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Note

Needle fibers of an azo-dye mixture induce polyploidy in a Chinese hamster cell line CHL

Atsuko Matsuoka®, Yoshie Matsuda, and Masa-aki Kaniwa

In a routine safety evaluation of chemicals included in household products, we found a
mixture of azo dyes (CMBA, main component: N-[5-[ (2-cyanoethyl) ethylamino]-4-methoxy-2-
[ (5-nitro-2,1-benzisothiazol-3-yl) azo] phenyl]acetamide) that precipitated in the culture medium

in a characteristic fiber form (around 2 - 33 um in length) similar to that of asbestos. We

compared CMBA with an asbestos, chrysotile B, in a cytotoxicity, chromosome aberration (CA),
and micronucleus (MN) test in a Chinese hamster lung cell line (CHL). In the cytotoxicity test,
the 50% growth inhibition concentration was 11.0 p#g/ml for CMBA and 0:398 xg/ml for
chrysotile B asbestos. CMBA and chrysotile B both induced polyploidy in the CA test and
equal-sized binucleated and polynuclear cells in the MN test. CMBA differs from chrysotile B
chemically. The former is an organic chemical and the latter is a mineral. Although CMBA is

soluble in methanol and can be safely disposed by burning, it should be handled carefully when

manufactured in a factory.

Keywords: aneugen, azo dye, chrysotile B, fibers

1. Introduction

In a routine safety evaluation, we examined a mixture

of azo dyes (CMBA) that has been manufactured for
textile dyeing. In the chromosome aberration test,
CMBA precipitated in the culture medium as a fiber
and the shape and size looked like those of asbestos.
Concemed that CMBA might show the same activity
as ashestos, we studied it further comparing with the
activity of chrysotile B asbestos.

2. Materials and methods
2 - 1. Chemicals

A mixture (CMBA) of N-[5-[(2-cyanoethyl)
ethylamino]-4-methoxy-2-[ (5-nitro-2,1-benzisothiazol-3-
yl)azolphenyllacetamide (A: 96.98%; CAS No. 172463
55-7) and N-[5-[(2-cyanoethyl)amino]-4-methoxy-2-
[ (5-nitro-2,1-benzisothiazol-3-yl) azo] phenyllacetamide
(B: 1.26%) with 1.76% unknown chem‘icals was
synthesized by the ordinary azo-coupling method. The
chemical structures of two main components, A and B,
are shown in Fig. 1. CMBA was dissolved in dimethyl

#*To whom correspondence should be addressed:
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

sulfoxide (DMSO). Chrysotile B (UICC) as a reference
material was suspended in the culture medium.

2 -2, Cells

CHL cells were established from the lung of a female
newborn Chinese hamster by Koyama et al.” and
cloned by Ishidate and Odashima®. They were
maintained in Eagle's minimum essential medium
(MEM; GIBCO 11095-080) supplemented with 10%
heat-inactivated fetal bovine serum and penicillin (100
U/ml)-streptomyecin (100 xg/ml) (GIBCO 15140-122)
in 5% CO, in air at 37°C. The doubling time was around
13 h, and the modal chromosome number was 25.

N
~ N\
S
=
0N SaHaCN
N=N N

NHCOCH,

A: R=C2H5,021H21N704S=467.50
B: RzH, C19H 17N 70 483439 45

Fig. 1 Chemical structures of A and B, the two main
components of CMBA
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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 5,6-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 xg/
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 ¢m in length.
Chrysotile B, with an ICy; of 0.398 xg/ml was much
more cytotoxic than CMBA, with an ICy, of 11.0 zg/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 x#m. Bar indicates 50 xm.
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(Fig. 3). As fiber concentrations are typically given in
pg/cm? those in pg/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 CMBAspread broadly mainly from 3 to
15 pum. 77% of the fibers was shorter than or equal to

CMBA Chrysotile B
120 -
— 100 &
g s\ 1\\
_g 60 \1\ .
c 40
3 a0\ N

0 051050 10 30
(028 0.572.8 5.7 17)

Concentration (ug/mi}
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’

0 12525 50- 75'100'

Table 1 Chromosome aberration test of CMBA

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

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 CAs 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

40

30

20

10

Frequency(%)

.o A HEREE . A oo om0
25 30- 5 10 15 20 25 30-
Length (um)

Fig. 4 Fiber length distribution of CMBA and chrysotile B
The average length of CMBA fibers was 1095 zm.

ol ik HERH HHnediB
1 5 10 15 20

T-R? 9 mi Concentraton polyploid Cells with chromosome aberrtion” (%) Relative mitotic
(h) i (xg/ml) cells (%) ctg ctb  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 2 920
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
48 -0 - 0 2 0 0 0 0 0 0 0 100
6.25 1 0 0 0 0 0 0 0 712
125 16 1 0 0 0 0 0 1 48.1
25 46 0 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 g/
ml for 48 h. MN preparations were stained with acridine
orange. Yellow indicates nuclei and chromosomes and red
indicates cytoplasm. Bar represents 20 pm.

T-R? ) Concentraton polyploid Cells with chromosome aberrtion” (%) Relative mitotic
S9 mix ) .
(h) (pg/ml)  (ug/em®) cells (%) ctg ctb  cte f osb cse Total index (%)
0 0 1 0 0 0 0 0 0 0 100
6-18 - 05 0.12 7 0 0 0 0 0 0 0 889
1 0.25 13 1 0 0 0 0 0 1 878
5 12 28 2 2 1 0 1 1 7 82.2
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 1 1 2 0 0 0 3 100
6-18 + 05 012 0 0 0 0 0 0 0 0 101
1 0:25 2 1 0 0 0 0 1 2 120
5 12 4 0 0 0 0 0 0 0 117
10 25 10 1 1 0 0 0 1 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
0 - 0 0 2 1 0o o o0 0 o0 1 100
05 012 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 0 721
10 25 32 0 0 0 0 2 0 2 744
30 74 Tox
48-0 B 0 0 1 0 0 0 0 0 0 0 100
05 012 9 0 1 0 0 0 0 1 93.0
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 2.5 30 3 7 4 0 4 1 11 86.0
30 74 Tox

2% See the footnote in Table 1. Tox; cells were killed.
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CMBA
PN cells M cells

O Karyorrhectic cells
B Polynuclear cells
Binucleates

* %
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400 | ® 13 ~112
B ~13
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cells. *P < 0.05, *P < 001.

O Karyorrhectic cells

¥ Polynuclear cells
Binucleates
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Concentration (ug/ml)

Fig. 6 Results of the iz 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

Chrysotile B
PN cells M cells

500
O Multi MN

400 |®13 ~112
a~1/3

300
200
100

O Karyorrhectic cells
® Polynuclear cells
Binucleates

*

O Multi MN

No. of cells/1000 cells

~1/3
300

200
100

0

400 | =13 ~112

O Karyorrhectic cells

B Polynuclear cells
Binucleates

1
(0.25

0 1
0.25 1

5 10 20 0 1 5 10 20

2 25 49) (025 12 25 4.9)

Concentration (pg/ml)

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

4. Discussion

We found that CMBA and chrysotile B showed a
similar induction pattern of MN, PN, and M cells in the

MN test, and both induced polyploidy in a similar

manner in the CA test, although their fiber length
distribution was different from each other strictly
speaking. Koshi et al? reported that a size-selected
sample (81% of fibers was less than 5 ym long) of



70 i

#128% (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
©g/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 xg/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 pg/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 in 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 carcinogenesis 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 QUMS-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, c-myc, FISH, in vitro safety evaluation
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Table 1 List of cells used

Normal 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

HeLa S3 JCRB*
HOS Dainippon** Osteosarcoma
OUMS-27 ICRB

Cervical cancer 31Y, female
13 Y, female, Caucasian

Chondrosarcoma 65Y, male

hMSC; human mesenchymal stem cells, "Health Science Research
Resources Bank, *Dainippon Pharmaceutical.
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TV 7L, —BROMBEER, BRI NY T
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in situ hybridization; FISH) #%##HE L7,
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RE L7
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I, G1LEOMBREG2HOMBTERIIELRD,
ZFNZFN, locus 11 &locus 2 MICHIYT 5.

REEESAIL, FrTFEGL-GEFTIHGY KT
L, 7V > b ECytfhBia a3 L TR L7 hMSC
F30AL L, FEMRRIZASRU EoREkE ET 55
WG L RS L L.
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bl T 193h
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Fig. 1 Growth curve of three hMSCs and HelLa 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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Fig. 21277, ¥ERBESZ #1) &, MRedoR
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BigESIhzdhol.
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EGHEOERTH 5 BiEREH ) FaAFIE, M
IoTH, BEI—ET, BETHL. ElzRILIC
ke iR T EbTr BB LSV E
£z, in vitro¥sEIZ X AhMSCOR &M FTMIEE & L
THET L 7.

hMSC 109090 #kX1Z & 5 et i oA %L % Fig. 3
WZRY. 1,3, 5RETOBETIE, wihdbe MEF
P RBA6ARICE -2 ZRT oA R L, MARICK W
LRREALIZED b oTz.

JERRE 3RO # R % Fig. 41277 7. Hela S3Mifg %
CHOSHIl I FhZh, 67TRRV48RIZY — 27 &R
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Fig. 2 Senescent cells observed in the hMSC culture (SA-B-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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rTdh, EEMETIE 1XdOREEROEID 50—
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Ml Tix, 1 HFEBEERIZI0OMTRE TH - 72
2, ABGBIRTOREHEIT 7% LK -7z
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Table 2 FISH analysis of three human cancer cell lines

DNA probe
Cell line Judge Chromo-  Chromo- e
some | some 4  metaphase interphasc

normal 0% 93% 0% 3%

Hcla S3 aberrant 100% 7% 100% 97%
No. of cells observed 82 100 50 100

normal 0% 0% 61% 87%

HOS aberrant 100% 100% 39% 13%
No. of cells observed 139 177 135 200

normal 0% 87% 7% 1%

OUMS-27 aberrant 100% 13% 93% 99%
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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Fig. 6 FISH analysis with a locus specific identifier for c-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 ¢-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 ¢-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 ¢-myc 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 ¢-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 ¢-myc 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 lines.
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Fig. 8 Distribution of the number of ¢-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 =SD
in ten or six regions analyzed.
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RLTWA IR D. In vitrofRRIBBICLAEEH
EOBLOFELZHET HI21E, BERAAORNERZD
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BEFETO— 7721 Th  FaFEENDNAT T
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L Lidis, EfEF—5 & LTRaMEEETEORE
WCHTAF— 7 LR L TBLLENH L LEZ, hMSC
107960 1 REDEARTIHFL4FREKRTD -7, [k
BB TE AS B A o 72hMSC 10909T 1 Ffetafk T 548
H I TOfMBF &2 A7 (Table4). 7z, vy FhMSC
D5RETOBNTESECHRT L. 1 FREMATT—
7 % v 72T T IEhMSC 10796 14 1.6% o il B 23 5 2
(Fig. 5 A) #;RL, 2y boOWMSCEMR 5MLET2
BOMMEEREEZE LTV, 4FRBATIIRET
bRy FOSKETHEF MBI Nh o7z, hMSC
10909Tix 1, 3, 5B DML % 200/E L LB L7275,
BRICL2EEHEOEMIBOON 2o 72,

4. BEE
hMSCOBEREIERZFIMTE R o2 FAHELT
FELEEE LS, ABIETO 32y b OIMSCIZD W
T, BRI X AHAIET, MBEROZE L, EILHR
deta b, [HEEPLFEEL, in vitroDFEBRRICEB L7
hMSCIZ SRR EL RS 2\w] T &AM LA &L
%, hMSCidin viro CREIERIEE ST 22 LI2X 0T
BABBEERT LRI EEZ N F72, E{bE
BEHFig 217 T X1, MABRE TlHREHEMEL L
B 7o TwAIZbb oY, TRTOMIE L (B
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Table 3 Number of c-myc aberrant cells in interphase
cells of hMSC

Days Mitotic  No. of aberrant
hMSC Lot. Passage inculture  jpgex(o) cells/ 300 cells x-test
10796 #1 0o 2.8 24 —
#3 13 NT 35 N.S.
#5 31 (1 month) 0.2 23 N.S.
10909 #1 0 10.2 15 —_
#3 13.(2 weeks) 5.6 12 N.S.
#5 27 (dweeks) 7.2 14 NS.
#10 78 (2.5 month) 0.1 25 N.S.
#14 152 (5month) - 0.6 47 P<0.001
11809 #1 0 1.5 10 —
#5 28 (1 month) 0.8 23 P<0.05
#  66(2month) 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.
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ol lid, BEOEZFEEATLLHEBLLT
WeEzZ LA,

Table 4I7R3 L 912, Femz (B : 200888) D57
BUFHEDH - Th 4 FREFIFRINLEFTHESD
KL, BAMBRELZLTHLENEZONL I &2
5, REMOMBITICIZEYTERwWEEZONE. 20
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—7, 1FREIETIETable 4127 T L 912, 605003
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HREYEFEEEVPBWI EXFTFEIN, 100BEREED
BISTHEFTHEEZENTE, i viro BB OLE
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IEEND, FOEFRTEENS LT MRS L E
xBhrz.

STRREZ, c-myc TIEEIM TORED L VR ERF
MASHRET, REWFMEL LTEHRTH L I LIVRE
N7z KB, 52 B F TRMEECE/-hMSC 10909
% RIS Co-mycBT 2 T2 o 2388, #AIC X
BEEHEEDOEN, RURKBARERTEERENME B
HT &7 (Table 3).
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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-
meostasis. © 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
94A: 524-532, 2010

Key Words: self assemblied monoiayer, 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 muodification,
including artificial ECMs. It is known that first proteins,
such as fibronectin and vitronectin, adsorb firstly onto 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 cells.*"® 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
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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 greup 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

Chemicals

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-
CHs), 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-CH3),
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-OPOsH;) 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 CH3CN under Ar
atmosphere. The reaction was carried out for 1 h at room
temperature under Ar atmosphere. The resulted coverslip
with SAM-OPO3H, 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-0SOz;H-covered coverslip

A sulfated SAM surface (SAM-0SOzH) was prepared by sul-
fation of hydroxyl groups using sulfertrioxide dimethylfor-
mamide complex (DMF-SO3), 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-SO; (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-0SO3H 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).
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