








COX-2 Inhibits IH-901-Mediated Apoptosis
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Figure 3. 1H-901 induced COX-2 in MDA-MB-231, MKN28, and Hs578T cells but not in Hep3B cells. A, MDA-MB-231 cells were harvested after being incubated with
the indicated concentrations of IH-901 for 24 hours. Equal amounts of cell extracts (100 pg/lane) were resolved by 10% SDS-PAGE and analyzed by Western
blotting with an antibody specific for COX-2. B, treatment of MDA-MB-231 cells with 40 pmol/L IH-901 induced COX-2 expression of mMRNA and protein in a
time-dependent manner but vehicle (ethanol) did not. Fifteen micrograms of total RNA were used for Northern analysis. Anti-a-tubulin was used as a protein
loading control. C, MDA-MB-231 cells were treated with varying concentrations of IH-901 and/or celecoxib for 24 hours. Conditioned media were collected and
analyzed by ELISA for PGE,. Results are expressed as the mean of six separate experiments done in duplicate. Columns, mean; bars, SD; n = 6. *, P <0.01 compared
with untreated cells. IH-901 increased PGE, production in a dose-dependent manner, and celecoxib effectively reduced IH-901-mediated PGE, production.

D, MDA-MB-231, Hs578T, MKN28, and Hep3B cells were treated with 40 pmol/L IH-901 for 24 hours. Western analyses were done with antibodies specific to

COX-2 or a-tubulin.

(8,9). In order to examine the mechanism of growth suppression by
TH-901, cancer cells were treated with 40 umol/L TH-901 for 48 hours
and then analyzed for cell cycle progression by flow cytometry. The
apoptotic sub-G; fraction increased to 31.74% in Hep3B cells after
treatment with IH-901 for 48 hours, whereas those of MDA-MB-231
and MKN28 cells were 5.23% and 2.76%, respectively, indicating that
TH-901 induced a significant apoptotic cell death in Hep3B but not in
MDA-MB-231 and MKN28 cells (Fig. 24). The increase in the sub-G;
fraction and endonucleolytic DNA cleavage in Hep3B cells by IH-901
was evident in a time-dependent manner (Fig. 2B). As shown in Fig,
2C, IH-901-induced cell cycle arrest at the Gy-G; phase and a
progressive decline of S phase cells occurred in MDA-MB-231 as well
as in Hep3B cells. These results suggest that TH-901 induced
apoptotic cell death concurrent with cell cycle arrest in Hep3B cells,
whereas it caused Gy-G; arrest only in MDA-MB-231 and MKN28
cells. As IH-901-mediated apoptosis is reported to be associated with
the activation of caspase-3 and PARP cleavage (8, 9), levels of
antiapoptotic Bcl-2 and proapoptotic Bax proteins were analyzed in
Hep3B cells. Bcl-2 expression decreased in a time-dependent
manner but Bax expression did not change (Fig. 2D). Hs578T breast
cancer cell lines also showed only Gy-G; arrest after treatment with
40 pmol/L TH-901 (data not shown).

COX-2 Induction by Treatment with IH-901. Because several
recent reports have implicated the role of COX-2 in preventing
apoptosis in various cell types (19-23), we examined the ability of
IH-901 to induce COX-2 in MDA-MB-231 cells. As shown in Fig.
34, 40 pmol/L of TH-901 treatment resulted in the induction of
COX-2 protein in MDA-MB-231 cells. COX-2 protein and mRNA
were induced in a time-dependent manner by 40 umol/L IH-901;
the ethanol vehicle had no effect on COX-2 induction (Fig. 3B).
PGE, production was also increased by IH-901 treatment in a
dose-dependent manner, consistent with the induction of COX-2
protein (Fig. 3C). IH-901 also induced COX-2 protein in MKN28
and Hs578T cells but did not lead to COX-2 induction in Hep3B
cells (Fig. 3D). Mitogen-activated protein kinase (MAPK) path-
ways mediate the regulation of COX-2 expression when induced
by a variety of extracellular stimuli (32, 33). To determine whether
IH-901 activates MAPK pathways in MDA-MB-231 cells, the levels
of phosphorylated extracellular signal-regulated kinase (ERK),
p38MAPK and  c-Jun-NHy-kinase proteins were evaluated by
Western analysis. Western blots of MDA-MB-231 cell extracts
were probed with antibodies selective for the phosphorylated
(activated) forms of ERK-1 and ERK-2. As shown in Fig. 44, IH-
901 induced a time-dependent increase in phosphorylated ERK-1
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and ERK-2 with levels elevated up to 24 hours. Marginal ethanol-
induced ERK activation was also observed but this was very weak
compared with TH-901-induced ERK activation (data not shown).
To determine whether the activation of ERK-1 and ERK-2 is
required for IH-901-mediated COX-2 induction, MDA-MB-231 cells
were pretreated with UO126, a selective inhibitor of MAP/ERK
kinase 1/2. U0126 (10 pmol/L) strongly inhibited IH-901-induced
COX-2 expression for up to 12 hours (>Fig. 44). Although blocking
ERK1/2 with 10 pmol/L UO126, the cell cycle distribution of
MDA-MB-231 cells was analyzed by flow cytometry (Fig. 4B).
Cotreatment with IH-901 and UO126 caused the percentage of
apoptotic sub-G; population to increase from 5% to 18%,
compared with TH-901 treatment alone, suggesting that MAP/
ERK kinase inhibition can enhance IH-901-mediated apoptosis in
MAD-MB-231 cells. No significant change in the phosphorylated
forms of c-jun-NH,-kinase and p38™*"™® was observed until 4
hours of IH-901 treatment (Fig. 4C).

Inhibition of COX-2 Enhances IH-901-Mediated Apoptosis.
Celecoxib inhibited IH-901-induced production of PGE, in a
dose-dependent way in MDA-MB-231 cells (Fig. 3C). To address
whether COX-2 protein induced by IH-901 plays an important
role in protecting cells from IH-901-mediated apoptosis, we
examined the effects of COX-2 inhibition on IH-901-mediated
apoptosis using the selective COX-2 inhibitors, celecoxib, or
NS-398 (Fig. 5A). Brieflyy, MDA-MB-231 cells were treated with
celecoxib (25 or 100 pmol/L) or NS-398 (100 or 500 pmol/L) for
30 minutes before adding 40 umol/L IH-901. Cell cycle analysis
showed that although celecoxib and NS-398 alone had no
significant effect on the apoptotic fraction, pretreatment with
celecoxib (25 pmol/L) followed by IH-901 enhanced the
apoptotic sub-G; fraction from 5% to 40%. Similarly, NS-398
(500 pmol/L) pretreatment followed by addition of IH-901
increased the apoptotic fraction up to 30%. The combined
treatment of a COX-2 inhibitor (25 umol/L celecoxib or
200 pmol/L NS398) with 40 pmol/L IH-901 increased the
apoptotic sub-G; fraction in Hs578T cells. These results strongly
suggest that COX-2 enzyme activity protects MDA-MB-231 and
Hs578T cells from IH-901-induced apoptosis. We analyzed the
expression of Bcl-2 and Bax in the absence or presence of NS-
398 (250 umol/L) on 40 pumol/L TH-901 in MDA-MB-231 cells.
Bcl-2 expression decreased in the presence of NS398 up to
24 hours, whereas Bax expression did not change (Fig. 5B).
Therefore, the inhibition of COX-2 in IH-901-treated MDA-MB-
231 cells changes the effect of IH-901 on the level of Bcl-2. To
more specifically test the requirement for COX-2 induction in the
antiapoptotic mechanism, we down-regulated the expression
level of COX-2 protein by using the siRNA technique in MDA-
MB-231 cells. The target sequences of siRNA used were specific
for the COX-2 gene but not the COX-1 gene. We applied
adenovirus-mediated delivery of siRNAs strategy to specifically
reduce the expression of the COX-2 gene. The adenoviral vectors
expressing siRNAs effectively reduced COX-2 gene expression,
compared with parental and GFP-siRNA expressing cells, without
interrupting ERK 1/2 phosphorylation following treatment with
IH-901 (Fig. 5C). COX-2 knockdown resulted in a dramatic
increase in the apoptotic sub-G, fraction after IH-901 treatment,
compared with mock-infected and GFP knockdown (Fig. 5D).
These results show that the COX-2 signaling pathway is critical
in blocking TH-901-mediated apoptosis and that COX-2 plays an
important role as an antiapoptotic molecule.
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Figure 4. IH-901 induced a time-dependent increase in phosphorylated
ERK1/2 in MDA-MB-231 cells. Equal amounts of cell extracts (100 ug/lane)
were resolved by 10% SDS-PAGE and analyzed by Western analysis with
antibodies specific to ERK1/2 or to the phosphorylated forms of ERK1/2. COX-2
induction was significantly inhibited by MAP/ERK kinase 1/2 inhibitor (UO126)
in MDA-MB-231 cells. A, to determine whether MAPK activation is required
for IH-901-induced increases in COX-2 protein levels, cells were treated with
a selective MAP/ERK kinase inhibitor (UO126) 1 hour before 40 umol/L 1H-901
or vehicle addition and then incubated for 24 hours. UO126 (10 umol/L)
significantly inhibited COX-2 induction by IH-901. B, MDA-MB-231 cells were
preincubated with 10 pmol/L UO126 for 60 minutes. Afterwards, the addition
of IH-901 increased the apoptotic sub-G fraction, whereas UO126 treatment
alone showed no toxic effect on MDA-MB-231 cells. The percentage of sub-G4
cells was determined based on their DNA content histograms. Representative
data from three independent experiments. C, MDA-MB-231 cells were treated
with ethanol vehicle and IH-901 for the indicated times and Western analyses
of the activated form and total p38 and c-jun-NHx-kinase expression were
done. Phorbol 12-myristate 13-acetate was used for the induction of
c-jun-NHx-kinase activation.

Induction of p27¥"' by IH-901 Leads to the Inhibition of
CDK2 Kinase Activity. Because IH-901 arrested the cell cycle at the
Gop-G; phase in MDA-MB-231 and Hep3B cells (Fig. 2C), we
investigated whether TH-901 affects the expressions of G;-specific
cell cycle regulatory molecules in MDA-MB-231 cells expressing
mutant p53 protein (ref. 34; Fig. 64). We examined the protein
expression profile of cyclin-dependent kinase inhibitors associated
with G, arrest. Western blot analysis showed that TH-901 treatment
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Figure 5. Inhibition of COX-2 enzyme activity or knockdown of COX-2 triggered IH-901-mediated apoptosis in MDA-MB-231 and Hs578T cells. A, MDA-MB-231
Cells were pretreated with NSAIDs at the indicated concentration for 30 minutes and then incubated with vehicle or 40 pmol/L 1H-901 for 48 hours (top). Hs578T
cells were pretreated with NSAIDs for 30 minutes and then incubated with vehicle or 40 umol/L 1H-901 for 24 hours (bottom). The population of cells in sub-G; phase
were measured by propidium iodide staining followed by flow cytometry. Cells with <2 N of DNA content were counted as apoptotic cells and the percentages

of apoptotic cells were illustrated graphically. Representative data from three independent experiments. B, MDA-MB-231 cells were pretreated with DMSO vehicle
or 250 mmol NS398 for 30 minutes and then incubated with 40 umol/L IH-901 for the indicated times. Western analyses were done with antibodies specific to Bcl-2, Bax,
and o-tubulin. Adenoviral-mediated siRNA for COX-2 efficiently silenced COX-2 expression in MDA-MB-231 cells. After 24 hours of adenovirus-delivered

siRNA infection, cells were exposed to either vehicle or 40 pmol/L 1H-901 for 10 (C) and 24 hours (D). C, Western blot analyses were done with antibodies specific
to phosphorylated forms of ERK and specific to COX-2. Lane 1, mock; lane 2, Ad-siRNA-COX-2 #1; lane 3, Ad-siRNA-COX-2 #2; and lane 4, Ad-siRNA-GFP.

D, knockdown of COX-2 by adenoviral-mediated siRNA effectively enhanced the apoptotic fraction of IH-901 treated MDA-MB-231 cells, compared with mock-infected
or GFP-siRNA-infected ones. Representative data from three independent experiments. Inset, percentage of sub-G; phase cells which was determined based

on DNA content histogram.

of MDA-MB-231 cells strongly induced the protein levels of
p27°P' in a time-dependent manner, whereas the level of
p21WVAFCIPL gid not change for up to 24 hours. pl6™"* was
not detected in MDA-MB-231 or Hs578T cell lines, both of which
are homozygously deleted for the INK4 gene (35). The p27"P'
expression on IH-901 treatment of two cell lines, Hs578T and
MKN28, showed similar pattern as in MDA-MB-231 (data not
shown). Because the p27""" level was up-regulated in MDA-MB-231
cells by 40 umol/L IH-901 within 24 hours, we investigated the
effect of TH-901 on the kinase activity of CDK2 associated with
cyclin E. As shown in Fig. 6B, treatment of MDA-MB-231 cells with
IH-901 strongly decreased the histone HIl-associated kinase
activities of CDK2. The protein levels of cyclin D1 and cyclin E
did not change for up to 48 hours after treatment (data not shown).

The complexes immunoprecipitated with anti-CDK2 antibody
exhibited higher amounts of p27°""' from IH-901-treated MDA-
MB-231 cells than from mock-treated cells. Next, we investigated the
phosphorylation status of the pRb-related proteins pRb/p107 and
pRb2/p130. The treatment of MDA-MB-231 cells with 40 pmol/L IH-
901 increased the levels of hypophosphorylated forms of pRb and
p130 in a time-dependent manner (Fig. 6C). SNU-16 is a control cell
line used as a control for the Rb phosphorylation (27). The increase
of p27' protein levels by TH-901 resulted from the elevation of
275" mRNA expression (Fig. 6D, top). We analyzed p27#' mRNA
degradation in the absence and presence of IH-901 by Northern
analysis, in actinomycin D-treated MDA-MB-231 cells (Fig. 6D,
bottom). The kinetics of p27*" mRNA degradation was similar in
both cases, indicating that TH-901 could induce p27°”" mRNA at
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the transcriptional level. The levels of p27*'P* were also increased in
Hep3B following treatment with TH-901 (Fig. 64), as observed in
MDA-MB-231 cells. These results indicate that in Hep3B cells IH-901
can simultaneously induce p27""'-mediated G, arrest as well as
apoptotic cell death without COX-2 induction.

Discussion

Ginseng saponins exert various important pharmacologic
effects with regard to the control of many diseases including
cancer. The present study focuses on identifying the mechanism
that underlies the antitumor activity of ginseng saponins. The
study shows, for the first time, that IH-901, a novel ginseng
saponin metabolite, can cause simultaneous growth arrest and
apoptosis. Additionally, adenoviral infection of COX-2 siRNAs
provides direct evidence that COX-2 protein can function as an
antiapoptotic molecule.

IH-901 could induce the expression of COX-2 protein via ERK
signaling. The suppression of IH-901-induced COX-2 expression by
the MAP/ERK kinase inhibitor U0126 suggests that the ERK
signaling pathway is important in the regulation of COX-2 by IH-
901. Knockdown of COX-2 expression by siRNAs did not block ERK
activation in MDA-MB-231 cells. TH-901 treatment led to the
activation of ERK (data not shown) but failed to induce COX-2 in
Hep3B cells. Therefore, IH-901-induced ERK activation is required
but not sufficient for inhibition of apoptosis.

Several anticancer drugs have been shown to induce COX-2
expression (22, 23). For example, microtubule- or actin-
interfering agents stimulate MAPK signaling and activator
protein activity, enhance PGE, synthesis, and increase levels of
COX-2 mRNA and protein (22). Epigallocatechin-3-gallate was
found to up-regulate COX-2 expression and PGE, production in
association with the activation of both the ERK and protein
tyrosine phosphatase signaling pathways (36). The suppression of
apoptosis by COX-2 is thought to favor carcinogenesis by
permitting the survival of cells that have acquired mutations,
and is viewed as one of the main mechanisms of tumorigenesis.
As COX-2 induction by anticancer drugs may result in unwanted
effects such as inflammation, the combined use of selective
COX-2 inhibitors and conventional anticancer drugs has been
suggested (23).

However, the interpretation of previous NSAID studies was
complicated by possible COX-independent mechanisms. In many
cases, NSAIDs alone induced apoptosis at much higher
concentrations than their IC5ys. COX-2 mutant proteins lacking
COX activity have been reported to inhibit cell cycle progression
in a variety of cell types (37). In order to confirm that COX-2
protein is an antiapoptotic molecule, we constructed adenoviral
COX-2 siRNAs for selective targeting of the COX-2 protein itself
rather than opting to use NSAIDs to inhibit COX-2 enzymatic
activity. Our data shows that both NSAID treatment and
knock-down of the COX-2 gene by siRNAs could cause apoptosis
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in MDA-MB-231 cells, providing direct evidence that COX-2
protein plays an important role in suppressing IH-901-mediated
apoptosis.

Thus far, the antitumor activity of IH-901 has been attributed
solely to apoptosis (8, 9). However, in this study, we show a second
mechanism: cell cycle arrest. IH-901 strongly induced p27*** and
inhibited CDK2 activities followed by an increase in hypophos-
phorylated levels of pRb and p130. These molecular effects of IH-
901, especially the up-regulation of p27<'*!, may play important
roles in the G; arrest seen in MDA-MB-231, MKN28, Hs578T, and
Hep3B cells. The observed up-regulation of p27<"*' by IH-901 and
resulting decrease of CDK2 kinase activity is important and
consistent with an earlier report that decreased p27*'" expression
in breast carcinomas are associated with aggressive phenotypes
and that adenoviral infection with human p27"" resulted in cell
cycle arrest (38). The pRb-related proteins, pl07 and p130,
cooperate to regulate cell cycle progression at G;-S checkpoint. It
has been reported that p130 and p275"*' are mutually involved in
the negative regulation of cellular proliferation (39). IH-901 reduced
CDK2-cyclin E kinase activity, and increased the hypophosphory-
lated levels of Rb-related proteins. Hep3B is known to be Rb-
negative (40) and has mutant p53 (41). Even though Hep3B cells
showed marginal G, arrest, the progressive decline of the S phase
was indicative of G; arrest (Fig. 2C). However, it is difficult to
exclude the possibility of the involvement of p21WAFI/CIPL 5y TH-
901-mediated growth arrest because all four cell lines used in this

mRNA and protein in a carcinoma cell line containing wild-type
p53 after the treatment with IH-901 (data not shown). Collectively,
the growth inhibitory effects of IH-901 in cells could be caused by
the following progression: induction of p27*'" leads to a decrease
in kinase activity of CDKs followed by modulation of further
downstream targets such as pRb-related proteins and the E2F
family of transcription factors family.

In summary, the findings of this study show that IH-901, a novel
ginseng saponin metabolite, induces apoptosis and inhibits cell
proliferation by G arrest via increase of p27°'*' expression. COX-2
induction caused by IH-901 could diminish the antitumor effects,
and strongly suggests the therapeutic use of COX-2 siRNAs to
inhibit COX-2. Further study will contribute to the development
of TH-901 or ginseng-related drugs as potential chemotherapeutic

or chemopreventive agents.
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