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Introduction

IAP (Inhibitor of Apoptosis Protein), with at least eight family members, suppresses apoptosis
through binding and inhibiting active caspases 3/7 and 9 via its BIR (baculovirual IAP repeat) domains.
Over-expression of lAPs, particularly survivin is seen in most common cancers (including breast
cancers), whereas down-reguation of XIAP or survivin induces apoptosis in multiple human cancer cell
lines. Moreover, high levels of survivin are associated with worse clinical outcome (1). In apoptotic
cells, the caspase inhibition by IAPs is negatively regulated by a mitochondrial protein Smac. Smac
physically interacts with multiple IAPs and relieves their inhibitory effect on caspases 3/7 and 9 (2).
The crystal structure showed that this is mainly achieved through the N-terminal four conserved residues
(AVPI) in mature Smac molecule that recognize and bind to a surface groove on BIR3 of XIAP (3).
Indeed, synthetic Smac peptides with AVPI in its N-terminus is sufficient to activate procaspase-3 (2, 3)
and sensitizes cancer cells to apoptosis induced by chemotherapeutic agents in breast cancer cells (4).
Since the molecular weight of tetrapeptide AVPI is quite small and structure of their binding to XIAP is
available, it is feasible to set up a binding assay to screen for small molecules that compete with these
tetrapeptides for XIAP binding, thus activating caspases and inducing apoptosis. The objective of this
award proposal is to identify selective, small molecular compounds that mimic Smac's binding to IAP
and eliminate IAP's inhibition on active caspases, thus induc ing apoptosis in breast cancers and
identified small molecule will be characterized for caspase activation, apoptosis induction and/or radio-
/chemo-sensitization in breast cancer cells.

Just prior to conducting proposed study, a paper published in Science reporting such a small
molecule Smac-mimic compound that is active in disrupting IAP-caspases binding and in sensitizing
TRAIL- and TNF-cL- mediated cell death in glioblastoma T98G cells and HeLa cells (5). To avoid
duplicate work, we decided to characterize this small molecule in its activity against breast cancer cells.
As shown in below, this Smac-mimic compound is very potent in inducing apoptosis in the tested breast
cancer cells alone or in combination with TRAIL or etoposide in a manner dependent upon cellular
levels of IAPs.

Body

Expression of IAPs varies among breast cancer cell lines:
A newly identified Smac-mimic small molecule compound (Smac-mimic) acts by targeting IAPs

to relieve their suppression of caspase activity (5). This mechanism of action suggests that Smac-mimic
could have a higher efficacy in inducing apoptosis in cancer cells with over-expressed IAPs. To
determine efficacy of Smac-mimic in breast cancer cells and to establish a potential correlation between
levels of IAPs and drug sensitivity, a total of 9 breast cancer cell lines were examined by western
blotting analysis for their protein levels of three well-studied IAPs: XIAP, cIAP-1, and cIAP-2.
Expression of IAPs varies significantly among these lines. Three cell lines were selected to determine
their sensitivity to Smac- mimic: MDA-MB-23 1, a high IAPs expresser, MDA-MB-453 and T47D, two
low IAPs expressers.

The levels of endogenous IAPs determine cellular sensitivity to Smac-mimic alone or in combination
with TRAIL or etoposide:

We next determined, using a 5-day cell proliferation MTS assay, the sensitivity of these three
cell lines to Smac-mimic, TRAIL (a ligand for TRAIL receptors to initiate the death receptor apoptosis
pathway), or etoposide (a DNA damaging agent to activate the mitochondrial- initiated apoptosis
pathway) alone and in combination. The drug concentration used was pre-determined so that it did not
induce significant growth suppression when used alone, thus a synergic effect of the drug combinations
can be seen. In high IAPs expressing MDA-MB-231 cells, TRAIL and etoposide alone at a
concentration of 50 ng/ml and 500 nM, respectively, induced 10-15% growth inhibition (85-90% cell
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"viability, compared to DMSO control), whereas Smac-mimic caused 40% inhibition at a concentration
of 10 nM. When used in combination, Smac-mimic and TRAIL caused up to 100% growth suppression,
whereas Smac-mimic and etoposide inhibited growth up to 80%. These results indicated that not only
was there a synergic effect of Smac-mimic on agents that activate either death receptor or mitochondrial
apoptosis pathways, but Smac- mimic alone had some effect.

In contrast, both low IAPs expressing cell lines, T47D and MDA-MB-453 were quite resistant
to these drugs when given alone, although in T47D cells etoposide did inihibit cell growth by 40%. In
the case of Smac-mimic, 5-fold higher drug concentration (50 nM) did not induce any growth inhibition
in either low IAPs expressing cell line. Combinations of Smac- mimic at this high concentration with
TRAIL or etoposide gave rise to a moderate synergic effect in T47D. A relatively high synergic effect
was seen in MDA-MB-453 cells when Smac-mimic was used in combination with TRAIL, but not
etoposide. In these breast cancer cell lines, the results indicated that cellular sensitivity to Smac-mimic
alone or in combination with TRAIL or etoposide was directly correlated with their endogenous levels
of IAPs; the higher the levels of IAPs the more sensitive the cells became. After identifying MDA-MB-
231 as a Smac-mimic sensitive breast cancer line, we then focused our mechanistic study of drug effect
on this particular cell line.

Smac-mimic is a very potent cytotoxic compound in MDA-MB-231 cells:
In contrast to a short-term (19 hr drug treatment) apoptosis assay in glioblastoma T98G cells, in

which Smac-mimic alone did not induce apoptosis at high concentration of >1 utM (5), the result of our
5-day MTS assay did indicate that Smac-mimic alone is a quite potent compound that can suppress
MDA-MB-231 cell growth at low nanomolar concentrations. To precisely determine the IC50 value of
the compound in growth suppression of this sensitive breast cancer cell line, we next used an ATPlite
luminescence assay. The assay is a highly sensitive ATP monitoring system, based upon firefly
luciferase for the quantitative evaluation of proliferation and cytotoxicity of cultured cells and has been
used by other investigators for drug screening (6). Cells were treated with Smac-mimic alone in a
concentration range from 0.1-100 nM for 24 hours (instead of 5 days), followed by an ATPlite assay to
determine cell viability, which is directly correlated to the luciferase reading. Smac-mimic induced a
dose dependent growth suppression with an IC50 of 3.8 nM, indicating that it is very potent as a single
agent against sensitive MDA-MB-231 breast cancer cells with high IAPs expression.

Smac-mimic induces apoptosis in MDA-MB-231 cells alone and sensitizes apoptosis induced by
TRAIL or etoposide:

Growth suppression, seen in Figures 2A and 3, can in theory result from growth arrest, apoptosis,
or both. Since Smac-mimic has been shown to target IAPs (5), induction of apoptosis is likely the
underline mechanism. To determine this, we treated cells with TRAIL, etoposide, and Smac-mimic both
alone and in combination for 24 hours. Morphological observation showed that cells became shrunken
and detached (signs of apoptosis) when exposed to as little as 2.5 nM Smac- mimic. A significant
increase in the number of shrunken/detached cells was seen in combinational treatments with TRAIL or
etoposide. Few apoptotic cells were observed due to treatment with either TRAIL or etoposide, in the
concentrations used.

To further confirm that drug treatment induced apoptosis, we performed a gel-based assay to
visualize DNA fragmentation, a hall-mark of apoptosis. DMSO treatment of MDA-MB-231 cells did
not induce any DNA fragmentation. No obvious DNA fragmentation was observed in cells treated with
TRAIL (30 ng/ml) or etoposide (5 uM) alone. However, at a concentration as low as 2.5 nM, Smac-
mimic significantly induced formation of DNA fragmentation, which was further enhanced by a
combinational treatment with TRAIL, but to a lesser degree with etoposide. In contrast, a 200-fold
higher concentration of Smac- mimic (500 nM) did not induce DNA fragmentation in resistant T47D
cells. Neither TRAIL alone (8-fold higher at 250 ng/ml, lane 2), etoposide alone (3-fold higher at 15
[M), nor a combination of Smac-mimic and TRAIL induced DNA fragmentation. A slight induction of
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DNA fragmentation was seen in the combinational treatment of Smac-mimic and etoposide. The results
of these two cell lines further indicate that, the induction of DNA fragmentation appears to correlate
with the level of IAPs.

Finally, to quantify the degree of Smac-mimic induced apoptosis, we performed a FACS
analysis. The control (DMSO) treatment induced a background level of 13% apoptosis, TRAIL (30
ng/ml) had no effect; however, etoposide (5 riM) and Smac-mimic (2.5 nM) treatments each induced
about 36% apoptosis. Combinations of Smac-mimic with TRAIL or etoposide increased apoptotic cell
population to 42% or 67%, respectively. Although the sensitive FACS analysis did not reach a 100%
correlation with the gel-based DNA fragmentation assay, the results did show that Smac-mimic can
sensitize breast cancer cells to TRAIL or etoposide and that it can even induce apoptosis at a
concentration of 2.5 nM by itself.

Induction of apoptosis by Smac-mimic is through the activation of caspases:
Having established that Smac-mimic induced apoptosis alone and sensitized apoptosis induced

by TRAIL or etoposide, we went on to determine whether the mechanism involved caspases activation
by a caspase 3 activity assay. Drug alone treatment of MDA-MB-231 cells induced a dose-dependent
increase of caspase-3 activity with TRAIL up to 2-fold, with etoposide up to 4-fold, and with Smac-
mimic up to 8-fold. A weak synergic effect was seen in combinational treatments of Smac-mimic and
TRAIL with a 10-fold induction of caspase-3 activity. Most significantly, the strong synergic effect of
the Smac-mimic and etoposide combination yielded up to a 20-fold induction of caspase-3 activity.

Finally, we performed western blotting analyses to determine whether caspase-3 and caspase-7,
two effector caspases, were activated by Smac-mimic alone or in combination with TRAIL or etoposide.
Treatment with TRAIL or etoposide alone did not induce visible activation of caspases, indicated by a
decreasing density of procaspase bands. Treatment with Smac-mimic alone caused a slight reduction of
both procaspase-7 and procaspase-3 bands, indicating low levels of caspases activation. When used in
combination with TRAIL or etoposide, Smac-mimic significantly induced activation of both caspase-7
and caspase-3, indicated by a significant reduction in the density of both bands. Similarly, cleaved
PARP, a sign of caspase-3 activation and apoptosis, was not detectable when cells were treated with
etoposide alone. It was shown as a faint band when cells were treated with TRAIL alone, indicating a
weak activation and a more obvious band when treated with Smac-mimic alone, indicating a strong
activation. Combinational treatments of Smac-mimic with either TRAIL or etoposide increased the
amount of cleaved PARP product, indicating an enhanced activation of caspases and apoptosis.

Key Research Accomplishments:

I. A recently discovered Smac- mimic compound (5) showed a low nanomolar IC50 against a breast
cancer cell line that expresses high levels of IAP

2. The compound at the low nanomolar concentration also significantly sensitizes apoptosis
induced by TRAIL and etoposide, two well-known agents that activate either the death-receptor
(TRAIL) or mitochondrial (etoposide) apoptosis pathways in a high IAPs expressing breast
cancer cell line.

3. Two other breast cancer cell lines that have low levels of IAPs expression are significantly less
sensitive to this compound, further indicating that the sensitivity of these three breast cancer cells
to Smac-mimic is largely determined by their cellular levels of IAPs.

4. Our study further substantiates that IAPs are truly promising targets for inducing apoptosis in a
variety of human cancer cells when used in combination with other anti-cancer agents.

5. Overall, the fact that Smac- mimic at a low nanomolar concentration activates caspase-3 and
induces apoptosis both in the absence and the presence of caspase activators, makes it very
appealing for future development as a novel anti-cancer drug.
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Reportable outcomes:

1) This work is now published in Oncogene

Oncogene. 2005 Jul 25; [Epub ahead of print] Related Articles, l..inks

A small molecule Smac-mimic compound induces apoptosis and sensitizes
TRAIL- and etoposide-induced apoptosis in breast cancer cells.

Bockbrader KM, Tan M, Sun Y

Department of Radiation Oncology, Division of Cancer Biology, University of Michigan
Comprehensive Cancer Center, 4304 CCGC, 1500 East Medical Center Drive, Ann Arbor, MI
48109-0936, USA.

2) The first author presented this work as a symposium platform presentation at the Era of Hope
Department of Defense Breast Cancer Research Program Meeting. June 8-11,2005.

Conclusion:

lAPs are truly promising targets for inducing apoptosis in a variety of human cancer cells when used in
combination with other anti-cancer agents. The fact that this Smac-mimic small molecule at a low
nanomolar concentration activates caspase-3 and induces apoptosis both in the absence and the presence
of caspase activators, makes it very appealing for future development as a novel anti-cancer drug.
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ORIGINAL PAPER

A small molecule Smac-mimic compound induces apoptosis and sensitizes
TRAIL- and etoposide-induced apoptosis in breast cancer cells

Katrina M Bockbrader', Mingjia Tan' and Yi Sun*'

'Department of Radiation Oncology, Division of Cancer Biology, University of Michigan Comprehensive Cancer Center, 4304 CCGC,
1500 East Medical Center Drive, Ann Arbor, MI 48109-0936, USA

Inhibitor of apoptosis protein (lAP) suppresses apoptosis Introduction
through binding and inhibiting active caspases-3, -7 and -9
via its baculoviral UAP repeat (BIR) domains. During Apoptosis is a genetically programmed process of cell
apoptosis the caspase inhibition by IAPs can be negatively death required for maintaining homeostasis under
regulated by a mitochondrial protein second mitochon- physiological conditions and for responding to various
drial-derived activator of caspase (Smac). Smac physi- internal and external stimuli (Kerr, 1971; Kerr et al.,
cally interacts with multiple lAPs and relieves their 1972; Wyllie et al., 1980; Thompson, 1995). Cells
inhibitory effect on caspases-3, -7 and -9. Recently, a committed to apoptosis are characterized by membrane
small molecule Smac-mimic compound (Smac-mimic), blebbing, cytoplasmic shrinkage, nuclear chromatin
which potentiates TNF-related apoptosis-inducing ligand condensation and DNA fragmentation (Wyllie, 1980).
(TRAIL) and tumor necrosis factor (TNF)-i mediated cell Cancer is one of the human diseases that is associated
death in glioblastoma T98G cells and HeLa cells, was with decreased apoptosis (Thompson, 1995) and devel-
identified and characterized. To determine the efficacy of opment of apoptosis resistance in cancer cells is a
this compound in breast cancer cells, we first measured significant contributing factor to the failure of cancer
protein expression of three lAPs: XIAP, clAP-l, and therapies (Makin and Hickman, 2000). Thus, induction
clAP-2 in nine independent breast cancer cell lines. Three of apoptosis in apoptosis-resistant cancer cells through a
cell lines were chosen: a high IAPs expressing line MDA- variety of approaches would be an ideal strategy for
MB-231, and two low lAPs expressing lines, T47D and effective cancer therapy (Nguyen and Wells, 2003; Reed,
MDA-MB-453. The cell lines were tested for their 2003).
sensitivity to Smac-mimic alone or in combination with Two major signaling pathways leading to apoptosis-
TRAIL or etoposide. Acting alone, Smac-mimic was quite associated caspase activation were defined in mamma-
potent with a cytotoxic IC5 0 of 3.8 nNM in high IAPs lian cells: the extrinsic death-receptor pathway that is
expressing MDA-MB-231 cells, but was inactive at a triggered by members of the death receptor superfamily,
much higher concentration in low IAPs expressing T47D leading to caspase-8 activation; and the intrinsic
and MDA-MB-453 cells. In fact, as low as 2.5 nM of mitochondrial pathway that is activated in response to
Smac-mimic alone was sufficient to activate caspase-3 and extra-cellular cues and internal insults, such as DNA
induce apoptosis in MDA-MB-231 cells. In combinational damage, resulting in cytochrome c release and caspase-9
treatments with TRAIL or etoposide, Smac-mimic activation (Hengartner, 2000). Both the intrinsic and
significantly sensitized cells to growth suppression in extrinsic pathways for caspase activation converge on
MDA-MB-231 cells, but to a lesser extent in T47D and caspase-3 whose activation commits cells to apoptosis
MDA-MB-453 cells. Furthermore, it significantly syner- (Earnshaw et al., 1999; Wolf et al., 1999).
gized MDA-MB-231, but not T47D cells to apoptosis One of the well-characterized apoptosis inhibitor
induced by either TRAIL or etoposide. Thus, in these cell families is inhibitor of apoptosis protein (IAP), which
lines, Smac-mimic acts in an apparent lAPs dependent consists of at least eight family members (Deveraux and
manner to induce apoptosis alone as well as sensitizes Reed, 1999; Salvesen and Duckett, 2002). IAP family
breast cancer cells to TRAIL or etoposide induced proteins are characterized by containing one or several
apoptosis via caspase-3 activation. baculovirual IAP repeat (BIR) domains, which are
Oncogene advance online publication, 25 July 2005; required for suppression of apoptosis. Some family
doi:10.1038/sj.onc.1208888 members also have a RING-finger domain at the

C-terminus that is required for ubiquitination and
Keywords: apoptosis; IAPs; Smac; anticancer drug; degradation of caspases (Deveraux and Reed, 1999;
breast cancer Yang and Li, 2000). The main function of IAPs is to

suppress apoptosis via binding and inhibiting active
caspases-3, -7 and -9. The most potent inhibitor among
lAP family members is XIAP with subnanomolar

*Correspondence: Y Sun; E-mail: sunyi@umich.edu inhibitory constants against caspases (Deveraux and
Received 8 April 2005; revised 27 May 2005; accepted I June 2005 Reed, 1999). In XIAP, the third BIR domain (BIR3)
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potently inhibits the activity of the active caspase-9
whereas the linker region between BIRI and BIR2 " -"WM 0 0**-XIAP
selectively targets the active caspase-3 and -7 (Sun et al.,
1999; Chai et al., 2001; Huang et al., 2001; Riedl et al., ... ..

2001; Srinivasula et al., 2001). A two-binding-site -. c-IAP.
interaction mechanism has been recently demonstrated
by which XIAP inhibits caspase-3 and -7 (Scott et al., .... : --c-lAP2
2005). _ c... .

In apoptotic cells, the caspase inhibition by IAPs is __1

negatively regulated by a mitochondrial protein called .. ........ .....
Smac. Smac physically interacts with multiple lAPs and 1 1110'Ati
relieves their inhibitory effect on active caspases-3, -7 1 2 3 4 5 6 7 8 9
and -9 (Chai et al., 2000). The crystal structure showed Figure 1 Expression of lAPs in multiple human breast cancer

that this is mainly achieved through the N-terminal four cells. A total of nine breast cancer cell lines (lane I: MDA-MB-468;

conserved residues (AVPI) in a mature Smac molecule lane 2: MDA-MB-231; lane 3: MDA-MB-453; lane 4: T47D; lane 5:

that recognizes and binds to a surface groove on the ZR75-1; lane 6: MCF7; lane 7: SUM149; lane 8: SUMI02; and

BIR3 domain of XIAP (Wu et al., 2000). Indeed, lane 9: SUM52) were grown in DMEM supplemented with 10%

synthetic Smac peptides with AVPI in their N-terminus FBS. Subconfluent cells were harvested and subjected to Western
analysis using antibodies against XIAP, c-IAPI and c-lAP2 as

are sufficient to activate caspase-3 (Chai et al., 2000; Wu indicated. f3-Actin was used as protein loading control
et al., 2000) and sensitize breast cancer cells to apoptosis
induced by chemotherapeutic agents (Arnt et al., 2002).
Since the molecular weight of tetrapeptide AVPI is quite
small and the structure of its binding to XIAP is XIAP, but relatively high levels of cIAP-2; and T47D
available, it is feasible to set up a binding assay to screen (lane 4) another low lAPs expresser with low levels of all
for small molecules that compete with the tetrapeptides three lAPs.
for XIAP binding, thus activating caspases and inducing
apoptosis. Indeed, such a small molecule Smac-mimic Levels of endogenous lAPs determine cellular sensitivity
compound has been identified and shown to be active in to Smoc-inimic alone or in combination with TRAIL or
sensitizing TRAIL- and TNF-c-mediated cell death in
glioblastoma T98G cells and HeLa cells (Li et al., 2004). etoposide
We report here that this Smac-mimic compound is very We next determined, using a 5-day cell proliferation
potent in inducing apoptosis in the tested breast cancer MTS assay, the sensitivity of these three cell lines to
cells alone or in combination with TRAIL or etoposide Smac-mimic, TRAIL (a ligand for TRAIL receptors to
in a manner dependent upon cellular levels of lAPs. initiate the death receptor apoptosis pathway), or

etoposide (a DNA-damaging agent to activate the
mitochondrial-initiated apoptosis pathway) alone and

Results in combination. The drug concentration used was
predetermined so that it did not induce significant

Expression of lAPs varies among breast cancer cell lines growth suppression when used alone, thus a synergic
effect of the drug combinations can be seen. As shown in

A newly identified Smac-mimic small molecule com- Figure 2a, in high IAPs expressing MDA-MB-231 cells,
pound (Smac-mimic) acts by targeting IAPs to relieve TRAIL and etoposide alone at a concentration of 50 ng/
their suppression of caspase activity (Li et al., 2004). ml and 500nM, respectively, induced 10-15% growth
This mechanism of action suggests that Smac-mimic inhibition (85-90% cell viability, compared to DMSO
could have a higher efficacy in inducing apoptosis in control), whereas Smac-mimic caused 40% inhibition at
cancer cells with over-expressed IAPs. To determine a concentration of 10 nM. When used in combination,
efficacy of Smac-mimic in breast cancer cells and to Smac-mimic and TRAIL caused up to 100% growth
establish a potential correlation between levels of IAPs suppression, whereas Smac-mimic and etoposide inhib-
and drug sensitivity, a total of nine breast cancer cell ited growth up to 80%. These results indicated that not
lines were examined by Western blotting analysis for only was there a synergic effect of Smac-mimic on
their protein levels of three well-studied IAPs: XIAP, agents that activate either death receptor or mitochon-
cIAP-1 and cIAP-2. As shown in Figure 1, expression of drial apoptosis pathways, but Smac-mimic alone had
IAPs varies significantly among these lines. In general, some effect.
most of the cell lines tested have high or detectable In contrast, both low IAPs expressing cell lines, T47D
expression of XIAP and clAP-1, but low expression of (Figure 2b) and MDA-MB-453 (Figure 2c) were quite
cIAP-2. Based upon the expression levels of IAPs, three resistant to these drugs when given alone, although in
cell lines were selected to determine their sensitivity to T47D cells etoposide did inhibit cell growth by 40%.
Smac-mimic: MDA-MB-231 (lane 2) a high IAPs In the case of Smac-mimic, fivefold higher drug
expresser, with high levels of XIAP and clAP-1, but concentration (50nM) did not induce any growth
low levels of cIAP-2; MDA-MB-453 (lane 3) a low IAPs inhibition in either low IAPs expressing cell line.
expresser, with no or very low levels of cIAP-I and Combinations of Smac-mimic at this high concentration
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a 120,00% with TRAIL or etoposide gave rise to a moderate

MDA-MB-231 synergic effect in T47D. A relatively high synergic effect
1°00.00 was seen in MDA-MB-453 cells when Smac-mimic was

800 used in combination with TRAIL, but not etoposide. In
80 these breast cancer cell lines, the results indicated that

Z 60.00 cellular sensitivity to Smac-mimic alone or in combina-
5; 0tion with TRAIL or etoposide was directly correlated
U 4o.o0• with their endogenous levels of IAPs; the higher the

20.00%• - levels of IAPs the more sensitive the cells became. AfterS20 00%

identifying MDA-MB-231 as a Smac-mimic-sensitive
0 breast cancer line, we then focused our mechanistic

study of drug effect on this particular cell line.
-20.00%

TRAIL Etoposide SMAC SMAC 10nM SMAC 10nM
50 ng/mL 500 nM 10 nM & TRAIL & Etoposide

50ng/mL 500nM Sinac-niniic is a very potent cytotoxic compound in
Compounds MDA-MB-231 cells

b 120.00% In contrast to a short-term (19h drug treatment)

T47D apoptosis assay in glioblastoma T98G cells, in which
100.00% Smac-mimic alone did not induce apoptosis at high

concentrations of > 1 pm (Li et al., 2004), the result of
80.00% - our 5-day MTS assay, shown in Figure 2a, did indicate

that Smac-mimic alone is a quite potent compound that
"60.00% - can suppress MDA-MB-231 cell growth at low nano-

molar concentrations. To precisely determine the IC50
S40.00% - value of the compound in growth suppression of this

sensitive breast cancer cell line, we next used an ATPlite
20.00% - luminescence assay. The assay is a highly sensitive ATP

monitoring system, based upon firefly luciferase for the
0.00% -- quantitative evaluation of proliferation and cytotoxicity

TRAIL Etoposide SMAC SMAC 50nM SMAC 50nM &
50ng/mL 500nM 50 nM & TRAIL Etoposide of cultured cells and has been used by other investiga-

s50ng/mL 500nM tors for drug screening (Boyce et al., 2005). Cells were
Compounds treated with Smac-mimic alone in a concentration range

C 140.00% MDA-MB-453 from 0.1 to 100 nM for 24 h (instead of 5 days), followed

1 by an ATPlite assay to determine cell viability, which is
120.00% F directly correlated to the luciferase reading. The results

100.00% are presented as percentage of cell viability compared to
DMSO control. As shown in Figure 3, Smac-mimic

80.00% induced a dose dependent growth suppression with an
T IC5 0 of 3.8 nM, indicating that it is very potent as a single

60o00% agent against sensitive MDA-MB-231 breast cancer cells

40.00% - , with high lAPs expression.

20.00% - Smac-minmic induces apoptosis in MDA-MB-231 cells

0.00% 1 . I I . I alone and sensitizes apoptosis induced by TRAIL or
TRAIL Etoposide SMAC SMAC 50nM SMAC 50nM etoposide

50 ng/mL 500 nM 50 nM & TRAIL & Etoposide
s50ng/mL 500nM Growth suppression, seen in Figures 2a and 3, can in

theory result from growth arrest, apoptosis, or both.

Figure 2 Growth inhibition of breast cancer cells by Smac-mimic Since Smac-mimic has been shown to target IAPs
compound alone or in combination with TRAIL or ctoposidc. (Li et al., 2004), induction of apoptosis is likely the
Cells from the high IAPs expressing MDA-MB-231 line (a) and two
low lAPs expressing lines, T47D (b) and MDA-MB-453 (c) were underline mechanism. To determine this, we treated cells

seeded in 96-well plates (3000 cells/well for MDA-MB-231 and with TRAIL, etoposide, and Smac-mimic both alone
T47D, and 6000 cells/well for MDA-MB-453) on day 1. On day 2, and in combination for 24 h. Morphological observation
cells were subjected to the treatment of DMSO (control), TRAIL, showed that cells became shrunken and detached
etoposide, or Smac-mimic compound (Smac-mimic) alone or in (signs of apoptosis) when exposed to as little as 2.5 nM
combination with indicated concentrations. Cell viability was
measured after 5 days drug treatment using a MTS cell prolifera- Smac-mimic (Figure 4A, panel d). A significant increase
tion assay. Shown is the mean+s.e.m. of percent cell viability, as in the number of shrunken/detached cells was seen in
compared to DMSO control, from three independent assays, each combinational treatments with TRAIL (panel e) or
run had five wells per treatment etoposide (panel t). Few apoptotic cells were observed

due to treatment with either TRAIL (panel b) or
etoposide (panel c), at the concentrations used.
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120- correlation with the gel-based DNA fragmentation

assay, the results did show that Smac-mimic can
sensitize breast cancer cells to TRAIL or etoposide
and that it can even induce apoptosis at a concentration

.80. of 2.5 nM by itself.

Induction of apoptosis by Smac-nmimic is through the
S40- activation of caspases

Having established that Smac-mimic induced apoptosis
1C50=3.8340e-009 alone and sensitized apoptosis induced by TRAIL or

etoposide, we went on to determine whether the
0 . . . . . mechanism involved caspases activation by a caspase-3

-11 -10 -9 -8 -7 -6 activity assay. As shown in Figure 5a, drug aloneConcentration (M) treatment of MDA-MB-231 cells induced a dose-

Figure 3 Smac-mimnic compound inhibited growth of MDA-MB- dependent increase of caspase-3 activity with TRAIL
231 cells at low nanomolar concentration. Cells were seeded in 96- up to twofold, with etoposide up to fourfold, and with
well plates at a density of 1.5 x 10' cells per well on day I and Smac-mimic up to eightfold. A weak synergic effect was
treated on day 2 with Smac-mimic in a dose range from 0.1 to
100nnM. After 24h of treatment, cells were subjected to ATPlite seen in combinational treatments of Smac-mimic and
assay for cell viability. Results were expressed as percent TRAIL with a 10-fold induction of caspase-3 activity.
viability ±s.e.m., compared to DMSO control, from four indepen- Most significantly, the strong synergic effect of the
dent experiments, each having three wells per drug concentration. Smac-mimic and etoposide combination yielded up to a
The curve was generated using PRISM with the IC5s calculated by 20-fold induction of caspase-3 activity.
the software Finally, we performed Western blotting analyses to

determine whether caspase-3 and -7, two effector
caspases, were activated by Smac-mimic alone or in

To further confirm that drug treatment-induced combination with TRAIL or etoposide. As shown in
apoptosis, we performed a gel-based assay to visualize Figure 5b, treatment with TRAIL or etoposide alone
DNA fragmentation, a hall-mark of apoptosis. DMSO did not induce visible activation of caspases, indicated
DNAfreagmentaton, MDA-MB-21 hll-r of apoptsine D0 by a decreasing density of procaspase bands (top two
treatment of MDA-MB-231 cells did not induce any

DNA fragmentation (data not shown). No obvious panels, lanes 2 and 3, compared to lane 1). Treatment

DNA fragmentation was observed in cells treated with with Smac-mimic alone caused a slight reduction of both

TRAIL (30 ng/ml) or etoposide (5puM) alone (Figure 4B, procaspase-7 and procaspase-3 bands (lane 4), indicat-

left panel, lanes 1 and 2). However, at a concentration as ing low levels of caspases activation. When used in

low as 2.5 nM, Smac-mimic significantly induced forma- combination with TRAIL or etoposide, Smac-mimic

tion of DNA fragmentation (lane 3), which was further significantly induced activation of both caspase-7 and

enhanced by a combinational treatment with TRAIL -3, indicated by a significant reduction in the density of

(lane 4), but to a lesser degree with etoposide (lane 5). In both bands (lanes 5 and 6). Similarly, cleaved PARP, a

contrast, a 200-fold higher concentration of Smac-mimic sign of caspase-3 activation and apoptosis, was not

(500 nM) did not induce DNA fragmentation in resistant detectable when cells were treated with etoposide alone

T47D cells (Figure 4B, right panel, lane 4). Neither (lane 3). It was shown as a faint band when cells were

TRAIL alone (eightfold higher at 250 ng/ml, lane 2), treated with TRAIL alone (lane 2), indicating a weak
TRAIL alone (thretfold higher at 250 lanem), lanor 2, activation and a more obvious band when treated withetoposide alone (threefold higher at 15 pM, lane 3), nor a Sa-ii ln ln ) niaigasrn cia

combination of Smac-mimic and TRAIL (lane 5) Smac-mimic alone (lane 4), indicating a strong activa-
cminducedDNAfragmentation. of Sm i a T iL lne 5) tion. Combinational treatments of Smac-mimic with
induced DNA fragmentation. A slight induction of

either TRAIL or etoposide increased the amount ofDNA ragentaionwasseenin he ombiatinal cleaved PARP product, indicating an enhanced activa-
treatment of Smac-mimic and etoposide (lane 6). The

results of these two cell lines further indicate that, tion of caspases and apoptosis.

the induction of DNA fragmentation appears to
correlate with the level of IAPs.

Finally, to quantify the degree of Smac-mimic Discussion
induced apoptosis, we performed a FACS analysis; the
data is presented in Figure 4C. The control (DMSO) Although facing enormous uncertainty in predicting
treatment induced a background level of 13% apoptosis, sound preclinical activity in human efficacy, discovery
TRAIL (30 ng/ml) had no effect; however, etoposide and development of apoptosis-based novel anticancer
(5p M) and Smac-mimic (2.5 nM) treatments each in- drugs has advanced rapidly with few promising agents
duced about 36% apoptosis. Combinations of Smac- reaching phase I clinical trials (Garber, 2005). One
mimic with TRAIL or etoposide increased apoptotic appealing target is the IAPs family, which binds to both
cell population to 42 or 67%, respectively. Although an initiator caspase (caspase-9) and effector caspases
the sensitive FACS analysis did not reach a 100% (caspase-3 and -7) to block caspase-dependent apop-
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A Control (DMSO) TRAIL 30 ng/mL Etoposide 5pM B MDA-MB-231

1 2 3 4 5

SMAC 2.5nM SMAC 2.5 nM T47D
SMAC 2.5 nM TRAIL 30 ng/mL Etoposide 5,uM

ed f

1 2 3 4 5 6

C 100.00%

90.00%

80.00%

70.00%-

"* 60.00%-
0
5 50.00%-

40.00%

40.00%

20.00%

10.00%

0.00%

Control 0.025% TRAIL 30 ng/mL Etoposide 5pM SMAG 2.5nM SMAC 2.5 nM+ SMAC 2.5 nM+
DMSO TRAIL 30ng/mL Etoposide 5pM

Treatment

Figure 4 Smac-minic compound-induced apoptosis in MDA-MB-231 cells at low nanomolar concentrations alone or in combination
with TRAIL or etoposide. (A) Morphological observation of apoptotic cells: MDA-MB-231 cells were seeded in 60 mm dishes (9 x 101
cells) on day I and subjected to drug treatments at indicated concentrations on day 2 for 24 h. Cellular morphology was observed in a
light microscope with a magnification of x 200. (B) Induction of DNA fragmentation: MDA-MB-231 cells or T47D cells were seeded
in 100mrm dishes at densities of 2.5 x 10' or 4 x 101 cells per dish, respectively. The next day, cells were treated for 24h with DMSO
control (lane I for T47D, not shown in MDA-MB-231); TRAIL (250ng/ml for T47D, lane 2; or 30ng/ml for 231, lane 1); etoposide
(15 liM for T47D, lane 3; or 5 pM for 231, lane 2); Smac-mimic (500nM for T47D, lane 4; or 2.5nM for 231, lane 3); Smac-mimc and
TRAIL (T47D, lane 5; 231, lane 4); or Smac-mimic and etoposide (T47D, lane 6; 231, lane 5). Both detached and attached cells were
harvested by scraping and subjected to gel-based DNA fragmentation. A I kb plus size marker is shown on the left. (C) Apoptosis
induction quantified by FACS analysis: MDA-MB-231 cells were seeded in 60rmm dishes (9 x 101 cells) on day 1 and subjected to drug
treatments at indicated concentrations on day 2 for 24h. Cells were fixed in 70% ethanol and frozen at -20'C for at least 4h,
suspended in I x Propidium Iodide solution with 400 pg/ml RNase (Roche), and analysed in the Flow Cytometry Lab facility at the
University of Michigan. The percent apoptosis is the percent of cells in the sub G, population

tosis. IAPs have been validated as a cancer target in McManus et al., 2004). Synthetic Smac peptides, with
many preclinical studies with a variety of approaches. AVPI in their N-terminus, fused to cell-permeablizing
For example, targeting XIAP or survivin via RNAi and peptides have been shown to sensitize both human
antisense sensitized cancer cells to a variety of cancer cells (in culture) and tumor xenografts (in mice)
chemotherapeutic reagents as well as radiation (Yang to apoptosis induced by TRAIL or chemotherapeutic
et al., 2003a; Cao et al., 2004; Lima et al., 2004; drugs, by disrupting IAP-caspases binding (Arnt et al.,
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a 200 three breast cancer cells to Smac-mimic is largely

18.00 -determined by their cellular levels of IAPs. The
0
1 16.00. compound's high potency is derived from its ability to

-14.00 mimic Smac protein's dimeric structure, which acts at
12.00 both the BIR3 and BIR2-linker regions, releasing

10.00 inhibitory binding of IAPs to active caspases-3, -7 and

8.00 -9 (Li et al., 2004). Our study further substantiates that

6.00 IAPs are truly promising targets for inducing apoptosis
4.00 in a variety of human cancer cells when used in
2.00 combination with other anticancer agents.
0.00 . In contrast to T98G and HeLa cells that are resistant

c.• vo ,e., 4- ,ý, V•1"o , "'o' . w% o to Smac-mimic, when given alone (Li el al., 2004),

-, ,oV ,-,- •- , ,o• ,oo MDA-MB-231 breast cancer cells with high levels of
Sp' Go-.• 0',oo- IAPs are quite sensitive to Smac-mimic with a cytotoxic

Treatment •• IC 5 0 of 3.8nM. As little as 2.5rnm Smac-mimic is

Treatment sufficient to induce substantial caspase-3 activation

b and apoptosis. The fact that two other breast cancer] -aetin cell lines with lower levels of lAPs are resistant to the
4M a 0, 4" I• - Pro-Casp7 compound suggests an lAPs-dependent effect, although

________..... _,, __ jother cell line dependent contributing 'factors' cannot be
excluded. It is well known that XIAP binds to active

Pforms of caspase-3, -7 and -9 (Sun et al., 1999; Chai
0 M-pro-Casp3 et al., 2001; Huang et al., 2001; Riedl el al., 2001;

Srinivasula et al., 2001). In high IAPs expressing cells,
1 2 3 4 5 6 such as MDA-MB-231 cells, the IAPs are the major

6 defense against apoptosis induced by caspases activa-
2,••� 1 Cleaved PARP tion. Once Smac-mimic releases the basal level of active

caspases, they in turn activate the procaspases in a feed-
forward self-amplifying manner. This process is accel-

..- -actin crated in the presence of other caspases activating agents
5 ~ 2such as etoposide or TRAIL (Figure 5b). Consistent

Figure 5 Smac-mimic compound activated caspase-3 alone or in with ou et ioni t ha been previosl sonsthat
combination of TRAIL and etoposide. (a) Activation of caspase-3 with our observation, it has been previously shown that
activity: MDA-MB-231 cells were seeded in 96-well plates at a adenoviral infection of Smac alone induced apoptosis in
density of 1.5 x 10' cells per well. The next day, cells were treated a dose dependent manner in ovarian carcinoma cells
with DMSO (control), TRAIL, etoposide, or Smac-mimic alone or (McNeish et al., 2003). A recent study also showed that,
in combination as indicated for 24h, followed by caspase-3 activity when used as a single agent, several capped tripeptide
assay using Ac-DEVD-AFC as the fluorogenic substrate. Shown is
the mean+s.e.m. of fold-activation of caspase-3 activity from three antagonists, which specifically target the BIR3 domain
independent assays; each sample was run in triplicate and of XIAP, promoted cell death in several human cancer
compared to DMSO control, which is set at 1. (b) Activation of cell lines and inhibited in vivo growth of MDA-MB-231
pro-caspases and PARP cleavage: MDA-MB-231 cells were seeded breast cancer cells in nude mice (Oost et al., 2004).
in 100rmm dishes at 2 x 101 cells per dish. Cells were cultured for
24h and subjected to treatment with DMSO (control, lane 1), Overall, the fact that Smac-mimic at a low nanomolar
TRAIL (50ng/ml, lane 2), etoposide (3pM, lane 3), Smac-mimic concentration activates caspase-3 and induces apoptosis
(5nM, lane 4), Smac-mimic and TRAIL (lane 5) or Smac-mimic both in the absence and the presence of caspase
and etoposide (lane 6) for 24 h. The cells were harvested and the cell activators, makes it very appealing for future develop-
lysate was prepared and subjected to Western blotting analysis, ment as a novel anticancer drug.
using antibodies against PARP, caspase-3, and -7. fl-Actin served
as loading control

Materials and methods

2002; Fulda et al., 2002; Pardo et al., 2003; Yang et al., Compound
2003b).

In this study, we showed that the recently discovered Smac-mimic was a gift from Dr Xiaodong Wang at the

Smac-mimic compound (Li et al., 2004) at low Howard Hughes Medical Institute and Department of

nanomolar concentrations significantly sensitizes apop- Biochemistry, University of Texas Southwestern Medicalnanoola cocentatins igniicatlysenstizs aop- Center.

tosis induced by TRAIL and etoposide, two well-known

agents that activate either the death-receptor (TRAIL)
or mitochondrial (etoposide) apoptosis pathways in a Cell culture
high IAPs expressing breast cancer cell line. Two other Six breast cancer cell lines: MDA-MB-468, MDA-MB-231,
breast cancer cell lines that have low levels of IAPs MDA-MB-453, T47D, ZR75-1, and MCF7 were obtained
expression are significantly less sensitive to this com- from ATCC. The other three breast cancer cell lines: SUM 149,
pound, further indicating that the sensitivity of these SUM102 and SUM52 were obtained as the gift from
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Dr Stephen Ethier. All lines were grown in DMEM containing MB-231, 15tM T47D), Smac-mimic (2.5nM MDA-MB-231,
10% FBS. 500nM T47D), or combinations of Smac-mimic and TRAIL

and Smac-mimic and etoposide for 24h. The cells were

Western blotting analysis harvested by scraping, pelleted and lysed in 6001d of lysis
buffer (5maM Tris-HCI, pH 8, 20mM EDTA and 0.5% Triton

For determination of lAPs expression in breast cancer cell X-100). The DNA was isolated using Phenol:Chloroform:
lines, subconfluent cells were harvested and lysed in a Titron Isoamine (Fisher) extraction and ethanol precipitation, and
X-100 lysis buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCI, 1% subjected to electrophoresis in a 1.8% agarose gel (Sun et al.,
Triton, 5mM EGTA and 5mM EDTA) with freshly added 1997).
protease inhibitor tablet for I h on ice, then centrifuged for
30 min. Supernatants were measured for protein concentration
using a Bio-Rad protein assay reagent (Bio-Rad) and subjected Cell morphology and FA CS analysis
to Western blotting (Duan et al., 1999) using antibodies MDA-MB-231 cells were seeded in 60rmn dishes at 9 x 10'
against XIAP, c-IAP1 and c-IAP2 (Cell Signaling). As a cells per plate. The next day, the cells were treated with DMSO
control, the same membranes were stripped and immuno- (control), 30ng/ml TRAIL, 5pM etoposide, 2.5nM Smac-
blotted again with anti-fl-actin antibody (Sigma). mimic, or combinations of Smac-mimic and TRAIL and

For Western blotting analysis of caspases activation, the Smac-mimic and etoposide for 24h. Photos of the cells were
cells were seeded in 100rmm dishes at --2 x 10' cells per dish. taken to show the morphology of the cells due to the
On day 2, the cells were treated with DMSO (control), 50 ng! treatments. Afterwards the cells were harvested with Trypsin
ml TRAIL, 3o im etoposide, Tnm Smac-mimic, or combina- (Invitrogen) and fixed in 70% EtOH at -20'C for at least 4h,
tions of Smac-mimic and TRAIL and Smac-mimic and suspended in I x Propidium Iodide solution with 400 pg/ml
etoposide for 24h. The cells were then lysed, subjected to RNase (Roche), and analysed in the Flow Cytometry Lab
immunoblotting using antibodies against caspase-3, -7 (BD facility at the University of Michigan. The percent apoptosis is
Biosciences) or PARP (Cell Signaling). Both were also probed the percent of cells in the subG1 population.
against /l-Actin (Sigma), which was used as a loading control.

Five-day cell viability assay Caspase-3 activation assay

The cells were seeded in 96-well plates overnight; MDA-MB- The activity of caspase-3 when induced by Smac-mimic,
231 and T47D at 3000 cells per well and MDA-MB-453 at TRAIL, or etoposide alone and in combination was analyzed
6000 cells per well. The cells were then treated with 50ng/mI using a fluorogenic caspase-3 assay with Ac-DEVD-AFC as a
TRAIL, 500 nM etoposide, 10 nM Smac-mimic for MDA-MB- substrate (Biomol). The cells were seeded in 96-well plates at
231 or 50nM Smac-mimic for T47D and MDA-MB-453 cells, 1.5 x l0 cells per well. On day 2, the cells were treated with
or combinations of Smac-mimic and TRAIL and Smac-mimic DMSO (control), 25 or 50ng/mI TRAIL, 5 or 10,iM etoposide,
and etoposide. DMSO was used as a control. After 5 days of I or 2.5 nM Smac-mimic, or combinations of Smac-mimic and
treatment, the viability of the cells was measured using a MTS TRAIL and Smac-mimic and etoposide for 24 h. The cells were
kit (Promega) as per the manufacturer's instructions. The then lysed by adding 20iil of a 6 x lysis buffer (10rmm HEPES
plates were read 2 h after the addition of the MTS solutions in pH 7.4, 42 mM KCI, 5 mM MgCI 2, 0.66 mM EGTA, 0.66 mM
a Beckman Coulter LD 400 at 492nM. The results are seen as EDTA, 3.4% (w/v) CHAPS, 10mM DTT and I protease
percent survival compared to control. Each treatment had five inhibitor cocktail tablet (Roche) per 50 ml) into 100l i of cell
replicates, medium. The plates were shaken for 20 min, followed by

adding 80 id of a 2.5 x caspase-3 activity assay buffer (120 mM
Hepes, pH 7.4, 630mM sucrose, 0.25% CHAPS, 10mM DTT

A TPlite cell viability and I 5 o assay and 125 pM Ac-DEVD-AFC fluorescent substrate). The plates
MDA-MB-231 cells were seeded in 96-well plates at 1.5 x 104 were wrapped in foil and read 2h after the addition of
cells per well. On day 2, the cells were treated with Smac-mimic Ac-DEVD-AFC at 400 (excitation) and 505 (emission) using a
dilutions from 0.1 to 100 nM for 24 h. The viability of the cells Tecan Ultra plate reader (Tecan). The results were expressed
was then measured using an ATPlite kit (Perkin Elmer) as fold change compared to control. Each treatment had three
following the manufacturer's instructions with a few modifica- replicates.
tions. The cells were cultured in DMEM without phenol red
(Invitrogen) and the lysates were transferred from regular
transparent tissue culture treated plates to white plates. After
the addition of the luminescent substrate the plates were Abbreviations
covered in foil. Before reading the plates they were allowed to BIR, baculovirual lAP repeat; lAPs, inhibitors of apoptosis
dark-adapt for 5min in the plate reader. Luminescence was protein; Smac, second mitochondrial-derived activator of
read using a Beckman Coulter LD 400 plate reader. The same caspase; TNF, tumor necrosis factor; TRAIL, TNF-related
experiments were also carried out in tissue culture treated apoptosis-inducing ligand.
white plates, everything else was the same. The results, from
four independent experiments with three replicates for each
treatment, were then plotted in Prism (Graphpad). Acknowledgements
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