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2 — 3. Cytotoxicity test (Colony formation assay)

CHL cells were seeded at 50/well in 24-well plates.
After 24-h incubation, they were treated with a test
chemical or vehicle control for six days. The colonies
formed were fixed with methanol and stained with 3%
Giemsa solution. The number of colonies on each well
was counted, and the relative survival was calculated
based on comparison with the control colonies. The
cytotoxic potential of the chemical was expressed as
the concentration at which the relative survival was
50% of control (ICs,). The ICs, value was calculated by
the probit method.

2 — 4. Chromosome aberration (CA) test

Cells were seeded at 1.5 x 10°/plate (60 mm in
diameter) and incubated at 37°C for 17 h. They were
then treated with a test chemical for 24 or 48 h, and
colcemid (0.2 xg/ml) was added for the final 2 h. For
metabolic activation, cells were treated with a test
chemical for 6 h in the presence or absence of S9 mix”
(Kikkoman, Noda, Japan) and cultured with fresh
medium for another 18 h with colcemid added for the
last 2 h. The S9 fraction was prepared from the livers
of Sprague-Dawley rats pretreated with phenobarbital
and 56-benzoflavone. The final concentration of the S9
fraction was 5 v/v%. Chromosome preparations were
made as reported previously”. All slides were coded,
and the number of cells with structural CAs was
counted for 100 well-spread metaphases with a modal
chromosome number of 25 % 2. The number of cells
with numerical CAs was counted on 100 metaphases.
In our historical database”, the frequency of CHL cells
with structural CAs or polyploidy in both untreated
and solvent-treated negative controls did not exceed
4%. The experimental groups were judged as negative
if the total CA frequency was less than 5.0%,
inconclusive if it was 5.0 to up to 10.0%, and positive if
it was 10.0% or more. The number of mitotic cells was
counted for 1000 cells. Relative mitotic index was
calculated based on comparison with the number of
mitotic cells in controls to show the concurrent
cytotoxicity. Solvent — treated cells served as the nega-
tive control. Experiments were performed twice, and

representative data are shown.

2 — 5. Micronucleus (MN) test
CHL cells were seeded and incubated as they were

in the CA test, treated with a chemical for 24 or 48 h
in the absence of S9 mix (because there was no effect
in its presence in the CA test), and harvested immedi-
ately. MN preparations were made as reported previ-
ously”. The cells were stained by mounting in 40 pg/
ml acridine orange in phosphate-buffered saline (PBS)
and were immediately observed at 400 x magnification
by fluorescence microscopy with a model Nikon
Eclipse E600 and a B-2A filter block. All slides were
coded, and they were observed and judged as reported
previously”. Briefly, the number of MN cells among
1000 intact interphase cells was counted. Cells with a
main nucleus and a single MN were categorized into
two groups: those with a MN whose diameter was less
than one-third of the main nucleus and those with a
MN whose diameter was one-third to one half the
diameter of the main nucleus. A cell with two or more
MN was recorded as a multi MN cell. In addition, we
examined 1000 total cells and scored polynuclear (PN)
cells, including polynuclear cells, karyorrhectic cells,
and binucleates, and mitotic (M) cells. Experiments
were performed twice and representative data are
shown. We analyzed the data using a x*test for
treated versus control groups.

3. Results
Fibers of CMBA precipitated in the culture medium

' are shown in Fig. 2. Single and bundled fibers are

shown ranging from around 2 to 33 x«m in length.
Chrysotile B, with an IC;, of 0.398 xg/ml was much
more cytotoxic than CMBA, with an ICy, of 11.0 z#g/ml

Fig. 2 Phase contrast micrograph of fibers of CMBA
precipitated in the culture medium after its DMSO solution
was added

Single and bundled fibers are shown ranging the length from
around 2 to 33 pm. Bar indicates 50 zm.
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(Fig. 3). As fiber concentrations are typically given in
pg/cm’, those in pug/cm?® are added in parentheses for
chrysotile B in graphs and a table.

To show the fiber length of CMBA and chrysotile B
quantitatively, we measured them as follows: their
suspension in the culture medium was placed on a
glass microscope slide, covered with a cover slip, and
then photographed under a light microscope. Length
of fibers was measured on the enlarged photo prints.
The fiber length distribution of CMBA and chrysotile
B is shown in Fig. 4. CMBA and chrysotile B showed
different distribution patterns. The fiber length
distribution of CMBA spread broadly mainly from 3 to
15 pm. 77% of the fibers was shorter than or equal to

CMBA Chrysotile B
120 T
— 100 —{(———
= 80 A
S 60 \g\ \ ;
e W —
N

0 051050 10 30

(028 0.572.8 5.7 17)
Concentration (pg/ml)

0 125 25 50 75 100

Fig. 3 Cytotoxicity of CMBA and chrysotile B
Values are expressed as mean * SD for four wells. Figures in
a parenthesis indicate concentrations in zg/cm?

Table 1 Chromosome aberration test of CMBA

15 gm. On the other hand, chrysotile B showed a
distribution with a peak at 1 gm and 85% of the fibers
was shorter than or equal to 5 #m. In this connection,
Timbrell reported that 97% of the fibers of the UICC
chrysotile B was shorter than or equal to 5 xm”.

In the CA test, CMBA induced polyploidy after 6-,
24-, and 48-h treatment without S9 mix in a concentra-
tion-dependent manner (Table 1). The concurrent
cytotoxicity under the conditions was not strong as
shown by the relative mitotic index. CMBA did not
induce structural CAé under any experimental condi-
tions. CMBA did not induce CAs at concentrations
lower than 6.25 pg/ml.

Chrysotile B, on the other hand, induced polyploidy

CMBA Chrysotile B

30

20

Frequency(%)

10

25 0 5 7 0 15 20 25 30
Length (um)

Fig. 4 Fiber length distribution of CMBA and chrysotile B

The average length of CMBA fibers was 1095 pxm.

1.5 10 15 20

Cells with chromosome aberrtion” (%)

T-R? . Concentraton polyploid Relative mitotic
S9 mix :
(h) (pg/ml) cells (%) ctg cth cte f osb cse Total index (%)
6-18 = 0 2 1 0 0 0 0 0 1 100
20 12 0 0 0 0 1 0 1 127
40 15 0 1 2 0 1 0 4 104
60 25 2 1 0 0 0 0 3 80.0
80 10 0 1 1 0 0 0 2 92.0
6-18 + 0 0 1 0 0 0 1 0 2 100
20 1 1 0 1 0 0 0 2 85.6
40 4 1 0 0 0 0 1 2 975
60 3 1 0 1 0 0 1 3 99.2
80 3 1 1 1 0 0 0 3 105
24 -0 . 0 0 0 1 0 0 0 1 2 100
6.25 1 0 0 0 0 0 0 0 137
125 12 2 1 1 0 0 0 4 159
25 26 0 0 0 0 0 0 0 123
50 23 0 1 0 0 0 0 1 105
43 -0 - 0 2 0 0 0 0 0 0 0 100
6.25 1 0 0 0 0 0 0 0 71.2
125 16 1 0 0 0 0 0 1 48.1
25 46 ] 0 0 0 0 0 0 65.4
50 40 0 0 0 0 0 0 0 59.6

*“Treatment and recovery time. "ctg, chromatid and chromosome gaps; ctb, chromatid breaks; cte, chromatid exchanges; f,
fragmentation; csb, chromosome breaks; cse, chromosome exchanges.
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under all the experimental conditions (Table 2). The
lowest concentrations that induced polyploidy were
ten times higher in the presence of S9 mix than its
absence. Chrysotile B induced structural CAs, but at a
low frequency.

We observed bi-, tri-, tetra-, and hexa-nuclear cells in
MN preparations after treatment with CMBA (Fig. 5)
and after treatment with chrysotile B (data not
shown).

CMBA induced a small but statistically significant
increase in the frequency of MN cells after 24- and
48-h treatments (Fig. 6). Surprisingly, the frequency of
PN cells induced was about 50 times the control value.
Binucleates were prominent at both 24- and 48-h, after
which the ratio of polynuclear cells among the PN cells
increased. CMBA did not significantly increase the
frequency of M cells.

Chrysotile B induced the similar pattern of MN, PN,
and M cells as CMBA (Fig. 7). The only difference
from CMBA in the MN test was the concentrations

tested.

Table 2 Chromosome aberration test of chrysotile B

Fig. 5 CHL cells treated with CMBA in MN preparations
A, intact interphase cells and a mitotic cell observed in
control. B and C, A binucleate, a tri-nuclear cell with an MN,
and a hexa-nuclear cell with a MN observed after treatment
with CMBA at 20 xg/ml for 48 h. D, a binucleate and a tetra-
nuclear cell observed after treatment with CMBA at 40 pg/
ml for 48 h. MN preparations were stained with acridine
orange. Yellow indicates nuclei and chromosomes and red
indicates cytoplasm. Bar represents 20 pzm.

T-R? S0 mix Concentraton polyploid Cells with chromosome aberrtion” (%) Relative mitotic
(h) T (pg/ml) (pg/em?)  cells (%) ctg  ctb  cte f osb cse Total index (%)
0 0 1 0 0 0 0 0 0 0 100
6-18 = 0.5 0.12 7 0 0 0 0 0 0 0 889
1 0.25 13 1 0 0 0 0 0 1 878
5 1.2 28 2 2 1 0 1 I 7 822
10 25 44 2 2 2 0 3 0 6 62.2
30 74 29 0 2 0 0 0 0 2 51.1
50 12 20 0 0 0 0 2 0 2 422
0 0 1 i 1 2 0 0 0 3 100
6-18 + 05 0.12 0 0 0 0 0 0 0 0 101
1 0.25 2 1 0 0 0 0 1 2 120
5 1.2 4 0 0 0 0 0 0 0 117
10 25 10 1 1 0 0 0 | 3 108
30 74 11 1 1 2 0 0 0 3 935
50 12 15 0 0 1 0 1 0 2 79.2
94 . 0 B 0 0 2 1 0 0 0 0 0 1 100
0.5 0.12 7 2 0 0 0 1 0 3 138
1 0.25 10 1 2 2 0 2 0 5 117
5 1.2 25 0 0 0 0 0 0 0 72.1
10 25 32 0 0 0 2 0 2 744
30 74 Tox
480 B 0 0 1 0 0 0 0 0 0 0 100
05 0.12 ¢ 0 1 0 0 0 0 1 930
1 0.25 15 5 2 1 0 2 1 7 144
5 1.2 39 0 1 0 1 0 2 3 126
10 25 30 3 7 4 0 4 1 11 86.0
30 74 Tox

a

" See the footnote in Table 1. Tox; cells were killed.
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CMBA
MN cells PN cells M cells

500

O Multi MN O Karyorrhectic cells
400 | ®1/3 ~112 ® Polynuclear cells "

~1/3 Binucleates
300
200
100

No. of cells/1000 cells

O Multi MN O Karyorrhectic cells
400 | 173 ~112 B Polynuclear cells
B ~1/3 B Binucleates
300
200
100

0 10 20 40 60 O 10 20 40 60 0 10 20 40 60
Concentration (ug/ml)

Fig. 6 Results of the 7 vitro MN test with CMBA for 24 h (top) and 48 h (bottom)

The left graphs show the number of MN cells/1000 intact interphase cells. The middle graphs show the number of PN cells/1000
total cells, including binucleates, polynuclear cells, and karyorrhectic cells. The right graphs show the number of M cells/1000 total
cells. *P < 0.05, *P < 0.01.

Chrysotile B
500 MN cells PN cells M cells
O Multi MN O Karyorrhectic cells
400 | ®1/3 ~172 W Polynuclear cells i
~1/3 B Binucleates
300
0
T 200
o
8 100 i
o
ha
b ]
»®
©
“‘_3 O Multi MN O Karyorrhectic cells
S 400 |®13 ~112 B Polynuclear cells
o ~1/3 B Binucleates
< 300
200

100 o »

0 1 5 10 20 “ 1 5 10 20
(025 12 25 4.9) (025 12 25 4.9) (025 1.2 25 4.9)
' Concentration (ug/ml)

Fig. 7 Results of the i vitro MN test of chrysotile B
See legend to Fig. 6. Figures in parentheses indicate concentrations in g/ cm’.

4. Discussion manner in the CA test, although their fiber length
We found that CMBA and chrysotile B showed a distribution was different from each other strictly
similar induction pattern of MN, PN, and M cells in the speaking. Koshi et al®¥ reported that a size-selected

MN test, and both induced polyploidy in a similar sample (81% of fibers was less than 5 zm long) of



70 ) YA

e

W # #1285 (2010)

UICC chrysotile B induced 34% polyploidy at 10 xg/ml
after 46-h treatment. Our result was consistent well
with theirs.

In a previous study®, we showed that clastogens can
be distinguished from aneugens in the MN test
according to their induction pattern of MN, PN, and M
cells. Aneugens were always accompanied by a high
frequency of M cells. Vincristine induced a high
frequency of MN and M cells in addition to the
induction of PN cells. CMBA and chrysotile B,
however, were clearly aneugens, but they did not
induce M cells. We can estimate that the mechanism of
polyploidy induction by CMBA may be different from
that of vincristine.

We experienced a similar response of binucleate
induction by 2-phenylbenzotriazole — type water pollu-
tant (PBTA-2), which has cytochalasin B (Cyt B)
-mimetic activity”. At first CMBA seemed to be
similar to PBTA-2 in its induction pattern of MN, PN,
and M cells in the MN test. But, CMBA was different
from PBTA-2 in polyploidy induction in the CA test.
PBTA-2 induced 12% polyploidy at most only at a
highest concentration of 100 xg/ml. On the other hand,
CMBA induced polyploidy in a concentration-
dependent manner with an example of 46% at 25 pg/
ml. Chrysotile B also induced polyploidy in a concentra-
tion-dependent manner with an example of 44% at 10
pg/ml

One mechanism for the formation of bi- and
multinucleated cells is attributed to hydrophobicity'®.
Chrysotile B is a mineral, so that was not the case.
Inhibition of actin polymerization could be a mechan-
ism. If so, formation of contractile rings would be
inhibited resulting in no cleavage furrows at telophase,
but we could observe cleavage furrows after CMBA
treatment, even at 40 zg/ml (data not shown).
Crocidolite fibers block cytokinesis but not cleavage
furrows' and that could lead to binucleates. That
might also be the case for CMBA. Needle crystals of
vitamin B, induce polyploidy (32% at 150 xg/ml) in
CHL/IU cells'?, apparently by physically fixing the cell
shape and thereby preventing normal mitosis. This
mechanism seems to be similar to that of the paper
above'”.

In the present study, the uptake of fibers into cells
~was not investigated. Internalization of fibers is

considered to play an important role in their cytotoxic

and genotoxic effects. Further studies are needed to
substantiate the findings in the present study and to
understand the mechanism of polyploidy and binucle-
ates induction mentioned above.

In the practical use of CMBA, it is commercially
available as a water solution for textile dyeing. That
suggests that there may be a very low possibility for
us to be exposed to fibers of CMBA in the dyeing
industry. CMBA should be handled carefully when
manufactured in a factory.
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Cytogenetic study on safety evaluation of human mesenchymal stem cells cultured iz vitro

Atsuko Matsuoka

Human mesenchymal stem cells (hMSCs) are one of the promising sources for regenerative

medicine. In general, hMSCs are supposed to grow indefinitely and differentiate to various kinds

of cells. The indefinite growth is concerned due to its misleading to carcihogenesis in the
practical use of hMSCs in regenerative medicine. In the present study, we investigated
unexpected changes, especially in genetic aspect, in hMSCs during culture utilizing fluorescence

in situ hybridization (FISH) with chromosome specific DNA probes for chromosomes 1 and 4,

or a locus specific identifier for ¢c-myc. Three lots of hMSCs and three human cancer cell lines
(HeLa S3, HOS and OUMS-27) were analyzed. The results of this study suggest that both
observation of cell morphology and FISH analysis of ¢-myc aberrant cells in interphase cells are
useful for evaluating safety of hMSCs expanded in vitro.

Keywords: human mesenchymal stem cells, ¢-mye, FISH, iz vitro safety evaluation

1. LI

b MEERBMELZ 8 RE B B EHEoM
BAOGLPARETH L7120, BEERTE T, #HRIE
BED o THRENOIEAPHAGF IR TW S, B
RATER - 7B OBIE, FEY, BRMIIZTTEL
BENCLTETHNIEIZICEDL ) RBEETH
A, LdL, —fRICHHREIZ oLk L EICERSMEE %
ELTBY, BEHBRLLTHA2EEOR T THESY
TE MEA~BHRTEL WS FIE L, WigiERERNT
BEIHETE L2 LWIMBEREEEATYS, FRE
T, BAEEHEIZB W Tin vitro CEEERIZHMBEE
HDNOEEZ b o MRICELL2WnWC &, §FICEE
HERICER 2w L2BEL, BEICRIN LM
OREVTHRTHHEERET L

2. F&
2-1 #Hik

TR b EREREERBMER (human mesenchy-
mal stem cells; h(MSC) 3 @ v b % Cambrex#t (CKE)
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Atsuko Matsuoka; 1-18-1 Kamiyoga, Setagaya-ku, Tokyo
158-8501, Japan; Tel: +81-3-3700-9268; Fax: +81-3-3707-6950;
E-mail: matsuoka@nihs.go.jp

I DAL (Table 1). F72, hMSCHMIHEIZRE %
ElLcmE s LCHEeEEL, 3TMOBMEK
(Table 1) DM 2THR o7, FEMlake LTid, HI5E
KA ) —= 7|28 S b Hela S3HIAE, hMSCH
LA ETEE LM TH LB RUBRE AU EHE
OFRERR, FNLFNRHOSEUPOUMS27OE 3L Hw
7z. hMSCixCambrextt# o EHEB %, 72, EMAR
BOBERBIIHBMNLETHERIN T I Z A/

- 2-2 HHE

3=y b DOIMSC%E R ULMATHAL, ST~

Table 1 List of cells used

Noermal human mesenchymal stem cells

Lot Origin Donor
hMSC 10796  bone marrow 26 Y, male, Black
hMSC 10909  bone marrow 19, female, Black
hMSC 11809  bone marrow 21 Y, male, Other

Human cancer cell lines

Cell line Supplier Origin Donor

Hel.a 83 JCRB* Cervical cancer 31Y, female
HOS Dainippon** Osteosarcoma
OUMS-27 ICRB

13 Y, female, Caucasian
Chondrosarcoma 65 Y, male

hMSC; human mesenchymal stem cells, *Health Science Research
Resources Bank, *"Dainippon Pharmaceutical.
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T vy, —EBOMBEEER BRNICNY TV
THEfE 2 FIBE L, MIREHE\RTHRBLIHRLA. &l
EHIIDEIMOT L — e, TOPGEZEHEMH
#Biz7ay b L7 #EfifatkHeLa S3ZDWTH FHKIC
SenE R B L7z,

2-3 ZibdRRe

WA ERIZfEYy, pH 60 THHE T& 4% 8-galactosidase
(Senescence associated 3- galactosidase, SA-8-Gal) {&
AR ETZLRFBLAREED T, Senescence De-
tection Kit (Oncogene, Cat# QIA117) Z# AW THaE
L7z, ZblRidE T 2.

2 -4 HEEERR

et RREEITIZE, ERoSEL ) HEICERT
& DE insitu N4 EY A ¥~ ¥ 3~ (fluorescence
in situ hybridization; FISH) #E% R L7-.

hMSCORBEERILUTOLIIERLL. art
I F (002 pg/ml) TBRAEL, MUTV U THRRE
EYX L 7. 75 mMIE L U 7 A BB TEIR205 HIER
MBLOB, ANV THW OKEEE: X% /- =1":
3BMW TIMEEL HBEBEREZAIAFSIA
WIET L, BREERSE Sk RafiEsl,
vt F 0102 gg/ml) T2 - 4EHAEL DA
&, bMSCEREBRIZER L 7.

BB EAOEARIX ATERE L, FISHETH
BEAIDNATO—TONL TN FA -2 a &I
T, EETAZHALLELBICERL, -20CI
RE L7

FISHfEM 13, 1 &HFRGE 4FREER Femycd
DNA71—7 (SpectrumOrangeiZak, VYSISH, XKE)
PRV W2ERREBEAEOBRERELZBNT5EH
T, N TVICE Y HRBHBELI VY I FVPBREIND
1OBENRBESTHY, T, HEHRELEAETDH
L0 RICBERTEZRETEZ LELTERL
72 cmyclREE TS FREAOEROLN (8g24.12-
q2413) IV T FNPEEENDN, Tu-TRIE
(#9120 kb) 7zOFMETL Y/ T VOERLBEY
TELEVHIFANEDY, v FMEHARICBTLIELE
BREINLIWBYBEETEL LELBRIRLA. BIRLE
BIEFOBERRO—DOBFLEZONTWD,

70— DNA%2T0C THaHEESE S, 3<I2XK
WL BEADNAZEWIELLDIL, AF74 7T
SAETCDO%T7 # VAT I FERICAFHEEL, T
W, KB LAT0%y ) — Vil L, TOHERETT
85%, 100% =%/ —NZ# L, BRERIE AT
A P75 ACBER LT O —-T7DNARE O, A8

— 7 SATEY, BYER——FK FTI—NV#&, 37
CT—BNA TNFLXERI NATY) 54 AT
%, 45TO50%7 + VA7 3 FBRT3ME, 2x SSCHT
18], 01%NP40%&¢:2 x SSCRT1 HE&H L. £
D% HRE B X T, DAPI Counterstain (VYSIS#t)
Twv v L, ®AEBEME (Nikon E600) THEL
72%, HEMRTBES N cmycORMTLEIEDY
Frvi G1EBOMBRLEG2HOMITEKIIELRD,
FhZFN, locus 1M&locus 2HICHYT 5.

BRI mIE, F2FRe L oBEblERRE
L, 77U ETHREAKEEELTER L7, hMSC
13304 Lo, FBHERIZBED EOYRBELETHS
KGR BIRE L.

3. #E
SEAFL7-hMSCIE & b A 5 RIS 2 H ORER
BT, TOMBEEEMELARRETH S, In vitro
BRERILIABEIRELLDIZE, BEERIIBY
TIHBE, O RINEROM E, BE~ESILBHE
HOMie: OB TIVEYS L EEL 605, K
T, EBTEELHET, T2bBAFLAIMSCE
B BIIATE A ORIIG X AR BB & 4R 0SB L 2= o EH
LOREE b -T, BEERTO RREREICRAI

3-1 M

hMSC 10796 Tix, 1R E TRIRRZEBMEAFFZED o1
7%, 44LB, 6RRETIARMEIMETL, 10RE (F—
YR\ TR WML 2 o7 (Fig. 1). hMSC
10909 Tz 5 E TIRIEHRzHEEZRL, 10RHTid
B OB T 25828 547z, hMSC 1180903 %E1: 1 AL B

hMSC 10909

#
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g
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LSS g we—
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Fig. 1 Growth curve of three hMSCs and Hela S3

The #number indicates the passage number. The
doubling time for the first and the last passage is indicated
in the graphs.
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T, BEERPE RO R 100K M H £ T, RAERE L7z 28fCH £ ORI L7228, T 2RI
FICHIEL CTWeds, ZORIZLALHMBLELS B BRsh o7,
7z. HeLa S3METIIMR BT 0b & F—E DO %

w L, BRI IR 308 H T - 72, hMSCO HEFH 3 -3 iRmT

ML E QI TFL, By bELZEDH LN B HHEHEORERTH 2EEHHREL ) femfkid, i

10fCHLIBRIZIZE A R L 2 e o 72, L oTH, FHEI—ET, ZETHL. BEEILIZ
S WEfEkRENGLETNIEbIT A LELLLBRBLSVE

3-2 MlemErEtMiEit E 2. in vitro¥EEIZ X AhMSCO R &M FEMIEIE & L

hMSC 10909 Z Lifa @ik (R ZBmiR%) % THREF L7z,

Fig. 212" 3. KEMBER (#1) & #MEeEoi hMSC 109090k 12 & 5 Jeta i ¥ A &1L % Fig. 3
TN —EOmRNAFRD H, i+ ORIlE Db M E WRT. 1.3, 5 RHTOBETIE. wFhbb MEH
SERIT, HARTEAMMIE Do 70h KBy #7 P AEAORICE—s 2RI omE R L. #RICL2H
R O#13) I[CIXEHOBMMEITET L. 4~ oMz ShREIZED S hoTz.

B, OBEKL, MlaohRifrF kT Larl, # JEAIB R 3O R % Fig. 4127”73, Hela S3MHE &
RPN TTATH, I_XToOMBEIFLRBEINS UHOSMIfRIZ ZhZh, 67TRRU4SAIZE — 2 #RT

&3 %dosz. —7F. Hela SHIBETIIMRIZL BT GAi R R LA, OUMS2THIlTIREZ -7 ¥— 213
BEIIRD LT, —HBAKRTRE S IZEREOFE 2, 69-T8FK A .ok LTIRIEWGAMEZR L.

#1 #7 #13

Fig. 2 Senescent cells observed in the hMSC culture (SA-A-Gal staining)
Although hMSC (10909) did not show senescent cells stained blue at early passage (#1), some of them changed to flat and
big in shape and were stained blue in the center at middle (#7) and late passage (#13).
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Fig. 3 Distribution of chromosome number of hMSC 10909
at the first, third and fifth passage

The number in the upper right corner indicates the
number of cells analyzed.
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Fig. 4 Distribution of chromosome number of human
cancer cell lines, HeLa S3, HOS and OUMS-27

The number in the upper right corner indicates the
number of cells analyzed.
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HeLafifz iz, #E10. 28CH DM AT R o 72h% B¢ T%DMNLTIEE R 2 7 FVHBEIh. 1 FHjEM
EAREG A ICHRIZ L 2ELIZRBO b e hr o7z RORHEIL, EE 1 FREEFIRLEE 1L IATE
Rl) (Fig.5C) D43 T F A bhbBREMNPEED
3-3-1 v MEMRKETOFISHIEIZ L 2 5HEEkR Porx o T
W IRAT Hela S3Ti&, c-mycl3 L A EOHBETRE TH-
FISHEEC & 2 et (R R E AT O A5, BoOMEIC 7-. HOSHIRRTIZIER 2 v 7 F vzl TR
SoTHHEINAEREHE BIERESHL, T2 MR (Rl OBIETIL61%, MBMEOBETIX
BT 7 u— 7O AR A700, B L CHEH ST%ERE X N7z (Table 2). BELR AT T FUHNHESR
RELFZFTICELN, SHEORENFHINLEME N7 AN % Fig. 6 ARTZOHAEB. CIZRT.
% H TR AT A2 AT R o 7
$EH 2 Table ‘)(lﬂi’f WO 70— 7 2 fEo - fif Table 2 FISH analysis of three human cancer cell lines
Feh, EEMBTE 1 HORBKDENRS D S
i (c-mye) 7 “’"’é’iﬂ 27+ WEiR¥. Hela S3 Cell line Judge B R T T
M Tix, 1 FREEIZI0%OHMBTRETH > /2 normal 0% 93% 0% 3%
BAIEEEOHOSHITE, 1 & 4 BREHL b - R
fﬁ%ﬁiﬂ@,"i"‘”’“&)of 1 B TORE 4 Fig 5 B HOS aberrant 100% 100% 39% 13%
2. 4 Fa kT % %TFig. 5 DIZRT. No. ofncl:‘rlll:’:bscr\'cd 13;1 1; 1a znl(:
iik‘é'li‘?gﬁEE%}’-@OU\lg-'ﬁﬁﬂﬂ‘]”“ 1 FHERTI OUMS-27 aberrant 100% 13% 93% 99%
BEA00% 0N THES L 4B REETIR No. of cells observed 83 38 41 200

Fig. 5 FISH analysis with chromosome specific DNA probes for chromosome 1 or chromosome 4

Images are merged with whole chromosomes stained with DAPI (blue) and portions painted with SpectrumOrange (pink).
White arrows indicate chromosomes with aberrations involving chromosomes 1 or 4.

A: A translocation (arrows) observed in hMSC (10796). Three chromosomes are painted in whole or in part showing a
normal chromosome 1 and a translocation involving another chromosome 1.

B: A translocation and an insertion observed in an osteosarcoma derived cell line, HOS. Four chromosomes are painted in
whole or in part showing a normal chromosome 1 and a translocation and an insertion involving another chromosome 1.

C: An incomplete translocation observed in a chondrosarcoma derived cell line, OUMS-27. Four chromosomes are pained in
whole or in part showing three normal chromosomes 1 and an incomplete translocation involving another chromosome 1.

D: A translocation and an insertion observed in HOS. Four chromosomes are pained in whole or in part showing a normal
chromosome 4 and a translocation and an insertion involving another chromosome 4.
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=77, OUMS-27/I TlxiT & A EOMIEAERE % c-mye LEZ HNT WEAMET LR oM D MM T
YZFVERLE. BEPMRTHREINCEEY S BETLI LI, BORBOMBERTHEET5
#Fig. 6 DITRT. IhH—EDEMEZIR- 72T DY CENTEINEBROBOHREEEHT I LICOR
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£, YTFVEL 268 ULEEPTVE. ZO#E MIEFIET LR BEHOMEE TR 21749 729
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Fig. 6 FISH analysis with a locus specific identifier for ¢-myc
A: Four pairs of signals observed in a metaphase spread of an osteosarcoma derived cell line, HOS.
B: The magnified image of a part of panel A. Two pairs of signals for c-myc are seen near the distal end of two chromosomes.

Both chromosomes seem to be translocated between chromosome 8 and chromosome 1 that has a white portion
(heterochromatin) near the centromere.

C: The magnified image of another part of panel A. Two pairs of signal for ¢-myc are seen on two normal chromosomes 8.

D: Four pairs of signals for c-myc observed in an interphase cell of a chondrosarcoma derived cell line, OUMS-27. Panel D is a
part of the interphase cell and the pair of signals seems to be amplification of ¢-#yc within a chromosome, that is to say that a
single signal corresponds to a pair of signals in panels B or C. Refer to panels E and F.

E: Four pairs of signals observed in a metaphase spread of HeLa cells. Two pairs of signals are seen in a chromosome located
on the left. They seem to be amplification of ¢-myc within a chromosome, because only a pair of signals for c-myc exists in a
normal chromosome 8.

F: Four signals observed in an interphase cell on the same preparation as panel E of HeLa cells. Four signals are separated in
three regions. In a region, two signals are adjacent indicating that they correspond to two pairs of signals (amplification of
c-myc) seen within a chromosome in panel E.
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Fig. 7 Comparison of the signal number for ec-myc observed in between metaphase cells and interphase cells in HOS and

OUMS-27

The number in the upper right corner indicates the number of cells observed. The white portion of the bar indicates cells
with amplification of ¢-#y¢ within a chromosome, The black portion indicates cells without amplification within a chromosome.
The distribution of the signal number observed are consistent between in the metaphase cells and in the interphase cells in

both cell line_s.
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Number of ¢c-myc aberrant cells/100 cells

Fig. 8 Distribution of the number of c-myc aberrant cells
observed on 100 cells during five months passage in hMSC
(10909)

The number of ¢-myc aberrant cells per 100 cells was
scored at 10 regions on a chromosome preparation, except
for #14 where the number was scored at six regions due to
less number of cells. The number in the top of graphs
indicates the average number of ¢-myc aberrant cells 5D
in ten or six regions analyzed.
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FIT, 22y F OhMSCIZDWT 3 300M1E %
BIEL, ¢ REEXThol. ZOERTable 31557
3. Lot 10796 TCIZ S EBECLABITTE Do
2, c-mycEREAROBELZBNZED SN ho 2.
Lot. 11809 T2 1 » A THABEZEDH 5 REMIT ORI
BNz Lot 109091iFig 8OF—# 2 &RIZL72D
DTHAHY, UMREBTHEEZDH2REMB MM
Nz, RFFETHWAIMMSCIZ 12 0BALTS
DHIFEOFEIIF CHSEETEN D & TRMAICER S
NTWHEEZONDLILNS, ZORTOUY MER
Fr—z 2FIVEBRTOBAZICHYETAILEEZ LR
5725 30y FOETHEFRDOLNS, fAE, oy
F1809D 1 RE TCOREMBEE > E#IZT2E, Ty
F10796E 1L RE ST TRAEZEDH 2 R E BN
RLTWBZLIThD., In vitroBERERIZ L 5 REH
BEOELOFEEZHETHIZE, BERAORBERD
MREORFEZEEIBETILEFHZLEZIONS,

BEFESO— 727t {FAAGEENDNAT R
— TRV LHEERE ORI B FEMEE OB &
LCWwW/za%, Table 31" & 512, FHEES, S AN
LTay Mo TREEMYMOBERTE RS2 HO
SHRAMBLED L ZLXEEETHL T L IHB L.
L Leds, BREF—5E L TRHEAEEREOHE
WCHTA7F— 7 bR L TEBLLENH L EEZ, hMSC
107960 1 REDERT1IHF L 4FBAETo—7, It
BN R A - 72hMSC 10909C 1 FfafkThH 54
BECTomiT 27 (Tabled). 72, BT v.FhMSC
O5RETORBN2SZIIERTS. 1 FRaEA -
7 % H W BT TIEhMSC 1079613 1.6% @ #i Bg A3 iz FE
(Fig.5 A) %L, oy FOhMSCIZgA 54 E T2
BOMPIEELZH L Tz, 4FRBEATIIRET
baluy FoOSABETHEFEIRBE I NED o7/ hMSC
10909Tix 1, 3, 54CE DML % 20078 LA LEEE L 7= %5,
MR Z2EFHEOEMEIED LN b o7,

4, EE
hMSCHOEREFEREZFIBMTE L RokBEELT
BILZBE L2, AHETH 3 T Y FOWMSCIZDW
Tid, AL 2BMET, MRBREOCEL, il
F@h s, THEPOFTEL, in viboDIEERIIB L
hMSCIZERMAEE# R& v T EHHBLA &L
%, hMSCliin vitro CRESRBEET A LIZL- T
HIMBEART LY B EELON T2, Bk
BEEFig 21IRT L9110, MAIMCE TR B L
B oTwaIZd#H ST, TToOMBEIEL (B
&) il T o, BLEOZEZhMSCOMBO T v
MIDWTHRAL TS, Sl bs £z

Table 3 Number of c-myc aberrant cells in interphase
cells of hMSC

Days Mitotic  No. of aberrant
hMSC Lot. Passage  inculture index(%) cells /300 cells x*-test
10796 #1 0 2.8 24 —
#3 13 NT 35 N.S.
#5 31 (1 month) 0.2 23 N.S.
10909 #1 0 10.2 1s _
#3 13.(2 weeks) 5.6 12 N.S.
#5 27 (4 weeks) 7.2 14 N.S.
#10 78 (2.5 month) 0.1 25 N.S.
#14 152 (Smonth) : 0.6 47 P<0.001
11809 #1 0 1.5 10 —_—
#5 28 (1 month) 0.8 23 P<0.05
#8 66 (2 month) NT 41 P<0.001
#10 98 (3 month) NT 44 P<0.001

NT; Not tested, N.S.; Not significant.

Table 4 FISH analysis with chromosome specific DNA

~ probes for chromosomes 1 and 4 in hMSC

hMSC 10796 hMSC 10909

Passage Judge Chromo-  Chromo- Chromo-

some 1 some 4 some 1

normal 98.4% 100% 95.8%

#1 aberrant 1.6% 0% 4.2%
No. of cells observed 60 207 261

normal 97.9%

#3 aberrant 2.1%
No. of cells observed NT* NT 242

normal 98.0% 100% 96.2%

#5 aberrant 2.0% 0% 3.8%
No. of cells observed 201%* 55%* 236

*NT: Not tested, **The data are derived from another lot of hMSC. .

B, (ERE—DoOBMABSHAMICHEE LY EL TH
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HECHEODOBRBIRTHLH, Ho—2i T Tz
oMb (DEMFATE) MRICR-TEY, BEIZFD
BOHEETHEVRILEROSHEEZZYETILICEDY
St (DR TE) Mz, Zhot—E¥8D
ERIETERE R b > 2B L A5 R AMBERISE LS
NTETWD., {EROEZFTIED HEHOMBERZ
FUHEEE b o MBEOET Y THLD, BEOEZH
TRATFOLRMBEERE 25, AFREOECEE M
BUTHAEZER BRI ITRTOMBEIE LTS
ol i, BEOEZHPEATLEERLLT
WwWetEz25N 5.

Table 4iZ7RT & 912, FH4h (B 2008 o5
Hp R H > TH 4 BLREERIFREND BEEEN
KL, BTHMEREEZTILENEIONL I &
5, REMOBHICITEY TEAVWEELZONL. 20



In vitro¥s v + MEERBMEOMILEEFIRSMEFMECH T 2% 57

OREEANORBEMY R BR TR LFETAHFREME T2
— T TCOBWTET 2> 7-BEBRVEH LM BEHER
013%% 5 \I3011%TH b, BEMITIZF800H M = £
BLTR- L1 BHORFEHREMRETEL2BETH
724 Fh, BHRTEXL4FERBEOREEEIIR
WV D DOMH o7z (Table 2).

—7%, 1%FgAM4TIEITable 41273 £ 512, 60/
DBETT TR IRHORELZHRUTETEY, 4FRE
FLOVEFHEE BV LIFRESR, 100/IREED
BETLEEHEEZENTE, in vitroli B HOLE
AL EZ NS, 1 FREEROFIFBIT S O—-7
ELTHYTHE L EZ bNBH, EEMIIEMSCOE
ATREELBOGRFHEEERED D T LHEE
HBEEDIS, REATRBARE THHMIIREE?ZLE
zZ 5N

B, c-mycTREWHETONED LI WEERE
WHTEET, REMFMEL LTHERTH S I LI7RE
Xhi EEIZ, 52 B TREMUHEET & Z2hMSC 10909
% BRI Comyc B 217 % o 1o /R, #RIC X
ZREEEOEL RUBRHBAEETHEEZEMETIR
HWTX7: (Table 3).

AFETIIERL TR, S X b IR
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ALEZOND.
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Abstract: A surface of biomaterials is known to affect the behav-
ior of cells after their adhesion on the surface, indicating that sur-
face characteristics of biomaterials play an important role in cell
adhesion, proliferation, and differentiation. To assess the effects
of functional groups on biomaterial surface, normal human
osteoblasts {NHOsts) were cultured on surfaces coated with self-
assembled monolayers (SAMs) containing various functional
groups, and the adhesion, proliferation, differentiation, and gap
junctional intercellular communication (GJIC) of the NHOsts
were investigated. In the case of SAM with terminal methyl
groups {hydrophobic surface), NHOst adhesion and proliferation
was less prevalent. In contrast, NHOsts were adhered well on
SAMs with hydroxyl, carboxyl, amino, phosphate, and sulfate
group, which are relatively hydrophilic, their proliferation and
differentiation level were dependent on the type of functional

groups. Especially, when they were cultured on either SAMs
with phosphate or sulfate group, both their alkaline phosphate
activity and the calcium deposition by them were enhanced
more than those cultured on a collagen-coated dish. More inter-
estingly, GJIC of NHOsts, which has been reported to play a role
in cell differentiation as well as homeostasis of cells, were not
significantly different among the SAM surfaces tested. These
suggest that a specific functional group on a material surface
can regulate NHOst adhesion, proliferation, and differentiation
via cell-functional group interaction without influencing their ho-
meaostasis. © 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
94A: 524-532, 2010

Key Words: self assembled monolayer, surface chemistry, cell
differentiation, gap junctional intercellular communication

INTRODUCTION

Many cellular responses followed by an interaction with the
biomaterials are mediated through signal transductions trig-
gered by cellular recognition of their surface characteristics.
Cells first recognize proteins adsorbed on the biomaterials,
followed by various cellular responses. The extracellular
matrix (ECM), consisting of numerous kinds of molecules
such as proteins, polysaccharides, and proteoglycans, regu-
lates the behavior of surrounding cells via the integrins to
form tissues and organs precisely.!? As the ECM provides
an essential three-dimensional environment for cells to con-
struct the tissues, many researches focused on the improve-
ment of biocompatible materials by their modification,
including artificial ECMs. It is known that first proteins,
such as fibronectin and vitronectin, adsorb firstly ontc the
surface of materials, followed by cell adhesion onto the sur-
face via recognition of the proteins. The modification of bio-
material surfaces with various peptides or proteins compos-
ing the ECM can result in the improvement of the adhesion,
proliferation, and differentiation of the celis.>™® It has been
reported that conformation and adhesion behavior of pro-
teins are influenced by the surface characteristics of the
materials, and functions of cells adhering on the surface are

Correspondence to: R. Nakaoka; e-mail: nakacka@nihs.go.jp

regulated via the structure of the adsorbed proteins,” indi-
cating that surface characteristics of the materials are im-
portant factors in controlling cell behavior in desired man-
ner via adsorbed proteins. Thus, a systematic control of
surface characteristics may be one way to regulate cell
behavior interacted with the surface, in other words, it can
regulate the biocompatibility of biomaterials.

During this decade, many studies on self-assembled
monolayers (SAMs) of alkanethiolates on gold to control
interfacial characteristics have been reported.®** Long-
chain alkanethiolates can adsorb onto a gold surface in the
solution forming well-packed and highly oriented mono-
layers by the specific reaction of thiol to gold and van der
Waals interaction of long alkyl chain. By using alkanethio-
late derivatives with terminal functional groups, a surface
modified with a specified functional group can be prepared
easily to study an interaction between the simplified model
material surface covered with the specified functional group
and cells. Many studies of cell behavior on SAM surfaces
with systematic patterns from hydrophobic and hydrophilic
groups have been reported, but studies on an effect of spe-
cific functional groups such as amino (positively charged
group), phosphate (possible site to initiate hydroxyapatite
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nucleation), and sulfate groups are not easily found
although these groups can be expected to affect cell behav-
ior via interaction with endogenous growth factors. We have
been working on this and have reported that polysaccha-
rides modified with sulfated groups enhance differentiation
level of interacted cells in vitro,'® suggesting a preferable
property of sulfated groups on biocompatibility of materials.
Therefore, studies on an interaction between a specified
functional group such as a sulfated group and cells will sat-
isfy one of our interests in mechanisms of sulfated groups
on cell fate, and give valuable information of key factors
regulating biocompatibility of various biomaterials.

In this study, various SAM surfaces covered with a spe-
cific functional group, such as alkyl, carboxyl, hydroxyl,
amino, phosphorylated, or sulfated group, were prepared.
After culturing normal human osteoblasts (NHOsts) on each
surface, their proliferation and differentiation levels were
measured to evaluate influences of surface functional
groups on cell behavior Also gap junctional intercellular
communication (GJIC) level of the NHOsts on various SAM
surfaces was measured, as this has been reported to play a
very important role in the maintenance of cell homeosta-
sis,'® and we have been interested in the effects of model
biomaterials on the GJIC level of the cells as an index of bio-
compatibility of biomaterials.'”%? In this study, basic find-
ings of interaction between cells and surface functional
groups are described, which will be important for designing
more biocompatible and functional biomaterials in the near
future.

MATERIALS AND METHODS

Chemicails

Chemicals for the preparation of SAM surfaces such as 11-
hydroxy-1-undecanethiol, 10-carboxy-1-decanethiol, and 11-
amino-1-undecanethiol, were purchased from Dojindo labo-
ratories (Kumamoto, Japan). The 1-dodecanthiol and other
chemicals used for the preparation of SAM-0SO3H and SAM-
OPO3H, were purchased from Wako Pure Chemicals, Inc.
(Osaka, Japan) unless stated.

Preparation of gold-coated coverslips

Gold-coated coverslips for the experiments were prepared
by ion spattering coating of gold with 15 nm in thickness
onto glass coverslips (Matsunami Glass Ind. Ltd. Osaka,
Japan) using JFC-1500 (JEOL Ltd. Tokyo, Japan). For the
preparation of SAM with terminal methyl groups (SAM-
CHz), coverslips were precoated with chromium (1 nm in
thickness) by electron-beam evaporation to avoid detaching
the gold coating due to the hydrophobicity of the SAM
surface.

Preparation of self-assembled monolayer

(SAM)-covered coverslips (SAM-CH;, SAM-OH,
SAM-COOH and SAM-NH;)

A SAM surface covered with terminal methyl (SAM-CHs),
hydroxyl (SAM-OH), carboxyl (SAM-COOH), or amino group
(SAM-NH;) on a coverslip was prepared by simply immers-
ing a gold-coated coverslip into ethanol solution (1 mM) of
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FIGURE 1. A schematic description of SAM surfaces prepared in this
study.

corresponding commercially available alkanethiol derivatives
for 24 h at room temperature. The obtained SAM-covered
coverslips were washed by ethanol for several times, fol-
lowed by drying in vacuo. The obtained SAMs are schemati-
cally described in Figure 1.

Preparation of SAM-OPO:H,-covered coverslip

A phosphorylated SAM surface (SAM-OPO3H;) was prepared
using the method described by Tanahashi and Matsuda.®?
Briefly, the gold-coated coverslip covered with SAM-OH was
phosphorylated by the addition of 0.2M phosphorus oxy-
chloride and 0.2M 2,4,6-collidine in dry CH3;CN under Ar
atmosphere. The reaction was carried out for 1 h at room
temperature under Ar atmosphere. The resulted coverslip
with SAM-0OPO;H, was then washed with CH3CN thoroughly,
and water for several times, then dried in vacuo at room
temperature. Scheme of this reaction is shown in Figure 1.

Preparation of SAM-0S0O;H-covered coverslip

A sulfated SAM surface {(SAM-0SO;H) was prepared by sul-
fation of hydroxyl groups using sulfertrioxide dimethylfor-
mamide complex (DMF-S03), which was originally reported
as a sulfation method of hydroxyl groups of polysaccha-
rides.?"* Briefly, the coverslip of SAM-OH was immersed in
dry N,N'-dimethylformamide (DMF), followed by the addi-
tion of DMF-SO3 (Sigma-Aldrich, St. Louis, MO} under Ar
atmosphere. The reaction was carried out for 24 h at room
temperature under Ar atmosphere. The obtained coverslip
with SAM-0SO3;H was washed for several times with DMF
and water, and then dried in vacuo at room temperature. A
scheme of this reaction is shown in Figure 1 as well.

Surface characterization of SAM-covered coverslips

Water contact angles of all prepared SAM-covered coverslips
were measured with the sessile drop method. More than
five measurements were carried out for each SAM-covered
coverslip. Surface chemical compositions of the SAM-covered
coverslips were analyzed by electron spectroscopy for chem-
ical analysis (ESCA-3200, Shimadzu Co., Kyoto, JAPAN).

525



Cell culture

Normal human osteoblasts (NHOst) were purchased from
Lonza Walkersville Inc. (Walkersville, MD, USA). The stand-
ard culture of NHOst was performed using alpha minimum
essential medium (Gibco, Grand Island, NY) containing 20%
fetal calf serum (FCS) (Kokusai Shiyaku Co., Ltd. Tokyo Ja-
pan). The cells were maintained in incubators under stand-
ard conditions (37°C, 5 %-C0,-95 %-air, saturated humid-
ity). All assays were performed using alpha minimum
essential medium containing 20% FCS, supplemented with
10 mM beta-glycerophosphate. The various SAM-covered
coverslips were placed in the wells of 12-well plates and
NHOsts (4 x 10* cells/well/1 mL medium) were inoculated
on them. In each experiment, the medium was changed for
three times and their differentiation level was evaluated af-
ter a 1-week incubation.

Proliferation and differentiation of NHOsts cultured

on various SAM-covered coverslips

The proliferation of NHOst cells cultured on SAM-covered
coverslips was estimated by Tetracolor One assay reagent
(Seikagaku Co., Tokyo, Japan), which incorporates an oxida-
tion-reduction indicator for detecting cellular metabolic ac-
tivity. After a 1-week incubation of NHOsts, 50 uL of Tetra-
color One solution was added to each test dish filled with 1
mL of a culture medium, followed by a further 2 h incuba-
tion. The absorbance of the supernatant at 450 nm was
measured by uQuant spectrophotometer (Bio-tek Instru-
ments, Inc., Winooski, VT).

Estimation of alkaline phosphatase (ALP) activity was
performed according to an original procedure by Ohyama
et al.?® After estimating the proliferation of the NHOst cells
cultured on the SAM-covered coverslips, the cells were
washed by phosphate-buffered saline (PBS(-)), followed by
the addition of 1 mL of 0.1M glycine buffer (pH 10.5) con-
taining 10 mM MgCl,, 0.1 mM ZnCl,, and 8 mM p-nitrophe-
nylphosphate sodium salt. After incubating the cells at room
temperature for 7 min, the absorbance of the solution at
405 nm was detected using puQuant to evaluate the ALP ac-
tivity of the tested cells.

The amounts of calcium deposited by the cell during a
1-week incubation were measured as follows. After fixing
the cells in PBS(—) containing 3% formaldehyde, the cells
were washed with PBS(—), and then 0.5 mL of 0.1M HCl
was added to each well. The amounts of calcium dissolved
in HCl were estimated using a calcium detecting kit (Cal-
cium-C test Wako, Wako, Osaka, Japan) according to manu-
facturer’s instruction.

Measurements of GJIC activity

NHOst cultured on SAM-covered coverslips were subjected
to fluorescence recovery after photobleaching (FRAP) analy-
sis to evaluate the effect of these surfaces on the GJiC. FRAP
analysis was carried out according to the procedure of
Wade et al?® with some modifications.*® Briefly, NHOst
were plated and incubated for 1 day on the SAM-covered
coverslips. After incubated with a fluorescent dye, 5,6-car-
boxyfluorescein diacetate in PBS(—) containing calcium and
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magnesium, the cells contacting at least two other cells
were subjected to FRAP analysis under Ultima-Z confocal
microscope (Meridian Instruments, Okemos, MI). The cells
were photobleached with a 488 nm beam, and recovery of
fluorescence intensity was subsequently monitored for 4
min. The data obtained from more than seven independent
cells were expressed as the average ratio of the fluorescence
recovery rate to the rate obtained from NHOst cultured on a
collagen-coated dish as standard experiments.

Connexin 43 mRNA expression in NHOsts
To estimate effects of the surface functional group on mRNA
expression of connexin 43 protein, which plays an impor-
tant role in GJIC by forming channels between neighboring
cells, a real time PCR technique was applied. Briefly, total
RNA from NHOsts cultured on various functional groups
was isolated by RNeasy microprep kit (QIAGEN, Valencia,
CA) per the manufacturer’s instruction. After its reverse
transcription, a real time PCR was performed utilizing the
primers for connexin 43, LightCycler FastStart DNA master
SYBR green I kit (Roch Applied Science, Penzberg, Germany)
and LightCycler 4 (Roche Applied Science). To normalize the
data, mRNA expression of a housekeeping gene, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), was also deter-
mined using LightCycler primer set for GAPDH (Roche
Applied Science). Primer sequences for connexin 43 are
shown below:

Forward: 5'-GGGCTAATTACAGTGCAG-3’

Reverse: 5'-CATGTCCAGCAGCTAGTT-3

Statistic analysis

All data were expressed as mean values * standard devia-
tion of the obtained data. The Fisher-Tukey criterion, calcu-
lated by inerSTAT-a v1.3 (freeware, published by Instituto
Nacional de Enfermedades Respiratorias), was used to con-
trol for multiple comparisons and to compute the least sig-
nificant difference between means.

RESULTS

Table [ shows contact angle against water and elemental
signal ratios of prepared coverslips covered with various
SAMs. The signal ratio against a carbon signal detected in
the same surface by ESCA was calculated from the signal
area and the sensitivity factor of each element. If a signal
area recorded on ESCA was lower than 10 or the calculated
value was lower than 1 x 1073, ‘the results were not
described in the table. As shown in Table I, contact angle
measurements revealed that while SAM-CH; had a hydro-
phobic surface, others SAMs except for SAM-NH; had hydro-
philic ones compared with the intact gold-coated surface.
The contact angle of SAM-OH was significantly lower than
any other SAM surfaces. After a reaction from SAM-OH to
SAM-0OPO3H,, the contact angle was significantly increased,
suggesting that the reaction proceeded successfully. Also as
shown in Table [, the ratios of atomic concentration of nitro-
gen, phosphorus, and sulfur (N/C, P/C, and S/C) calculated
from raw signal areas were detected only from SAM-NH,,
SAM-OPO3H;, and SAM-0SOsH, respectively, indicating that
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TABLE 1. Surface Characterization of SAMs by Contact Angle and Elemental Signal Ratios Against Carbon

SAMs Modifying Surfaces

Gold {Control) SAM-OH SAM-0SO;H SAM-COOH  SAM-OPOsH,  SAM- NH, SAM-CH3
Contact Angle 64.4 + 2.1 401 + 142*" 443102 517+ 145 590+ 137* 65098 1029 = 3.0"
Elemental )
signal ratios

o/C 3.2 x 1078 29 % 1072 6.8 x 1072 4.6 x 1073 4.8 x 1073 2.2 x 1073 -

N/C - - - - - 1.8 x 1072 -

P/C _ - - - 2.1 x 1072 - -

s/C - - 2.2 x 1073 - - - -

* p < 0.05 between SAM-OH and SAM-OPO;H,.
* p < 0.01 against Au.

all desired SAM surfaces with specific functional groups
were successfully prepared.

Figures 2 and 3 show light micrographs of NHOsts cul-
tured on each SAM surface for 1 day and 1 week. When
NHOsts were cultured on a gold-coated coverslip for 1 day,
the number of NHOsts observed was apparently lower [Fig.
2(B)] than that on a collagen-coated culture plate [Fig.
2(A)]. After 1-week incubation, the surface of gold-coated
coverslip was fully covered with NHOsts, indicating that the
NHOsts could proliferate on the intact gold surface [Fig.
3(B)]. The numbers of NHOsts adhered on the gold surface
with various SAMs were influenced by the functional groups
covering the SAMs as follows. Less NHOsts could adhere on
a SAM-CH3;, the most hydrophobic surface among the SAM
surfaces used in this study, than those on the gold surface
[Figs. 2(C) and 3(C)]). The NHOsts on the SAM-CH3 were
tended to aggregate after 1-day culture [Fig. 2(C)] and likely
to detach from the surface during 1-week culture as no
aggregates and few stretched NHOsts were observed after 1
week [Fig. 3(C)]. On the other hand, NHOsts adhered on
other SAM surfaces such as SAM-COOH, SAM-OH, SAM-
OPOs;H, and SAM-0S03H could be observed more than on
the gold surface, as shown in Figure 1(D,EGH). Judging
from the number of nodules observed in Figure 3, it is likely
that there is no effect of functional groups in between the
hydrophilic SAM surfaces on differentiation level of NHOsts.

Table Il summarizes the relative amount of cell number,
ALP activity, and the deposited calcium of NHOsts after 1-
week culture on various SAMs. Although differentiation lev-
els of NHOsts on hydrophilic functional groups of SAM were
not significantly different by the observation of the nodule
number (Fig. 3), the functional groups apparently influenced
both ALP activity of the NHOsts and the amount of depos-
ited calcium as well as the cell number ratio adhering on
the surface as shown in Table II. When NHOsts were cul-
tured on SAM-CHj3 surface, not only the cell number but
also their ALP activity were low and the amount of depos-
ited calcium per cell were under detection limit. On the con-
trary, when NHOsts were cultured on SAM-OH, SAM-COOH,
or SAM-NH,, the cell number, the ALP activity and the de-
posited calcium amounts per cell were not significantly dif-
ferent from those observed on a gold surface. Interestingly,
when NHOsts were cultured on SAM-OPO3H, or SAM-
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0SO3H, their ALP activity and the amounts of calcium depo-
sition per cell increased although the cell number ratio was
about one-third to half of that observed on a gold surface.

To estimate the effects of functional groups on another
cell function, GJIC level of NHOsts on various SAM surfaces
were measured after 1-day incubation (Table 1II). In addi-
tion, expression levels of connexin 43 mRNA in NHOsts on
the various functional groups were measured by real-time
PCR (Fig. 4). Although it was observed that their differentia-
tion level was influenced by the functional group on SAM
surfaces, statistical differences in neither the GJIC level nor
the expression level of connexin 43 mRNA during 1-week
culture were observed among the SAM surfaces tested in
comparison with that of NHOsts on a collagen-coated dish
at the same time period of their culture.

DISCUSSION
Several studies have been reported that surface chemical
properties are responsible for behavior of attached cells, for
example, their adhesion, proliferation, and differentiation on
the surface as well as surface topography such as microfab-
ricated grooves and pjt,s_sa—xz.z;',za Usually, a cell adheres not
directly on a surface of a material but on preadsorbed pro-
teins on the material, originally contained in the culture me-
dium. Interaction of the preadsorbed proteins with a mate-
rial surface is important in cell attachment and protein
adsorption is influenced by surface properties, such as
chemical composition, surface charge, and a hydrophilicity/
hydrophobicity balance of surface.” Therefore, SAM is an
ideal surface to investigate effects of the chemical and phys-
ico-chemical property on cell behavior as the surface cov-
ered by single chemical group can be prepared easily.
Changes in contact angles and elemental signal ratio
against carbon signals of the prepared SAM surfaces (Table
1) indicated that SAM surfaces covered with various chemi-
cal groups could be prepared successfully by the methods
described in "Materials and Metheds” section. Although
chlorosulfonic acid is a common reagent to convert hydroxyl
groups of SAM-OH to sulfate group,”® we used DMF-SO; for
the preparation of SAM-OSO3H in this study. In the trial of
substitution reaction by chlorosulfonic acid, it was found to
be difficult to remove all by-products adsorbed on the cov-
erslip without detaching a gold coating, thus modest
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FIGURE 2. Light micrograph of NHOsts cultured on various SAM surfaces for 1 day. (Original magnification is x40.) NHOsts were cultured on a
collagen-coated dish (A), gold-coated coverslip (B), SAM-CH; (C), SAM-COOH (D), SAM-OH (E), SAM-NH, (F), SAM-OPO3H, (G), and SAM-
OSO3zH (H). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

condition reaction, which is often applied for sulfation reac-
tion of hydroxyl groups in polysaccharides with fewer by-
products, was employed. In fact, an apparent S/C signal was
detected as shown in Table I, indicating the sulfate group
was successfully introduced to the surfaces by the employed
reaction in good yield.

Effect of chemical groups on cell attachment has been
studied as well as protein adsorption utilizing SAM. It has
been reported that the number of cell adhering on various
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surfaces is influenced by the physico-chemical properties of
the surfaces such as hydrophilic/hydrophobic balance,
which is closely related to contact angles.»*%?73%-33 [p this
study, modification of the gold surface with SAM changed
the number of NHOsts adhering on the surface depending
on the functional groups of the SAM (Fig. 2). Less NHOsts
could adhere on a SAM-CH3, the most hydrophobic surface
among the prepared SAM surfaces, than those on the gold
surface. The NHOsts observed on it were tend to aggregate
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FIGURE 3. Light micrograph of NHOsts cultured on various SAM surfaces for 7 days. (Original magnification is x40.) NHOsts were cultured on a
collagen-coated dish (A), gold-coated coverslip (B), SAM-CH; (C), SAM-COOH (D), SAM-OH (E), SAM-NH, (F), SAM-OPO3H, (G), and SAM-
OSO3H (H). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

and likely to detach from it during 1-week culture as no
aggregates and a few stretched NHOsts were observed on it
as shown in Figure 3. On the other hand, NHOsts could
adhere on other SAM surfaces more than on the gold sur-
face, indicating that the surfaces covered with functional
groups such as amino, carboxyl, hydroxyl, phosphate, and
sulfate groups have a suitable hydrophilic/hydrophobic bal-
ance not to interfere cell adhesion them. As adhesion and
spreading behaviors of osteoblasts on materials have been
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reported to depend on vitronectin and fibronectin primarily
adsorbed on the surfaces,*** it may be indispensable to
investigate an interaction between various functional groups
and these two proteins influencing there adsorption behav-
ior and possible conformation changes to clarify the mecha-
nism of cell adhesion on the interacted-functional groups
more precisely.

The ALP activity and deposited calcium amount were
measured for estimating differentiation level of NHOsts
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TABLE II. The Cell Number, Alkaline Phosphatase Activities, and Deposited Calcium Amounts of NHOsts Cultured on Several

Kinds of Prepared SAM Surfaces after 1-week Incubation

Samples The Cell Number Ratio (%) %’:—,’,\%—Lﬂ;m? (%) Lalolum Amounts (ig/ratio)
Gold 100.0 = 4.9 100.0 = 10.0 8.1+ 16
SAM-OH 107.8 22 119.7 £ 6.4 87 23
SAM-0SO;H 50.8 + 15.4* 150.1 = 55.0 33.4 £ 135
SAM-COOH 93.2 = 33.9 100.2 = 6.8 116 £ 25
SAM-0PQO3H, 375 = 42* 1475+ 94 57.0 = 25.2%*
SAM-NH, 106.1 = 8.6 112.1 £ 43 85 = 1.1
SAM-CHj 17.1 = 10.3* 34.8 * 26.0% Not detected
Collagen-dish 156.7 = 3.1 119.3 = 6.0 156 + 2.9

The cell number and the alkaline phosphatase activities were expressed as a ratio of against those on gold-coated coverslip. Both the alkaiine
phosphatase activities and the calcium amounts were normalized by the cell number.
* p < 0.05 against “Gold” and SAM-COOH group, and p < 0.01 against other SAM.

** p < 0.05 against “Gold.”
' p < 0.01 against all other groups.

cultured on prepared SAM surfaces (Table II). When NHOsts
were cultured on SAM-CHjz surface, not only the cell number
but also their ALP activity decreased and the amounts of de-
posited calcium per cell were not detected. This suggests
that NHOsts cannot maintain their differentiation level
when they cannot adhere on the surface. When NHOsts
were cultured on SAM-OH, SAM-COOH, or SAM-NH,, their
number, ALP activity and deposited calcium amounts per
cell were almost the same as those observed on a gold sur-
face. These indicate that a surface property that affects cell
adhesion level is a one of factors to regulate differentiation
level of NHOst. Interestingly, when NHOsts were cultured on
SAM-0OPO3H, or SAM-0SOsH, ALP activity of NHOsts and the
amounts of calcium deposition per cell increased although
the cell number ratio was about a one-third to a half of that
observed on a gold surface. Tanahashi and Matsuda have
reported that a surface covered with negatively charged
chemical groups enhances the growth rate of apatite when
it was soaked in a simulated body fluid because of interac-
tion between calcium ion and the surface.?® Interestingly, an
apatite growth rate on SAM-OPOsH, has been reported to
be higher than that on SAM-COOH,?® suggesting an equilib-
rium constant of the functional groups, which determines
their negative charge level in physiological pH, affects
strength of the interaction. In this study, SAM-COOH cul-
tured with NHOsts showed almost the same calcium deposi-
tion as SAM-OH and gold surface, while SAM-OPQO3H, and
SAM-0SO3H showed calcium deposition 4 to 7 times as
much as other surfaces tested. In addition, ALP activity of
NHOsts on these two SAM surfaces was higher than any

other surfaces including collagen-coated dish, which is nor-
mally utilized for a culture of NHOsts. Table I indicates that
contact angle of SAM-OH is almost similar to that of SAM-
0SOzH and there are no statistical differences among con-
tact angles of 3 SAMs, SAM-0SO3H, SAM-COOH, and SAM-
OPOzH,. Therefore, these findings suggest that chemical
composition of the surfaces, which determines its ionic
charge and zeta potentials of surfaces in physiological pH,
may be one of key factors to regulate differentiation level of
osteoblasts more than their hydrophilic/hydrophobic bal-
ance. As different ionic charge of SAM surfaces has been
reported to influence protein adsorption as well as their
hydrophilic/hydrophobic balances,®® it is necessary to evalu-
ate actual zeta potentials of prepared SAM surfaces in physi-
ological pH before investigating the interaction between var-
ious functional groups and proteins including vitronectin
and fibronectin, which may provide valuable information of
effects of the functional groups on the cell differentiation
level as well.

Although the differentiation level of NHOsts was influ-
enced by the functional groups on SAM surfaces, their GJIC
level after 1-day culture were almost the same as that of
NHOsts cultured on a collagen-coated dish as a control
experiment, irrespective of the type of functional group
{Table III). This indicates that NHOsts interacting with these
functional groups can maintain their homeostasis, irrespec-
tive of the kind of the functional group. Although GJIC has
been reported to play a role in differentiation of osteo-
blasts,>”38 the effect of the functional group on differentia-
tion level of NHOsts observed in this study may be

TABLE lll. Gap Junctional Intercellular Communication Activity of NHOst on Various SAM Surfaces after 1-day Incubation

Measured by FRAP Analysis Technique

Collagen-Coated

SAMs Modifying Surfaces

Dish (control) Gold SAM-OH SAM-0SO3;H SAM-COOH SAM-QOPOs;H, SAM-NH, SAM-CHj3
GJIC activity 1.00 = 0.38 1.00 £ 069 1.11 £ 0.46 0.92+0.47 087041 112041 1.156+=0.46 1.24 = 0.54
{Ratio vs.
control)

All values were calculated as a ratio of the activity against that obtained from NHOsts on a collagen-coated cuiture dish (control). (n = 12-14).
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