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levels in the absence of E, are represented as the average + SD from three
independent experiments.

Next, BCRP pulse-chase labeling was done without E, pretreatment,
because S-labeled BCRP was hardly detectable and the half-life of BCRP
could not be determined in MCF-7/BCRP cells pretreated with E, for 4 days.
Cells (25 x 10°/well) were cultured in PRF-medium for 2 days and the
resulting 70% to 80% confluent cells were incubated in labeling mediwm for
1.5 hours just before beginning the experiment, and then incubated in
labeling medium containing 300 {Ci/mL of [*°S] for 1 hour. The labeling
medium was then replaced with fresh PRF-medium and the cells were lysed
after 12, 24, 36, and 48 hours from the start of metabolic labeling. To
investigate the effect of E; on BCRP stability, 3 nmol/L of B, was added to
the medium in one set of the experiment and was present throughout the
pulse-chase experiments. The subsequent procedure was the same as
described for Ejpretreated cells, except that one-fifth of the total
immunoprecipitated protein was subjected to SDS-PAGE and autoradiog-
raphy. The intensities of the bands representing metabolically labeled BCRP
were quantified with the NIH-Image densitometric program. The BCRP
half-life under each set of experimental conditions is represented as the
average  SD from three independent experiments.

Statistical Analysis. Statistical significance between the two sets of data
was evaluated by using the two-sided unpaired Student’s ¢ test.

Resulis

Effects of Estrogens on Endogenous BCRP Expression. Effects
of estrogens on endogenous BCRP expression were investigated by
Western blotting under nonreducing conditions, as this generates
stronger BCRP signals. Under the nonreducing conditions, BCRP
was detected as a dimer of 160 kDa. Endogenous BCRP protein
expression in MCF-7 cells decreased in a dose-dependent manner
following treatmentwith E1, Eg,and diethylstilbestrol (Fig. 14). Both Ez
E, and diethylstilbestrol showed stronger suppressive effects on
BCRP expression than E; did. MCF-7 cells expressed approximately
2-fold, 5-fold, and 10-fold less amounts of endogenous BCRP protein
after treatment with 3 nmol/L E, for 1, 2, and 4 days, respectively, as
compared with untreated MCF-7 cells (Fig. 15 }. The inhibitory effect
of estrogens on endogenous BCRP expression in MCF-7 cells was
also observed in other MCF-7 clones (data not shown). In contrast,
endogenous BCRP protein expression was not affected by E, in A549
cells (Fig. 14). Because MCF-7 cells are ERa-positive and estrogen-
responsive but A549 cells are ERa-negative (Fig. 1C), these results
suggest that estrogen-mediated BCRP down-regulation might
depend on signaling pathways downstreanl of ERa.,

Effects of E, on Exogenous BCRP Expression in BCRP-
Transduced Cells. We further studied the effects of E, on
exogenous BCRP expression, driven by a constitutive long
terminal repeat promoter, in MCF-7/BCRP, T-47D/BCRP, MDA-
MB-231/BCRP, and SKOV-3/BCRP cells. Western blotting was
done under both nonreducing and reducing conditions, in which
BCRP was detected as a dimer of 160 kDa and as a monomer of
80 kDa, respectively. Exogenous BCRP expression decreased in
MCE-7/BCRP and T-47D/BCRP cells in a dose-dependent manner
following treatment with physiologic levels of B, (Fig. 24). MCF-7/
BCRP cells expressed approximately 2-fold, 4-fold, and 8-fold less
amounts of exogenous BCRP protein after treatment with 3 nmol/
L E, for 2, 3, and 4 days, respectively, as compared with untreated
MCEF-7/BCRP cells (Fig. 2B). In contrast, exogenous BCRP
expression was not affected by Ep treatment in MDA-MB-231/
BCRP and SKOV-3/BCRP cells (Fig. 24). MCF-7 and T-47D cells
are estrogen-responsive and express functional ERa (Fig. 2C),
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Figure 1. Effects of estrogens on endogenous BCRP expression in cancer
cells. Cells were cultured in PRF-medium in the absence or presence of the
indicated concentrations of estrogens for 4 days prior to harvesting. Western
blot analysis was done under nonreducing conditions, such that the dimeric
form of BCRP was detected as a band of approximately 160 kDa. Protein
sample (30 ng) was loaded in each lane. BCRP was detected using the
anti-BCRP monoclonal antibody, BXP-21. For ERa expression analysis, whole
cell lysates consisting of 1.5 % 108 cells were loaded in each iane, and
expression was detected by Western blotting using the anti-ERa monoclonal
antibody, NCL-ER-6F11. To see how soon the Ex-mediated BCRP
down-regulation occurs, MCF-7 celis were cultured for 1, 2, 3, and 4 days

in PRF-medium in the presence of 3 nmol/L Ez. The following procedure was
the same as described above. A, effects of estrogens on endogenous BCRP
expression in MCF-7 cells and A549 cells. GAPDH expression was analyzed
as a loading control. B, time course of E,-mediated down-regulation of
endogenous BCRP in MCF-7 celis. C, ERa expression in MCF-7 and A549
cells. The data are representative of at least three independent experiments.

whereas MDA-MB-231 cells do not express ERa, and SKOV-3
cells, which only weakly express nonfunctional ERa, are estrogen-
nonresponsive (Fig. 2C; refs. 11, 12). These results also suggested
that estrogen-mediated BCRP down-regulation may be dependent
on ERa function, which may influence posttranscriptional
processes rather than the transcription of BCRP.

E,-mediated BCRP down-regulation was more remarkable in
MCE-7/BCRP cells than in T-47D/BCRP cells, although MCF-7 cells
and T-47D cells expressed similar amounts of ERa (Fig. 2).
E,-mediated BCRP down-regulation would therefore be affected
not only by ERa expression levels but by other factors, such as
signaling pathways downstream of ERa, in estrogen-responsive,
FRa-positive cells.

Cell Growth Studies. E, at concentrations of 3 X 107 nmol/L
or higher, induces mitogenic activity in MCF-7 and MCE-7/BCRP
cells cultured in PRF-medium (Fig. 34-1). The mitogenic activity
saturated at concentrations of 0.03 nmol/L E, or higher in both cell
types (Fig. 34-1). The effects of E, on anticancer drug sensitivity
were therefore investigated within this concentration range. At a
concentration of 3 nmol/L, when compared with a 0.03 nmol/L
dose, E, was found to marginally potentiate the cytotoxicity of SN-
38, but not vincristine, in MCE-7 cells (Fig. 34-2). The ICso values
for vincristine in the presence of 0.03 and 3 nmol/L E, were
069 + 0.01 and 0.65 = 0.02 nmol/L in MCF-7 cells, respectively.
For SN-38, ICy, values in the presence of 0.03 and 3 nmol/L E,
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were 156 + 015 and 122 + 005 nmol/L in MCF-7 cells,
respectively. Furthermore, exposure to 3 nmol/L E, significantly
potentiated the cytotoxicity of SN-38, but not vincristine, in
comparison to 0.03 nmol/L E, treatment in MCF-7/BCRP cells
(Fig. 34-2). The I1Cs values for vineristine in the presence of 0.03
and 3 nmol/L E, were 0.74 + 0.03 and 0.65 + 0.02 nmol/L in
MCEF-7/BCRP cells, respectively. The ICs, values for SN-38 at a
3 nmol/L E, dose (2.65 + 0.22 nmol/L) were significantly lower
than the values at the 0.03 nmol/L E, dosage (5.18 & 0.46 nmol/L;
P < 0.01). Because mitogenic activity levels were saturated over the
E, concentration range that was used (from 0.03 to 3 nmol/L), we
conclude that these results also suggest E,-mediated BCRP down-
regulation in MCF-7/BCRP cells.

Intracellular Topotecan Uptake in MCF-7 and MCEF-7/
BCRP Cells. Effects of E, on cellular accumulation of topotecan
were investigated. Cellular accumulation of topotecan increased
in MCF-7 cells treated with 0.03 nmol/L E, as compared with
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Figure 2. Effects of E; on exogenous BCRP expression in BCRP-transduced
canger cells. Cells were cultured in PRF-medium in the absence or presence of
the indicated concentrations of &, for 4 days prior to harvesting. To see how soon
the Ep-mediated BCRP down-regulation occurs, MCF-7/BCRP cells were
cultured for 1, 2, 3, and 4 days in PRF-medium in the presence of 3 nmol/L. E,.
The following procedure was the same as described above, A, Western biot
analysis of exogenous BCRP expression. The monomeric form of BCRP was
detected as an approximately 80 kDa band under reducing conditions, and the
dimeric form of BCRP as an approximately 160 kDa band under nonreducing
conditions. Protein sample (20 ng) was loaded in each lane. Exogenous BCRP
tagged with c-myc was detected using anti-c-mye antibody, 9E10. GAPDH
expression was analyzed as a loading control. P and BCRP indicate parental
cells and BCRP-transduced cells, respectively. The data are representative of at
least three independent experiments. B, time course of E,-mediated down-
regulation of exogenous BCRP in MCF-7/BCRP cells. C, ERwa expression in
MCF-7, T-47D, MDA-MB-231, and SKOV-3 cells. Whole cell lysates consisting
of 1.5 x 10° cells were loaded in each lane, ERx expression was detected by
Western blotting using the anti-ERa monoclonal antibody, NCL-ER-6F11.

untreated cells, whereas cellular accumulation of topotecan
scarcely increased in MCF-7 cells treated with 3 nmol/L E,
when compared with cells treated with 0.03 nmol/L E, (Fig. 3B).
The results coincided with BCRP down-regulation in E,-treated
MCF-7 cells (Fig. 14). As for MCF-7/BCRP cells, intracellular
topotecan accumulation only marginally increased in the
presence of 0.03 nmol/L E, as compared with untreated cells
(Fig. 3B). Also, cellular accumulation of topotecan only margin-
ally increased in MCF-7/BCRP cells treated with 3 nmol/L E,
when compared with those treated with 0.03 nmol/L E, (Fig. 3B).
The results suggest that down-regulation of exogenous BCRP in
MCF-7/BCRP cells would not be enough for abrogation of topotecan
efflux out of the cells, even after treatment xwith 3 nmol/L E,.

Effects of Tamoxifen and ERa Knockdown by siRNA on E,-
mediated BCRP Down-regulation in MCF-7 and MCF-7/BCRP
Cells. MCF-7 cells expressed similar amounts of endogenous
BCRP in the presence of increasing concentrations of tamoxifen
(Fig. 44, left). In MCF-7/BCRP cells, marginally higher levels of
exogenous BCRP were produced by increasing dosages of
tamoxifen (Fig. 4B, left), possibly by competition with residual
estrogens in the culture medium. Tamoxifen was also found to
partially reverse the E,-mediated down-regulation of either
endogenous or exogenous BCRP in a dose-dependent manner
(Fig. 44 and B, right). In these tamoxifen reversal experiments
using MCF-7/BCRP cells, a concentration of 0.3 nmol/L E, was
used to down-regulate BCRP, because tamoxifen even at levels of
0.5 umol/L failed to reverse 3 nmol/L Ey-mediated BCRP down-
regulation (data not shown). These results suggest that E,-
mediated BCRP down-regulation in MCF-7 and MCEF-7/BCRP
cells may be associated with the interaction of E; and ERa. We
therefore did an experiment in which ERa expression was
repressed using siRNA, and investigated the effects of this gene
silencing on Ey-mediated modification of BCRP expression.
Transfection of 100 nmol/L FRo siRNA resulted in a nearly
complete loss of ERo expression in MCF-7/BCRP cells after 48
hows (Fig. 4C-I). In addition, this down-regulation of ERq
expression persisted for at least 6 days after the siRNA
transfections (data not shown). Gene silencing of ERa in MCF-
7/BCRP cells by RNA interference was also found to attenuate
E,-mediated BCRP down-regulation (Fig. 4C-2), indicating that
ERa is necessary for the repression of BCRP.

Semi-quantitative RT-PCR and Northern Blot Analysis of
BCRP Expression in MCF-7 and MCF-7/BCRP Cells, RT-PCR and
Northern blot analyses revealed that the treatment of MCE-7 cells
with E, for 4 days did not affect the expression of endogenous
BCRP mRNA (Fig. 54 and B, left). Similarly, the same treatment of
MCF-7/BCRP cells' with E, for 4 days did not affect exogenous
HaBCRP mRNA levels (Fig. 5B, right). Considering that these
treatments dramatically reduce BCRP protein expression levels
(up to 10-20% of control levels following exposure to 3 nmol/L Ey),
we speculated that the mechanism of E,-mediated inhibition would
be a postiranscriptional process.

Metabolic Labeling of BCRP in MCF-7/BCRP Cells, The
biosynthesis and degradation of BCRP was further investigated by
pulse-chase experiments. An outline of the experimental procedure
is presented in Fig, 64. MCF-7/BCRD cells produce a large amount
of exogenous BCRP, driven by a constitutive long terminal repeat
promoter, which could be successfully immunoprecipitated with
the anti-BCRP antibody BXP-21, whereas the quantity of endog-
enous protein in parental MCF-7 cells is below the minimum
detectable level (Fig. 6B and C). BCRP is initially detectable as a
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Figure 3. Cell growth studies and cellular topotecan uptake studies. A, cell growth studies. A-7, mitogenic effects of E; on MCF-7 and MCF-7/BCRP cells. Cells were

cultured in PRF-DMEM supplernented with the indicated concentrations of CDFBS and E; for 4 days. Cell numbers were determined with a cell counter and presented as
percentages relative to those of control cells cultured in PRF-medium. The given data are means + SD of triplicate determinations. Invisible error bars are present
within the symbois. The data are representative of two independent experiments. A-2, effects of E; on anticancer drug sensitivities in MCF-7 and MCF-7/BCRP

cells. Cells were cultured in PRF-medium with 0.03 or 3 nmol/L E; for 4 days, and the cells (3 x 10%) were then seeded into 12-well plates and cultured in PRF-medium

with the same concentrations of E; used in pretreatments, in the absence or presence of increasing doses of specific anticancer agents for a further 4 days. Cell numbers
were determined with a cell counter, and presented as percentages relative to those of control cells cultured in the absence of anticancer agents. Clear columns, cells
cultured with 0.03 nmol/L E,. Dotfed columns, cells cultured with 3 nmol/L Ep. The given data are means + SD of triplicate determinations, and are representative of three
independent experiments. Where a vertical bar is not shown, the SD is within the bar. % P < 0.01. B, effects of E, on cellular topotecan uptake. Cells were cultured in PRF-
mediumn in the absence or presence of indicated concentrations of E; for 4 days. After trypsinization, cells (5 x 10%) were incubated with (sofid line ) or without {dotted line)

20 pmol/L. topotecan for 30 minutes. After washing, cellular uptake of topotecan was measured by fluorescence-activated cell sorting. Under each set of experimental
conditions, 20,000 events were analyzed. Ratio (%) represents a fraction of topotecan-treated cells in the M1 area subtracted by that of control cells in the M1 area.

premature protein (66 kDa) which has a lower molecular size than 48-hour pulse-chase period. The relative rate of labeled BCRP at

the commonly observed N-glycosylated mature form (80 kDa; the 1-hour time point in the presence of 3 nmol/L E,, over the
refs. 2, 13). During 1 hour of pulse labeling, the levels of mature  levels measured in the absence of Ej, was 0.84 + 0.12. MCF-7/
protein gradually increased above the levels of the precursor ~ BCRP cells produced somewhat smaller amounts of labeled BCRP
molecule, and following 3 hours of chase period, only mature BCRP in the presence of 3 nmol/L E, than in the absence of E,, The half-

were measurable (Fig. 6B). Greater levels of metabolically labeled life of **S-labeled BCRP in the absence or presence of 3 nmol/L E,
BCRP were observed in control MCF-7/BCRP cells, when was similar, calculated as 356 + 82 and 374 % 6.3 hours,
compared with the Ep-treated cells, throughout the pulse-chase respectively (Fig. 6C). The relative rate of BCRP half-life in the
period (Fig. 6B). The relative rate of labeled BCRP at the 4-hour presence of 3 nmol/L E, to that in the absence of E,-treatment was
time point in the presence of 3 nmol/L E,, over the levels measured 108 £ 027.

in the absence of E, was 0.24 £ 0.01. Because metabolically . .

labeled BCRP was only detectable at very low levels in Ey-treated ~ Discussion

cells and the half-life of Synthesized BCRP could not be determined We have recently reported several findings that provide
under these experimental conditions, the BCRP half-life was evidence of interactions between BCRP and estrogens (6, 7, 14,
measured in cells without a 4-day E,-pretreatment. E; (3 nmol/L) 15). BCRP has been shown to export sulfated E,, sulfated E,, and
was added to the labeling medium and was present throughout the genistein aglycone which has weak estrogenic activity (7, 15).
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These data prompted us to investigate whether estrogens in fact
regulate BCRP expression and we have now elucidated, contrary
to our expectation that estrogens might augment BCRP
expression, that physioclogic levels of estrogens, such as E;, Es,
and diethylstilbestrol, down-regulate BCRP expression in MCF-7
cells (Fig. 1).
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Figure 4. Effects of tamoxifen and ERa knockdown by RNA interference
on Eg-mediated BCRP down-regulation. A, effects of tamoxifen on
endogenous BCRP expression in MCF-7 cells. Cells were cultured in
PRF-medium in the presence of indicated concentrations of compounds for

4 days prior to harvesting. Dimeric form of BCRP was detected as an
approximately 160 kDa band under nonreducing conditions. Protein sample
(30 ng) was loaded in each lane. Endogenous BCRP in MCF-7 cells was
detected using the anti-BCRP antibody, BXP-21. Left, effects of tamoxifen

on endogenous BCRP expression. Right, reversal effects of tamoxifen on
Ex-mediated down-regulation of endogenous BCRP. GAPDH expression

was analyzed as a loading control. The data are representative of two
independent experiments. B, effects of tamoxifen on exogenous BCRP
expression in MCF-7/BCRP cells. Cells were cuitured in PRF-medium in the
presence of the indicated concentrations of compounds for 4 days prior to
harvesting. Dimeric form of BCRP was detected as an approximately 160 kDa
band under nonreducing conditions, and the monomeric form of BCRP was
detected as an approximately 80 kDa band under reducing conditions by
Western blotting. Protein sample (20 pg) was loaded in each lane. Exogenous
BCRP in MCF-7/BCRP cells was detected using the anti-c-myc antibody, 9E10.
Left, effects of tamoxifen on exogenous BCRP expression. Right, reversal
effects of tamoxifen on Ex-mediated down-regulation of exogenous BCRP.
GAPDH expression was analyzed as a loading control, The data are
representative of two independent experiments. C, effects of ERa knockdown by
RNA interference on Ep-mediated BCRP down-regulation in MCF-7/BCRP cells.
Cells (2.5 x 10%well) were cultured in PRF-medium in six-well plates for 24
hours and then transfected with 100 nmol/L. of either control or ERa siRNA
(SMARTpool GL3 Duplex for control; SMARTpool ESR1 for ERa) using
LipofectAMINE 2000. To confirm ERa knockdown, the culture medium was
exchanged with fresh PRF-medium 6 hours after transfection. After 48 hours,
the cells were harvested and whole cell lysates consisting of 1.5 x 10° cells
were loaded in each lane. ERx expression was detected by Western blotting
using anti-ER« monoclonal antibody, NCL-ER-6F11. To examine the effects
of ERa knockdown on Ey-mediated BCRP down-regulation, the culture medium
was exchanged with fresh PRF-medium containing the indicated concentrations
of E» 6 hours after transfection. After 96 hours, cells were harvested and
exogenous BCRP expression was examined by Western blotting as described
above. C-1, siRNA-induced knockdown of ER« expression. C-2, effects of ER«
knockdown on Ep-mediated BCRP down-regulation.
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Figure 5. Expression analysis of BCRP mRNA in MCF-7 and MCF-7/BCRP
cells. Cells were cultured in PRF-medium supplemented with the indicated
concentrations of E, for 4 days. Exponentially growing cells were then harvested
and total RNA was extracted. A, semi-quantitative RT-PCR of endogenous
BCARP mRNA in MCF-7 cells. First-strand cDNA was synthesized with 0.3 ug of
total RNA and a BCRP cDNA fragment (315 bp) was amplified by PCR using the
indicated cycle numbers. Amplification of GADPH mRNA (551 bp fragment) was
carried out as an internal control. The data are representative of two independent
experiments. B, Northern biotting of endogenous BCRP mRNA in MCF-7 cells
(left) and exogenous HaBCRP mRNA in MCF-7/BCRP cells (right). Either 20 ug
(MCF-7) or 10 ug (MCF-7/BCRP) of total RNA was loaded in each lane. The blot
was hybridized with a 3*P-labeled internal BCRP cDNA probe and then exposed
to X-ray film for either 21 days (MCF-7) or 7 days (MCF-7/BCRP). Endogenous
BCRP mRNA was detected as a band of approximately 2.4 kb in size, and
exogenous HaBCRP mRNA as a band of approximately 8 kb in size. Under the
experimental conditions used for MCF-7/BCRP cells, endogenous BCRP mRNA
was not detected. Ethidium bromide staining of iotal RNA is presented as a
loading control. 28s and 18s, 28S and 18S rRNA, respectively. The data are
representative of two independent experiments.

Farthermore, E, strongly reduces the levels of exogenous BCRP
in MCF-7/BCRP and T-47D/BCRP cells, the expression of which is
constitutively transcribed by a Harvey long terminal repeat
promoter (Fig. 2). Moreover, MCF-7/BCRP cells in the presence of
3 nmol/L E, were significantly more sensitive to SN-38, but
not vincristine, than the same cells treated with 0.03 nmol/L E,
(Fig. 34-2). Because E, at a concentration ranging from 0.03 to
3 nmol/L shows similar mitogenic properties in MCF-7/BCRP cells
(Fig. 3A4-1), this further suggests that E, mediates the down-
regulation of BCRP in these cells.

In proportion to BCRP down-regulation in MCF-7 cells, cellular
accumulation of topotecan was found to increase by E,-treatment
(Fig. 3B). The increase in cellular topotecan uptake was most
obvious when comparisons were made between untreated MCF-7
cells and MCF-7 cells treated with 0.03 nmol/L E,. The results were
coincident with BCRP protein expression levels in MCF-7 cells
treated with Es, in which BCRP down-regulation was most obvious
when comparison was made between treatment with 0 nmol/L E,
and that with 0.03 nmol/L E, (Fig. 14). By contrast, the increase in
cellular topotecan uptake was minimal even when untreated MCE-
7/BCRP cells and MCF-7/BCRP cells treated with 3 nmol/L E, were
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compared (Fig. 3B). Because exogenous BCRP synthesis levels in
MCE-7/BCRP cells treated with 3 nmol/L E, are still greater than
endogenous BCRP levels in Ey-untreated MCF-7 cells, we suppose
that down-regulated BCRP by 3 nmol/L E, might still sufficiently
efflux topotecan out of the cells (Fig. 6).

MCEF-7 and T-47D cells are estrogen-responsive cells that express
ERa, and it was significant that the estrogen-mediated down-
regulation of endogenous BCRP was not observed in A549 cells,
which do not express this receptor (Fig. 1). Ey-mediated down-
regulation of exogenous BCRP was observed in MCF-7/BCRP and
T-47D/BCRP cells, but not in MDA-MB-231/BCRP cells which also
do not express ERa (Fig. 24). Consistent with this, Ey-mediated
BCRP repression was not observed in SKOV-3/BCRP cells (Fig. 24),
which express a small amount of nonfunctional ERa, possibly due
to the disruption of downstream signaling pathways or an
inactivating mutation within the ERa gene (11, 12). The
antiestrogen drug tamoxifen partially reverses the E,-mediated
down-regulation: of endogenous BCRP in MCF-7 cells and
exogenous BCRP in MCF-7/BCRP cells (Fig. 44 and B). In addition,
ERa knockdown by RNA interference in MCF-7/BCRP cells also
abolishes the E,-mediated down-regulation of exogenous BCRP
(Fig. 4C). These results suggest that functional expression of ERa
and the activity of its associated downstream pathways are
important for estrogen-mediated BCRP down-regulation.

We first found that estrogens down-regulated BCRP expression
at the protein level in MCF-7 cells (Fig. 14). This was evident in
experiments with three independent MCF-7 clones (data not
shown). Subsequent semi-quantitative RT-PCR and Northern
blotting analyses revealed that endogenous BCRP transcript levels
were not reduced by E, treatment in MCF-7 cells (Fig. 54 and B,
left). Furthermore, E, exposure decreased exogenous BCRP
expression in MCF-7/BCRP and T-47D/BCRP cells, both constitu-
tively expressing BCRP, driven by a Harvey long terminal repeat
promoter. In addition, exogenous HaBCRP transcript levels were
not reduced by E, treatment in MCF-7/BCRP cells (Fig. 5B, right).
These data strongly argue for the existence of an estrogen-
mediated posttranscriptional BCRP regulation mechanisim, such as
the degradation of translation products. We therefore did a pulse-
chase experiment using MCF-7/BCRP cells. BCRP is a glycoprotein,
containing four potential N-glycosylation sites (2, 13). BCRP was
initially detectable as a premature protein of approximately 66 kDa
in size at the 30-minute time point from the start of the pulse
labeling, and a mature protein product of 80 kDa was then
predominantly detected after 1 hour of the pulse labeling (¥ig. 6B).
In MCE-7/BCRP cells, the measured half-life of **S-labeled BCRP in
the absence or presence of 3 nmol/L E; was similar, calculated
as 35.6 + 82 and 374 + 6.3 hours, respectively (Fig. 6C). However,
E,-treated MCF-7/BCRP cells produced far smaller quantities of
358 labeled BCRP when compared with the control cells (Fig. 6B).
In the pulse-chase experiments using MCF-7/BCRP cells pretreated
with E, for 4 days before experiments, the ratio of mature BCRP at
the 4-hour time point in the presence of 3 nmol/L E, to that in the
absence of B, was 024 + 0.01 (Fig. 6B). These results suggested
that E, suppresses the biosynthesis of mature BCRP.

The sequence and characterization of the BCRP gene promoter
has previously been reported (8). Very recently, an estrogen
responsive element was identified in the BCRP promoter, and
E,-mediated activation of the BCRP promoter in a luciferase
reporter system has been shown in ERa-negative ovarian cancer
PA-1 cells, upon cotransfection with an ERa expression vector (9).
In addition, E, has been shown to induce the increased expression

of endogenous BCRP transcripts in T47D:Al8 cells, established
from T-47D cells by dilution cloning (9, 16). In our study, however,
BCRP mRNA levels were unaffected by E, (Fig. 54 and B, left) and
endogenous BCRP protein levels were clearly reduced in response
to E, treatment in MCF-7 cells (Fig. 14). Because T-47D cells

A. Wash
[ [*%s] Y
| Free '
= ]
I l ]
I T i
1h upto48 h
B. Control Ex: 3nM
P BCRP BCRP P
Time (h) 1 1 05 1
BCRP—_

immature BCRP I~

ity

2

3 5 30000

§ > 20000

= £ 10000

28 0

8L 1051 4 4 1 05 1

Time (h) Time (h)
C. Control E> 3nM
P BCRP BCRP P

Time (h) 1 1 12 24 36 48 48 36 2412 1 1
BCRP —_ -

immature BCRP =~

—— | el

30000
20000
10000

Band intensity
(Arbitrary unit)

1 1 12 24 36 48 48 36 24 12 1 1
Time (h) Time (h)

Figure 6. Metabolic labeling of BCRP in MCF-7/BCRP cells. A, an outline of the
experimental procedure. B, biosynthesis of BCRP (0.5-4 h). Cells (1 x 10%well
for control cells or 0.3 x 10%well for Ex-treated cells) were cultured in
PRF-medium in a six-well plate for 4 days in the absence or presence of 3 nmol/L
E,. Exponentially growing cells were then incubated in methionine-free and
cystine-free DMEM supplemented with 7% CDFBS {labeling medium) for

1.5 hours just prior to beginning the experiment. The cells were

then metabolicallylabeled with 300 pCi/mL of [*°S] for both 0.5 and 1 hour periods.
After 1 hour of pulse labeling, the labeling medium was replaced with fresh
PRF-medium and the cells were chased for an additional 3 hours.

For Eg-pretreated cells, 3 nmol/L. E; was added to the medium and was present
throughout the pulse-chase period. After preparation of cell lysates, 353.labeled
BCRP was immunoprecipitated from 100 ug of the cell lysate with 0.5 ug BXP-21,
subjected to SDS-PAGE, and autoradiographed. The band intensities
representing metabolically labeled BCRP were quantified with NiH-Image. The
data are representative of three independent experiments. Pand BCRP, parental
and MCF-7/BCRP cells, respectively. C, puise-chase experiment of BCRP
(1-48 h). Cells (2.5 x 10%well) were cultured in PRF-medium in six-well plates for
2 days. After incubation in tabeling medium for 1.5 hours just before beginning
the experiment, cells were metabolically labeled with 300 nCi/mL of [358] for

1 hour. The labeling medium was then replaced with fresh PRF-medium. The cells
were lysed at 12, 24, 36, and 48 hours from the start of metabolic labeling.

To investigate the effect of E; on BCRP stability, 3 nmol/L. of E; was added

to the medium in one set of experiments and was present in the medium
throughout the pulse-chase periods. The following procedure in this case

was identical to the one already described above, except that one-fifth of the
total immunoprecipitated protein was subjected to SDS-PAGE and autoradiog-
raphy. The band intensities, representing metabolically labeled BCRP, were
quantified with NIH-image. The data are representative of three independent
expetiments. P and BCRP, parental and MCF-7/BCRP cells, respectively.
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express very low levels of endogenous BCRP, we could not examine
the effect of E, on these levels by Western blotting. However, E,
clearly reduced exogenous BCRP protein expression, which was
driven by a constitutive promoter, in T-47D/BCRP cells (Fig. 24),
probably by inhibiting the biosynthesis of BCRP. Thus, E; up-
regulates BCRP via transcriptional activation in some T-47D cells
(T47D:A18 cells), and E, down-regulates BCRP expression via
posttranscriptional mechanisms in some T-47D cells (T-47D/BCRP
cells). Although both T47D:A18 cells and T-47D/BCRP cells were
established from T-47D cells obtained from the same supplier,
T47D:A18 cells were established by dilution cloning after repeated
passages and T-47D/BCRP cells, a mixed population of stable
BCRP-transduced cells, were used for the experiments shortly after
supplied (16). The factors underlying distinct E,-mediated BCRP
regulation between these two T-47D derived cells remain to be
elucidated.

Based upon global analyses of estrogen responsive genes in
MCF-7 cells by ¢cDNA microarray, many of these factors were
determined to be growth- or transcription-related genes but no
genes associated with protein translation have thus far been
identified (17, 18). Among the candidate genes in these microarray
screens, quiescin Q6, a FAD-dependent sulthydryl oxidase, was
reported to be estrogen-repressed (17). Quiescin Q6 products are
expressed in the endoplasmic reticulum, Golgi, and extracellular
spaces, and catalyze disulfide-bond formation in specific proteins
(19, 20). Although it is currently unknown whether this protein
interacts with BCRP, the maturation of BCRP by dimerization
through bridge formation by disulfide bonds might well be
necessary for stable BCRP expression. In addition, impaired protein
maturation (glycosidation) or trafficking may also cause early
degradation of the BCRP protein, as shown for multidrug
resistance-related protein 2 (21, 22). Undetermined proteins
associated with maturation or trafficking may also have caused
very early degradation of premature BCRP.

BCRP had been initially isolated as an overexpressed protein in
drug-resistant MCF-7 variants, but its expression is rarely
observed in breast cancer cells (2, 23-25). The lack of BCRP
protein expression notwithstanding high BCRP mRNA levels in
nine breast cancer samples has also been previously reported (24).
The authors of this study discussed whether this discrepancy

might be due to the contribution of nontumor lactiferous ducts
and blood vessels, both expressing BCRP, included in the tumor
samples. However, we speculate that the low levels of BCRP
protein in breast cancer cells might be explained by the inhibition
of protein biosynthesis because a majority of primary breast
cancers express ERa (26).

BCRP has been implicated in the cellular transport of several
organic compounds (15, 27-29), and we have previously shown
that it transports sulfated estrogens (7). Because mammary
glands are one of the target organs of estrogens, we reasoned
that BCRP in mammary glands might export sulfated estrogens
and that, accordingly, estrogens may enhance its expression
levels. MCF-7 cells also inactivate estrogens by sulfate conjuga-
tion (data not shown), and BCRP would most likely efflux themn
out of the cells. Moreover, it has been recently reported that
BCRP expression was decreased in MCF-7 cells maintained in
low folate medium (30). Because BCRP has been shown to
transport methotrexate using membrane vesicle transport assays,
the finding that BCRP expression is down-regulated was not
considered to be surprising. However, in the case of estrogen
treatment, this did not increase but considerably decreased
BCRP expression in MCF-7 cells. Estrogen-mediated regulation of
BCRP might therefore be responsible for the accumulation of
estrogen in breast cancer cells.

In conclusion, our findings in this study show that estrogen
posttranscriptionally decreases BCRP expression in estrogen-
responsive cancer cells. This is also the first report showing that
small molecules could modulate BCRP expression in cells, and our
data therefore provide new insights into the regulation of BCRP
expression and may assist in establishing new strategies for the
reversal of BCRP-mediated multidrug resistance.
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p53-Defective Tumors With a Functional Apoptosome-
Mediated Pathway: A New Therapeutic Target
Tetsuo Mashima, Tomoko Oh-hara, Shigeo Sato, Mikiko Mochizuki,

Yoshikazu Sugimoto, Kanami Yamazaki, Jun-ichi Hamada, Mitsuhiro Tada,
Tetsuya Moriuchi, Yuichi Ishikawa, Yo Kato, Hiroshi Tomoda, Takao Yamori,

Takashi Tsuruo

Background: Although cancer cells appear to maintain the
machinery for intrinsic apoptosis, defects in the pathway de-
velop during malignant transformation, preventing apoptosis
from occurring. How to specifically induce apoptosis in cancer
cells remains unclear. Methods: We determined the apopto-
some activity and p53 status of normal human cells and of
lung, colon, stomach, brain, and breast cancer cells by measur-
ing cytochrome c-dependent caspase activation and by DNA
sequencing, respectively, and we used COMPARE analysis to
identify apoptosome-specific agonists. We compared cell death,
cytochrome c release, and caspase activation in NCI-H23 (lung
cancer), HCT-15 (colon cancer), and SF268 (brain cancer) cells
treated with Triacsin ¢, an inhibitor of acyl-CoA synthetase
(ACS), or with vehicle. The cells were mock, transiently, or sta-
bly transfected with genes for Triacsin c-resistant ACSLS5,
dominant negative caspase-9, or apoptotic protease activating
factor-1 knockdown. We measured ACS activity and levels of
cardiolipin, a mitochendrial phospholipid, in mock and
ACSLS5-transduced SF268 cells. Nude mice carrying NCI-H23
xenograft tumors (n = 10) were treated with Triacsin ¢ or
vehicle, and xenograft tumor growth was assessed. Groups
were compared using two-sided Student ¢ tests. Resulis: Of 21
p53-defective tumor cell lines analyzed, 17 had higher apop-
tosome activity than did normal cells. Triacsin c selectively
induced apoptosome-mediated death in tumor cells (caspase
activity of Triacsin c—treated versus untreated SF268 cells;
means = 1020% and 100%, respectively; difference = 920%,
95% CI = 900% to 940%; P<.001). Expression of ACSLS
suppressed Triacsin c-induced cytochrome c release and
subsequent cell death (cell survival of Triacsin c~treated mock-
versus ACSLS-transduced SF268 cells; means = 40% and
83%, respectively; difference = 43%, 95% CI =39% to 47%:;
- P<.001). ACS was also essential to the maintenance of cardio-
lipin levels. Finally, Triacsin ¢ suppressed growth of xenograft
tumors (relative tumor volume on day 21 of Triacsin c-treated
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-versus untreated mice; means = 4.6 and 9.6, respectively;

difference = 5.0, 95% CI = 2.1 to 7.9; P = .006). Conclusions:
Many p53-defective tumors retain activity of the apoptosome,
which is therefore a potential target for cancer chemothera-
py. Inhibition of ACS may be a novel strategy to induce the
death of pS3-defective tumor cells. [J Natl Cancer Inst
2005;97:765-77]

Apoptosis is a genetically regulated process with central roles
in tissue development and homeostasis (). Apoptosis signals are
altered in many human diseases, including cancer. Various types
of stress induce apoptosis through the intrinsic pathway, which
involves the release of cytochrome ¢ from the mitochondria (2).
The liberated cytochrome c binds to apoptotic protease activating
factor-1 (apaf-1), which subsequently assembles into an oligomer
termed the apoptosome. The apoptosome recruits and activates
caspase-9, which subsequently activates a proteolytic cascade
that ultimately results in cell death. The p53 tumor suppressor
plays an essential role in transducing the apoptosis signal. p53 is
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a franscription factor that regulates the expression of multiple
apoptosis-inducing proteins that act on the mitochondria, such as
bax, noxa, puma, and p53AIP1 (3).

In cancer cells, excessive mitotic signals, including oncogene-
dependent signals and signals that trigger cell cycle progression,
activate the intrinsic pathway (4). For example, the expression of
both apaf-1 and caspases is transcriptionally upregulated by E2F,
a transcription factor that is essential for cell cycle progression
that is often upregulated in cancer cells (5, 6), and the overexpres-
sion of apaf-1 and caspases in tumors has been reported (7,8).
Another cell cycle factor, cyclin D3, also activates caspase-2 (9).
These observations indicate that the intrinsic apoptosis machin-
ery is active in tumors and that it could be a target for selec-
tively killing cancer cells. Indeed, recent reports have shown that
tumor cells, but not normal cells, are preferentially sensitive to
agents that directly activate the apoptosome (70) or target the
mitochondria (1]).

In contrast to the notion that the intrinsic apoptosis pathway is
active in cancer cells, proapoptotic signals generated by an onco-
gene, by DNA damage, or by depletion of survival factors can
also act as selection pressures, and, to acquire a survival advan-
tage, cells develop defects in the apoptosis pathway during
malignant transformation (72,13). In fact, the p53 tumor suppres-
sor is inactivated in more than half of human tumors. Recent
studies further indicate that defects in the apoptosome can pro-
mote oncogenic transformation (12,14), although animal studies
have shown that apaf-1 and caspase-9 are not tumor suppressors
in myc-induced lymphomagenesis (15). Apoptosome inactiva-
tion has been documented in non-small-cell lung carcinoma,
melanoma, ovarian carcinoma, and leukemia cell lines (72,76).
Thus, apoptosis pathways are altered in some tumors, but the
alteration pattern is still not clear.

In this study, we examined the status of p53, by DNA
sequencing and of apoptosome activity, by measuring cyto-
chrome c—dependent caspase activation in both human cancer
cell lines and in normal human cells. We studied cancer cells
that had lost p53 function but retained apoptosome function
and used COMPARE analysis to identify tumor-specific,
apoptosome-activating compounds. We further examined the
mechanism by which one identified compound, Triacsin ¢, triggers
the apoptosome-mediated pathway by measuring levels of
cardiolipin, a phospholipid that is localized in the mitochondria
and has been implicated in apoptosis regulation (77), and
cardmhpm function using 10-N-nonyl-acridine orange (NAO),
a small compound that specifically binds to cardiolipin (18).
We also measured the effects of Triacsin ¢ on the growth of
xenograft lung tumors in nude mice.

MATERIALS AND METHODS
Materials

Normal cell lysates were prepared from tissues obtained dur-
ing surgical resection or purchased from BioChain Institute, Inc.
(San Leandro, CA). Written informed consent was obtained from
those patients (or their guardians) whose tissue was used in the
analysis. Triacsin ¢ was isolated as described previously (79) or
purchased from Sigma (St. Louis, MO). SN-38 was a kind gift of
Yakult (Tokyo, Japan). NAO (18) was purchased from Molecular
Probes (Eugene, OR).

766 ARTICLES

Cell Lines, Cell Culture, and Treatment

The cancer cell lines analyzed in this study were all of human
origin and were used in anticancer drug screening programs at the
Japanese Foundation for Cancer Research (JFCR) (Table 1). In
addition, we used the p53 wild-type human cancer cell lines LoVo
and LS-174T (colon), NUGC4 (stomach), YMB-1 and Mrk-nul
(breast), and A172 and KG1C (brain). Cell lines were obtained
from the National Cancer Institute (Frederick, MD) (20), pur-
chased from the American Type Culture Collection (Manassas,
VA), or obtained from the Health Science Research Resources
Bank (Osaka, Japan). All cancer cell lines were cultured in RPMI
1640. Normal human adult cell lines TIG108, TIG109, ASF4-1,
and CCD33Co were cultured in modified Eagle medium, and the
normal human adult cell line TIG114 was cultured in Eagle’s
basal medium. Human embryonic cell lines 293T and TIG3 were
cultured in Dulbecco’s modified Eagle medium or RPMI 1640,
respectively. Murine fibroblast PA317 cells were grown in
Dulbecco’s modified Eagle medium. All culture media were

- supplemented with 10% heat-inactivated fetal bovine serum and

100 pg/ml. of kanamycin, and cell lines were cultured in a
humidified atmosphere of 5% CO; and 95% air at 37 °C.

For cell growth assays, cells were seeded at 2 x 104 or 5 x 104
cells/mL in 96-well plates and cultured overnight before treatment.
For other analyses, cells were seeded at 1 x 10° or 2 x 105 in
six-well plates or 100-mm dishes and cultured overnight before
treatment. For cell growth assays, cells were treated with vehicle
or 4 or 8 uM Triacsin ¢ for 48 hours; with vehicle or 1, 2, or 4 pM
Triacsin ¢ for 48 hours; or with vehicle or 1 pM Triacsin ¢ for 40
hours. For assays of caspase activity, cells were treated with ve-
hicle or 8 pM Triacsin ¢ for 30 hours, and for assays of p53 ex-
pression, cells were treated with vehicle or 8 pM Triacsin ¢ or
with 3 uM topoisomerase I inhibitor SN-38 for 48 hours. Triacsin
¢ and SN-38 were dissolved in dimethyl sulfoxide (vehicle) at
stock concentrations of 50 mM and 2 mM, respectively, and
stored at —20 °C. The stock solutions were diluted in cell culture
medium before being added to cells. -

Measurement of Apoptosome Activity and
Drug-Activated Caspase Activity

To determine the functional status of the apoptosome-mediated
apoptosis pathway in normal and cancer cells, we measured
the cytochrome c-induced activation of caspases in cell
lysates. Cytosolic extracts were incubated with 10 pM cyto-
chrome ¢ plus 1 mM dATP for 30 minutes, and caspase activity
was measured  using  acetyl-Asp-Glu-Val-Asp-(4-methyl-
coumaryl-7-amide) (DEVD-MCA) as a substrate, as reported
previously (21). In brief, the cell extracts were incubated with
10 uM DEVD-MCA at 37 °C for 30 minutes. The release of
amino-4-methylcoumarin was monitored with a spectrofluorom-
eter (F-2500; Hitachi, Tokyo, Japan) using an excitation wave-
length of 380 nm and an emission wavelength of 460 nm. For
drug-treated cells, lysates were prepared in standard buffer
(10mA Tris-HCI, pH 8.0, SmM dithiothreitol [DTT], and 1 mM
phenylmethylsulfony! fluoride [PMSF)) (16), and caspase actlv-
ity was measured as described above.

Assessment of p53 Genetic Status

p33 status of NCI-H23, NCI-H522, NCI-H460, A549, HCC-
2998, KM-12, HT-29, HCT-15, LoVo, LS-174T, HCT-116,
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Table 1. Apoptosome activity and p53 status in human cancer cells and normal

human cells*

Apoptosome activity,

Cells RFU (95% CI) P53 status
Lung cancer
NCI-H23 840 (807 to 873) Mt(M2461)
NCI-H522 1900 (1817 to 1983) Mt(P191del)
DMS273 88 (79 to 97) Mt(G245C)
DMS114 2300 (2192 to 2408) Mt(R213X)
NCI-H460 170 (162 to 178) Wild
A549 30 (24 to 36) Wild
Colon cancer
HCC-2998 870 (823 t0 917) Mt(R213X)
KM-12 1700 (1641 to 1759) Mt(H179R)
HT-29 860 (805 to 915) Mt(R273H)
HCT-15 1700 (1648 to 1752) Mt(S241F)
LoVo 6.0(3.1t08.9) Wild
LS-174T 280 (260 to 300) Wild
HCT-116 110 (101 to 119) Wild
Stomach cancer
St-4 820 (813 to 827) Mit(Y205del)
MEKN-1 590 (569 to 611) Mi(V143A)
MKN-7 350 (330 to 370) Mt(1251L)
MKN-28 25 (1 to 49) Mt(I1251L)
MKN-74 97 (92 to 102) Mt(I251L)
MKN-45 100 (91 to 109) Wwild
NUGC4 22 (1610 28) Wild
Brain cancer
U251 1400 (1273 to 1527) Mt(R273H)
SF268 1600 (1424 to 1776) Mt(R273H)
SF295 1300 (1273 to 1327) Mt(R248Q)
SNB-75 450 (433 to 467) Mi(E258L)
SNB-78 520 (492 to 548) Mt(184-5del, P223A)
Al72 270 (269 to 271) wild
KGI1C 6.2 (6.0t0 6.4) Wild
Breast cancer
BSY-1 110.2 (109.8 to 110.6) Mt(R248Q)
HBC-5 430 (415 to 445) Mit(C242F)
HTB-26 2300 (2218 to 2382) Mt(R280L)
HBC-4 16 (7 to 25) Wild
MCF-7 93(921t094) Wwild
YMB-1 21 (20 to 22) Wild
Mrk-aul 23 (22 to 24) Wild
Normal adult cell lines
TIG108 240.0 (239.4 to 240.6) n.d.
TIG109 240 (217 to 263) n.d.
ASF4-1 88 (87 to 89) n.d.
CCD33Co 23 (2210 24) n.d.
TIG114 23 (22 to 24) n.d.
Normal tissue cells
Lungl 1.1(1.0t0 1.2) n.d.
Lung2 1.1(0.6t0 1.6) n.d.
Lung3 0.9(0.8101.0) n.d.
Colonl 9.0(6.1to 11.9) n.d.
Colon2 38 (0 to 76) n.d.
Colon3 3.0(2.2t03.8) n.d.
Stomachl 97 (96 to 98) n.d.
Stomach2 1.0 (0.97 to 1.03) n.d.
Stomach3 139t 17) n.d.
Embryonic cell lines
293T 1400 (1327 to 1473) n.d.
TIG3 890 (807 to 973) n.d.

*Apoptosomie activity = caspase activity, measured as described in Materials
and Methods. The apoptosome activity data are the mean value of four inde-
pendent experiments and are shown as relative fluorescence units (RFU). CI =
confidence intervals. p53 status was determined by reverse transcription poly-
merase chain reaction and DNA sequencing (23) as in described in Materials and
Methods or from previous reports (20,22). wild = wild-type; Mt = mutant; del =
deletion; X = termination codon; n.d. = not determined.

NUGC4, U251, SF268, SF295, SNB-75,A172, KG1C, HTB-26,
MCF-7, YMB-1, and Mrk-nul cells has been reported previously
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(20,22). We determined the p53 status of DMS273, DMS114, St-4,
MKN-1, MKN-7, MKN-28, MKN-45, MKN-74, HBC-4, BSY-1,
HBC-5, and SNB-78 cells using the method of Takahashi et al.
(23). In brief, we amplified p53 ¢cDNA from the cell lines using
reverse transcription polymerase chain reaction (RT-PCR) and
then cloned it into the pSS16 plasmid vector. The p53 cDNA was
sequenced with a Dyedeoxy terminator kit (Perkin-Elmer, Urayasu,
Japan) on an ABI 373A automated sequencer (Applied Biosys-
tems, Urayasu, Japan) according to the manufacturer’s protocol.

In Silico COMPARE Analysis

The in silico COMPARE analysis was carried out as described
by Yamori et al. (24,25). COMPARE analysis is a calculation
method to compare the pattern of enzyme activity or drug sensi-
tivity of a test compound in a set of cancer cell lines with that of
known compounds. The pattern of enzyme activity or drug sensi-
tivity is described as a mean graph and is called a fingerprint. We
have developed a database of chemosensitivities of cancer cell
lines to nearly 2500 compounds, including antitumor agents and
inhibitors of signal transduction.

Cell Growth Assays

The sensitivity of cell lines to Triacsin ¢ was evaluated using
the 3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) method (/6). In brief, we
used CellTiter 96AQueons One Solution Cell Proliferation Assay
Kit (Promega, Tokyo, Japan). Drug-treated cells (100 pl/well in
96-well plates) were treated with 20 pl. of MTS in phenazine
ethosulfate solution, and the mixture was incubated at 37 °C for 30
to 60 minutes. Optical density at 490 nm was measured. Four inde-
pendent experiments were performed for each cell line assayed.

Construction of Vectors

Full-length ¢DNAs for human caspase-9 and acyl-CoA
synthetase 5 (ACSL5) were amplified by PCR. A dominant-
negative form of caspase-9 (Dncaspase-9) (74) was generated by
mutagenesis (21) using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA), according to the manufacturer’s
instructions. Dncaspase-9 was cloned into the pcDNA3 vector
(Invitrogen, San Diego, CA) to generate pcDNA3-Dncaspase-9-
FLAG, which encodes a C-terminal FLAG epitope- agged
chimeric protein. The ACSL5 gene was cloned into the pFLAG-
CMYV vector (Kodak, New Haven, CT) to generate pFLAG-CM V-
ACSLS, which encodes a C-terminal FLAG epitope-tagged
chimeric protein. Forretrovirus-mediated gene transfer, Dncaspase-
9-FLAG and ACSL5-FLAG were excised from pcDNA3-
Dncaspase-9-FLAG and pFLAG-CMV-ACSLS, respectively, and
were subcloned into the pHa-IRES-dihydrofolate reductase
(DHFR) vector that we constructed previously (26). The resulting
vectors, pHa-Dncaspase-9-FLAG-IRES-DHFR and pHa-ACSL5-
FLAG-IRES-DHFR, encoded C-terminal FLAG epitope-tagged
chimeric proteins that included DHFR as a selection marker.

Transient Transfection, Retrovirus-Mediated Gene
Transfer, and Inhibition of apaf-1 Expression by
Small Interfering (si)RNA

To examine the roles of ACS and caspase-9 in Triacsin
c—induced cell death, we first transiently transfected NCI-H23
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and HCT15 cells with vectors containing chimeric ACSL5 or
Dnacaspase-9 proteins and then used retrovirus-mediated gene
transfer of these vectors to SF268 cells to generate stably-
expressing cells.

Transienttransfection wasperformedusingLipofectamine2000
(Invitrogen, San Diego, CA), according to the manufacturer’s
instructions. We co-transfected cells with pcDNA3-Dncaspase-
9-FLAG and pcDNA3-enhanced green fluorescent protein
(EGFP), pFLAG-CMV-ACSL5 and pcDNA3-EGFP, or their
empty vectors (mock) and pcDNA3-EGFP (27) on day 1. After
Triacsin ¢ treatment, on day 2, cell viability was determined by
counting EGFP-positive cells in samples from each transfected
population. '

For retrovirus-mediated gene transfer, PA317 cells were
transfected with pHa-Dncaspase-9-FLAG-IRES-DHFR, pHa-
ACSL5-FLAG-IRES-DHFR, .or pHa-IRES-DHFR (mock),
selected with methotrexate (MTX), and the conditioned media
of the MTX-resistant PA317 cells was added to SF268 cells,
which have high retrovirus infection efficiency, as described
previously (26). After retrovirus-mediated gene transfer and sub-
sequent MTX selection (100 ng/mL), stably transduced cells
were established.

siRNAs were transiently introduced into the cells with Lipo-
fectamine2000, according to the manufacturer’s instructions. The
siRNA to human apaf-1 (mixture of the following four duplexes:
5'-GGACAAAUGUAUCUUUCUAUU-3', 5-GAACUCUGCU
GUAAUGUUAUU-3', 5-GAACAGGUCAGAUUGAUUAUU-
3/, 5“CGACAGCCAUUUCCUAAUAUU-3") and a nonspecific
control duplex (5'-ACUCUAUCUGCACGCUGACUU-3") were
produced by Dharmacon Inc. (Chicago, IL). Twelve hours after the
siRNAs were introduced, cells were reseeded at 2 x 104 cells/mL
in 96-well plates and were then treated with vehicle or 2 M Triac-
sin ¢ for 48 hours. Sensitivity of cells to the agent was evaluated
using the MTS method, as described above.

Measurement of Acyl-CoA Synthetase Activity

Total cell lysates from mock- or ACSLS5-transduced SF268
cells (treated with vehicle or 4 pM Triacsin c for 48 hours) were
prepared by homogenizing cells in buffer A (20 mM HEPES-
KOH, pH 7.5, 10 mM KClI, 1.5 mM MgCly, | mM EDTA, 1 mM
DTT, and 0.1 mM PMSF) (16), and the acyl-CoA synthetase
- activity was assayed as described previously (28). In brief, the
assay mixture contained 1.2 pmol of MgCl,, 5 pmol of ATP, 3
pmol of KF, 0.1 umol of coenzyme A, 3 pmol of 2-mercapto-
ethanol, and 0.03 pmol of palmitic acid containing 0.1 pCi of
[14C]-palmitic acid, in a total volume of 150 pL. The reaction
was initiated by adding 100 pL of cell lysate and terminated after
S minutes at 37 °C by adding 2.25 mL of isopropanol-heptane-1
M H3S04 (40:10:1 by volume). Then 1.5 mL of heptane and 1
mL of water were added, and the upper layer was discarded. The
lower layer was washed twice with 2 mL of heptane containing
8 mg palmitic acid, and 0.1 mL of sample was counted in 1 mL
of scintillation cocktail, ACSII (Amersham, Tokyo, Japan).

Measurement of Cardiolipin Levels

Cardiolipin levels were measured according to the method of

Hardy et al. (29) with a slight modification. Mock- or ACSL5- -

transduced SF268 cells were labeled for 24 hours with [32P]Pi
(20 pCi/mL), and lipids were extracted by adding 300 pL of
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CH3;OH/CHCl3/phosphate-buffered saline (PBS) (10:5:4), 78 pL
of CHCl3, and 78 L of CHCIl;3 and then by collecting the lower
phase. Phospholipids were separated by thin-layer chromatogra-
phy using silica gel plates K6 (Whatman, Tokyo, Japan), and in-
dividual species were identified by comigration of standards
(Sigma-Aldrich Corp., St. Louis, MO). The cardiolipin level was
determined quantitatively by exposure of autoradiography film to
the lipid-separated thin-layer chromatography plates, followed
by densitometric scanning of cardiolipin spots.

Isolation of Mitochondria and Estimation of
Cytochrome ¢ Release From Mitochondria

Mitochondria were isolated from SF268 cells, and cytochrome
c release was examined as described (30). In brief, isolated mito-
chondria (10 pg of protein) were incubated with NAO in a buffer
containing 0.3 M mannitol, 10 mM HEPES-KOH, pH 7.4, | mM
KPB, 0.1 mM EGTA, 0.1 mM EDTA, and 0.5 mM MgCl, for 3
hours at 37 °C. The mitochondria were centrifuged (20000 x g)
at 4 °C for 2 minutes. The supernatants were then separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) on 15-25% gradient gels, and cytochrome ¢ was
detected by Western blotting.

Western Blot Analysis

Monoclonal rat anti-human apaf-1 antibody (used at 1:300
dilution) was purchased from Alexis Biochemicals (San Diego,
CA), monoclonal mouse anti-human cytochrome ¢ antibody
(used at 1:300 dilution) was purchased from PharMingen (San
Diego, CA), monoclonal mouse anti-human tubulin antibody
(used at 1:1000 dilution) and monoclonal mouse anti-FLAG an-
tibody (used at 1:300 dilution) were purchased from Sigma, and
rabbit polyclonal anti-human p53 antibody (used at 1:300 dilu-
tion) was purchased from Santa Cruz Biotechnology, Inc. West-
ern blots were performed as described previously (27). In brief,
cell lysates were subjected to SDS-PAGE (4-20% or 15-25%
gradient gel) and then transferred to a nitrocellulose membrane.
Membranes were blocked at room temperature for 1 hour in
blocking buffer (5% skim milk and 0.1% Tween-20 in PBS), in-
cubated with the antibodies diluted as described above in block-
ing buffer at room temperature for 2 hours, washed three times in
washing buffer (0.1 % Tween-20 in PBS), and incubated with
anti-mouse, anti—rat, or anti-rabbit immunoglobulin peroxidase-
conjugated antibodies (1:500 dilution; Amersham, Tokyo, Japan)
at room temperature for 1 hour and washed six times with wash-
ing buffer. The bands were then visualized using ECL Western
Blotting Detection Reagents (Amersham, Tokyo, Japan).

Antitumor Activity Against Xenografts

NCI-H23 cells were implanted subcutaneously in the right
flank region of 9-week-old BALB/cAJcl-nu nude mice (n = 10)
(Charles River Japan, Inc., Kanagawa, Japan) (76). Therapeutic
experiments were started approximately 10 days after implanting
when tumors reached 50-150 mm? as measured with calipers
(day 0). Triacsin ¢ was administered by intratumoral injection in
40 pL of saline (30 mg - kg™!. day™!) daily on days 0, 1, and 2.
Control mice (n = 5) received the same volume of saline as
experimental mice (n = 5). The length (L) and width (W) of the
tumor were measured, and the tumor volume (TV) was calculated
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as TV = (LXWXW)/2. Tumor growth was measured for 21 days.
All animal procedures were performed in the animal experiment
room of the Japanese Foundation for Cancer Research (JFCR)
using protocols approved by the JFCR Animal Care and Use
Comimittee.

Statistical Analysis

All mean values and 95% confidence intervals (CIs) from at
least triplicate samples were calculated with Microsoft Excel 98
software (Microsoft, Seattle, WA). Statistical significance of dif-
ferences between two groups was determined with a two-sided
Student ¢ test using StatView software, version 4.5 (SAS Institute
Inc., Cary, NC). Statistical significance of differences between
two groups was also determined with Mann-Whitney’s U test
(nonparametric test) using StatView software, version 4.5. We
confirmed that all the differences determined as being statisti-
cally significant with Studént’s ¢ test were also statistically sig-
nificant with Mann-Whitney’s U test (P<.05, data not shown).
Additionally, one-way analysis of variance with Fisher’s test was
also done by use of StatView software to confirm the statistical
significance of differences between the apoptosome activity of
normal and p53-mutant tumor cells. We calculated the degree of
similarity between drug sensitivity (—log [drug concentration
resulting in a 50% reduction in cell growth {Glsg} value of
Triacsin ¢}) and apoptosome activity using Pearson’s correlation
coefficient using StatView software. For all statistical tests, P
values of <.05 were considered statistically significant.

ResuLrs
Apoptosome-Mediated Pathway in p53-Defective Tumors

To determine if the intrinsic pathway of apoptosis was
functional in cancer cells, we measured the apoptosome activity
(cytochrome c—induced activation of caspases in cell lysates) of
34 human cancer cell lines, as well as in normal human adult
tissue—derived cells, human adult cell lines, and human embryonic
cell lines (Table 1). Most human tumor cell lines possessed
elevated apoptosome activity compared with normal cells,
although in some tumor cell lines, low apoptosome activity was
observed (Fig. 1, A). Tumor cell lines had statistically signifi-
cantly higher apoptosome activity than did normal tissue-derived
cells (mean apoptosome activity of tumor cells versus that of
normal tissue—derived cells; means = 626 relative fluorescence
units [RFU] versus 18 RFU, respectively; difference = 608 RFU,
95% CI = 120 to 1097; P = .016), which is in agreement with
previous reports that show elevated expression of apoptosome
components in cancers (7,8). In contrast with normal adult cells,
which showed low apoptosome activity, embryonic cell lines
showed high activity (Table 1). This higher activity may reflect
the rapid growth of embryonic cells.

Because recent studies indicate that defective apoptosome
component proteins play a role similar to p53 loss in promoting
oncogenic transformation (12,14), we examined the relationship
between p53 status and apoptosome activity. We observed that
tumor cell lines with defective p53 retained intact downstream
apoptosome activity, whereas tumor cell lines with low apopto-
some activity possessed intact p53, suggesting that a comple-
mentary pattern of p53 mutation and low apoptosome activity
existed (Fig. 1, B). Tumor cells with mutant p53 retained statisti-
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cally significantly elevated apoptosome activity as compared
with normal tissue—derived cells (apoptosome activity of p53-
mutant tumor cells versus normal tissue~derived cells; means =
964 RFU versus 18 RFU, respectively; difference = 946 RFU,
95% CI =442 to 1450; P<.001) or normal adult cell lines (apop-
tosome activity of tumor cells versus normal adult cell lines;
means = 964 RFU versus 122 RFU, respectively; difference =
842 RFU, 95% CIL =155 to 1528; P = .018).

In Silico COMPARE Analysis to Identify an Agent
Targeting Elevated Apoptosome Activity in Tumors

We then used in silico COMPARE analysis to identify
apoptosome-directing stimuli (24,25). We established a human
cancer cell line panel and developed a database of their chemo-
sensitivities to nearly 2500 compounds, including antitumor
agents and inhibitors of signal transduction. Drugs were profiled
according to their fingerprint patterns for differential growth
inhibition. Because the drug’s mode of action is related to its fin-
gerprint (24), the fingerprint database can be used to predict the
modes of action of new compounds and to identify compounds
that target molecules involved in tumor survival. Using the COM-
PARE analysis, we can identify compounds in our database whose
fingerprints for growth inhibition show a statistical correlation
with a fingerprint of another drug or an enzyme activity (24).

For this study, we designated apoptosome activity patterns of
the cell lines as apoptosome fingerprints and searched for com-
pounds in our database whose fingerprint of growth inhibition
correlated well with the apoptosome pattern (Fig. 2, A). By min-
ing our database using the COMPARE algorithm (24), several
candidate compounds were identified. Triacsin ¢, a specific in-
hibitor of acyl-CoA synthetase (ACS) (/9), had the strongest cor-
relation between apoptosome pattern and growth inhibition. ACS
catalyzes the formation of acyl-CoA from fatty acid, a reaction
that is involved in both the degradation of fatty acid and the syn-
thesis of cellular lipids. Some ACS isozymes are overexpressed
in cancers (37,32), which suggests that they are involved in can-
cer cell survival, even though their precise roles are unknown. A
statistical correlation was found between apoptosome activity
and the log (Glsg of Triacsin ¢) (Pearson’s correlation efficient
r =589, P =.0019, Fig. 2, B). Moreover, Triacsin c treatment
induced a statistically significant increase in cell death of those
p53-defective cell lines that had high apoptosome activity [cell
survival of Triacsin c—treated versus untreated H23 cells; means =
38% (8 pM) or 48% (4 pM) versus 100% (untreated), respec-
tively, difference = 62% (untreated ~ 8 pM) or 52% (untreated —
4 1M), 95% CI = 60% to 65% (untreated — 8 pM) or 45% to 59%
(untreated — 4 pM), P<.001; cell survival of Triacsin c—treated
versus untreated DMS114 cells; means = 38% (8 pAd) or 38%
(4 pM) versus 100% (untreated), respectively, difference = 62%
(untreated — 8 pM) or 62% (untreated — 4 M), 95% CI = 60% to
64% (untreated — 8 puM) or 59% to 64% (untreated — 4 pM),
P<.001; cell survival of Triacsin c—treated versus untreated HCT-
15 cells; means = 26% (8 pM) or 34% (4 pi) versus 100%
(untreated), respectively, difference = 74% (untreated — 8 ui4) or
60% (untreated — 4 uM), 95% C1 = 68% to 80% (untreated —
8 pM) or 60% to 72% (untreated — 4 pM), P<.001; cell survival
of Triacsin c—treated versus untreated KM-12 cells; means = 53%
(8 puM) or 61% (4 pM) versus 100% (untreated), respectively,
difference = 47% (untreated — 8 uM) or 39% (untreated — 4 i),
95% CI = 40% to 54% (untreated — 8 pM) or 32% to 45%
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(untreated — 4 pi), P<.001; cell survival of Triacsin c—treated
versus untreated SF268 cells; means = 48% (8 pM) or 57%
(4 uM) versus 100% (untreated), respectively, difference = 52%
(untreated — 8 nid) or 43% (untreated — 4 pM), 95% CL =49% to
54% (untreated — 8 pM) or 40% to 45% (untreated — 4 pM),
P<.001; cell survival of Triacsin c—treated versus untreated U251
cells; means = 35% (8 pM) or 61% (4 puM) versus 100%
(untreated), respectively, difference = 65% (untreated — 8 uf) or
39% (untreated — 4 pi), 95% CI = 62% to 68% (untreated —
8 wM) or 35% to 43% (untreated — 4 pM), P<.001]. However, at
the same dosage, Triacsin ¢ was not cytotoxic to human normal
cells with low apoptosome activity (Fig. 2, C).

We next examined whether Triacsin ¢ activated the apopto-
some pathway. Triacsin ¢ induced cytochrome c release from the
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normal tissue cells @
normal adult cell lines oo

cancer cell lines

mitochondria, and caspase activity in treated cells was statisti-
cally significantly higher than that of untreated, untransfected
NCI-H23, HCT-15, and SF268 cells (caspase activation of
Triacsin c—treated versus unireated H23 cells; means = 315%
versus 100%, respectively, difference = 215%, 95% CI = 209%
to 221%; HCT-15 cells; means of 860% versus 100%, respec-
tively, difference = 760%, 95% CI = 748% to 773%; SF268
cells; means = 1018% versus 100%, respectively, difference =
918%, 95% CI=895% to 941%; P<.001; Fig. 3, A and B). More-
over, expression of exogenous dominant negative caspase-9
statistically significantly suppressed Triacsin c—induced cytotox-
icity (cell survival of Triacsin c-treated mock- versus dominant
negative caspase-9—transfected H23 cells; means = 47% versus
100%, respectively, difference = 53%, 95% CI = 47% to 59%;
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normatl cell lines

cell lines. Cells were treated with 0 (open bars), 4 (hatched bars), and 8 (solid
bars) pM Triacsin ¢ for 48 hours. We used CellTiter 96AQueous One Solution
Cell Proliferation Assay Kit (Promega, Tokyo, Japan). Data shown are the mean
value of three independent experiments, and error bars show 95% confidence
intervals. P values (two-sided) were calculated using the Student s test. *,
P<.001.
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HCT15 cells; means of 60% versus 101%, respectively, differ-
ence = 41%, 95% CI = 24% to 58%; SF268 cells; means = 78%
versus 91% [2 uM Triacsin c] or 48% versus 74% [4 uM Triacsin
c], respectively, difference = 12% or 26%, 95% CI = 11.5% to
13.0% or 24.8% to 26.2%; P<.001; Fig. 3, C).

To further determine whether Triacsin ¢ was acting specifically
on the apoptosome, we used siRNA to knock down apaf-1, the
main apoptosome component. Apaf-1 knockdown statistically
significantly inhibited cell death (cell survival of Triacsin c—treated
control versus apaf-1 siRNA-transfected cells; means = 70%
[untransfected] or 73% [control siRNA-transfected] versus 91%,
respectively, difference = 21% or 18%, 95% CI = 17% to 26% or
15% to 21%; P<.001; Fig. 3, D). In addition, in normal TIG109
cells, Triacsin ¢ did not induce p53 expression, whereas the topoi-
somerase I inhibitor SN-38 induced p53 accumulation (Fig. 3, E).

Involvement of ACS in Tumor Cell Survival and the
Maintenance of Cardiolipin Level

To determine the biologic significance of Triacsin c—mediated
ACS inhibition in cell death, we expressed ACSLS5, a Triacsin
c—resistant ACS isozyme (33), in NCI-H23, HCT-15, and SF268
cancer cells (Fig. 4, A), which restored the ACS activity that
decreased with Triacsin ¢ treatment. The expression of ACSL5
statistically significantly inhibited Triacsin c—induced cell death
(cell survival of Triacsin c—treated mock- versus ACSLS5-
transfected H23 cells; means = 51% versus 114%, respectively,
difference = 63%, 95% CI = 54% to 71%; HCT15 cells; means =
67% versus 102%, respectively, difference = 35%, 95% CI =
28% to 42%; P<.001; Fig. 4, B, left). Retrovirus-mediated gene
transfer confirmed that the stable expression of ACSL5 prevented
Triacsin c-induced decreased ACS activity (ACS activity of
Triacsin c-treated mock- versus ACSL5-transduced SF268 cells;
means = 41% versus 165%, respectively, difference = 124%,
95% CI = 120% to 128%, P<.001; Fig. 4, D) and strongly inhib-
ited cell death (cell survival of Triacsin c—treated mock- versus
ACSLS5-transduced SF268 cells; means = 76% versus 91% (2 pM
Triacsin c) or 40% versus 83% (4 pM Triacsin c), respectively,
difference = 15% or 43%, 95% CI = 14% to 16% or 39% to 47%;
P<.001; Fig. 4, B, right; Fig. 4, C). Moreover, the expression of
ACSLS5 suppressed cytochrome c release and subsequent caspase
activation (caspase activation of Triacsin c—treated mock- versus
ACSL5-transduced SF268 cells; means = 705% versus 95% (24
hours) or 7780% versus 740% (48 hours), respectively, differ-
ence = 610% or 7040%, 95% CI = 587% to 633% or 6900% to
7100%; P<.001; Fig, 4, E and F).

Several lines of evidence indicate that cardiolipin, a mito-
chondrial phospholipid, interacts with cytochrome ¢ and is in-
volved in retaining cytochrome ¢ in the mitochondria (17).
Because acyl-CoA is required for phospholipid biosynthesis, we
examined whether the cardiolipin level could be modified by
ACS inhibition. The total phospholipid level in untransfected
SF268 cells decreased gradually after ACS inhibition by Triac-
sin ¢ (total phospholipid level of Triacsin c—treated versus un-
treated mock-transfected cells; means = 75.5% versus 100%,
respectively, difference = 24.5%, 95% CI = 23.7% to 25.3%,
P<.001; Fig. 5, A), and the cardiolipin level decreased statisti-
cally significantly. Cardiolipin levels were restored upon ACSL5
expression (cardiolipin level of Triacsin c—treated versus
untreated mock-transfected cells; means = 63% versus 100%,
respectively, difference = 37%, 95% CI = 24% to 50%, P = .0013
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for 24 hours of treatment; means = 36% versus 100%, respec-
tively, difference = 64%, 95% CI = 58% to 70%; P<.001 for 48
hours of treatment; Fig. 5, B).

To determine the link between cardiolipin levels and cyto-
chrome c release, we tested the effect of NAO on mitochondria
isolated from untransfected SF268 cells. NAO binds specifically
to cardiolipin, preventing it from interacting with its binding pro-
teins (18). After treatment with NAO, cytochrome ¢ was released
from the mitochondria (Fig. 5, C). Thus, cardiolipin is involved
in cytochrome c release.

In Vivo Antitumor Activity of Triacsin ¢ Against
Human Cancer Xenografts

To evaluate the role of ACS in tumor cell survival in vivo, we
inoculated nude mice with NCI-H23 human lung cancer cells.
We used this line because the cells have high apoptosome activ-
ity and grow stably in nude mice. Once tumors reached 50-150
mm?, they were treated with Triacsin c. Triacsin ¢ statistically
significantly inhibited the growth of tumor xenografts from day 7
to 21 (relative tumor volume of Triacsin c-treated versus
untreated group; means = 1.6 versus 2.2 (day 7), 2.1 versus 3.6
(day 11), 2.8 versus 5.6 (day 14), 3.7 versus 7.9 (day 18), and 4.6
versus 9.6 (day 21), respectively; difference = 0.6 (day 7), 1.5
(day 11), 2.8 (day 14), 4.2 (day 18), and 5.0 (day 21); 95% CI =
0.052 to 1.10 (day 7), 0.32 to 2.6 (day 11), 0.90 to 4.86 (day 14),
1.4 to 6.8 (day 18), and 2.1 to 7.9 (day 21); P = .0359 (day 7),
.0207 (day 11), .0118 (day 14), .0098 (day 18), and .0059 (day 21);
Fig. 6, upper panel), compared with tumors in untreated mice. We
observed no decrease in body weight of the Triacsin c—treated
mice compared with that of untreated mice throughout these
experiments (Fig. 6, lower panels).

Discussion

The activity of the apoptosome-mediated pathway, the intrin-
sic machinery of apoptosis, was elevated in the majority of tumor
cells examined but was low in some tumor cells, compared with
normal cells. Moreover, we observed a complementary pattern
between p53 loss and low apoptosome activity in human cancer
cell lines. Here, we applied an in silico COMPARE approach
(24,25) and successfully identified Triacsin c, a specific inhibitor
of ACS, as an agent that selectively targets the apoptosome
pathway of tumor cells. Restoration of ACS activity by the
expression of ACSL5 suppressed Triacsin c—induced cell death,
indicating that ACS inhibition was a critical step for the tumor-
selective activation of the apoptosome pathway. Moreover, we
showed that ACS was involved in the maintenance of levels of
cardiolipin, a mitochondrial phospholipid that anchors cyto-
chrome ¢ and that ACS inhibition induced cytochrome c release.

The results in this study agree with data from previous studies
that show the complementary role of apoptosome inactivation
and p53 loss in tumor growth (72,14). Scott et al. (15) report,
however, that, unlike loss of p53, loss of apaf-1 alone is not
enough to promote oncogene-induced transformation of mouse
embryo fibroblasts. One explanation could be that, in the
apoptosome-defective cancer cells, additional defects occur that
promote malignant transformation.

Our data indicate that most p53-mutated tumors retain apopto-
some activity and that it is higher in tumor cells than in normal
cells. This finding provides a molecular basis for clinical trials of
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Fig. 3. Apoptosome-mediated cell death after treatment with Triacsin ¢, after
transfection with dominant negative caspase-9 (dn-casp9), and after apaf-1
knockdown. For A) cytochrome ¢ release and B) caspase activation assays,
human lung cancer NCI-H23, human colon cancer HCT-15, and human glioma
SF268 cells were treated with 0 uM (open bars) or 8 uA/ (selid bars) Triacsin
¢ for 30 hours. Cytochrome ¢ release was detected by Western blot using a
monoclonal mouse anti-human cytochrome ¢ antibody (PharMingen, San
Diego, CA). Total protein loading was evaluated by blotting with a monoclonal
mouse anti~human tubulin antibody (Sigma, St. Louis, MO). Caspase activity
was measured using acetyl-Asp-Glu-Val-Asp-(4-methyl-coumaryl-7-amide) as
a substrate. C) Mock-transfected or dominant negative-caspase 9-transfected
NCI-H23 and HCT-15 cells were treated with 0 (open bars) pAf or 1 (solid
bars) pM Triacsin ¢ for 40 hours. Mock-transfected (open bars) or dominant
negative-caspase 9-transfected (solid bars) SF268 cells were treated with 0,
1, 2, or 4 pM Triacsin ¢ for 48 hours. Transient transfection of NCI-H23 and
HCT-15 cells was performed using Lipofectamine2000 (Invitrogen, San Diego,

CA). In SF268 cells, stably transduced cells were established by retrovirus-
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SF268

mediated gene transfer, using retrovirus vectors, pHa-Dncaspase-9-FLAG-
IRES-DHFR, or pHa-IRES-DHFR (mock). Sensitivity of cells to Triacsin ¢ was
evaluated using the CellTiter 96 AQyeous One Solution Cell Proliferation Assay
Kit (Promega, Tokyo, Japan), and optical density at 490 nm was measured.
D) Ninety-six hours after SF268 cells were transfected with small interfering
(si) RNA, cytosolic fractions were prepared to examine apaf-1 expression
by Western blot using a monoclonal rat anti-human apaf-1 antibody (Alexis
Biochemicals, San Diego, CA), or cells were treated with O (open bars) uM or
2 (solid bars) pAf Triacsin ¢ for 48 hours. Data shown are the mean values of
three independent experiments, and error bars show 95% confidence intervals.
P values (two-sided) were calculated using the Student / test (*, P<.001; #,
P =.0024. E) p53 expression in normal human TIGI09 cells as determined
by Western blot with rabbit polyclonal anti-human p53 antibody (Santa Cruz
Biotechnology, San Cruz, CA). Total protein loading was evaluated by blotting
with a monoclonal mouse anti-human tubulin antibody. Cells were untreated
(no treat) or treated with 8 pM Triacsin ¢ or with 3 pAM topoisomerase I inhibitor
SN-38 for 48 hours.
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Fig. 4. Involvement of acyl-CoA synthetase (ACS) in the retention of cytochrome
¢ in the mitochondria. A) The expression of FLAG epitope-tagged acyl-CoA
synthetase 5 (ACSLS5) in transfected cells by Western blot with monoclonal
mouse anti-FLAG antibody (Sigma, St. Louis, MO). Total protein loading was
evaluated by blotting with a monoclonal mouse anti-human tubulin antibody
(Sigma). B) Cell death after Triacsin ¢ treatment. Mock-transfected or ACSLS-
transfected NCI-H23 and HCT-15 cells were treated with 0 (open bars) pi
or 1 (solid bars) pAf Triacsin ¢ for 40 hours. In SF268 cells, mock-transduced
(open bars) or ACSL5-transduced (solid bars) cells were treated with 0 pM,
1 uM, 2 pi, or 4 uM Triacsin c for 48 hours. We used CellTiter 96AQueous One
Solution Cell Proliferation Assay Kit (Promega, Tokyo, Japan), and optical
density at 490nm was measured. C) Apoptotic morphologic changes following
Triacsin ¢ treatment in mock-transduced and ACSL5-transduced SF268 cells. D)
ACS activity following Triacsin ¢ treatiment in mock-transduced and ACSL5-

patients with p53 mutant tumors by wild-type p53 gene transfer
or the downstream gene transfer therapy. Furthermore, our data
raise the possibility that stimuli that bypass the p53 defect and
activate the downstream apoptosome directly could selectively
kill p53-mutant tumor cells.

The main limitation of our study is that our results are based
on the data from a representative set of human cancer cell lines.
Further studies are needed to validate our result in a larger set of
cancer cells, including those from tumor samples.
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mock
transduced SF268 cells. The ACS assay was performed as described previously
(28) and as in Materials and Methods. E) Cytochrome c release as measured
by Western blot using a monoclonal mouse anti-human cytochrome ¢ antibody
(PharMingen, San Diego, CA). Total protein loading was evaluated by blotting
with a monoclonal mouse anti-human tubulin antibody (Sigma, St. Louis, MO)
and F) caspase activation in mock-transduced and ACSL5-transduced SF268
cells, Caspase activity was measured by incubating with 10 paf acetyl-Asp-Glu-
Val-Asp-(4-methyl-coumaryl-7-amide) and measuring the release of amino-4-
methylcoumarin at 460 nm using a spectrofluorometer (F-2500; Hitachi, Tokyo,
Japan). SF268 cells were untreated or treated with 4 uA Triacsin ¢ for 36 hours
(C), for 24 hours {(D,E) or for 0 (open bars), 24 (hatched bars) and 48 (solid
bars) hours (F). Data are the mean values of three independent experiments, and
error bars show 95% confidence intervals. P values (two-sided) were calculated
using the Student 7 test (*, P<.001).

Our results indicate that ACS promotes cancer cell survival by
maintaining cardiolipin level and cytochrome ¢ retention in the
mitochondria and that ACS inhibition leads to the activation of
the apoptosome-mediated pathway. Moreover, NAQ, a specific
cardiolipin inhibitor, induced cytochrome c release (Fig. 5, C),
and this finding suggests that lowered cardiolipin level causes
cytochrome c release in ACS inhibition—induced cell death (Fig. 7).
Previous reports have demonstrated, in liposomes formed from
defined lipid mixtures with a composition similar to that of
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Fig. 5. Involvement of cardiolipin in mitochondrial cytochrome c release. A)
Change in total phospholipid level after Triacsin c treatment. Mock-transduced
or ACSLS5-transduced SF268 cells were left untreated (open bars) or treated with
4 uM Triacsin c (solid bars) for 24 hours. Total phospholipid levels were measured
as described in Materials and Methods. B) Change in cardiolipin content per
total phospholipid after Triacsin ¢ treatment. Mock-transduced (open bars) or
ACSLS5-transduced (solid bars) SF268 cells were left untreated or treated with
4 uM Triacsin ¢ for 24 and 48 hours. Data shown are the mean value of three
independent experiments, and error bars show 95% confidence intervals. P values
(two-sided) were calculated using the Student 7 test. ¥, P<.001; #, P =.0013. C)
Cytochrome c release from isolated mitochondria following 10-N-nonyl-acridine
orange (NAOQ) treatment. Mitochondria were isolated from SF268 cells as
described (30) and treated as described in Materials and Methods. Cytochrome ¢
was detected by Western blot using a monoclonal mouse anti-human cytochrome
¢ antibody (PharMingen, San Diego, CA).

mitochondria of eggs of the amphibian Xenopus laevis, that
cardiolipin is also involved in proapoptotic steps by cooperating
with Bid and Bax (34), although contrasting results were pre-
sented from a study using yeast mitochondria (35). Thus, further
studies are needed to clarify the role of cardiolipin in the apopto-
sis of human cancer cells.

Our results showed that blocking cardiolipin function is one
way to initiate the intrinsic apoptosis pathway. However, alter-
native mechanisms should also be considered in ACS inhibition—
induced apoptosis, because acyl-CoA is involved in multiple
biochemical pathways, including adenine nucleotide translocase
regulation and beta-oxidation. It has been suggested that adenine
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Fig. 6. Effect of acyl-CoA synthetase (ACS) inhibitor on tumor growth and
body weight change in nude mice bearing human cancer xenografts. Therapeutic
experiments were staried (day 0) when tumors reached 50-150 mm?3, Triacsin
¢ was administered by intratumoral injection in 40 pL of solution (30 mg - kg™ -
day™!) daily from days 0 to 2. Control mice received the same volume of saline
as did experimental mice. The length (L) and width (W) of the tumor were
measured, and the tumor volume (TV) was calculated as TV = (LXWXW)/2. The
open bars represent the control group, whereas solid bars represent the Triacsin
c~treated group. Bars depict the mean values of five mice, and error bars show
95% confidence intervals. P values (two-sided) were calculated using the Student
f test.

nucleotide translocase plays a role in cytochrome c release from
the mitochondria during apoptosis (36). Because acyl-CoA in-
hibits adenine nucleotide translocase (37), we hypothesize that
ACS inhibition could lead to a decrease in intracellular acyl-
CoA levels, activation of adenine nucleotide translocase, and,
subsequently, to the release of cytochrome c through activated
adenine nucleotide translocase. Recent evidence against the in-
volvement of adenine. nucleotide translocase in cytochrome ¢
release (38) could discount this hypothesis, though. Because
acyl-CoA also interacts with other mitochondrial proteins (39),
additional studies are required to define the role of these interac-
tions in apoptosis.

ACS catalyzes the formation of acyl-CoA from fatty acid, a
critical step in fatty acid degradation through beta-oxidation, and
the inhibition of ACS causes the accumulation of free fatty acid
(40). Because free fatty acid has the potential to promote the
opening of the mitochondrial permeability transition pore (47) or
to cause cytochrome c release (42), the accumulation of free fatty
acid could be another mechanism to initiate apoptosome pathway
by ACS inhibition.

The precise role of ACS in fatty acid biosynthesis is still un-
defined. However, it is known that ACSLS5 localizes mainly to
the mitochondria (33) and is overexpressed in glioma (3/). Our
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Fig. 7. Possible model for the regulation of mitochondrial cardiolipin by acyl-
CoA synthetase, inhibition of which leads to preferential apoptosome-mediated
tumor cell death. :

results indicate that the ACSLS5 isozyme plays a dominant role in
biosynthesis of mitochondrial cardiolipin and could be involved
in cancer cell survival.

In this study, we observed that ACS inhibition preferentially
induced apoptosome-mediated death of cancer cells, and we
identified Triacsin ¢ as a specific activator of this pathway. Al-
though p53 induces apaf-1 transcription in cancer cells (3), in our
study, Triacsin ¢ did not induce p53 expression in normal cells,
which may explain why the agent is less toxic to normal cells.
Triacsin ¢ also suppressed growth of tumor xenografts without
any decrease in body weight of the murine host. Taken together
with the frequent expression of ACS in human cancers (37,32),
we suggest that ACS may be a good target for chemotherapy.
However, further studies are needed to define the specific role of
each ACS isozyme in malignant transformation.
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