescence was
performed with the SuperSignal Chemiluminescent Substrate
(Pierce, Rockford, IL, http://www.piercenet.com).

Reverse Transcription-Polymerase Chain Reaction
for BCRPI Gene

Total RNA was extracted from the pellets of sorted cells using
ISOGEN (Nippon Gene, Tokyo, http://www.nippongene.com)
according to the manufacturer’s protocol. Reverse transcription—
polymerase chain reaction (RT-PCR) was then performed using
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an OneStep RT-PCR Kit (Qiagen, Hiden, Germany, hitp://www.
giagen.com). The primers used for PCR amplification were as
follows: BCRP1: 5'-CCA TAG CCA CAG GCC AAA GT-3'and
5'-GGG CCA CAT GAT TCT TCC AC-3', ACTIN: 5-GCT CGT
TGC CAA TAG TGA TG-3' and 5-AAG AGA GGT ATCCTG
ACC CT-3'. Conditions for BCRP1 were 94°C for 1 minute, 56°C
for 1 minute, 72°C for 1 minute, 38 cycles. Conditions for ACTIN
were 94°C for | minute, 55°C for 1 minute, 72°C for 1 minute, 33
cycles. Acquired DNA samples were loaded onto a 2% agarose
geland analyzed.

Immunehistochemical Staining of Mouse Skin with
Anti-BCRP1 Antibody

Five micrometers of frozen mouse skin fragments were dried and
fixed in 100% ethanol for 10 minutes at 4°C. After washing and
blocking, they were incubated with primary anti-mouse BCRP1
monoclonal antibody (BXP-9, 1:100, Kamiya Biomedical),
anti—Ki-67 monoclonal antibody (SP6, Lab Vision, Fremont,
CA, http://www.labvision.com), or anti-CD31 antibody PE-con-
jugated (1:100, BD Biosciences) for 1 hour at room temperature.
Anti-rat IgG (1:100, HRP-conjugated, Amersham Biosciences,
Piscataway, N, http://www.amersham.com) enhanced with TSA
system Alexa 488—conjugated (Molecular Probes) and anti-rab-
bit IgG (1:300, Alexa 594—conjugated, Molecular Probes) were
used as secondary antibodies. The samples were mounted and
observed under a confocal microscope LSMS510 (Carl Zeiss,
Thornwood, NY, http://www.zeiss.com).

In Situ Hybridization

These methods have been previously described [19]. Briefly, for
the synthesis of the probe, a 386-bp BCRP1 ¢cDNA sequence was
subcloned into pGEM-T (Promega, Madison, W1, http://www.
promega.com). The linearized plasmid was incubated with T7 or
SPGRNA polymerase, transcription buffer, digoxigenein-labeled
UTP, and nucleotides at 37°C for 2 hours. For in situ hybridiza-
tion, rehydrated paraffin-embedded tissue sections were fixed
in 4% paraformaldehyde in PBS for 15 minutes and then treated
with 7.5 wg/ml proteinase K in PBS at 37°C for 1 hour. They were
refixed with 4% paraformaldehyde in PBS and placed in 0.2 M
HC1 for 10 minutes. After washing, they were acetylated by incu-
bation in 0.1 M triethanolamine-HCI, pH 8.0, for 1 minute and
further in 0.1 M triethanolamine-HCI, 0.25% acetic anhydride
for 10 minutes. After washing, they were dehydrated through an
ethanol series. Hybridization was performed with probes at con-
centrations of 200-500 ng/ml in a hybridization solution (50%
formarnide, 5 x standard saline citrate [SSC], 1% SDS, 50 ug/ml
tRNA, and 50 ug/ml heparin) at 55°C for 16 hours. After hybrid-
ization, they were washed in 5 x SSC at 55°C for 15 minutes and
thenin 50% formamide, 2 x SSC at 55°C for 15 minutes, followed
by RNase treatment in 50 ug/ml RNase A in 10 mM Tris-HCI, pH
8.0, 1 M NaCl, and 1 mM EDTA. Then they were washed twice
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with 2 x SSC at 50°C for 15 minutes, twice with 0.2 x SSC at 50°C
for 15 minutes, and once with TBST (0.1% Tween 20 in TBS) for
5 minutes. After treatment with 0.5% blocking reagent (Roche,
Mannheim, Germany, http://www.roche.com) in TBST for 1
hour, they were incubated with anti-DIG AP conjugate (Roche)
diluted 1:2000 with TBST for 1 hour, washed twice with TBST
containing 2 mM levamisole, and then incubated in 100 mM
NaCl, 50 mM MgCl,, 0.1% Tween 20, 100 mM Tris-HCl, pHO.5,
and 2 mM levamisole. Coloring reactions were performed with
BM purple substrate (Roche) overnight. The samples were dehy-
drated and mounted on aslide glass.

Statistics

Aging analyses were performed in at least three independent
experiments that yielded highly comparable results. Data are pre-
sented as mean values = SD, as indicated in the Figure 1. Differ-
ences between mean values were analyzed with Student’s ¢-test,
and p <.05 was considered statistically significant.

RESULTS

SP Cells Were Detected in Mouse Skin

Flow cytometric analysis of skin cell suspensions revealed
that approximately 1% of total cells were found distinctly and
reproducibly in the tail of the curve (Fig. 2A), representing a
side population analogous to bone marrow SP cells (Fig. 2C).
This SP was eliminated by verapamil treatment (Figs. 2B, 2D).
Interestingly, the frequency of SP cells was relatively higher
in mouse skin (approximately 1.4%) than in bone marrow
(approximately 0.1%). Cells isolated from the ear skin suspen-
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Figure 1. Side population (SP) cells with aging. We examined the cor-
relation with age by examining newborn mice and those that were 1
day, 1 month, 6 months, 12 months, and 24 months old. The frequency
of SP cells was found to be age-dependent. Statistical analysis was
performed from three sets of independent experiments. Representa-
tive results from three sets of independent experiments are shown. *p
<.05 versus 1-month-old mice.
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sion gave similar results (data not shown). Next, we also mea-
sured the SP cells from the epidermis and the dermis separately.
SP cells were present at high levels in the epidermis (approxi-
mately 5.1%, Fig.2E); however, they were rarely found in the
dermis (approximately 0.1%, Fig. 2F), suggesting that SP cells
are located mainly in the epidermis in vivo. We then compared
the ratios of SP cells among various ages of mice. Epidermal
cells from newborn mice had a very high ratio of SP cells. The
ratio of SP cells significantly tended to decrease in proportion
with aging (Fig. 1).

Characterization of the Sorted SP Cells by

Several Markers

To investigate whether the SP cells expressed different surface
markers than non-SP cells did, epidermal cells were separately
sorted as shown in Figure 3A. We then examined putative stem
cell markers. We found that SP cells were more strongly stained
with a.6-integrin, fl-integrin, Sca-1, and keratin 14 than non-SP
cells (Figs. 3B-3E). Keratin 19 was weakly stained in SP cells but
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Figure 2. Detection of side population (SP) cells in mouse skin.
Hoechst 33342 staining of a mouse skin cell suspension revealed
that (A) approximately 1% of total skin cells showed the SP pattern
of staining behavior, which disappeared with (B) verapamil treat-
ment. The gated region suggests SP. The pattern of SP behavior was
similar to that of (C, D) bone marrow SP cells. The ratio of SP cellsin

(E) newborn epidermis was high; however, the ratio of SP cells in (F)
newborn dermis was very low.

837

not in non-SP cells (Fig. 3F). On the other hand, we found that SP
cells were very weakly stained by CD34, CD71, and E-cadherin
compared with non-SP cells (Figs. 3G--3I). Both SPcells and non-
SP cells other than epidermal Langerhans cells were negative for
CD3, B220 (Figs. 3J, 3K), and CD45RO (Fig. 3L), suggesting that
the preparations were not contaminated by hematopoietic cells.

BCRP1 Was Strongly Expressed in SP Cells at Both the

Protein and mRNA Levels

Next we examined BCRPI expression on skin SP cells, because
BCRP1 is a key molecule for the SP cell phenotype [10, 13, 14].
After the sorting of both SP and non-SP cells, we analyzed the
cell-surface BCRP1 protein. Flow cytometric analysis revealed
that BCRP1 was expressed on the cell membrane of skin SP cells
more strongly than on non-SP cells (Fig. 4A). Using an anti-
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Figure 3. Strong or significant expression of stem cell markers in
side population (SP) cells revealed by flow cytometry. SP and non-
SP cells were separately sorted (each gate in A). We found that the
SP cells (thick line) were more strongly stained by (B) 0.6-integrin,
(C) Bl-integrin, (D) Sca-1, and (E) keratin 14 than non-SP cells (thin
line). (F): Keratin 19 weakly stained only SP cells; it did not react
with non-SP cells. We also found that SP cells were rarely stained
by (G) CD34, (H) CD71, and (I) E-cadherin, but non-SP cells were
positively stained. Both SP cells and non-SP cells other than epider-
mal Langerhans cells were negative for (J) CD3, (K) B220, and (L)
CD45RO. Isotype controls are shown as broken lines. Representative
results from three sets of independent experiments are shown.
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BCRPI monoclonal antibody as a probe during Western blot
analysis of sorted cells and tissue lysates, we detected a single
protein band with a molecular weight of approximately 72 kDa,
the expected size of BCRP1 (Fig. 4B). We found that the SP cells
and the epidermis expressed BCRP1; however, non-SP cells and
those in the dermis expressed little if any BCRP1. These results
suggest that skin SP cells express BCRP1 as do other types of SP
cells and that skin SP cells are located mainly in the epidermis,
which is consistent with our flow cytometric analysis of epider-
mal and dermal cell suspensions.

To further analyze BCRPI mRNA, RT-PCR was performed.
We found that SP cells expressed BCRPI strongly but non-SP
cells in either adult mouse (Fig. 4C) or newborn mouse (Fig. 4D)
showed a weak expression. These results suggest that SP cells
strongly express both BCRP1 protein on the cell membrane and
BCRPImRNA.

Localization of BCRP1 in Mouse Skin

Based on the correlation between SP cell and BCRP1 expression,
we determined where the BCRP1-positive cells existed. Because
BCRP1 is also expressed in blood vessels, we performed CD31
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Figure 4. Skin side population (SP) cells strongly express BCRPI]
protein and mRNA. (A): Flow cytometric analysis revealed that
BCRP!1 was more strongly expressed on the cell membranes of skin
SP cells (thick line) than on non-SP cells (thin line). (B): Western
blot analysis revealed that SP cells and the epidermis expressed
BCRPI and positive control intestine also expressed BCRPI
strongly; however, non-SP cells and dermis did not. Reverse tran-
scription—polymerase chain reaction analysis of SP cells and non-SP
cells for BCRP1 and B-actin (control) was also performed. (C): In
adult mice skin, SP cells strongly expressed BCRP! butnon-SP cells
showed a weak band. (D): In newborn mice skin, SP cells expressed
BCRP1, but non-SP cells, as in the case of adult skin, showed a weak
expression. Representative results from three sets of independent
experiments are shown.
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double staining to clarify the location of BCRPL in the skin. The
immunohistochemical staining of newborn mouse skin with anti-
mouse BCRPI and CD31 antibodies combined with the usual
staining with hematoxylin and eosin revealed that positive stain-
ing was found on the cell membrane in almost all of the basal lay-
ers and bulge regions of hair follicles in both newborn (Figs. 5A,
5B) and 1-week-old (Figs. 5C, 5D) mice, consistent with another
new report of human skin staining [20]. The skin of adult mouse
(Figs. 5E, 5F) stained positively for BCRP1 only in the basal lay-
ers and hair bulge regions. The staining intensity of adult skin
was therefore relatively weaker than that of newborn skin. The
dermal papillae and surrounding lower hair follicle cells did not
positively stain in either newborn or adult mice.

We further performed in situ hybridization using BCRPI
mRNA probes. Scattered BCRP1 mRNA expression was detected
along the basal layers of the epidermis and hair follicles in new-
born mouse skin (Figs. 6A, 6B). No accumulation of positive cells
in the bulge regions or dermal papillae was observed. The lung
epithelial cells in the newborn mouse were strongly positive, as

Figure 5. Localization of BCRP1 in mouse skin. Immunohistochem-
ical double-staining with anti-BCRP1 antibody and anti-CD31 anti-
body revealed that BCRP1-positive staining was found in both the
basal layers in (A, B) newborn mouse and (C, D) 1-week-old mouse
skin. (E, F): Adult mouse skin also showed BCRP1-positive staining
in basal layers and hair bulge regions (arrowheads). Endothelium of
blood vessels was also stained by BCRP1 antibody, but it was distin-
guishable as the reactivity to anti-CD31 antibody (red).
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previously reported [21] (Fig. 6C). In adult mouse skin, BCRP1
mRNA expression was scarcely detected (not shown).

Next, we compared the Ki-67 and BCRPI expression in
mouse skin to elucidate the proliferation or self-renewal capacity
of the skin SP cells. We found that over half of the BCRP1-positive
cells in the basal layer were also positive for Ki-67 (Figs. 7TA-7C).

DiscussioN

SP cells were first discovered in the hematopoietic system by
Goodell et al. [9]; they are now considered primitive stem cells.
Since then, SP cells have been found in several tissues and experi-
mental cell lines, including bone marrow, muscle, lung, mammary
epithelium, embryonic stem cells, neurosphere cells, and the A549
cancer cell line [9, 10, 21-25]. SP cells are also present in epider-
mal skin suspensions [15-18]. The SP phenotype identifies a sub-
setof stem cells. SP cells from bone marrow have been shown to be
able to rescue lethally irradiated mice [9] and to differentiate into
both lymphoid and myeloid lineages [9]. SP cells from bone mar-
row and skeletal muscles express Sca-1 and ¢-kit [22, 26], and SP
cells from mammary epithelinm express a6-integrin [23].

We found that the percentage of skin SP cells was relatively
higher than that from other organs such as bone marrow, which
was reported to be approximately 0.05%—0.1% (Figs. 2A-2D). The
probable reason for the high ratio is the fact that the epidermis is
a functional barrier organ that can strongly efflux foreign bodies,
toxic substances, and dyes, including Hoechst dye. Previous studies
have reported that the ratio of skin SP cells is approximately 1.1%
in the mouse (varying by the concentration of Hoechst) [17, 18] and
0.01%—-5.4% in the human [15]. We are the first to show that new-
born skin has a very high ratio of SP cells and that the percentage

b :;;;,} i v
Figure 6. In situ analysis of BCRPI mRNA. (A, B): In situ hybrid-
ization revealed that BCRP! mRNA expression (arrows) was
detected in parts of the basal layers and hair follicles in newborn

mouse skin. (C): Lung epithelial cells were used as positive controls
(arrows). Scale bar= 100 um.
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of skin SP cells decreases in proportion with aging (Fig. 1). Other
reports have found no relationship between SP and aging [15, 17].
These discrepancies can be explained by the differences of obser-
vation periods; ours extended from newborn to 24-month-old mice,
whichis much longer than others. Considering the fact that embryo
and newborn skin cells can reconstitute hair on nude mice but adult
cells cannot [27], it is not surprising that newborn epidermal cells
are highly plastic. Our data also clarified that the dermis is com-
posed of only 0.1% SP cells, which is similar to bone marrow (Figs.
2C, 2F). Therefore, epidermal SP cells have a stronger dye-efflux-
ing potential than dermal and bone marrow cells.

Many markers for epidermal stem cells have been investigated.
We demonstrated that a6-integrin [6], B1-integrin [4, 5], Sca-1 [28],
keratin 14 [29], and keratin 19 [7] were highly expressed in SP cells
and that CD34 [8], CD71 [6], and E-cadherin [30] were more weakly
expressed in SP cells than in non-SP cells (Fig. 3). These results indi-
cate that SP cells have several stem cell markers and are not differenti-
ated cells. Our data for Sca-1 were compatible with previous reports
[15,17,18]. However, CD34 expression on epidermal stemcells is con-
troversial. CD34 isreported by several authors to be highly expressed
in the bulgeregion [8, 31, 32], but another study reported that epider-
mallabel-retaining cells donotexpress CD34[33]. Ourresults showed
that SP cells rarely expressed CD34 but that non-SP cells did express
CD34, in agreement with the report that BCRP1 did not appear to be
enriched in CD34-high bulge stem cells {32]. However, Montanaro
etal. [17] claimed that CD34 is expressed in SP cells (91%) more fre-
quently than in non-SP cells (73%). It has been suggested that these
discrepancies could be due to the fact that SP- or BCRP1-positive cells
are located not only in the bulge region but also in the basal layer, but it
iscertain that further examinations are needed.

Figure 7. BCRPI-positive cells express Ki-67. Furthermore, over
half of the BCRP1-positive cells in the basal layer were positive for
Ki-67, which presented in proliferated cells. (A): Anti-Ki-67 anti-
body-Alexa 594; (B): anti-BCRP1 antibody-Alexa 488; and (C) a
merge image of A and B. Scale bar = 100 wm.
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BCRPI is a novel stem cell transporter. BCRPI mRNA is
expressed at high levels in primitive hematopoietic stem cells and
is sharply downregulated with differentiation [10]. Our flow cyto-
metric analysis, Western blotting, and RT-PCR analysis revealed
that there is strong expression of BCRP1 in SP cells and epidermis
but notin non-SP cells and only weakly in the dermis (Fig. 4B). We
initially pinpointed the location of the BCRPI-positive cells in the
mouse skin. Immunochistochemical staining and in situ hybrid-
ization of BCRP1 revealed that BCRP1-positive cells are located
mainly in the epidermal basal layers and hair bulge regions of both
newborn and adult mice (Fig. 5). However, BCRP1 expression in
the dermal papilla and lower hair follicle was not detected in either
newborn skin or in adult skin. The frequency of BCRP1-positive
cells in the skin was similar to that of SP cells in skin suspension.
These results confirm that the presence of BCRP1 is closely cor-
related with that of SP cells and that BCRP1 can therefore be used
as a marker for primitive quiescent stem cells.

Although it has been suggested that SP cells protect the
integrity of stem cells and can contribute to all cell lineages, not
all SP cells function as primitive stem cells. To use hematopoi-
etic stem cells, both SP and c-kit#, Sca-1*, CD34- cells are used
for the regeneration of ischemic cardiac muscle [34]. SP cells
that have a subset of c-kit*, Thy-1*, Sca-1*, and linage™ repre-~
sent long-term repopulating cells {24]. There are controversies
about the stem cell properties of skin SP cells. Although it has
been claimed that adult skin SP cells can engraft in dystrophic
skeletal muscle [17], another report showed that overexpression
of BCRP1 compromises the growth potential of the cells [15]
and that SP cells are not label-retaining cells [16]. It has also
been reported that SP cells express Sca-1; however, the bulge
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region does not express Sca-1 [15], and BCRPI does not seem
to be enriched in CD34-high bulge siem cells [32]. Considering
these facts, being SP- or BCRP1-positive is not considered com-
pletely indispensable criteria for stem cells, but they are among
the characteristics of the stem cells. Therefore, it is reasonable
to combine SP cell screening with that for other surface markers
to isolate pure epidermal stem cells. We demonstrated the pro-
liferative character and self-renewal capacity of SP cells using
Ki-67 and BCRP1 costaining (Fig. 7). To prove their abilities,
we need to develop a suitable in vitro culture system for epider-
mal stem cells in the near future.

In conclusion, we have demonstrated that SP cells can be iso-
lated from mouse skin and that they display several epidermal
stem cell markers. These SP cells are abundant in newborn skin,
have strong dye-effluxing potential, and significantly decrease in
proportion with aging. The location of these SP cells in the skin
was elucidated in both newborn and adult mice. Our observations
open doors for future research in stem cell biology, skin carcino-
genesis, wound healing, and hair and skinregeneration. Using the
plasticity of skin SP cells as a source of stem cells for other organ
regeneration is both promising and attractive. We are next going
to transplant skin SP cells into lethally irradiated mice and deter-
mine whether the mice are rescued and the SP cells can differenti-
ate into other cell types.
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Background Long-term cultures of epidermal cells from mouse skin have been
notoriously difficult to establish.
E-mail: yano-der@h.u-tokyo.ac jp Objectives To develop a modified serum-free medium and technique for long-term
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1 April 2005 Methods Epidermal cells from trypsin-treated adult mouse dorsal and ventral skin

were grown on type I collagen-coated dishes without feeder layers in a serum-
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free medium supplemented with only 10 ng mL™' epidermal growth factor
. (EGF) and 107'° mol L™ cholera toxin (CT).
keratinocytes, mouse Results After removing coexisting fibroblasts several times, we were able to obtain

Conflicts of interest: almost pure basal epidermal keratinocytes. Our technique supports sustained mul-
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and they retained the capacity to undergo terminal differentiation when given
the appropriate stimulus. The epithelial nature of these cultivated cells was dem-
onstrated both by phase-contrast microscopy and by immunostaining with anti-
keratin antibodies. EGE and CT, which have been reported to accelerate the
cellular growth rate, were essential for successful long-term cultivation during
multiple passages.

Conclusions Our technique is very simple. It provides a useful and suitable model

for investigations of growth, differentiation and skin remodelling in vitro.

Long-term cultures of epidermal cells from mouse skin have
been notoriously difficult to establish.! Hager et al.> reported
the establishment of long-term newborn C57/BL6 mouse epi-
dermal keratinocyte cultures using a highly supplemented,
fibroblast-conditioned medium (FCM) and fetal bovine serum
(FBS). Caldelari et al.® reported the establishment of long-term
neonatal mouse epidermal keratinocyte cultures isolated from
the skin of 17-5-day-old embryos of C57/BL6é mice.

Primary cultures and subculturing from the skin of adult
mice was not mentioned in either paper. Long-term primary
cultures of epidermal cells from normal, untreated adult mice
have been difficult to establish and to maintain except under
conditions in which the concentration of calcium in the med-
jum has been reduced.*® As for subcultures of adult mouse
keratinocytes, only Bickenbach and Chism® have reported that
mouse ear keratinocytes could be expanded and subcultured
three times using FCM and FBS. However, we have not been
able to find any reports of successful establishment of long-
term adult mouse keratinocyte subcultures from dorsal or
ventral skin without using FBS, feeder layers, and FCM up to
the present.

In this paper, we report that we have succeeded in newly
establishing long-term adult mouse keratinocyte subcultures
without using FBS, feeder layers, FCM or bovine pituitary
extract.

Materials and methods

Primary cell culture

We attempted to culture and subculture keratinocytes from
dorsal skin and ventral skin of one mouse. First, both dorsal
skin and ventral skin of an 8-week-old C57/BL6 mouse (Clea
Japan, Tokyo, Japan) were removed with a scalpel and washed
with ice-cold phosphate-buffered saline (PBS) three times after
carefully shaving off all the body hair. Then the tissues were
incubated for 2h in 0:25% wypsin/0-1% ethylenediamine
tetraacetic acid (EDTA) (Gibco, Grand Island, NY, US.A) at
37 °C. The superficial skin area involving the full epidermis
and part of the dermis was scraped carefully with a cell scra-
per. The cell suspension was neutralized by PBS with 10% FBS
and filtered through a 40-pm cell strainer twice to take off the
remaining body hairs and tissue debris. Cells were then centri-
fuged at 60 ¢ for 10 min at 4 °C, washed, and resuspended in
defined keratinocyte serum-free medium (Gibco) supplemen-
ted with 10 ng mL™' epidermal growth factor (EGF) (R&D
Systems, Minneapolis, MN, U.S.A), 107" mol L' cholera
toxin (CT) (Calbiochem, San Diego, CA, U.S.A.) and 1 X anti-
biotics/antimycotics (Gibco), in an incubator at 5% CO, and
37 °C. Cells were seeded at a density of 1 X 10° cells cm™’
on to a type I collagen-coated flask (Iwaki, Tokyo, Japan)
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