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Materials and Methods

Cell line and culture conditions. A549 lung
adenocarcinoma cells (JCRB0O076) were obtained
from the Japanese Collection of Research
Bioresources (JCRB, Osaka, Japan), and cultured in
ERDF medium (Invitrogen, Carlsbad, CA)} sup-
plemented with 5% fetal bovine serum (FBS; Invitro-
gen) at 37°C in a 95% air /5% CO; atmosphere. A549
were subcultured every 3 days by 8-fold dilution.
Recombinant transforming growth factor 81 (TGF-
B; Austral Biologicals, San Ramon, CA) was added
every other day to the culture at a final concentration
of 10 ng-m!™! where indicated.

RT-PCR. mRNAs coding for the human
telomerase reverse transcriptase (hTERT) and
telomerase-associated protein 1 (TEP1) were detected
using the RT-PCR method.'® Three ug of total RNA
was used as the template for cDNA synthesis using
Superscript II RNase H~ reverse transcriptase
(Invitrogen). hTERT ¢cDNA was amplified using the
primers LT5 (5'-CGGAAGAGTGTCTGGAGCAA-
3’) and LT6 (5'-GCGATGAAGCGGAGTCTGGA-3')
through 29 PCR cycles (94°C for 45 sec, 60°C for
45 sec, 72°C for 90 sec, 29 cycles), and TEP1 ¢cDNA
was amplified using the primers TEP1.1 (5'-TCAAG-
CCAAACCTGAATCTGAG-3’) and TEP1.2 (5'-
CCCGAGTGAATCTTTCTACGC-3’) through 27
cycles under these conditions. The reaction products
were fractionated by polyacrylamide gel electropho-
resis on an 8% gel and stained with SYBR Gold
(Molecular Probes, Eugene, OR).

Measurement of telomere length. Genomic DNA
was prepared using the DNA Extractor WB Kit
(Wako, Osaka, Japan). The length of the TRF
(terminal restriction fragment) for genomic DNA
digested with EcoRI and Hinfl was measured by
Southern blot analysis with a flucrescein-11-dUTP-
labeled telomeric sequence probe (TTAGGG).. This
method, used to estimate the length of the telomere,
was described previously,'” Signal detection was
done with the Gene Images CDP-Star detection
module (Amersham Biosciences Corp., Piscataway,
NI) and a LAS-1000 Luminoimage analyzer
(Fujifitm, Tokyo, Japan). A fluorescein-labeled
AHindIII marker (Amersham Biosciences Corp.) was
used for measuring the mean TRF length.

Senescence-associated  f-galactosidase  assay.
Semescence-associated f§-galactosidase (SA-8-Gal)
staining was done by the method of Dimri e# al. with
some modifications.'® Briefly, cells were fixed in 3%
formaldehyde and then incubated with fresh SA-8-
Gal staining solution (! mg of 5-bromo-4-chioro-
3-indolyl-g-p-galactopyranoside (X-gal) per ml of
sodium phosphate, pH 6.0, 5 mMm potassium ferro-

cyanide, 5mM potassium ferricyanide, 150 mMm
NaCl, 2 mm MgCl,). Staining was done at 37°C for
12 h.

Transfection. A549 cells were seeded at 1x10°
cells-ml™" and cultured over-night. A549 cells were
transfected with an expression plasmid for Smadé or
Smad7 along with the pSV2bsr (Kaken Pharmaceuti-
cal, Tokyo, Japan) using the LipofectAMINE2000
reagent (Invitrogen) according to the manufacturer’s
instructions. Transfected cells were selected in the
presence of 1 ug-ml~' blasticidin S (Wako).

ELISA. The amount of IL-6 secreted by TGF-§-
treated AS549 cells was measured by the enzyme-
linked immunosorbent assay (ELISA). Briefly,
microtiter plates (Nunc, Roskilde, Denmark) were
coated with anti-goat IgG antibody (Zymed, San
Francisco, CA) and incubated at 37°C for 1 h. After
the wells were washed with phosphate-buffered saline
(PBS; 2.24 x 10~* M phosphate, 1.37x 107! M NaCl,
pH 7.0) containing 0.05% Tween 20 (PBST), poly-
clonal goat anti-IL-6 antibody (R&D Systems,
Minneapolis, MN) diluted with PBST was added and
the plates were incubated at 37°C for | h. After the
wells were washed with PBST, serially diluted super-
natants and standard control samples (human [L-6;
Genzyme, Cambridge, MA) were added and the
plates were incubated at 37°C for 1 h. After the well
were washed with PBST, biotinylated mouse anti-IL-
6 monoclonal antibody (Genzyme) was added and
the plates were incubated at 37°C for 1h, then
washed, then streptavidin-horseradish peroxidase
conjugatge (Amersham Biosciences Corp.) was
added and incubated at 37°C for 1 h. After the wells
were washed, a solution of ABTS disodium salt
(Wako) diluted in 0.2 M citrate buffer with 107 (w/v)
H;O. was added to the plate. Measurement at a
wavelength of 405 nm with a reference at 492 nm was
taken. Anti-hIL-6 monoclonal antibody was
biotinylated by using N-hydroxysuccinimidobiotin
(Sigma, St. Louis, MO).

Tumorigenicity assay. Four-week-old nude mice
(BALB/c nu/nu, Charles River Labs., Wilmington,
MA) were injected subcutaneously with 1 x 107 A549
cells cultured in the absence or presence of TGF-g for
211 days. Cells were scored as tumorigenic if a visible
nodule (>0.5-cm diameter) appeared at the site of
injection by 6 weeks after the injection. This
experiment was done under the guidance for animal
experiments in the Faculty of Agriculture and in the
Graduate Course of Kyushu University and the Law
(No. 105) and Notification (No. 6) of the Japanese
Government.
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Fig. 1. TGE-f Triggers Two Independent Senescence Programs
in Canecer Cells.

A. TGF-§ represses the transcription of hTERT AS549 celis
were treated with Wng-ml™' of TGF-# for the indicated
periods. Three pg of 1otal RNA was used as the template for a
¢DONA synthesis reaction in a total volume of 20 pl. Subsequent
PCR was done using 1pul of the ¢DNA synthesis reaction
mixture. hTERT ¢I[INA was amplified using primers LTS and
LTé6 through 29 cycles (94°C for 45 sec, 60°C for 45 sec, 72°C
for 90sec), and TEP1 ¢DNA was amplified using primers
TEP!I I and TEP1.2 through 27 cycles under the above-men-
tioned conditions. Reaction products were resolved on an 8%
polyacrylamide gel and stained with SYBR Gold. B, Telomere
length is shown to be shortened in A549 cells treated with TGF-
f. Telomere shertening-dependent replicative senescence was
induced in AS49 cells treated with TGE-£. Prepared DNA was
digested with EcoR} and Hirf], and analyzed by Southern blot
analysis using a flvorescein-dUTP-labeled probe (TTAGGG),.
Stgnal detection was done using a Gene lmages CDP-Star detec-
tion module. The fluorescein-labeled AHindlll marker was used
for estimating the length of TRF. C, Telomere shortening-
independent premature senescence was induced in A549 cells
upon treattnent with TGF-4. SA-£-Gal activity was increased in
AS549 cells by treatment with TGF-f for 5 days, where the TRF
length was almost the same as non-treated A549 cells (B).

Results and Discussion

TGF-B triggers cellular senescence programs in
cancer cells

We have previously reported that TGF-§ triggers
two independent senescence programs in the AS49
human lung adenocarcinoma cell line.”® TGF-8
represses transcription of hTERT in A549 cells, and
has no effect on transcription of the ubiquitously

expressed TEP! (Fig. 1A). The regulations of
hTERT transcription and telomerase activity are
known to be coordinated in cancer cells. In A549
cells, it has been shown that the repression of h-TERT
leads to attenuated telomerase activity, which resuits
in incomplete telomeric end replication and passage-
number-dependent telomere shortening. As shown
in Fig. 1B, TGF-f-treated AS49 cells underwent
telomere shortening in a passage-number-dependent
manner. The telomere length for A549 cells treated
with TGF-£ for 175 days shortened to below 2 kb,
whereas untreated A549 cells maintained a constant
telomeric length (about 8§ kb). These results suggest
that TGF-§ induces the replicative senescence
program dependent upon telomere shortening in
AS549 cells. Furthermore, TGF-f§ triggers another
cellular senescence program. TGF-f augmented
senescence-associated  fS-galactosidase  (SA-B-Gal)
activity in AS549 cells. This SA-8-Gal activity aug-
mentation was observed from 5 days after addition
of TGF-# (Fig. 1C), at which time A549 cells main-
tained almost the same telomeric length as non-treat-
ed AS549 cells. This demonstrates that TGF-§ also
triggers the premature senescence program indepen-
dent of telomere shortening in A549 cells. Taken
together, these results indicate that TGF-§ triggers
two independent senescence programs in A549 cells;
a replicative senescence program and a premature
senescence program.

Senescence induction by TGF-§ is dependent upon
the Smad signaling pathway

The Smad pathway is well documented as a signal
transduction pathway downstream from the TGF-§
receptor. Smad2 and Smad3 are known to be phos-
phorylated by an activated. TGF-£ type I receptor, to
form a complex with Smad4, and to regulate
transcription of the TGF-f-responsive genes after
translocation into nucleus. The Smad pathway has
been reported to be inhibited by two inhibitory
Smads, Smad6 and Smad7.'®'?” Here we tested for
whether or not the Smad pathway is involved in
TGF-A-induced cellular senescence,

First we established Smadé or Smad7-expressing
AS549 cells by transfecting pcDNA3-Smadé or
pcDNA3-Smad? into AS49 cells and selected for
recombinant transfectants. Then we treated these
transfectants with TGF-# for 7 days, and the ability
of TGF-f 1o induce cellular senescence was evaluated
by detecting the cell’s ability to repress hTERT and
to increase SA-f-Gal activity. As shown in Fig. 2, the
repression of hTERT expression in response to TGF-
f was greatly attenuated in the Smadé or Smad7-
expressing transfectants. Furthermore, SA--Gal
activity after a 7-day TGF-f treatment was greatly
reduced in Smad6 or Smad7-expressing transfectants
(Fig. 2). These results demonstrate that replicative
and premature senescence induction by TGF-# are
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Fig. 2. Senescence Induction by TGF-§ Is Dependent upon the

Smad Pathway.
A, Repression of hTERT was canceled in $Smadé- or Smad?7-

expressing transfectants. Smadé- or Smad7-expressing trans-
fectants were treated with TGF-# for 7 days and assayed for the
expression of h'TERT. TEPI was used as control. B, Augmenta-
tion of SA-§-Gal activity by treatment with TGF-# was greatly
reduced in Smad§- or Smad7-expressing transfectants. Smad6-
or Smad7-expressing transfectants were treated with TGF-8 for
7days and assayed for SA-f-Gal activity. The number of SA-S-
Gal positive cells was counted under a microscope.

both dependent upon the Smad pathway in A549
cells, and further suggest that activation of the Smad
pathway is a prerequisite for the TGF-# induced
cellular senescence. We can assume that genes under
the control of the Smad pathway participate in the
phenoctypic changes leading to the senescent state,
and further beélieve that identification of target genes
in the Smad pathway may lead to the elucidation of
the whole mechanism that controls senescence.

Phenotypic analysis of the TGF-p-treated A549
cells

As described above, we have demonstrated that
TGF-f induces two independent senescence
programs in A549 cells in a Smad-pathway-depen-
dent manner. Next we investigated the phenotypic
changes induced in long term TGF-f-treated A549
cells. Elongated A549 cells similar to senescent cells
(Fig. 3B) were found to appear concurrently with the
telomere shortening. Untreated AS549 cells show a
spherical morphology and continue to grow and
divide, piling up upon each other even after reaching
confluence (Fig. 3A). However, A549 cells treated
with TGF-8 for 182 days demonstrated arrested
growth at confluence (Fig. 3B), and contact inhibi-
tion continued during a further 6 days of culture
(Fig. 3C). These results indicate that TGF-f-treated
A549 cells acquired contact inhibition at confluence.

Fig. 3. TGF-f-Treated A549 Cells Show Contact Inhibition at
Confluence,

A549 cells Lreated with TGF-8 for 182 days were seeded at an
initial density of 0.5 x 10® cells-m!l™" and cultured for 16 days.
TGF-S-treated A349 cells arrested growth at confluence (B; day
10, 1.0x [0%cells-ml™ ), whereas untreated AS549 cells con-
tinued to grow by piling up upon each other (A). Contact inhijbi-
tion at confluence was confirmed by culturing TGF-S-treated
A549 cells for a further 6 days (C).

Considering together with the fact that TGF-8-treat-
ed A549 cells showed an elongated cell morphology
resembling normal senescent cells (Fig. 3B), the
TGF-f-treated A549 cells may have lost some tumor
cell phenotypes and acquired some normal senescent
cell phenotypes. To confirm that TGF-£ is able to
shift A549 cells into normal senescent cells, we meas-
ured the amount of IL-6 produced from TGF-g-
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Fig. 4. TGF-S-Treated A549 Cells Secrete IL-6 in a Telomere-
shortening Dependent Manner.

IL-6 secreted into the culture supernatant of A549 cells
treated with TGF-£ for a long time was measured by a sandwich
ELISA. The amount of IL-6 secreted into the culture super-
natant was expressed as that secreted from 1 x 10° cells per day.
NE; not detected.

treated A549 cells. 11-6 is related to the onset of cel-
lular senescence, and is suggested to be involved in
age-related neural dysfunction, learning deficiency,
and other pathological conditions.'*?” Recently, the
multifunctional cytokine IL-6 was reported to regu-
late growth and differentiation of many cell types vig
STAT3.22% As shown in Fig. 4, A549 cells treated
with TGF-8 for a long time period (over 54 days)
secreted IL-6 into the culture supernatant. These
results suggest that TGF-# induces several phenotyp-
ic changes possibly related to cellular senescence in
A549 cells, where IL-6 and a downstream signaling
molecule might function in maintaining senescence.
However, 1L-6 alone did not induce cellular senes-
cence in A549 cells (data not shown). Taken together,
IL-6 might function in the maintenance, rather than
induction, of these phenotypic changes. Actually,
over 50 days of treatment with TGF-£ is required for
A5459 cells to acquire the ability to inhibit the growth
at confluence and secrete IL-6 into the culture super-
natant. This is also when the telomere length in A549
cells shortened to about 4 kb upon the treatment of
TGF-# and its concomitant repression of telomerase,
These results indicate that these cell phenotypic
changes are not directly induced by the TGF-8 signal,
but might be related to the telomere shortening,
which in turn suggests that these phenotypic changes
may be one of the consequences of telomeric posi-
tional effects. Taken together, we conclude here that
TGF-# induces cellular senescence in AS549 cells in
two stages, one is the quick (within one week) repres-
sion of hTERT and augmentation of SA-8-Gal activ-
ity, while the other is dependent upon telomere short-

Fig. 5. Tumorigenicity of TGF-#-Treated A549 Cells.

Untreated A549 cells (A) and TGF-f-treated A549 cells (B)
(1% 10 cells) were injected subcutaneoously into the backs of 4
week-old nude mice (n=6). We observed the progress of the
tumor growth for 6 weeks and cells were scored as tumorigenic if
a visible nodule (0.5 cm diameter) appeared at the site of
injection. Representative photographs are shown for each
group, and the fraction in the photograph indicates the number
of mice with a visible tumor at 6§ weeks after the injection per the
number of mice injected.

ening. Repression of hTERT leads to telomere short-
ening, thus the two stages of this induction process is
thought to be inseparable and in fact sequential
events. Next we investigated cancer cell phenotypes
of senescent A549 cells with shortened telomeres
upon a long term treatment with TGF-# in vivo.

Tumorigenicity of senesced A549 cells upon treat-
ment with TGF-f3

We tested for in vivo tumorigenicity of senesced
A549 cells treated with TGF-# for 211 days by inocu-
lation into athymic nude mice. AS549 cells treated
with TGF-£ for 211 days were found to have a short-
ened telomere (about 2 kb) and demonstrated growth
inhibition possibly due to the telomere shortening
(data not shown),'? thus we judged these cells to have
fully undergone senescence. TGF-f-treated and
untreated A549 cells (107 cells) were injected sub-
cutaneously into the backs of 4 week-old nude mice.
We observed the progress of tumor growth for 6
weeks and cells were scored as tumorigenic if a visible
nodule {>0.5-cm diameter) appeared at the site of
injection. One week after the injection, there was no
detectable change in nude mice injected with untreat-
ed A549 cells, while scabs formed at the site of injec-
tion in nude mice injected with TGF-g-treated A549
cells. This suggests that senesced A549 cells may give
rise to immune responses around the site of injection,
the mechanisms of which are not yet clarified. Subse-
quently, small nodules gradually swelled to large
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A, Reversibility of SA-5-Gal activity. Relative SA-§-Gal activities were assessed in AS4Y cells cultured in the absence (C) or presence
(T) of TGF-# for 211 days, and in A549 cells treated with TGF-8 for 211 days and subscquently cultured for 39 days after removal of
TGF-f (R). B, Reversibility of telomerase activity. Reactivation of telomerase activity fn A549 cells treated with TGF-# for 211 days and
subsequently cultured for 20 days (R} and 32 days (R2) after removal of TGF-A. C, non-treated AS549 cells; T, A549 cells treated with
TGF-# for 211 days. C, Reversibility of telomere length. Telomere lengths were mensured in non-treaed A549 cells (C), A549 cells treat-
ed with TGF-$ for 42 days (T1), for 108 days (T2), for 211 days (T3), and A549 celly treated with TGF-8 for 211 days and subsequently
cultured for 40 days after removal of TGF-# (R). D, Reversibility of growth rate. Growth rates were assessed in non-treated A549 cells
(®), A549 cells cultured in the presence of TGF-£ (©), and A549 cells cultured in the absence of TGF-8 after the treatment with TGF-8

for 211 days (4).

tumor lumps (average diameter; 7.5 mm) in all nude
mice injected with untreated AS49 cells. In all the
nude mice injected with TGF-8 treated A549 cells,
the scabs disappeared and no nodules could be
detected (Fig. 5). At the end of the observation (6
weeks after the injection), tumor lumps formed in all
nude mice injected with untreated A549 cells, but not
in mice injected with TGF-f-treated AS549 cells.
These results demonstrate that senesced A549 cells by
the treatment with TGF-§ lost tumorigenicity. We
could not clarify the mechanisms for how tumorigen-
icity is impaired in senescent A549 cells, however we
can present several possibilities. One is that this
tumorigenicity impairment is caused by forced
mortalization of cancer cells with the repression of
hTERT followed by the shortening of the telomere.

We then tested for the reversibility of TGF-#-induced
senescence to investigate cell phenotypes of senescent
A549 cells in vivo (Fig. 6). SA-8-Gal activity and
telomerase activity were reversed by the removal of
TGF-pB (Fig. 6A and B), while 40 days, the time
period spent in the tumorigenicity test, is not
sufficient for senesced A549 cells to recover the telo-
mere length and growth potential (Fig. 6C and D).
Thus we assume that phenotypic changes dependent
upon the telomere shortening and growth inhibition
might be involved in the impaired tumorigenicity in
vivo. Another possibility is that senesced A549 cells
elicited immune responses possibly consisting of
natural killer cells in nude mice vig the acquisition of
unanticipated antigenicity, or that these cells formed
an anti-tumor environment by secreting senescence-
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associated cytokines such as IL-6.

In conclusion, we showed that senescent A549 cells
treated with TGF-§ underwent several phenotypic
changes, the major one of which is transformation
into cells like normal cells both in vive and in vitro.
These results suggest that a forced induction into the
senescence state in cancer cells is a novel and poten-
tially effective method for anti-cancer therapy. Signal
transduction pathways and signal mediators involved
in cellular senescence may also be a novel target for
anti-cancer therapy.
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Abstract  We performed DNA microarray analysis on two
BALB/3T3 transformants (A5 and A6) induced by polyure-
thane (PU) film, two (L11 and 1.21) induced by biodegradable
poly(t-lactic acid) (PLLA)} film, and the parental cells. The
transforming ability of the cells was in the order A5 < A6 <
121 < L1t. In all, 1176 cancer-related genes were up- or down-
regulated in at least one transformant. Those that were mark-
~dly up-regulated were c+fos protooncogene, FBf osteosarcoma
oncogene B, and Jun oncogene; those markedly down-regu-
iated were pleiotrophin, histidine triad nucleotide-binding pro-
feir, protein kinase C iota, and large multifunctional protease 7.
A common function of proteins encoded by genes that under-
went marked expression changes was bone formation. The

genes were ¢-fos, FBJ osteosarcoma, Jun, pleiotrophin, a disin-
tegrin-like and metalloprotease with TS-1 motif protein 1. This
finding was consistent with the tumor formation in the 2-year
PLLA or PU subcutaneous implantation into rats. The number
of genes that underwent marked expression change in each
transformant was consistent with its malignancy. PLLA in-
duced more malignant transformants than PU, especially in
relation to osteosarcoma-like gene expression. © 2003 Wiley
Periodicals, Inc. ] Biomed Mater Res 634: 376 -382, 2004

Key words: BALB/3T3; transformation; PU; PLLA; DINA
microarray analysis

INTRODUCTION

Polyurethanes (PUs) are widely used in medical
devices because of their elasticity, high tensile
strength, biocompatibility, and ease of handling.
Poly(L-lactic acid) (PLLA) is used for bone screws and
hone fixing plates because of its biodegradability.
Some PUs, however, are unstable in vive and induce
tumors in rats.' Although there have been a number of
in vitro studies on chemically induced transformation,
few have analyzed the transformant DNA.

[n the present study, we used DNA microarrays to
analyze gene expression in transformants induced on
high-molecular-weight polymer materials and related
altered expression to the malignancy of the transfor-
mants, focusing on the consequences of transforma-
tion rather than on the process.

MATERIALS AND METHODS
Cells

Mouse Balb/3T3 clone A31-1-1 cells provided by Dr. T.
Kuroki® (University of Tokyo) were maintained in minimum

Correspondence to: A. Matsuoka; e-mail: matsuoka@nihs.go.jp

© 2003 Wiley Periodicals, Inc.

essential medium supplemented with 10% heat-inactivated
fetal calf serum in 5% CO, in air at 37°C.

Materials

PU [MDi/PTMOQ 1000/BD, welght-averaged molecula:
weight (M,,) 220,000] was cbtained from Sanyo-kasei Co.
Ltd. and PLLA (M,, 200,000) films (thickness 0.3 mm) were
obtained from Shimadzu Corporation.

Coating of materials on the glass dishes

PU was dissolved in tetrahydrofuran. Half the surface
area of glass dishes (diameter 6 cm) was coated with 320 mg
of PU. After the dishes dried, they were sterilized by auto-
claving at 121°C for 15 min. In the case of PLLA, the film was
cut to fit the bottom of plastic dishes (diameter 6 cm) and
attached with a small amount of acetone. The acetone was
evaporated completely and the dishes were sterilized under
UV-irradiation for 2 h.

The transformation assay

Cells were seeded at a density of 1 X 10* /plate (diameter
6 cm} on a coating and cultured in medium that was
changed twice per week, After 6 weeks, transformants were
isolated and stored at —80°C.
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TABLE |
Transformation Assay of PU- and PLLA-Induced
Transformants and Parental Controls

Cloning Efficiency
No. of Foci/Plate?

Cell Line (% of Control)
A31-11 100 0.3 +048
AS 106.3 23+ 123
Ab 110.8 47.0 + 6.28
L1l 144.8 1141 + 13.32
L21 126.2 845+ 510
A31-1-1 + MCP 2.2 300=515

“Average with standard deviation of 15 plates.
"5 ug/mL (positive control). .

Two fransformants induced by PU (A5 and Aé) and two
mduced by PLLA (L11 and L21) were thawed and cultured
for confirmation of transformation and for DNA microarray
analysis, which were conducted in parallel. For the positive
control assay, cells were treated with J-methylcholanthrene
MC, 0.5 pg/mL) 24 h after seeding, washed with fresh
medium 72 h later, and incubated in normal medium up to
% weeks. The number of transformed foci per plate served as
malignancy of transformants.

NPNA microarray analysis

At least 107 ceils were harvested and frozen in liquid
nitragen Total RNA was extracted, purified, assessed for

Control
A3111

0 foci

2 foci
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yield and purity, and cDNA probes were synthesized with
the Atlas™ Pure Total RNA Labeling System (Clontech)
according to the manufacturer’s instructions. Hybridization
of the *P-labeled probes to the Atlas Array of Mouse Cancer
1.2 k Array (Clontec 7858-1), on which 1176 ¢DNAs of can-
cer-related genes were spotted, were performed with At-
las™ ¢DNA Expression Arrays according to the manufac-
turer's instructions. The phosphor irnages of hybridized
arrays were analyzed with AtlasImage™ (Clontech). Genes
that were up- or down-regulated more than fivefold relatjve
to the negative controls are discussed.

RESULTS

The number of foci per dish produced by the se-
lected transformants increased in the order A5 < A§ <
L21 < L1] (Table I). The transformants isolated from
PLLA were more malignant than those isolated from
PU. A31-1-1 cells treated with MC induced 30 foci per
plate, as expected. Figure 1 shows the actual foci fea.
tures. The A5 and A6 foci resembled those on the
MC-treated dishes. The extracellular matrix appeared
lyzed in transformants L11 and L21.

Fourteen genes increased expression rmore than
fivefold in at least one transformant (Fig. 2, Table IT).
The three most markedly up-regulated genes were
c-fos protooncogene, FBJ osteosarcoma oncogene B,
and Jun oncogene; all increased most in L.11. The only

Transformant

.17
112 foci

AS

;-. ﬂ ’ % '-:. J‘f“ &
‘ . ; Ot w5, ¥,
" 29 ,.’l,..‘}?'?{ . P“%
3. 2P .*f"_{g’;g‘-f‘ e
» & - Mot o e
- R
3-MC A6
28 foci 43 foci 88 foci

Figure 1. Photographs of dishes (6 cm in diameter) with Giemsa-
number of foci is shown in the representative plate of the control
and stained pink. The transformed cells stairied blue were obse

and L21 plates appeared lyzed.

stained foci in the confirmative transformation assay. The
and each transformant. The control cells grew in monolayers
rved in the other plates, and the extracellular matrix of 111
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Figure 2. Expression profile of transformant genes whose

mant {see Table II for name key).

transformant that did not show any appreciable
rhange in gene expression was A6.

Twenty-five genes decreased expression more than
fivefold in at Jeast one transformant (Fig. 3, Table INI).
Ihe four most markedly down-regulated genes were
pleiotrophin (PTN), histidine triad nucleotide-bhqding
protein, protein kinase C iota, and large multifunc-
tional protease 7; alt except for large multifunctional
protease 7, decreased most in L11. Transformant A6
showed a 20-fold decrease in the expression of large
multifunctional protease 7

Figure 4 shows the expression profiles of 30 once-
genes and tUMOr Suppressor genes. c-fos Protoonco-
gene, FB] osteosarcoma oncogene B, and Jun oncogene
were up-regulated markedly in transformants AS,
E1Y, and 121 The expression levels of ras, src¢, ral,

I g S L N L T O
o ed}' & & o P ee‘\ & & & P

NN )

&

B02a: c-fos proto-ancogene
BO2b: FBJ osteosarcoma oncogene B
BO2i: Jun oncogene

gene

expression increased more than fivefold in at feast one transfor

mitogen-activated protein kinases, MEK, and P53
were similar in parental cells and transformants
within an approximate twofold increase or decrease.
Among the extracellular matrix-related genes,
HS5Pe0, HSP65, HSPD1, mitochondrial matrix protein
P1 precursor, 60-kDa chaperonin, GroEL protein, and
matrix metalloproteinase 9 were markedly down-reg.
ulated, especially in transformant L.11 (Fig. 5).
Expression of transforming growth factor (TGF) R
and 2 and 8 connexin-related genes did not change
significantly in any transformants {data not shown).
Table 1V lists the genes that were up- or down
regulated more than fivefold relative to parental con-
trols. Large multifunctional protease 7 was down-rey-
ulated more than fivefold, in all transformants. The
gene expression profile of A6 was unique among the

200[
g gene
32
§ | SFFTNE PR RPEH TP ® S o
F v-°v9v“v'>v'~‘%‘¢°4>“o°c§’o°c?o°o°o“é’¢?
- 10 , \ i . . L
: ?m @ ,‘
=
=) D h E
Q
R
s
Qo 3
L g’mo —_— —_
£ | [rctorman i
H & As
e 0 as
L11 DOEb: plelotrophin
Bg L21 E13k: histidine triad nucleotide-blnding protein
aool protein kinase C lota

Figure 3. Expression profile of transformant
mant (see Table [II for name key).

F03a: large muitifunctional protease 7

genes whose expression decreased more than fivefold in at least one transfor-
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TABLE II
Transformant Genes Whose Expression Increased
More Than Fivefold

Code Gene

AQBe Integrin g 7

Al4l Insulin-like growth factor binding protein 10
B02a c-fos protooncogene

B02b FB osteosarcoma oncogene B

B021 Jun oncogene

B02m jumB protooncogene

RO6g HSP27, HSP25, HSPB1, growth-related 25-kDa
profein

BO7e N-oxide forming dimethylaniline
monooxygenase 1, hepatic flavin-containing
monooxygenase 1, dimethylaniline oxidase 1

01k Retinoic acid receptor B, nuclear receptor
subfamily 1 group B member 2

C03m Caspase-activated DNase, DNase inhibited by
DNA, fragmentation factor

05k Insulin-like growth factor Il precursor,
multiplication-stimulating polypeptide

NoHe Leukemia inhibitory factor, cholinergic
differentiation factor

Do6d Proliferin

FO7% Nonreceptor type 16 protein fyrosine
phosphatage :

four transformants in that proliferin was up-regulated
more than 10-fold, thrombospondin 1 (TS-1) was
down-regulated more than 10-fold, and large multi-
functional protease 7 was down-regulated more than
20-fold. 111 showed the most appreciable changes in
expression intensity and in the number of genes
down-regulated. In that transformant, c-fos protoon-
cogene and jun oncogene were markedly up-regu-
lated whereas PTN, histidine triad nucleotide-binding
protein, and protein kinese  fota were markedly
down-regulated. L21 showed marked up-regulation in
the expression of c-fos protooncogene and Jun onco-
gene and marked down-regulation in the expression
of PTN, histidine triad nucleotide-binding protein,
protein kinase C iota, and large multifunctional pro-
tease 7.

The only significant association we observed be-
fween changes in gene expression and malignancy
were for cellular tumor antigen pS53, procollagen VI
alpha 3 subunit, and connexitt 43. The relationship
was inverse and was observed when the decrease in
expression was less than fivefold (data not shown).

DISCUSSION

DNA microarray analysis of two transformants (A5
and A6) induced on PU film and two (L11 and 121)
induced on PLLA film showed L11 to be the most
rnalignant and the one that underwent the most ap-
preciable changes in gene expression levels,

Both cfos and Jun were up-regulated in all transfor-
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mants except A6. c-fos, a protooncogene, is the cellular
homolog of v-fos, which was originally isolated from a
murine osteosarcoma. Fos protein is a major compo-
nent of the AP-1 transcription factor complex, which
includes the jun family. In the present study, the genes
involved in bone formation, namely c-fos, FB] osteo-
sarcoma oncogene B, Jun, PTN, ADAM-TS, and
MMP9, were among those that changed expression
levels (Table V). They were up- or down-regulated
markedly in L.21 and even more so in L11. Wang et al.®
demonstrated in transgenic and chimeric mice that
overexpression of ¢-fos affects bone, cartilage, and he-
matopoietic cell development. Wang et al?® also
showed that mice lacking c-fos are growth retarded,
develop osteopetrosis with deficiencies in bone re-
modeling and tooth eruption, and have altered hema-
topoiesis. Onyia et al.,” investigating gene expression
in rat osteoblast-like osteosarcoma cells (ROS 17/2.8)
cultured in vivo, demonstrated that at 56 days, c-fos
expression increased up to fivefold, c-jun expression
increased 2.1-fold, and MMP-9 expression decreased
to undetectable levels. Those findings are consistent
with the present finding in L11, that is, that jun, fos,

TABLE Il
Transformant Genes Whose Expression Decreased
More Than Fivefold

Code Gene

A06f  Cdk 6 inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C
A08c  Fat tumor suppressor homolog (Drosophila)

Al0n  Thrombospondin 1

Alle  VCAM-1 precursor

Al2a Cysteine-rich intestinal protein

412¢  Delta-like homolog 1, preadipocyte factor 1, SCF 1

FAl, ZOGC
BOLL EB1 APC-binding protein

B14d HSP60, HSP6S, HSPD1, mitochundrial matrix protew
P} precursor, 60-kDa chaperonin, GroEL protein
C0l¢  Apoptosis inhibitor 1

C03j Clusterin precursor, clustrin, apolipoprotein J,
sulfated glycoprotein 2

C07m  Platelet-derived growth factor receptor & precursos

Cl12n Hek2 murine homolog, Mdk5 mouse developrnental
kinase, Eph-related tyrosine-protein kinase
receptor

Doé6b  PTN

D61 Small inducible cytokine A9

Dl4g  Avian sarcoma virus CT10 (v-crk) oncogene homolog

E02n  Nonreceptor type 11 protein tyrosine phosphatase,
phosphotyrosiné phosphatase

EO04f Cdk7, CDC2-related kinase 4, Cdk-activating kinase,
39-kDa protein kinase, MO15, MPK7

EO8f Serum-inducible kinase

E13k Histidine triad nucelotide-binding protein, protein
kinase C iota
El3n  Menage a trois 1

FO1i A disintegrin-like and metalloprotease with
thrombospendin type 1 motif protein 1

F02g  Matrix metalloproteinase 9

F03a Large multifunctional protease 7

F09h  Developmentally d neural precursor cell expressed

F10j Tubulin cofactor a
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Expression of selected oncogenes and tumor suppressor genes
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Figure 4. Expression profile of transformant oncogenes and tumor suppressor genes. Thirty-nine spots of oncogere- and
tumor suppressor gene-related genes were on the DNA tip and 30 of them were analyzable, but not in all transformarnts. Only
thase genes whose expression level changed at Jeast fivefold are named.

and osteosarcoma genes were up-regulated whereas
MMP9 was down-regulated, suggesting that PLILLA
stimulated BALB/3T3 cells to express genes related to
nsfeogenesis.

Nakamura et al.® observed bone formation in of 22
fumors induced in rats by a 2-year PLLA subeutane-
ous implantation. Tumor incidence was 44% (22/50)
with PLLA® and 38% (11/29) with PU,” which corre-
lates well with the i vitro malignancy incidence data
m the present study. Isama and Tsuchiya,” and
fkarashi et al? reported that low-molecular-weight
PLLA increases alkaline phosphatase activity and
stimulates  calcification of mouse osteoblast-like

MC3T3-E1 cells.
PTN, a heparin-binding protein that can function as

a neurite-promoting factor® or a mitogenic tactor for
fibroblasts,’ contains two B-sheet domains that corre-
spond to TS-1 repeats.'” The expression of PTN 1o
increased in various human tumors, suggesting it as «
tumor marker and a target for tumor therapy. PTN
was shown to regulate bone morphogenetic protein-
induced ectopic osteogenesis in rats 12

A disintegrin-like and metalloprotease with TS-1
motif protein 1 (ADAM-TS) is a family of zinc-depen-
dent proteases that has an important role in a variety
of normal and pathological conditions such as arthritis
and cancer. They consist of a signal sequence, o
propeptide, a metalloproteinase domain, a disinte-
grin-like domain, a cysteine-rich region, and a variable
number of TS-1 repeats. High levels of their tran-
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F02g: MMP9

B14d: HSP60, HSPE5, HSPDA, mitochondrtal matrix protein
P1 precursor, 60-kDa chaperonin, GrogL proteln

Figure 5. Gene expression profile of extracellular matrix-related genes. Thirty-two extracellular matrix-related genes were

analyzable but dat

a were not available in some transformants even in them. The code and name of genes whose expression

“changed fivefold or less are not shown. L11 showed clear down-regulation in expression of genes of codes Bl4d and F02g.



BALB/3T3 TRANSFORMANTS

TABLE 1V
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Transformant Genes Whose Expression Increased or Decreased Moze Than Fivefold of Controls®

Transformant Up-Regulated

Down-Regulated

AR ¢-fas protooncogene (33.0)
FBJ osteosarcama oncogene B
Jun oncogena
junB protooncogene
HSP27, HSP25, HSPBI, growth-related 25-kDa
protein
N-oxide forming dimetliylaniline monooxygenase
1, hepatic flavin-confaining monooxygenase 1,
dimethylaniline oxidase 1
Insulin-like growth factor I precursor,
multiplication-stimulating polypeptide
AR Integrin 7
Retinoic acid receptor B, nuclear receptor
subtamily 1 group B member 2
Proliferin (10.7)

B Insulinvlike growth factor binding protein 10

¢-fos protooncogene (79.5)

i'B] osteosarcoma oncogene B {10.9)

Jun orcogene (26.3}

“aspase-activated DNasc, DNase inhjbited by
DNA fragmentation factor

lvkemia inhibitory factor. cholinergic
differentiation factor

.21 ¢-fos protooncogene (30.3)
Jun oncogene (11.1}
Proliferin
Nonreceptor type 16 protein tyrosine phosphatase

Large multifmctional protease 7 .

Fat tumor suppressor hamolog (Dresophula)

Thrombospendin 1 (15.8)

Delta-like hemoleg 1, preadipocyte factor 1, SCP 1, Fal,
Z0G (12.7)

Clusterin precursor, clustrin, apolipoprotein |, sulfated
glycoprotein 2

Matrix metalloproteinase 4

Large multifunctienal protease 7 (20.7)

Cdk & inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C (11.5)

Fat tumor suppressor homolog (Drosopiila)

Thrombospondin 1

VCAM-1 precursor (17.0)

Delta-like homolog 1, preadipocyte factor 1, 5CP J, tal,
ZOG (11.2)

LBl APC-binding protein

HSP60, HSPé5, HSPLH, mitochondrial inateix protein
precursor, 60-kDa chaperonin, GroEL protein

Apoptosis inhibitor |

Clusterin precursor, clustrin, apolipoprotein J, sulfated
glycoprotein 2 (10.0)

Platelet-derived growth factor receptor o precursor

Hek2 murine homolog, Mdk5 mouse developmenial kinase,
Ephr-related tyrosine-protein kinase receptor

PTN (25.2)

Small inducible cytokine A%

Avian sarcoma virus CT10 {v-crk) oncogene komolog
(11.0

Nonrecepter type 11 protein tyrosine phosphatase,
phosphotyrosine phosphatase

Cdk?, CDC2-related kinase 4, Cdk-activating kinage, 39-kLa
protein kinase, M(15, MPK7

Serum-inducible kinase

Histidine triad nucelotide-binding protein, protein kinase
Ciota (34.4)

Menage a trois 1

A disintegrin-like and metalloprotease with
thrembospondin type 1 motif protein 1 (11.8)

Matrix metalloproteinase 9

Large multifunctional protease 7 (10.4)

Developmentally d neural precursor cell expressed (15.0)

Tubulin cofactor a (11.8)

Cdk 6 inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C

Fat tumor suppressor homolog (Drosophila)

Cysteine-rich intestinal protein

Delta-like homolog 1, preadipocyte factor 1, SCP 1, FA1,
Z0G

Clusterin precursor, clustrin, apolipoprotein J, sulfated
glycoprotein 2 (10.0)

PTN (25.2)

Histidine triad nucleotide-binding protein, protein kinase
Ciota (17.2)

Large multifunctional protease 7 (16.6)

*Genes in regular and bold text were up- or down-regulated between 5- and 10-fold, and more than 10-fold, respectively,
Figures in parentheses indicate fold-increase or -decrease in gene expression compared with parental cells.
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scripts are observed in some tumor biopsies and cell
lines, including osteosarcornas, melanoma, and colon
carcinoma cells.1>14

Vascular cell adhesion molecule 1 (VCAM-1) is in-
ducible by inflammatory cytokines and Lipopolysac-
charides such as interleukin 1, tumor necrosis factor «,
interferon v, and interleukin 4. It functions by binding
with integrin o,B;. Kawaguchi and Ueda'® reported
that VCAM-1 was not expressed in the seven osteo-
sarcoma specimens tested in a study on the distribu-
tion of integrins and their matrix ligands in osteogenic
sarcomas. Those results agree with the finding in the
present study that osteosarcoma-like gene expression
was down-regulated in L11.

BALB/3T3 cells are sensitive to transformation and
must be handled carefully. Repeated subculture and
overgrowth are not advised. We cultured the isolated
foct under constant ¢onditions to investigate the dif-
ference in gene expression. Because DNA microarray
analysis was done only once, we discussed only genes
that showed clear differences in expression from the
rontrols. Based on these preliminary data, further
studies are needed to confirm bone formation by PU

and P1LLA

CONCLUSIONS

The gene that showed the greates change in expres-
sion after cell culture on PU was c-fos protooncogene.
Osteogenesis was a common function of proteins en-
roded by genes that underwent a marked change in
axpression. Although the changes in gene expression
induced by PU and PLLA differed in intensity, the
results were consistent with previously reported find-
ings of in vive tumor formation. PLLA had a greater
affect than PU on the expression levels of genes related
0 bone formation. In the transformants, both up-reg-
ulation of oncogenes and down-regulation of other
kinds of genes were induced, and the latter appeared
to be more related to the malignancy of transformants
than the former.
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