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Abstract

Purpose. The expression of the p53 gene in target cells
plays an important role in the induction of apoptosis by
tumor necrosis factor (TNF)-a and interferon (IFN)-y.
We herein present a study suggesting the existence of a
caspase-independent pathway from p53 via insulin-like
growth factor binding protein 3 (IGF-BP3) which acts
as an apoptosis induction mechanism.

Methods. MKN-45 (wild-type p53) or MKN-28
(mutant-type p53) was cultured with TNF-a or IFN-y
either alone or together. After 24 and 48h, the
apoptotic index (AI) was determined by Hoechst stain-
ing and then compared. To clarify whether the mecha-
nism of apoptosis is induced by TNF-a and/or IFN-y,
apoptosis-related genes were examined by a cDNA on
microarray analysis and a Western blot analysis.
Results. (1) The Al for MKN-45 increased at 48h in the
presence of TNF-a or IFN-y alone. (2) In the case of
combination treatment using TNF-a and IFN-y, the Al
for MKN-45 was higher than those in the groups with
a single treatment. (3) A cDNA microarray analysis
showed that IGF-BP3, the TNF superfamily, and
caspase 1 were all upregulated after treatment with the
combination of TNF-o and IFN-y. (4) A Western blot
analysis of MKN-45 showed a reaction with an anti-
IGF-BP3 antibody.

Conclusions. These results suggest that the induction
mechanism underlying apoptosis induced by TNF-a and
IFN-y might therefore involve the caspase-independent
pathway via IGF-BP3.
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Introduction

Apoptosis or programmed cell death is an essential
event for normal development and tissue homeostasis
of multicellular organisms. The biological response in a
cancer microenvironment is considered to be lower in
apoptotic cells that are phagocytosed by macrophages,!
and less likely to induce cachexia than in the case of
necrotic cells. From the above point of view, we have
been investigating the assumption that low-dose cancer
chemotherapy? and/or antitumor cytokines might be
able to demonstrate a superior induction of apoptosis.
Among the various antitumor cytokines that inhibit
tumor growth, tumor necrosis factor (TNF)-a produced
by antigen-activated macrophages and T lymphocytes
shows cytotoxic activity, induces heat shock proteins,
inhibits tumor angiogenicity, and activates antitumor
immunity. However, TNF-a at low doses also exerts
contradictory biological effects in rare cases such as the
promotion of neovascularization and tumor growth.3
On the other hand, interferon (IFN)-y produced by
antigen-activated T lymphocytes and natural killer
(NK) cells exerts direct effects such as an antiviral effect
and the inhibition of cancer cell growth, or indirect
effects such as the inhibition of tumor growth by the
potentiation of macrophages and the NK cell activity,
and also the regulation of the immune response.*
Regarding its relationship with apoptosis, TNF-a ac-
tivates caspase-8 via TNFR-1-associated death domain
protein/Fas-associating protein with the death domain
(TNFR1/TRADD)>¢ and it enhances apoptosis by acti-
vating caspase-3 and the Bcl-2 family of proteins located
downstream.”® In this study, using a cDNA microarray
analysis, we investigated the antitumor effects of TNF-
o and/or IFN-y against human gastric cancer cell lines
regarding the rate of tumor growth, apoptosis inducibil-
ity, and an up- or downregulation of apoptosis-related
genes. We found the expression of the p53 gene in tar-
get cells to be an important factor for apoptosis induc-
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tion by TNF-a and/or IFN-vy, and our findings thus sug-
gested the existence of a caspase-independent pathway
from p53 via insulin-like growth factor binding protein 3
(IGF-BP3).

Materials and Methods

Human Gastric Cancer Cell Lines and Tissue Culture

The MKN-45 cell line established from human meta-
static liver tumor (round to spindle-shaped adherent
cells, expressing the wild-type p53 gene)’ and MKN-28
from human lymph node metastatic tumor (adherent
cells that show paving stone-like growth and expressing
the mutant p53 gene)® were cultured in RPMI-1640
medium containing 10% inactivated fetal calf serum,
100IU/ml penicillin G, and 50pug/ml streptomycin at
37°Cin 5% CO,.

Recombinant Cytokines

Recombinant TNF-a, IFN-y, and IGF-BP3 were pur-
chased from R&D Systems Minneapolis, MN, USA,
ENDOGEN (Woburn, MA, USA), and Santa Cruz
Biotechnology (Santa Cruz, CA, USA), respectively.

Cell Growth

MKN-45 or MKN-28 cells (1 X 10*) were cultured with
the medium containing 100ng/ml TNF-a or IFN-y alone
or both, and the number of viable cells was counted
every day for 10 days using trypan blue stain.

Induction of Apoptosis

After 1 X 10 MKN-45 or MKN-28 cells were cultured
with 50, 100, and 200ng/ml TNF-a and/or IFN-y for 24
or 48h, the rate of apoptosis (Apoptotic Index, AI) was
determined by Hoechst staining.!! In the case of combi-
nation treatment with TNF-a and IFN-y, the following
treatment groups were prepared and the Al values were
examined after 24 and 48h of culturing: 100ng/ml TNF-
a was administered simultaneously in combination with
50, 100, or 200ng/ml IFN-y. The cells were exposed to
TNF-a only (50, 100, 200ng/ml), IFN-y only (50, 100,
200ng/ml), and in combination TNF-a (100ng/ml) and
IFN-y (100ng/ml).

cDNA Microarray Analysis

After MKN-45 was cultured with 100ng/ml TNF-a and
IFN-vy for 48h, total RNA and mRNA were extracted.
On the other hand, MNK-45 was also cultured without
the cytokines as a control group, and total RNA and
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mRNA were extracted using the same procedure. The
treatment and control groups were labeled with Cy5
and Cy3, respectively, and subjected to hybridization.!?
The results were analyzed by global normalization. (1)
The expression ratios of Cy5 and Cy3 were converted to
log ratios (base: 2) and the medians were calculated. (2)
The median was subtracted from the log ratio (base: 2).
(3) Log values >2.0 or <—0.2 were selected as the
cutoff values and changes in the expression level of
apoptosis-related genes detected by cDNA microarray
analysis were compared.

Protein Expression Level Determined
by Western Blotting

MKN-45 was cultured with TNF-a or IFN-y alone at
doses of 50, 100, and 200ng/ml or in combination with
100ng/ml TNF-a and IFN-y. After culturing 24, 36, 48,
and 60h, the treated cells were reacted with an anti-
IGF-BP3 antibody and the protein expression level was
determined based on the antigen—antibody reaction.
Each relative protein expression with a Western blot-
ting analysis was analyzed by densitometry using the
ATTO Densito graph 3.02 (ATTO, Tokyo, Japan).
Statistically, the measured values are presented as the
mean * standard error (SE) and the significance of
differences was analyzed by the Mann-Whitney U-test,
with P < 0.05 regarded as significant.

Results

Anti-Tumor Effects of TNF-o. and IFN-y

On day 10 of culture, MKN-45 treated with IFN-y alone
or with combination of TNF-a and IFN-y showed al-
most no growth. The MKN-45 growth was also moder-
ately inhibited in the presence of TNF-a alone. In the
case of MKN-28 treated with a combination of TNF-a
and IFN-y, a moderate growth inhibition was observed,
but the groups treated with TNF-o or IFN-y alone
showed almost no inhibition (Fig. 1).

Induction of Apoptosis

The rate of apoptotic MKN-45 cells determined by
Hoechst staining markedly increased in the case of com-
bination treatment with TNF-a and IFN-y in compari-
son with single treatment. The nucleus of an apototic
cell exhibited fragmented chromatin and was stained
pale blue (Fig. 2). The Al values for MKN-45 after 24h
treatment with TNF-a alone at 50, 100, and 200ng/ml
were 2.79% =+ 2.76%, 4.64% * 4.78%, and 4.68% =
4.55%, and were higher than that in the control group
(P = 0.0472, 0.0283, 0.0163). The AI values after 48h
treatment at 50, 100, and 200ng/ml were 9.22% =
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Fig. 1a,b. Growth inhibition of human gastric cancer cell lines by tumor necrosis factor (TNF)-a and interferon (/FN)-y.

a MKN-45 (wild-type p53). b MKN-28 (mutant-type p53)

without TNF-@ or IFN- 7y

3.57%, 12.42% = 2.53%, and 10.28% = 2.42%, thus
indicating significant increases compared with those at
24h (P = 0.0283, 0.0472, 0.0758), respectively, but no
dose dependency was observed. In contrast, the Als for
MKN-28 were less than 5% throughout the observation
period (Fig. 3a).

In the case of treatment with IFN-y alone at 50, 100,
and 200ng/ml, the Als for MKN-45 were 2.2% =

TNF-a alone

Fig. 2. The degrees of apoptosis in-
duction by TNF-a and/or IFN-y in a
human gastric cancer cell line MKN-
45 (Hoechst staining, X400). The
number of positive Hoechst-stained
cells of MKN-45 showed a marked
increase in the combination use with
TNF-o and IFN-y in comparison
with their single use

0.86%, 2.46% = 1.10%, and 3.06% = 1.05%, and were
higher than in the control group at 24h (P = 0.0758,
0.0472,0.0283). At 48h of treatment with IFN-y alone at
50, 100, and 200ng/ml, the Als significantly increased
to 8.32% = 4.67%, 11.08% = 4.34%, and 10.92% =
3.66%, and were higher than that in the control group
(P = 0.0163, 0.009, 0.009), respectively, but no dose
dependency was observed. In contrast, the Als for
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Fig. 3a,b. Comparison of the apoptotic index (AI) of gastric
cancer cell lines treated by TNF-o or IFN-y in a dose-
dependent manner. a TNF-a. b IFN-y. Bars form left to right:

MKN-28 were less than 4% throughout the observation
period (Fig. 3b).

In the cases of combination treatment with TNF-a
and IFN-y, the AI for MKN-45 at 48 h of culture (36.6%
+ 1.17%) was significantly higher than those in the
groups treated with TNF-a (12.42% = 2.53%) or IFN-
v (11.08% = 4.34%) alone (P < 0.05), showing an effect
of both TNF-a and IFN-y. There were significant differ-
ences among the groups treated with TNF-a (100ng/ml)
alone, IFN-y (100ng/ml) alone, or of both (P = 0.009).
In the case of combination treatment, on the other
hand, the AI value for MKN-28 slightly increased to
5.75% = 2.52%, but it was significantly lower than that
for MKN-45 (Fig. 4). When 100ng/ml TNF-a was con-
currently administered with 50, 100, or 200ng/ml IFN-v,
the Al value for MKN-45 increased with the increase in
the IFN-y concentration at 24 h of culture, but it slightly
decreased in the case of combination treatment with
200ng/ml IFN-y at 48h.

In the case of MKN-28, the Al value was maintained
at the quantification limit within the established
cytokine dose. The above findings suggested that
100ng/ml might be the optimum IFN-y concentration

for apoptosis induction.

2Uh 48h

Black bars, without TNF-a or IFN-v; dark shading, 50ng/ml,;
medium shading, 100ng/ml; light shading, 200 ng/ml

cDNA Microarray Analysis

Changes in expression levels of apoptosis-related genes
were analyzed with a cDNA microarray using MKN-45,
which expresses the wild-type p53 gene. Upregulation
of the TNF superfamily, IGF-BP3, caspase 1, caspase 7,
and tumor protein 53, and downregulation of caspase 6

and caspase 9 were observed in cultures containing both
TNF-a and IFN-y.

Western Blot Analysis

The level of protein reacting with anti-IGF-BP3 anti-
body was found to increase by a Western blot analysis
at 24 and 60h of culture with both TNF-a and IFN-y
(Fig. 5). A quantitative analysis study by densitometry
showed a high level of the culture with both TNF-a and
IFN-vy at 24 and 60h.

Discussion

In this study, TNF-a and IFN-y were found to induce
apoptosis, and the number of apoptotic cells signifi-
cantly increased in the presence of IFN-y alone or both
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Fig. 4a,b. Comparison of the AI values of MKN-45 or MKN-28 treated by the simultaneous administration of TNF-a and/or

IFN-y either alone or in combination. a MKN-45. b MKN-28
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IFN-y and TNF-a. The interaction between TNF-a and
IFN-y in apoptosis induction in various cancer cells has
been reported,’*?° and the mechanism of that IFN-y
has also been reported to promote TNF-a-induced
apoptosis?! and trigger other types of apoptosis.?>? In
this study of TNF-a and IFN-y using gastric cancer
cell lines, the combination treatment with TNF-a and
IFN-v significantly promoted apoptosis in comparison
with that induced by single treatment. Although
apoptosis of gastric cancer cell lines was promoted by
the combination treatment with TNF-o and IFN-v,
there was a significant difference in the degree of
apoptosis between MKN-45 and MKN-28.

On comparison of this finding with the p53 gene ex-
pression pattern in the two cell lines, TNF-a and IFN-y
both alone and in combination significantly promoted
apoptosis in MKN-45 expressing wild-type p53, but not
in MKN-28 expressing mutant-type p53, thus suggesting
the existence of an apoptosis induction pathway via the
pS3 gene.?*? The activation of caspase in TNF-a-
induced apoptosis has been extensively investigated
and its involvement has been demonstrated in many
studies.?®?* Generally, caspase 8 is thought to play an

T:100
C T5O T100 T:200 I:50 IlOO 1:200 IlOO_

Fig. 5. Western blot analysis of
insulin-dependent  growth factor
binding protein 3 (IGF-BP3). The
level of protein reacting with anti-
IGF-BP3 antibody was increased at
24 and 60h after simultaneous com-
bination with TNF-a and IFN-y. C,
without treatment; 7, TNF-a treat-
ment; /, IFN-y treatment

important role for TNF-a-induced apoptosis because it
directly activates caspase 3. The activation of caspase
8-like protease (IETDase), caspase 3-like protease
(DEVDase), and caspase 3 has been observed in the
induction of Hepa 1-6 (murine hepatoma) apoptosis.'?
Therefore, cytotoxic activity may be induced by the
TNF-a-dependent apoptosis pathway. In contrast, there
are still many aspects of the IFN-y-induced caspase-
dependent apoptosis pathway that remain to be
clarified, but the terminal caspase activation pathway
involved in the progression of inflammation and
apoptosis has been elucidated. The Janus kinase (JAK)-
signal transducers and activators of transcription
(STAT) pathway is considered to play an important role
in the induction of caspase 1 in the IFN-y-induced
apoptosis pathway.*3 For cell death induced by
combination treatment with IFN-y and TNF-a, the in-
volvement of a caspase-independent pathway via p53-
induced IGF-BP3 and c-myc-dependent pathway has
been suggested. In this study, we performed an
apoptosis-related cDNA microarray analysis and the
presence of the caspase-independent pathway via IGF-
BP3 was confirmed.*



852

pS3RE has been confirmed to be located in the first
and second introns on the genome and the expression of
the IGF-BP3 gene is induced by normal p53.% Regard-
ing the function of IGF-BP3, it acts as a negative factor
for cell growth or a proapoptotic factor.* It has been
reported that when a normal p53 gene is expressed in
human colon carcinoma cell line EB1, biologically ac-
tive IGF-BP3 is secreted in the culture supernatant and
cell growth is thereby inhibited due to apoptosis induc-
tion. In addition, the possibility that the specific binding
of IGF-BP3 to IGF-1 inhibits the growth of human
breast cancer cell line Hs578T and fibroblasts has also
been reported.’>3 In our study, in which apoptosis of
MKN-45 was induced in the presence of both TNF-a
and IFN-y, an upregulation of the IGF-BP3 gene ex-
pression compared with that in the nontreated control
group was observed by cDNA microarray analysis and
an increase in the protein expression level was also
confirmed by Western blotting using the anti-IGF-BP3
antibody, thus suggesting the involvement of IGF-BP3
in apoptosis induced by TNF-a and IFN-y. The elucida-
tion of the caspase-independent apoptosis induction
pathway mainly involving IGF-BP3 is expected to lead
to a new approach to anticancer therapy.

Conclusions

Using human gastric cancer cell lines MKN-45 (wild-
type p53) and MKN-28 (mutant-type p53), the antitu-
mor effects of treatment with TNF-a or IFN-y alone or
in combination were evaluated based on the degree of
cell growth inhibition and the induction of apoptosis,
and their mechanisms were analyzed by a cDNA
microarray analysis and a Western blot analysis. Our
results suggest that the cell growth inhibition was due
to apoptosis induction by TNF-a and the promotion
of apoptosis in the presence of both TNF-a and IFN-y.
In addition, apoptosis induction was also observed in
target cells expressing the wild-type p53 gene, thus sug-
gesting the presence of a caspase-independent pathway
via IGF-BP3.
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