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Taken altogether, the recovery of Cx32 expression could
be proposed to have an effect on enhancing the liver-
specific functions in hepatoma cells, in addition to im-
proving the biological safety of hepatoma cells for the
application as tissue engineered artificial liver by the
inhibition of malignant growth of tumor cells of HepG2.

In conclusion, this study is the first to report a clear-

increase in the functional GJIC in HepG2 by transfec-
tion of Cx32 gene, and the subsequently enhanced
liver-specific functions of ammonia detoxification and
albumin synthesis in the Cx32 gene transfected HepG2.
It may be expected to improve cellular functions of the
hepatoma cell line by Cx32 gene transfection and serve
to develop an excellent biohybrid-artificial liver.
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6. Repl{imE (F4 2[E)

BHATFF ) oFal—vareaEELEBSFILEET /T
p)aY—kAWEER —#EE AT L 7% — Molecular

Gripper @ &% & & Bd K O E L —*

EEERELEEPFIER WL BT

griaMeaEE A T 1 & 7 4 —“Mecanoreceptor” #a%at - &AL L, HEEMEZ D
2HEEBI NS /Ty /0P —IC K DERLE. AL 75—, BERE
MOEERS L, @EEICRETSF AT —FTNVES, BROU A&
LTOTFINFINEEFETS. ZN5OLETF—RNeEEREERE (Au(11I)ITE
B L7 E O LI 2 BB MEE(STM) & A W BT L )L TOMITICE L
7=,

1. LI

1980 £ERIT IBM~Ziwrich FIEA D) — AL DR L EER b > )
SEMSE (STM)P, EFHAEME (ARM) 2L ET5EER T 0—JEHY
% (SPM) OREIZ, HFELTFOLRIVTEHRELZOBRET DI 206
i2L7z. STM s 88 EY > IV EDORICEL S b RIVERE, AFM
A L FLN—ERFEQETHAZENE LUEEEETHD, mET
FETHOEG (Figure 1) OHRST, EFL IV THeT70—7%2MA
WEBEAFIZEalb— 3 (Figure2) BEIERIZEDTZ.

MAEBHFILEOFHTIE, HTFHBEERAZARLZEENS T — Y
RERI I I REEROBEZBNELZMENREINTNDEN, F/77
JOP—NbHDOEMAEAND &S SICHEN DEMBERNEOND TR
HMH D, TO Vo ERIEEREBETHIEREDBE—HL LT, FHEIL
BWTIIHEEME AT L+ 74 — “Mecanoreceptor” 2784 > L, GlL%Z.
Mecanoreceptor DR ERFHIL, YIEND 5 WiZ{bZ L (JRE, X, BIE,
SFEH, pH, (LFEWERE) KEDFA M FOREHDWIEHEET K
O—)L TEDHEEN ) T2 RGNS DI ETHS.
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(0)
Figure1. JEF L~V BERETOE RS T OEBLOH.
Structure of molecular bearing (a), molecular model (b)
and STM image (c) of molecular bearing.

(These pictures are kindly provided by Drs. Schelittler and Gimzewski in IBM.)

(c)

Figure2. STMB#zRAWEABIFORITIY_Ealb—¥a .
(These pictures are kindly provided by Drs. Schelittler and Gimzewski in IBM.) .

2. Mecanoreceptor DT ¥ >
B4 MFH A > Lz Mecanoreceptor 13 Figure 3. 1R & 3123 DOHS
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(1) FA =42 MESWEEEIICE VAR TEZ 242 AR, (2)
%ﬁﬁé%%?%,@%%ﬁ@7v$>EU%4~EﬁOXNhﬁ~&E5U
-8R, B) EEMICKEETEZEEL ME5R5. RFFEIZBWTIL,
BICTZ MR, Cram BRHEL 7~ LEITINFLYESY RS 2H NS
CEZEEELE. ZOFvES D R Figure 4. |\Z7RT L D12, KIETIEER
BORKEZVNEWEED Kite AT A= A= 3 0%, BEHDWIENEE
T, R EF s 2 FT2EBU RO Vase 2T =X =g % &
DIEMHENTNS., Fi-, 17 Vase AT Fd = A= 3 2B Tt
EDT A MEBGHONEE NS e b5+ 5

2\ 4\ 1 Container dmoain
J |(Cram's flexible cavitand )

Linker domain
(alkyl chain)

«— Binding group
(thioether) Cram's flexible cavitand

Figure 3. Mecanoreceptor () 2=},

Kite

Cnformational Change Complexization
Figure 4. Cram D F v+ Y4 > R DAL
(BEEMLKMES I T+ —A— 5 Y. FANSFRaKE.
FAMFFELTHEYIab—va2elT CoZmUL7.)

RANZDMEEEF v EY > REFT 2 Mecanoreceptor MW THIEL 7~
ER2D07I Ty k& Figure 5 BLU 6 12/, £, Figure 5. 107+
KO, TOURMBAERL €T —EDFH 1) o )5— ELUTHATE a6
EHTD. Tiabb, +/ A— bMld—8—cfigrRE Tz 57"
TEE S/ SPM DS D EHIZ = 0 Mecanoreceptor Z#& X/ 3. i Ep
TVFCTNF S S KRREEELE#S 2 ETHA RS TFORST L~
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VTOBESLUKHBEI Y FO—)LTES. ZOREZMAL, BREZERR
NOBMBIBHFEED LT, YA TFERROICES, % #HL, E
IVEFOBZICLDENONBICL /Y —2BESE, INEHOMAT
5TEICEDAFEREL, RELOBSAUBICEEREET 2 &MNTE

D,
tip of SPM
T~ gg heat
] guest , /
O lecule .
approach to catch hold
a molecule a molecule a molecule
0
loniel v o 7
release a molecule move to another place
lower temperature higher temperature

Figure 5. Mecanoreceptor @ 1>t 7 K 1.

(single molecule manipulation)

Mecanoreceptor NE_DT S 1) r—=a & LTI, Figure 61IRT LD
IR REOBEN BT ENE. Thbb, LETI—DA4 vF U IITEK
DA MEEYORENI Y hO—)V TELREEHEBEL, LEIBUTTA
MEEHIOBERRZHET2ENWITAT T THS.

temperature
change

release of
Tr 1T 1T guest molecule

S § .S .8 8

Figure 6. Mecanoreceptor ® 1 > 7 II.
(functional surface with controlled release of guest molecule)

3. ALLE7y—0aK
PUtoate7 Mo EDE, F—HRD Mecanoreceptor DERIZE U A
7T, LETY DR RET AN E I ELSNFENFERIOT /T
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7 )aV—EAWTERT 20, SEATERFICHCERIIEERRT 2
DTETTI2L, GRET>/Z. BHAF— L% Figure7,8. ITRT .

o o £ _
3 ¢ N Ny
/\/\/\/\/\a
HOUDH - HO. OH C5,C0, \1 SH
+

9-BBN
R et i e
E{CH DMSO A THF
0°C-r,3h 4 i, 2 days 4 a°C-rt 4
60 °C,25h 50°C,5h 2days
93% 4% 55%
\
4
5 - S

1

Figure 7. Synthesis of Mecanoreceptor A (1) with C,, thioether legs.

ANSH

N0 3-BBN pcc o N Q
THE CH,Cl, I ,
r, 1d n,Sh HO OH
=99 % 31% o] _ ¢
o V4 HO. H
L— v HCI Cs,C0,
e . ———e .
! EtOH 4 DMSO 4
A ({1, so°cid ( s)" o, 3d (1,
SonSH 7:n=4 (Q)n (Q)ﬂ
o 3-BBN 9:n=3
Pava
THF B:n=4,>98% 2n=4,52 %
hid 10:n=3,92% 3n=3,50 %

95%

Figure 8. Synthesis of Mecanoreceptors B (3) and C (2)
with C; and C, thioether legs, respectively.

FrEY RO DERERERZT LI FLEME, LYY ) —)L &
METH27INTEREDBMETHEARGICLZOMRESGHINS. LI
PHFLCEBICRBEDDLER-ZELTHNWT, F /)35 VE2ES
WD ET, BERZSMEFYEY O REBELL. T/, FAI—FILE45E,
9-BBN Z it &9 55 D)Lk &L,

4, NLTLYETHY =00 FEayMmHT

G L 7z Mecanoreceptor A & AWTIRERIZE NMR ZH W TERHIZHIT
DA T A a YEGIZDWTHEN L. #3E% Figure 9. 1ZRT.
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in CDCl, a in Toluene-d, b
Hb:2 :

)
H:»z Hb-l 223 K He l ! 293 K
R y H lh
— : H Het l.r ‘L - b
¥

N ‘ i
N\ / .y l Vo

H° >—< S s o l
e T e e . i ¥

He __‘l' "/——Hc He He |

He 4 . H o apsk
11—
l

|

ppm § 8 7 6 5 4 3 ppm 9 8 7

Figure 9. Selected NMR spectra from variable temperature studies.

(a) measured in CDCl,. (b) measured in toluene-d;.

ZZWRARTEDIC, E7OOFR)INVAFTE, SR TORIELRICEERL, KR
TTEH IO OTIANT T RBRRELTTRL, £, BIRETTIESE
fi72 4 DO HBIUOH 7O MM 2BEICHDINTWSHER LD, Kite T
I F—A=atEEOTWAIENREINE. M5, ENIVICHETO
BlEZERICES &, BRETTORIEBHREERT CORIEKBRICREZENVT
<, BEREZ 27— A—Ta OB{LIERsNEMo7z. i, bk
WIDTFWTFZAMMeEMELTFYEY > FRICEESIN, FrESY B
FNKite A>T 3 —A—3a UANEEPNBDEHITTNE D RIS NZ.

5. EEMHATLL 7Y — 0 STM I L 5 E L

&L 7==%®D Mecanoreceptor &\, BIKEICEDEHTHBLEZR
L, ZEMEHTICHELEZ, 972bb, S0 Tor7 by iralk~T hzERE
ELTHY, SEZT (10°mbar #2) 350 -380 °CIZT 0.5 -1 TR,
EICIEETTHNHRALLEZXS 2nm / min DFEXT50-~70 nm DEX ETE &K
EZELE. 0P T AN — I, REFTD STM BIZEICK D TFRICRE
EIEITL, K246 A DEIDOAT Y TEHTHEEREE (Au(lll) THSZ
EEERLE. BEEBCEIEZB DB DD Mecanoreceptor @ 1 mM 7 TR
WABEFRIZET 7 A — FEBEL, EIRTICT 16 A >FaX—H
TEHIZETHELKL, Table L I RTEREMEFTOBRIZCELD, Wino
Mecanoreceptor ® B THMBLIEZEAL TWHW5D I EARENL.

INSOHECHBMEEEZREZET STM @iTicAnk. — R, bRV
BHREESBITETH D STM BIEITE, BEEHDIWIEEEEOY > TV
BLTWABED, Co7NFIEZHET S Mecanoreceptor A IZK DFERENS
HOEBLBRIIEWEYD, KRERBEENMLETHSEEZEA 6N, THUTHL,
CsdBWIEC,TIVFIE%EH T S Mecanoreceptor B B LU CIZE VBTN
LECHEBEDIEZ YN, HENESICBENIETHS EBbnk. L1,

-2843-




FNFNEBEICAWEMESR, Mecanoreceptor B, C 2Lk % H S L
B UEETIRS, EELERHICIDSTFNEBRNMSIPNTLUE - /2.
Zhid, BEREBCHBILIRZERT2DIC+DREIOTINFIVEEEL T
Wiz 7Zlzd EEZ 55 (Figure 10.). THICH L, BRHEEREHDHE
LB &AL L 7o Mecanoreceptor A 3B T DEG{LICFI L. #8 % Figure
11 IRT. BICRLUZL 31T, Mecanoreceptor Mk v B4 > REFHE, BIL
5NJe Vase DA T x— A= gariLDansaaiEzmsml T

W3 ZENREINT.

Table I. Monolayer characterization by ellipsometry and contact angle

measurement.
Contact angle (H,0)"
Compounds Calculated thickness® 6.,/° 0./°
A 1.56 97 +6 85+3
B 1.13 901 5741
C 0.94 93%2 632

a

* Calculated from ellipsometric data.

(a) (b)

0 , and 0 .are advancing and receding contact angles, respectively.

Figure 10. CPK models (side views) of three mecanoreceptors A (a), B (b) and
C (c) with different lengthes of dialkylthioether legs (calculated by amber*

force field program operated by Macromodel Ver. 7.0).
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Figure 11. STM Images of SAM of Mecanoreceptor A abs~orbed on Au(111).
The images were taken in contrast mode with I, = 1.63 pA and V, = 2.0 V for
(a) and (b) and V,=1.9 V for (c).

(a) Image of monolayer with grain boundaries.

(b) Image of well-packed region and its cross sections.

‘Distances of between bright spots are ca. 0.6 nm in cross

sections (A) and (B) and ca. 1.1 nm in cross section (C).

(c) Image with the drawing of a structural model for the

cavitand. The ellipses outline individual molecule of A.

6. BHHIZ

SREDERD T IVFIVEEET D Mecanoreceptoe A -C ZHH L, BWRHAT
BERENRIY 74— A—YaVELDPREL I LRERLL. Bllihz
AWCHSEREZERNL, 2 TEREETA L Mecanoreceptor A 125
U CBEEZE STM 2 AW ERFEEITICEII L. %, Z1& Molecular
Gripper & LTREZ® AL, KB T SIMBAEB LTRBZHAOBRRED
s,

AFZEIE R A4 R EHTRIKZE (ETH-Zarich) @ Frangois Diederich ##% &
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Abstract: Gap junctional intercellular communication
(GJIC) is inhibited by 4,4'-di(ethoxycarboamide) diphenyl-
methane (MDU) and polytetramethylene oxide 1000
(PTMO1000), which are model chemicals of hard and soft
. segments of polyetherurethane (PEU), respectively. In our
previous study, we suggested that the inhibition of GJIC
induced by MDU and PTMO1000 may lead to accelerate
promotion step by both segments after the initiation step by
hard segment, MDU. To examine this hypothesis, we estab-
lished connexin 43 overexpressed clones from Balb/c 3T3
A31-1-1 clones (A31-1-1 cells) by transfection. Here we show
that these clones acquired much higher GJIC ability than

parental A31-1-1 cells and kept them even if MDU or
PTMO1000 was added to the culture. We also found that
Mutation of Cx43 at Tyr-265 resulted in reduced inhibition
of GJIC induced by MDU and PTMO1000. These findings
suggest that inhibition of GJIC by PEU may be caused by
Tyr-265 phosphorylation of Cx43 molecule. © 2002 Wiley
Periodicals, Inc. ] Biomed Mater Res 62: 157-162, 2002

Key words: Balb/c 3T3 A31-1-1 cells; connexin 43; gap junc-
tional intercellular communication; polyetherurethane; tyro-
sine phosphorylation

INTRODUCTION

Gap junctions are structures in the plasma mem-
branes of most animal cell types that form aqueous
channels interconnecting the cytoplasms of adjacent
cells."? Gap junctions permit the intercellular passage
of small molecules and have been implicated in di-
verse biological processes, such as development, dif-
ferentiation, cellular metabolism, and cellular growth
control. Gap junctions are composed of six connexin
molecules, which are a conserved family of proteins
with four membrane-spanning regions and with cyto-
plasmic amino- and carboxy-terminus. Gap junctions
are known to be regulated by posttranslational phos-
phorylation of the carboxy-terminal tail region on con-
nexin molecule. Phosphorylation has been implicated
in the regulation of a broad variety of connexin pro-
cesses, such as the trafficking, assembly/ disassembly,
degradation, as well as the gating of gap junction
channels.

Correspondence to: T. Tsuchiya; e-mail: tsuchiya@nihs.go.jp

© 2002 Wiley Periodicals, Inc.

Polyetherurethanes (PEUs) are used for implant ap-
plications because of their useful elastomeric proper-
ties and their high tensile strength, lubricity, good
abrasion resistance, and ease of handling. However,
some kinds of PEUs are known to be unstable in
body,>* and induced tumors in rats.’> We have re-
ported the tumorigenic potentials of these PEUs in
vivo and in vitro.%” PEU-components had inhibited
gap junctional intercellular communication (GJIC) in
cultures of Balb/c 3T3 A31-1-1 cells and Chinese ham-
ster V79 fibroblasts.5-1°

In this study, we established Cx43-overexpressing
Balb/c 3T3 A31-1-1 cells and evaluated for GJIC ac-
tivities under the existence of MDU and PTMO1000,
which are hard and soft segments of PEUs, respec-
tively. Furthermore, we constructed the tyrosine 265
to phenylalanine substitution (Y265F) mutant of Cx43
and compared the effect on GJIC activities with wild-
type Cx43 transfectant.

MATERIALS AND METHODS

Chemicals .

4,4'-Di(ethoxycarboamide) diphenylmethane (MDU) syn-
thesized in our laboratory was used as a hard segiment
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model chemical of PEU. Polytetramethylene oxide 1000
(PTMO1000) was used as a monomer consists of soft seg-
ment of PEU. Chemical structures are showed in Figure 1.

Cells and cell culture

Balb/c 3T3 A31-1-1 cells and its transfectant clones were
cultured in minimal essential medium (MEM) containing
10% fetal bovine serum (FBS). Cell cultures were maintained
in a 37°C incubator under a humidified 5% CO, atmosphere
and were routinely subcultured by trypsinization.

Site-directed mutagenesis and plasmid construction

A full-length Cx43 DNA fragment was amplified by poly- :

merase chain reaction (PCR) using primers Cx43F (5'-
TTGACTCGAGCCTCCAAGGAGTTCCACCAACT-3") and
Cx43R (5'-CAACTCGAGTTAAATCTCCAGGTCAT-
CAGGCC-3'). The Xhol site (CTCGAG, underlined) was in-
serted into these primers for subcloning into a mammalian
expression vector pB45-neo.!’ The cloned 1217-bp PCR frag-
ment was subcloned into pB45-neo. The mutant form of
Cx43 was prepared from the full-length Cx43 DNA fragment
using the splicing by overlap extension (SOE) method with
primers Cx43Y265F-sense (5'-GATCTCCAAAATTC-
GCCTACTTCAA-3') and Cx43Y265F-antisense (5’-
TTGAAGTAGGCGAATTTTGGAGATC-3") designed to al-
ter a tyrosine residue to phenylalanine. The fidelity of the
mutant was confirmed by sequencing the full-length Cx43
DNA.

Transfection

The Cx43 expression vector pB45-Cx43-neo and the con-
trol vector pB45-neo were then transfected into Balb/c 3T3
A31-1-1 cells using the SuperFect reagent (QIAGEN KK,
Tokyo, Japan) according to manufacturer’s instruction.
Stable transfectant clones were selected with 500 pg/mL

Soft segment

poly(tetramethylene oxide) Mi=1000 (PTMO1000)

HO(CH,CH,CH,CH,O%H

Hard segment

4.4'-di(ethoxycarboamide)diphenyimethane (MDU)

QH 10
CH3CHz-C-N-@CHz-@N-C—CHZCH3

Figure 1. - Chemical structure of segmented polyetheru-
rethane.

ICHIKAWA AND TSUCHIYA

G418 (Life Technologies, Inc.,, Frederick, MD), and clones
were isolated using cylinder trypsinization method followed
by further expansion and storage at —85°C.

Western blot

When cells reached confluence in 60-mm tissue culture
dishes, all cells were lysed directly in 500 pL of lysis buffer
[50 mM Tris-HCl, pH 6.8, 2% sodium dodecy! sulfate (SDS),
1 mM phenylmethylsulfonyl fluoride]. Protein concentra-
tions of lysates were measured using D/C protein assay kit
(Bio-Rad Laboratories, Hercules, CA) according to manufac-
turer’s instruction. Equal amounts of proteins dissolved in
gel loading buffer (50 mM Tris-HCJ, pH 6.8, 100 mM 2-mer-
captoethanol, 2% SDS, 0.1% bromophenol blue, 10% glyc-
erol) were analyzed by 7.5% SDS-polyacrylamide gel elec-
trophoresis, and proteins were transferred to Hybond-ECL
nitrocellulose membranes (Amersham Pharmacia Biotech
UK Limited, Buckinghamshire, UK). Cx43 protein was de-
tected by anti-Cx43 polyclonal antibodies (Zymed Labora-
tories, Inc., San Francisco, CA) and ECL system (Amersham
Pharmacia Biotech UK Limited). Phosphorylation levels of
Cx43 were quantified by densitometry.

Scrape-loading and dye transfer assay for detection
of GJIC :

The scrape-loading and dye transfer (SLDT) technique
was adapted after the method of El-Fouly et al.'? Confluent °
monolayer cells in 35-mm culture dishes were used. MDU
and PTMO1000 dissolved in dimethylsulfoxide (DMSO)
were added to the culture medium and incubated for 24 h.
After rinsing with Ca** Mg** phosphate-buffered saline
[PBS (+)1, cell dishes were loaded with 0.05% Lucifer Yellow
(Molecular Probes, Eugene, OR}/PBS (+) solution and were
scraped immediately with a sharp blade. After incubation
for 5 min at 37°C, cells were washed with PBS (+) and moni-
tored using fluorescence microscope. The distance the dye
migrated was measured from the cell layer at the scrape to
the edge of the dye front that was visually detectable.!®

RESULTS
Establishment of Cx43 over-expressed A31-1-1 cells

A31-1-1 cells were transfected with a full-length rat
Cx43 cDNA. Colonies resistant to G418 were isolated
with cylinder trypsinization method and screened by
Western blot analysis. Wild-type (A31-1-1/Cx43) and
mutant Cx43 (A31-1-1/Cx43Y265F) transfected clones
showed high level of Cx43 protein expression [Fig.
2(A)]. In order to eliminate possible effects of vector
plasmid DNA on GJIC characteristics and Cx43 ex-
pression level of transfectant clones, A31-1-1 cells
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Figure 2. Establishment of Cx43 and Cx43Y265F overex-
pressed A31-1-1 cells. (A) Western blot of the control A31-
1-1 cells and transfected clones. The equal amounts of total
proteins were subjected to SDS-PAGE with 7.5% gel. Bands
of Cx43 were detected with the polyclonal rabbit anti-rat
Cx43 antibody followed by the ECL. (B) Phosphorylation
properties of wild-type Cx43 and Y265F mutant Cx43. Image
of wild-type and Y265F mutant Cx43 on Western blot were
captured by Image scanner and analyzed by NIH Image soft
wear. Relative densities of bands of phosphorylated (P1 and
P2) forms against nonphosphorylated (NP) form.

transfected with blank plasmid (A31-1-1/pB45) was
also isolated. A31-1-1/pB45 cells were the same levels
of Cx43 protein expression as those of A31-1-1 cells
[Fig. 2(A)]. The level of phosphorylated Cx43 proteins
in A31-1-1/Cx43Y265F cells partially declined com-
pared with A31-1-1/Cx43 cells, because Y265F mutant
Cx43 proteins are lacking in phosphorylation site of
Tyr265 [Fig. 2(B)].

Enhancement of GJIC in A31-1-1/Cx43 and
A31-1-1/Cx43Y265F cells

To assess functional GJIC, the SLDT assay was used.
Lucifer yellow does not diffuse through intact plasma
membranes, and its low molecular weight permits its
transmission from one cell to another, presumably
across patent gap junctions."*® Therefore, the SLDT
activities reflect the functional detection of GJIC. Lev-

els of GJIC were evaluated with the SLDT method.
Results of the experiments are shown in Figure 3. The
level of GJIC of A31-1-1/Cx43 cells was 4.5 times as
high as the A31-1-1 control cells. The level of GJIC of
A31-1-1/Cx43Y265F cells was 3 times as high as A31-
1-1 control cells. On the other hand, the level of GJIC
of A31-1-1 cells transfected with control vector pB45-
neo, A31-1-1/pB45 cells, was similar to A31-1-1 con-
trol cells.

Reduction of GJIC inhibition induced by MDU
and PTMO1000

The actual distance of dye migration and GJIC in-
hibitory effects of MDU and PTMO1000 are showed in
Figs. 4(A) and 5(A), respectively. In A31-1-1 control
and A31-1-1/pB45 cells, GIJCs were inhibited by
MDU (0.2 pg/mL) and PTMO1000 (2.0 pg/mL) down
to 50% of vehicle (DMSO) control [Figs. 4(B) and 5(B)].
Although actual distance of dye migration in A31-1-
1/Cx43 cells was much higher than A31-1-1 or A31-1-
1/pB45 cells, GJIC inhibitory effects of MDU and
PTMO1000 were the same level of A31-1-1 or A31-1-
1/pB45 cells [Figs. 4(B) and 5(B)]. Though actual dis-
tance of dye migration in A31-1-1/Cx43Y265F cells
was much higher than A31-1-1 or A31-1-1/pB45 cells,
GJIC of A31-1-1/Cx43Y265F cells were not inhibited
by MDU at all [Fig. 4(B)] and were partially inhibited
by PTMO1000 [Fig. 5(B)]. These results indicate that

150
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Ei 100 -
=
2
E 75"
b
=
E 50—
e
A
25 -+
0
A31-1-1  A31-1-1  A31-1-1
ASL-I-L T pgs jCxd3 /Cxd3Y265F

Figure 3. Gap junctional intercellular communication in
A31-1-1, A31-1-1/pB45, A31-1-1/Cx43, and A31-1-1/
Cx43Y265F cells measured by scrape loading and dye trans-
fer (SLDT) method. Transmission of Lucifer yellow into con-
tiguous cells detected 5 min after scrape-loading in A31-1-1, -
A31-1-1/pB45, A31-1-1/Cx43, and A31-1-1/Cx43Y265F
cells.
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Figure 4. Inhibition of gap junctional intercellular communication by MDU. (A) Actual dye migration. (B) % of control.

Y265F mutant of Cx43 overcome the inhibitory effects
by MDU and PTMO1000 probably through the avoid-

ance from tyrosine phosphorylation of Tyr-265 on
Cx43.

DISCUSSION

It has been known that many types of tumor cells
suppressed Cx expression and inhibited GJIC. Many
investigators had been reported that Cx gene transfec-
tion restored the tumorigenic phenotypes of such tu-
mor cells.'”"?? To understand the mechanisms of tu-
morigenesis induced by biomaterials such as PEUs,
polyethylene (PE), and poly-L-lactide (PLLA), we paid
attention to the inhibitory effects on GJIC and exam-
ined its mechanisms. We hypothesized that the inhi-
bition of GJIC in cells adhered to biomaterials bring
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about the enhancement of the cellular transformation.
In our previous studies, we have shown that PEU, PE,
and PLLA produced tumors in rat in vivo, and these
biomaterials inhibited the GJIC in vitro.5792*?* In the
present study, we established GJIC reinforced cells by
transfected with Cx43 gene and examined the escap-
ing effects from GJIC inhibition by biomaterials. We
focused on the tumorigenic activity induced by PEUs,
and PTMO1000 and MDU were used as model chemi-
cals of PEU. PTMO1000 and MDU inhibited the GJIC
in Balb/c 3T3 A31-1-1 cells.

Phosphorylation of Cx molecules closely related
with the inhibition of GJIC.%>? Especially, phosphory-
lations of Tyr-265 on Cx43 molecule accelerate the
binding to v-Stc and inhibit the GJIC [Fig.6(A)].%
Therefore, if the Tyr-265 of Cx43 was substituted with
other amino acid such as phenylalanine (F), namely
Y265F Cx43, Y256F Cx43 can not be phosphorylated at

100
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O_leﬁ ! T 1
00 0.1 1.0 10.0

PTMO1000 conc. (ug/ml)

Figure 5. Inhibition of gap junctional intercellular communication by PTMO1000. (A) Actual dye migration. (B) % of control.
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Figure 6. Model for escape from MDU and PTMO1000-
induced GJIC inhibition in A31-1-1/Cx43Y265F cells. (A)
The association between wild-type Cx43 and v-Src is initi-
ated by the SH3 domain—proline-rich motif interaction, fa-
cilitating the phosphorylation of Cx43 on tyrosine 265 by
v-Src. The association between Cx43 and v-Src is stabilized
further by an SH2 domain-Tyz(P)-265 interaction, leading to
additional phosphorylation of Cx43 by its own kinase do-
main or by v-Src-associated kinases. Hyperphosphorylation
of Cx43 could lead to inhibition in GJIC function. (B) The
association between Y265F mutant Cx43 and v-Src is also
initiated by SH3 domain-proline-rich motif interaction.
However, because the Tyr-265 phosphorylation site is sub-
stituted by Phe-265 on A31-1-1/Cx43Y265F cells, hyper-
phosphorylation of Cx43 does not occur and GJIC inhibition
is abolished in this cell line. The “pxxp” is minimal consen-
sus sequence for binding between Cx43 and pp60 v-src.?>*°

the Phe-265(=F265) with tyrosine kinases such as v-5rc
as shown in Figure 6(B).

Therefore, transfection of Y265F Cx43 mutant fail to
inhibition of GJIC induced by V-src kinase® because
no phosphorylation was occurred at Phe-265 Cx43
[Fig. 6B)l. .

There is a possibility that PTMO1000 and MDU in-
hibit the GJIC by the phosphorylation of Tyr-265 of
Cx43. Therefore, we attempted that Y265F Cx43 mu-
tant was transfected to A31-1-1 cells to prevent the
inhibition of GJIC induced by PTMO1000 and MDU if
both segments inhibit the GJIC by the enhancement of
tyrosine kinases such as V-src kinase involving in the
A31-1-1 cells. Overexpression of wild-type Cx43 led to

great enhancement of GJIC, but remarkable improve-
ment of the rate of inhibition of GJIC induced by
PTMO and MDU was not observed. However, under
the high concentrations of MDU and PTMO1000,
which inhibit the GJIC in A31-1-1 and A31-1-1/pB45
cells, the level of GJIC in Cx43 overexpressed clone
A31-1-1/Cx43 surpassed the parental (A31-1-1) and
control (A31-1-1/pB45) cells. This result suggested
that Cx43 transfection was effective for overcoming
the inhibition of GJIC induced by MDU and
PTMO1000. In A31-1-1/Cx43Y265F cells, the inhibi-
tory effect on GJIC by MDU was completely disap-
peared, and the inhibitory effect of GJIC by
PTMO1000 was partially recovered. These results sug-
gest that the cause of inhibition of GJIC induced by
MDU and PTMO1000 may be tyrosine phosphoryla-
tion of Tyr265 on Cx43 molecules in gap junctional
cannels. :

In the cells, there are possibilities that protein kinase
C (PKC), which is a serine/threonine kinase, down-
regulates GJIC and the tyrosine kinase activities of the
receptor for EGF and the Src oncoprotein are also in-
hibit the GJIC. We hypothesis that phosphorylation of
tyrosine-265 of Cx43 may be a key step in the inhibi-
tory effects on GJIC, and most potent candidate for
tyrosine kinase involved in Tyr-265 phosphorylation
of Cx43 is pp60 v-src. Kanemitsu et al.*” demonstrated
that pp60 v-sec direct phosphorylate Cx43 and inhib-
ited the GJIC in v-src-transfirmed cells. Figure 6 sum-
marizes a model that could account for the GJIC inhi-
bition induced by MDU and PTMO1000 through pp60
v-src based on the model demonstrated by Kanemitsu
et al.?” Binding of v-Src to Cx43 is initiated by an SH3-
mediated interaction, bringing the kinase domain of
v-Src in close proximity to the Tyr-265 phosphoryla-
tion site of Cx43. After phosphorylation of Tyr-265 by
v-Src, the association is stabilized by an SH2-Tyr(P)-
265 interaction. Cx43 may be further phosphorylated
on other tyrosines by v-Src, or on serines by v-Src-
associated kinases. Hyperphosphorylation of Cx43 re-
sults in GJIC inhibition. On the other hand, because
Y265F Cx43 do not have Tyr-265 phosphorylated site
by v-Src, hyperphosphorylation of Cx43 is not caused.
Therefore, GJIC is not inhibited by MDU and
PTMO1000.

In conclusion, we established the cell lines express-
ing wild-type Cx43 or Y265F mutant Cx43 to prevent
the inhibition of GJIC induced by biomaterials, such as
PEU. These cell lines were maintained with much
higher GJIC levels than the control cells even under
the existence of the hard and soft segments of PEU.
Especially, the Cx43 Y265F mutant prevents the inhi-
bition of GJIC induced by MDU, PEU hard segment.

The authors thank Dr. David L. Paul (Department of Neu-
robiology, Harvard Medical School) and Dr. Eckhard R. Po-
dack (Department of Microbiology, University of Miami) for
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Abstract—The purpose of this study was to clarify the effects of y-ray irradiated poly(L.-lactide)
(PLLA) on the proliferation and differentiation of mouse osteoblast-like MC3T3-E1 cells. The PLLA
was y-irradiated at the dose of 10, 25 or 50 kGy, and the molecular weight of irradiated PLLLA de-
creased with increasing irradiation dose. The proliferation and differentiation of MC3T3-E1 cells
cultured on irradiated PLLA for 2 weeks were evaluated using micromass culture. The y-irradiation
of PLLA did not affect the proliferation, but stimulated the differentiation of MC3T3-El cells cultured
on irradiated PLLA. These results suggested that lower change in the molecular weight of PLLA was
responsible for stimulation of the differentiation of MC3T3-El cells cultured on irradiated PLLA.
Furthermore, the proliferation and calcification of MC3T3-El cells cultured in the medium contain-
ing low molecular weight PLLA for 2 weeks were evaluated. The low molecular weight PLLA also
stimulated the calcification of MC3T3-E! cells with no effect on the proliferation. The y-irradiation
was suitable for PLLA on the differentiation of mouse osteoblasts.

Key words: Poly(L-lactide); y-ray irradiation; osteoblast; MC3T3-E1 cells; differentiation.

INTRODUCTION

Poly(L-lactide) (PLLA) is a biodegradable material used in medical and pharma-
ceutical applications. There have been many reports on the bioabsorbability and
biocompatibility of PLLA. Bos ef al. reported that the mass loss of PLLA was ob-
served after 26 weeks and no acute or chronic inflammatory reaction to PLLA was
observed until 143 weeks by subcutaneous implantation into rats [1]. Otto et al.
observed lamellar bone formation around the PLLA wire at 2 and 6 months after
intramedullary implantation into rat tibiae [2]. Mainil-Varlet et al. also observed
decreasing molecular weight of PLLA after 4 weeks and bone formation around the
PLLA pin at 1 month after implantation into the cortex of sheep tibiae [3]. Thus,

*To whom correspondence should be addressed. E-mail: isama@nihs.go.jp
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the high molecular weight PLLA has been used as biodegradable screws, pins and
plates for internal bone fixation in orthopedics.

Sterilization is essential for implant medical devices. Ethylene oxide sterilization
was reported to have a risk of carcinogenicity because of the mutagenic properties
of ethylene oxide [4]. On the other hand, autoclave sterilization causes plastic
deformation and extensive hydrolytic degradation, and dry heat sterilization leads
to thermo-oxidative degradation of the material [5]. Ikarashi et al. reported that
the molecular weight of PLLA was decreased and the activity of MC3T3-E1
cells cultured on PLLA was enhanced by heat treatment of PLLA [6]. y-Ray
irradiation has been known as an alternative method for sterilizing the material
when other sterilization methods are not suitable. However, it is known that
y-irradiation causes polymer chain scission. Yoshioka er al. observed that the
molecular weight of poly(DL-lactide) (PDLLA) decreased and the carboxylic acid
content increased with increasing irradiation dose [7, 8]. Zhang et al. reported
that y-irradiation accelerated the hydrolytic degradation of poly(glycolide-lactide)
copolymer and poly(glycolide-trimethylene carbonate) sutures in vitro, and the
former was more sensitive to y-irradiation than the latter [9]. Slivka ef al. also
observed that y-irradiation of calcium phosphate/PLLA composite accelerated the
rate of interface degradation in vitre [10]. Thus, y-irradiation may change the
physicochemical properties of PLLA, but there is no detailed information on the
relation between y -irradiated PLLA and osteoblast function.

The purpose of this study was to clarify the effects of y-ray irradiated PLLA
on the proliferation and differentiation of osteoblasts. The change in molecular
weight with y -irradiation of PLLA was shown. Mouse osteoblast-like MC3T3-E1
cells were cultured on irradiated PLLA, and then the proliferation and calcification
of MC3T3-El cells were evaluated using the micromass culture. The biological
activities of MC3T3-E1 cells cultured on irradiated PLLA were measured. We
also examined the effects of low molecular weight PLLA on the proliferation and
calcification of MC3T3-E1 cells.

MATERIALS AND METHODS
Materials

PLLA sheets made of high molecular weight PLLA with thickness of 0.3 mm
were obtained from Shimadzu Co. (Kyoto, Japan). PLLA with weight average
molecular weight of 5000 (PLLA 5000) and 10000 (PLLA 10000) were obtained
from Nacalai Tesque, Inc. (Kyoto, Japan).

y-Ray irradiation of PLLA

The PLLA sheets were y-ray irradiated at the dose of 10, 25 or 50 kGy using °Co
as the radiation source. The irradiated PLLA sheets were preserved in a silica gel
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desiccator until the next experiment. The PLLA sheets were cut into 14.0 mm
diameter disks and sterilized both sides with ultraviolet rays for 15 h, respectively.
It was confirmed that there was no change in Fourier transform infrared attenuated
total reflection (FT-IR/ATR) spectroscopy by ultraviolet irradiation for the PLLA
disks.

Gel permeation chromatography

The molecular weight of PLLA was determined by gel permeation chromatography
(GPC). The LCI10AT (Shimadzu Co., Kyoto, Japan) equipped with refractive
index detector (RID-10A, Shimadzu Co.) was used as a GPC apparatus. PLLA
samples were dissolved in chloroform at a concentration of 5 mg/ml. Fifty
microliters of sample solution were eluted through two GPC columns (TSKgel
G5000Hxr, + TSKgel G4000Hy; , each 7.8 mmi.d. x 300 mm, Tosoh, Tokyo,
Japan) at a mobile phase of 1.0 ml/min chloroform. The weight average molecular
weight (M,,) and number average molecular weight (My) of PLLA were analyzed
from the comparison with the calibration curve that was made with polystyrene
standards (Showa Denko, Tokyo, Japan) using LC workstation, CLASS-LC 10
(Shimadzu Co.).

Micromass culture

Mouse osteoblast-like MC3T3-El cells were obtained from RIKEN Cell Bank
(Saitama, Japan), and were grown in alpha minimum essential medium (o¢-MEM)
(Gibco Laboratories, Grand Island, New York) supplemented with 20% fetal bovine
serum (Intergen, Purchase, New York), 100 pg/ml penicillin and 100 mU/ml
streptomycin in a 37°C humidified atmosphere of 5% CO,. The cells were
passaged with 0.05% trypsin and 0.1% ethylenediaminetetraacetic acid tetrasodium
salt solution (Gibco Laboratories).

The y-ray irradiated PLLA disks were laid in the well of type I collagen coated
24-well dish (Iwaki Glass, Tokyo, Japan). Cell suspensions were prepared in the
culture medium and adjusted to give 2 x 10° cells/ml. A 20 ul aliquot of the cell
suspensions was delivered to each well of type I collagen coated 24-well dish or
on the y-irradiated PLLA disk which was laid in the well of the 24-well dish.
After the cells were attached on the PLLA disk, 1 ml of the complete medium
that contained 10 mM disodium S-glycerophosphate (8-GP) (Sigma Chemical Co.,
St. Louis, Missouri) in the culture medium was added. The complete medium was
changed three times a week, and the cells were cultured for 2 weeks.

The effects of low molecular weight PLLA on the proliferation and calcification
of MC3T3-E1 cells were investigated as fellows: PLLA 5000 and PLLA 10000
were dissolved in dimethyl sulfoxide (DMSO) to a concentration of 50 mg/ml,
respectively, and sterilized by filtration through a 0.22 pm filter. The PLLA solution
was diluted by the complete medium at 1000 times. After the spot-like cells were
attached on the well of type I collagen coated 24-well dish, 1 ml of the complete
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medium containing low molecular weight PLLA, or an equal amount (1 1) of
DMSO as a vehicle control, was added. The complete medium containing each
chemical at the same concentration was changed three times a week, and the cells
were cultured for 2 weeks.

Experiments were performed at least two times.

Proliferation assay

The proliferation of MC3T3-E!l cells was determined by using cell proliferation
assay reagent, TetraColor ONE (Seikagaku Co., Tokyo, Japan). The cell cultures
were exchanged with the culture medium containing 2% TetraColor ONE, and were -
incubated for 2 h. The absorbance of the medium was read at 450 nm (reference at
600 nm). It has been proven that the absorbance and cell population show a linear
relationship.

Calcification assay

After the proliferation was determined, the cell cultures were washed three times
with Dulbecco’s phosphate-buffered saline without calcium and magnesium salts
(PBS(—)) and fixed by the addition of 10% formalin dissolved in PBS(—) solution.
After fixing, the cultures were washed five times with water and stained by alizarin
red S solution. The transmission digital images of alizarin red S stained cultures
were obtained with a color image scanner (GT-9500WIN, SEIKO EPSON Co.,
Nagano, Japan) with transparency unit (GT95FLU, SEIKO EPSON Co.), and then,
the alizarin red S stained areas were measured using an image processing and
analysis software, Scion Image (Scion Co., Frederick, Maryland).

Preparation of cell lysates

Protein, DNA, hydroxyproline (HYP) contents and alkaline phosphatase (ALP)
activity of MC3T3-E1 cells cultured on y-ray irradiated PLLA for 2 weeks were
measured using the cell lysates prepared according to the method described below
[11]: The cell cultures were washed twice with PBS(—). The cells were recovered
by trypsinization and washed twice with PBS(—) by centrifugation at 1000 rpm
for 2 min. The residues were resuspended in 1 ml of 0.2% Nonidet P-40 solution
and sonicated in an ice bath for 2 min using ultrasonic processor (VC-50T, Sonic
& Materials Inc., Danbury, Connecticut). The cell lysates were stored frozen at
—20°C until measurement.

Protein content

Protein content of cell lysates was measured by the method of Lowry ez al. [12]
with minor modification. The alkaline copper solution was freshly made: Fifty
milliliters of 0.1 N NaOH containing 2% Na,CO; was mixed with 1 ml of 0.5%
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