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Mutation and aberrant expression of apoptotic proteins are hallmarks of cancer. These changes prevent proapoptotic signals from
being transmitted to executioner caspases, thereby averting apoptotic death and allowing cellular proliferation. Caspase-3 is
the key executioner caspase, and it exists as an inactive zymogen that is activated by upstream signals. Notably, concentrations
of procaspase-3 in certain cancerous cells are significantly higher than those in noncancerous controls. Here we report the
identification of a small molecule (PAC-1) that directly activates procaspase-3 to caspase-3 in vitro and induces apoptosis in
cancerous cells isolated from primary colon tumors in a manner directly proportional to the concentration of procaspase-3 inside
these cells. We found that PAC-1 retarded the growth of tumors in three different mouse models of cancer, including two models
in which PAC-1 was administered orally. PAC-1 is the first small molecule known to directly activate procaspase-3 to caspase-3,
a transformation that allows induction of apoptosis even in cells that have defective apoptotic machinery. The direct activation
of executioner caspases is an anticancer strategy that may prove beneficial in treating the many cancers in which procaspase-3
concentrations are elevated.

A hallmark of cancer is its resistance to natural apoptotic signals1.
Depending on the cancer type, this resistance is typically a result of
either up- or downregulation of key proteins in the apoptotic cascade,
or of mutations in genes encoding these proteins2. Such changes occur
in both the intrinsic apoptotic pathway, which funnels through the
mitochondria and caspase-9, and the extrinsic apoptotic pathway,
which involves the action of death receptors and caspase-8. For
example, mutations or alterations in proper concentrations of the
proteins p53 (ref. 3), Bim4, Bax4, Apaf-1 (ref. 5), FLIP6 and many
others7 have been observed in cancers and lead to a defective apoptotic
cascade—one in which the upstream proapoptotic signal is not
properly transmitted to activate the executioner caspases. As most
apoptotic pathways ultimately involve the activation of procaspase-3,
these genetic abnormalities are effectively ‘breaks’ in the apoptotic
circuitry, and cells having these abnormalities proliferate uncontrolled.

Given the potential use of proapoptotic compounds for treating
cancer, efforts have been made to develop therapeutics that target
specific proteins in the apoptotic cascade8,9. For instance, peptides or
small molecules that bind p53 (ref. 10), proteins in the Bcl-2 family11–13

or the inhibitor of apoptosis proteins (IAPs)14 have proapoptotic
activity, as do compounds that promote the oligomerization of Apaf-1
(refs. 15,16). However, because many of these compounds target early
or intermediate positions in the apoptotic cascade, cancers with
mutations in downstream proteins are likely to be resistant to their

effects. For therapeutic purposes it would be ideal to identify a small
molecule that directly activates a proapoptotic protein far downstream
in the cascade. Such a therapeutic strategy would have a higher
likelihood of success if concentrations of that proapoptotic protein
were elevated in cancer cells.

The conversion of procaspase-3 to caspase-3 results in the genera-
tion of the active ‘executioner’ caspase that subsequently catalyzes the
hydrolysis of many protein substrates. Active caspase-3 is a homo-
dimer of heterodimers and is produced by proteolysis of procaspase-3
(ref. 17). In vivo, this proteolytic activation typically occurs through
the action of caspase-8 or caspase-9. To ensure that this zymogen is not
prematurely activated, procaspase-3 has a triaspartic acid ‘safety catch’
that blocks access to the Ile-Glu-Thr-Asp (IETD) site of proteolysis18.
This safety catch enables procaspase-3 to resist autocatalytic activation
and proteolysis by caspase-9 (ref. 18). The position of the safety catch
is sensitive to pH; upon cellular acidification (as occurs during
apoptosis) the safety catch is thought to allow access to the site of
proteolysis, and active caspase-3 can be produced either through the
action of caspase-9 or through an autoactivation mechanism18.

Cells from certain types of cancerous tissue have elevated concen-
trations of procaspase-3. A study of primary isolates from 20 indivi-
duals with colon cancer showed that on average procaspase-3 is
elevated six-fold in such isolates relative to adjacent noncancerous
tissue18. In addition, procaspase-3 concentrations are elevated in
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certain neuroblastomas19, lymphomas20, leukemias21, melanomas22

and liver cancers23. In fact, a systematic evaluation of procaspase-3
concentrations in the panel of 60 cell lines used by the National Cancer
Institute revealed that particular lung, melanoma, renal and breast
cancers show greatly enhanced concentrations of procaspase-3
(ref. 24). Given the central importance of active caspase-3 to successful
apoptosis, the high concentrations of procaspase-3 in certain cancer-
ous cell types, and the safety catch–mediated suppression of its
autoactivation, we reasoned that small molecules that directly activate
procaspase-3 could be identified and that such molecules could have
great potential in targeted cancer therapy. In this manuscript we
report the in vitro identification of a small-molecule activator of
procaspase-3, first procaspase-activating compound (PAC-1; 1,
Fig. 1a). PAC-1 is powerfully proapoptotic in cancer cell lines in a
manner proportional to procaspase-3 concentrations. Its proapoptotic
effect is a result of its direct and immediate activation of procaspase-3,
and it is effective against primary colon cancer isolates and in three
different mouse models of cancer.

RESULTS
We screened approximately 20,500 structurally diverse small molecules
for the ability to activate procaspase-3 in vitro. Procaspase-3 was
expressed and purified in Escherichia coli according to standard pro-
cedures18. We added procaspase-3 to the wells of a 384-well plate and
then added the compounds to a final concentration of approximately
40 mM (the final concentration of procaspase-3 was 50 ng ml–1). We
incubated each plate for 2 h at 37 1C, and then we added the caspase-3
peptidic substrate acetyl Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-
pNa) to a concentration of 200 mM and followed the formation of the
p-nitroaniline chromophore at 405 nm over the course of 2 h. Of the
B20,500 compounds evaluated, four induced a substantial increase
over background in the hydrolysis of the peptidic caspase-3 substrate.
Of those four, one showed a strong dose-dependent effect on in vitro
procaspase-3 activation. This compound, PAC-1, gives half-maximal

activation of procaspase-3 at a concentration of 0.22 mM (Fig. 1b).
PAC-1 was not simply increasing the activity of caspase-3 itself, as it
had no effect on the catalytic activity of the fully processed caspase-3
enzyme (Fig. 1b). Control experiments indicated that PAC-1 has no
effect on background hydrolysis of Ac-DEVD-pNa.

Procaspase-3 consists of a N-terminal prodomain (residues 1–28)
followed by a large subunit (17 kDa) and a small subunit (12 kDa)
that are separated by an intersubunit linker25. In vivo, two procaspase-
3 monomers assemble to form a homodimer that can be activated by
cleavage at Asp175 in the intersubunit linker. The precise role of the
prodomain is unclear, and cleavage in the intersubunit region alone is
sufficient for full catalytic activity26. Although procaspase-3 has
enough catalytic activity to drive its own proteolytic maturation, it
is highly resistant to this autoactivation because of the presence of the
three-amino-acid safety catch18. However, when the safety catch is
mutated, substantial autoactivation of procaspase-3 is observed18. It is
possible that a small molecule containing substituents that are
positively charged at physiological pH (such as the piperazine nitro-
gens in PAC-1) may directly interact with the triaspartic acid safety
catch, thereby inducing the autoactivation of procaspase-3. To directly
assess the ability of PAC-1 to catalyze the maturation of procaspase-3
to the active caspase-3, we incubated the procaspase-3 protein with
100 mM of PAC-1 for time points ranging from 1 to 5 h. As shown by
western blotting, PAC-1 induced the cleavage of procaspase-3 in a
time-dependant fashion (Fig. 1c), with 450% processing observed
after 4 h as determined by densitometry. In contrast, procaspase-3
incubated in buffer showed virtually no autoactivation over the same
time span. PAC-1 was also effective in this assay at a concentration of
5 mM (Supplementary Fig. 1 online).

We then made alanine substitutions in the key aspartic acid triad in
the safety-catch region of procaspase-3 (residues Asp179, Asp180 and
Asp181). Mutations at all of these positions decreased the ability of
PAC-1 to activate procaspase-3 and increased the automaturation of
procaspase-3, but certain mutations were more detrimental than
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Figure 1 PAC-1 activates procaspase-3 in vitro.

(a) Structure of PAC-1. (b) In vitro activation of

procaspase-3 and active caspase-3 by PAC-1.

PAC-1 activates procaspase-3 with an EC50 of

0.22 mM. (c) Cleavage of procaspase-3 to active

caspase-3 as induced by PAC-1. In this blot,

the p32 band is the full-length, unprocessed

procaspase-3, and the p19 band is the p17

fragment plus the prodomain and His6 tag.

Procaspase-3 was recombinantly expressed in

E. coli with an N-terminal His6 tag and purified.

Immunoblotting was performed with an antibody

to His6. In the absence of PAC-1 no maturation

of procaspase-3 is observed. In the presence of

100 mM PAC-1, cleavage to generate the mature
large subunit (p19 fragment) is observed within

1 h, and 450% cleavage is observed after 4 h.

PAC-1 is also effective at 5 mM in this assay

(Supplementary Fig. 1). (d) Activation of mutants

in the safety-catch region of procaspase-3 by

PAC-1. PAC-1 has an EC50 for activation of

0.22 mM on wild-type procaspase-3 (DDD), and

corresponding EC50 values of 2.77 mM (DAD),

113 mM (DDA) and 131 mM (ADD) for the

mutants. (e) PAC-1 activates procaspase-7 with

an EC50 of 4.5 mM. (f) Dependence of PAC-1

activation of procaspase-3 on pH. At low pH the

safety catch is off and procaspase-3 is essentially

maximally activated. Error bars are s.d.
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others to activation of procaspase-3 by PAC-1 (Fig. 1d). Like caspase-3,
caspase-7 exists as an inactive zymogen that is activated by proteolysis.
Caspase-3 and caspase-7 are both executioner caspases and have
considerable structural homology27. Procaspase-7 is also predicted
to have a safety-catch region similar to that of procaspase-3, although
it has only two aspartic acids in the key triad (Asp-Thr-Asp) instead of
three18. We found that PAC-1 can also activate procaspase-7, though it
does so in a less efficient manner than for procaspase-3 (Fig. 1e; EC50

of 4.5 mM versus 0.22 mM for activation of procaspase-3). PAC-1
activated procaspase-7 and the Asp-Ala-Asp mutant of procaspase-3
with a similar potency (EC50 of 4.5 mM versus EC50 of 2.77 mM for the
Asp-Ala-Asp procaspase-3 mutant). As expected, the effect of PAC-1
was abolished at low pH values, at which procaspase-3 undergoes
rapid autoactivation (Fig. 1f).

We found PAC-1 to induce apoptosis in a variety of cancer cell lines.
In HL-60 cells, the addition of PAC-1 leads to the appearance of many
apoptotic hallmarks. During apoptosis, cells lose the ability to regulate
the distribution of phospholipids in their cellular membrane, and
phosphatidylserine is exposed on the outer membrane of apoptotic
cells. PAC-1 treatment caused considerable phosphatidylserine expo-
sure on the outer leaflet of the cell membrane as assessed by annexin V
binding; this effect was observed at PAC-1 concentrations of 100 mM
(Fig. 2a) and 5 mM (Supplementary Fig. 2 online). Another apoptotic
hallmark is the condensation of chromatin, which is due at least in part
to the caspase-mediated activation of a DNase. This chromatin
condensation was readily apparent in Hoechst-33258–stained HL-60
cells treated with PAC-1 (Fig. 2b). In addition, PAC-1 induced cleavage
of the caspase substrate poly-ADP-ribose polymerase 1 (PARP-1; as
assessed by an in vivo PARP activity assay28) and caused mitochondrial
membrane depolarization (see below). We also observed substantial
cellular blebbing of cells treated with PAC-1 by microscopy. Further-
more, the toxicity of PAC-1 could be abolished in the presence of the
caspase inhibitor Z-VAD-FMK (Supplementary Fig. 3 online).

If PAC-1 induces apoptosis through direct activation of procaspase-
3, then the time course of apoptotic events should be altered relative to
that observed with standard proapoptotic agents. Etoposide is known
to induce apoptosis through the intrinsic pathway; thus, mitochon-
drial membrane depolarization is followed by activation of procas-
pase-3 in etoposide-treated cells. Indeed, in HL-60 cells treated with
10 mM etoposide, we observed mitochondrial membrane depolariza-
tion and then detected caspase-3-like activity (Fig. 2c). In contrast,
treatment of cells with PAC-1 gave a markedly different result. With
this compound, the first observed biochemical hallmark of apoptosis
was caspase-3–like enzymatic activity. This activity was noted within
minutes of PAC-1 addition, and over 50% activation takes place in just
over 2 h, which is well before any substantial mitochondrial mem-
brane depolarization (Fig. 2d). In the typical sequence of apoptotic
events, the mitochondrial membrane depolarizes, caspases are acti-
vated and caspase substrates (such as the enzyme PARP-1) are cleaved.
PARP-1 activity was rapidly reduced in cells treated with PAC-1,
whereas this reduction was observed at later time points in etoposide-
treated cells (Fig. 2e); control experiments showed that PAC-1 does
not directly inhibit enzymatic activity of PARP-1 (Supplementary
Fig. 4 online). The observation that cells treated with PAC-1 show
immediate caspase-3–like activity (before mitochondrial membrane
depolarization) and a rapid cleavage of a caspase substrate (PARP-1)
indicates that PAC-1 exerts its cellular toxicity through the direct
activation of procaspase-3.

To further define the potency of PAC-1, we assessed the com-
pound’s ability to induce cell death in cancer cell lines with varying
concentrations of procaspase-3. We first determined the concentra-
tions of procaspase-3 present in several cancer cell lines (leukemia,
lymphoma, melanoma, neuroblastoma, breast cancer, lung cancer,
adrenal cancer and renal cancer). We obtained the IC50 values for
cell death induction for PAC-1 versus these cell lines. The combined
data shows a strong correlation between cellular concentration of
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Figure 2 PAC-1 induces apoptosis in HL-60 cells.

(a) Phosphatidylserine exposure (as measured

by annexin V staining and propidium iodide (PI)

counterstaining) after a 20 h treatment with

100 mM PAC-1. PAC-1 is also effective at 5 mM

in this assay (Supplementary Fig. 2). (b) Chromatin

condensation as visualized by Hoechst-33258

staining after a 20-h treatment with 100 mM

PAC-1. (c) Mitochondrial membrane depolarization

(MMP) and caspase-3-like activity in HL-60 cells

treated with 10 mM etoposide. (d) MMP and

caspase-3-like activity in HL-60 cells treated with

100 mM PAC-1. (e) PAC-1 treatment (100 mM)

induces a rapid decrease in cellular PARP activity

in HL-60 cells, consistent with an immediate
activation of cellular caspase-3 and caspase-7. In

contrast, etoposide (10 mM)-treated cells show a

decrease in PARP activity at much later time

points. (f) PAC-1 induces cell death in a

procaspase-3-dependant manner. For several diverse

cancerous cell lines, procaspase-3 concentrations

were determined (by flow cytometry with an

antibody to procaspase-3), and the IC50 of PAC-1

was measured (through a 72-h treatment with a

range of PAC-1 concentrations and quantification

using the MTS assay). PAC-1 is quite potent (IC50

¼ 0.35 mM) in the NCI-H226 lung cancer cell line,

which is known to have high concentrations of

procaspase-3. All error bars are s.d.
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procaspase-3 and sensitivity to PAC-1 (Fig. 2f). PAC-1 is most potent
against the lung cancer cell line NCI-H226, with an IC50 of 0.35 mM.
In accordance with previous findings24, we found this cell line to
have a concentration of procaspase-3 that is five times that of baseline
levels. Notably, there is one cancer cell line (MCF-7, breast cancer
cells) that has no expression of procaspase-3. PAC-1 had virtually no
effect on MCF-7 cells: it induced death with an IC50 4 75 mM.

In contrast, etoposide showed no such correlation between potency
in cell culture and cellular concentrations of procaspase-3 (Supple-
mentary Fig. 5 online). For instance, etoposide was ineffective
(IC50 4 50 mM) in inducing death in three of the melanoma cell
lines (UACC-62, CRL-1782 and B16-F10), the breast cancer cell line
(Hs 578t) and the lung cancer cell line (NCI-H226); these cell lines
have relative procaspase-3 concentrations of 1.0, 2.4, 1.9, 3.7 and 5.3,
respectively. Etoposide was effective (IC50 o 1 mM) versus HL-60,
U-937, SK-N-SH and PC-12, which have relative procaspase-3 con-
centrations of 4.3, 4.0, 4.7 and 4.4, respectively. Thus, overall there

is no correlation between procaspase-3 concentrations and IC50

for etoposide.
We synthesized and evaluated several derivatives of PAC-1 for both

their procaspase-3–activating properties and their effects on cancer
cells in cell culture (Fig. 3). The PAC-1 derivative that lacks the allyl
group, de-allyl PAC-1 (2), was able to induce activation of procaspase-
3 and cell death at levels similar to those induced by PAC-1. However,
all other derivatives created (3–10) showed no activity in either assay.
Thus, whereas it seems the allyl group is dispensable for biological
activity, the phenolic hydroxyl and benzyl moieties are both critical for
PAC-1 activity. These data are also consistent with the proposed
mechanism of action of PAC-1; compounds that do not activate
procaspase-3 in vitro have no proapoptotic effect on cancer cells
in culture.

To test this direct, small molecule–mediated procaspase-3 activation
strategy in clinical isolates of cancer, we obtained freshly resected
colon tumors (together with adjacent noncancerous tissue) from 23
people at Carle Foundation Hospital (Urbana, Illinois, USA). We
separated the cancerous and noncancerous tissue and evaluated the
cells derived from these for their concentrations of procaspase-3 and
their sensitivity to PAC-1 (Supplementary Fig. 6 online). In all cases
the cancerous cells had elevated concentrations (1.7-fold to 19.7-fold,
with an average of 8.4-fold) of procaspase-3 relative to cells from the
adjacent noncancerous tissue from the same person (Fig. 4a). Further,
these cancerous cells were quite susceptible to death induction by
PAC-1. PAC-1 induced cell death in the primary cancerous cells with
IC50 values from 0.003 to 1.41 mM, whereas it induced cell death in the
adjacent noncancerous tissue with IC50 values from 5.02 to 9.98 mM
(Fig. 4b and Table 1). The cells from cancerous tissue that had
elevated concentrations of procaspase-3 were extremely sensitive to
PAC-1 (Fig. 4b). For example, as a single-entity agent PAC-1 induced
death in the cancer cells from subject 21 with an IC50 of 3 nM, and
these cells were over 2,000-fold more sensitive to PAC-1 than cells
from the adjacent normal tissue (Table 1).

In addition to evaluating PAC-1 against cells from the noncancer-
ous tissue of the 23 individuals, we also evaluated PAC-1 against four
other noncancerous cell types: white blood cells isolated from the bone
marrow of a healthy donor, Hs888Lu (lung fibroblast cells), MCF-10A
(breast fibroblast cells) and Hs578Bst (breast epithelial cells). Notably,
the noncancerous cell types are among those with the least procaspase-
3, and PAC-1 is comparatively less able to induce death in these cells,
with IC50 values of 3.2–8.5 mM (Fig. 4b). Thus PAC-1 induces death in
a wide variety of cell types (noncancerous cell lines, noncancerous
primary cells, cancerous cell lines and primary cancerous cells) in a
manner directly related to the concentration of procaspase-3. The
elevation of procaspase-3 concentrations in cancerous cells allows
PAC-1 to selectively induce death in these cell types.

We evaluated PAC-1 in a mouse xenograft model using a slow-
release mode of drug delivery. In this model, subcutaneous tumors
were formed in ovariectomized female athymic BALB/c (nude, nu/nu)
mice using the ACHN (renal cancer) cell line. Once the tumors were
larger than B30 mm2 in area, we administered the drug via implanta-
tion of a pellet of PAC-1 and cholesterol, providing for slow and steady
levels of compound release. We used three groups of mice, with pellets
containing 0 mg, 1 mg and 5 mg of PAC-1 (six mice per group, four
tumors per mouse). Tumor growth was significantly retarded in the
mice that were implanted with the pellet containing 5 mg of PAC-1
(p o 0.005; Fig. 5a). Evaluation of food intake in the last week of the
experiment showed no difference in food consumption among the
three groups of mice. After the mice were killed, plasma samples were
taken from each mouse, and the PAC-1 content of each sample was
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analyzed. For mice that received a 5-mg pellet of PAC-1, PAC-1 was
present at a concentration of 4.4 nM ± 1.1 in the plasma after the 54-d
experiment (Supplementary Fig. 7 online). This relatively low serum
concentration of PAC-1 suggests that administration of a larger dose
could lead to actual tumor regression, instead of the tumor growth
retardation we observed.

We evaluated PAC-1 in a second mouse xenograft model in which
we used oral administration as the drug delivery mode. In this model,
subcutaneous xenograft tumors were formed in male athymic BALB/c
nude mice (5 weeks old, SLC) using the NCI-H226 (lung cancer) cell
line (eight mice per group, three tumors per mouse). After tumors
were formed, we treated the mice with PAC-1 via oral gavage once a
day for 21 d at concentrations of 0, 50 and 100 mg kg–1 and killed
the mice 1 week later. We observed no differences in body weight
among the three groups of mice, and there was no evidence of
gross toxicity. The data indicate that oral administration of PAC-1
significantly retards tumor growth in a dose-dependent manner
(P o 0.001; Fig. 5b).

To determine whether tumor cells were dying through apoptosis, we
subjected tumors removed at the end of this experiment to terminal
dUTP nick-end labeling (TUNEL) analysis. This common apoptotic
assay assesses the number of 3¢ hydroxyl ends present in DNA when it
is fragmented during apoptosis. The number of TUNEL-positive cells
increased with the dose of PAC-1 (Fig. 5c), a result consistent with the
notion that PAC-1 induces apoptosis in vivo. In addition, analysis of
tumor cells by western blotting showed that procaspase-3 is processed
in the tumors from mice treated with PAC-1 (Fig. 5d).

Finally, we evaluated PAC-1 in a mouse model in which we injected
NCI-H226 cells into male athymic BALB/c–/– mice via the tail vein.
The total experiment lasted 28 d. We treated one group of mice once a
day with PAC-1 (100 mg kg–1) via oral gavage on days 1–4 and 7–11;
on the other days these mice did not receive PAC-1 or vehicle. A
second group of mice received only vehicle on days 1–4 and 7–11. We
observed no differences in body weight between the two groups of
mice, and there was no evidence of gross toxicity. After 28 d the mice
were killed and their lungs examined. NCI-H226 lung cancer cells

were able to infiltrate the lung tissue and form tumors (Fig. 5e). The
exposed lung of control mice showed very large gray tumors covering
almost half of the outer lung surface, whereas the lungs of mice treated
with PAC-1 showed only very small gray tumors. The lungs from the
mice in this experiment were then sectioned, stained and imaged. In
the control mice the gray NCI-H226 cells almost completely overtook
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Figure 4 PAC-1 induces death in cells isolated from freshly resected colon tumors. (a) Procaspase-3 concentrations are elevated in cells derived from

freshly resected colon cancer tissue. Freshly resected primary colon tumors (together with adjacent noncancerous tissue) were obtained from 23 people, the
cancerous and noncancerous tissue were separated, and the procaspase-3 concentrations were measured for each using an antibody to procaspase-3

and flow cytometry. On average, cells from the cancerous tissue had an 8.4-fold elevation in procaspase-3 relative to cells derived from the adjacent

noncancerous tissue from the same person. (b) PAC-1 induces cell death in a manner proportional to the cellular concentration of procaspase-3. The red

circles represent the primary cancerous cells from the 23 colon tumors. The black triangles represent the same cancer cell lines depicted in Figure 2f. The

green diamonds are four noncancerous cell types: Hs888Lu (lung fibroblast cells), MCF-10A (breast fibroblast cells), Hs578Bst (breast epithelial cells) and

white blood cells isolated from the bone marrow of a healthy donor. The blue squares are the primary noncancerous cells isolated from the tumor margins of

the 23 people.

Table 1 IC50 values of PAC-1 versus cells isolated from primary

cancerous and noncancerous colon tissue

PAC-1 IC50 (mM)

Individual Normal Cancerous

1 6.78 0.212

2 9.79 0.154

3 6.61 0.080

4 9.50 0.340

5 6.88 0.216

6 6.28 0.020

7 7.34 0.422

8 5.67 0.045

9 6.54 0.844

10 9.98 0.017

11 5.94 1.030

12 5.63 0.052

13 5.50 0.499

14 7.58 0.366

15 5.96 0.106

16 5.02 0.527

17 5.17 0.007

18 6.39 1.410

19 5.41 0.034

20 6.84 0.058

21 6.25 0.003

22 5.73 0.439

23 5.28 0.046
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the normal pink lung tissue, whereas in the mice treated with PAC-1
we found only isolated tumors in the lungs (Fig. 5f).

DISCUSSION
Cancerous cells typically have a lower sensitivity than normal cells to
proapoptotic signals owing to the mutation or aberrant expression of
an assortment of proteins in the apoptotic cascade. As such, many
types of cancer are notoriously resistant to not only the endogenous
signals for apoptotic cell death but also to the chemotherapeutic
agents that act through similar mechanisms. The paradoxical elevation
of procaspase-3 concentrations in certain cancers provides an oppor-
tunity to use this existing intracellular pool of protein to directly
induce apoptosis, thereby bypassing the often nonfunctional upstream
portion of the cascade. PAC-1 induces the autoactivation of procas-
pase-3 in vitro; in cell culture, PAC-1 treatment induces rapid caspase-
3–like activity. It is likely that the caspase-3–mediated cleavage of
antiapoptotic proteins (such as Bcl-2 and Bcl-XL)29–31 then induces
depolarization of the mitochondrial membrane and amplifies apop-
tosis. In addition, the potency of PAC-1 toward a variety of cancerous
and noncancerous cell types is proportional to the concentration of
procaspase-3 in the cell. As the primary cancerous cells isolated from
resected colon tumors have elevated concentrations of procaspase-3,
these cells are considerably more sensitive to PAC-1 than cells from
adjacent noncancerous tissue. It is worth noting that several of the cell
lines against which PAC-1 is effective have faulty apoptotic pathways
that make them resistant to apoptosis; for instance, Apaf-1 expression
in SK-MEL-5 cells is lower than that in normal cells5, and Bcl-2 is
overexpressed in the NCI-H226 lung cancer cell line32. Finally, PAC-1
is effective in three different mouse models of cancer, including two in
which PAC-1 is administered orally.

Our data here support the notion that procaspase-3–activating
compounds can be effective against common cancers in which
procaspase-3 concentrations are aberrantly high. Although cellular
procaspase-3 quantities have not been fully defined for all cancer
types, it is now clear that many cancers have elevated concentrations of
procaspase-3 (refs. 18–23), and others have heightened or reduced
concentrations of procaspase-3 depending on the cancer subtype33–35.
A systematic and thorough analysis of procaspase-3 concentrations
in a variety of cancer types and subtypes is therefore needed to
determine which cancers are most amenable to treatment with a
procaspase-3 activator.

Assessment of procaspase-3 concentrations in cancer biopsies is
simple and rapid, and the data presented herein indicate that cellular
concentrations of procaspase-3 can be used to predict PAC-1 efficacy.
As such, the potential effectiveness of a compound such as PAC-1
could be assessed a priori with a high degree of accuracy, and people
with cancer could be preselected for treatment with a procaspase-3
activator based on the concentration of procaspase-3 in their tumor
cells. Such personalized medicine strategies are preferential to thera-
pies that rely on general cytotoxins, and these strategies are the future
of anticancer therapy.

METHODS
Further detailed methods can be found in Supplementary Methods online.

Library screen. Procaspase-3 was incubated with approximately 20,500

compounds at a concentration of B40 mM for 2 h. Ac-DEVD-pNA was

added and the plate was then read every 2 min at 405 nm for 2 h. The slope

of the linear portion for each well was used to determine the activity

of caspase-3.
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Figure 5 PAC-1 significantly retards tumor growth in three mouse

models of cancer. (a) Tumors were formed in mice with the ACHN

(renal cancer) cell line by subcutaneous injection, with six mice in

each group and four tumors per mouse. Once the tumors grew to

B30 mm2, PAC-1 was implanted as a cholesterol pellet, with the

three groups of mice receiving 0, 1 or 5 mg of PAC-1. Error bars

are s.e.m. (b) Tumors were formed in mice using the NCI-H226

(lung cancer) cell line by subcutaneous injection, with eight mice

in each group and three tumors per mouse. PAC-1 or vehicle was

administered once a day by oral gavage on days 1–21. Error bars

are s.e.m. (c) At the end of the experiment in b, tumors were

resected and sectioned, and a TUNEL assay was performed.

(d) The tumors from the experiment in b were homogenized and
a western blot was performed with an antibody to procaspase-3

(and GAPDH as a control); bands were analyzed by densitometry

and the ratio of procaspase-3 to GAPDH is graphed; error bars

are s.d. ** indicates a statistical difference from the control;

P o 0.05. (e) Mice were injected with the NCI-H226 cell line. The mice were treated with PAC-1 (100 mg kg–1) via oral gavage following the protocol

described in the text. The lungs of control mice have a large amount of gray tumor mass, whereas the mice that received PAC-1 have almost no visible

tumor. (f) Resected lungs were sectioned, stained and imaged. Lungs from mice in the control group have multiple metastatic foci and a much larger tumor

burden, whereas lungs from mice treated with PAC-1 show a greatly reduced tumor burden.
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Activation curves. Various concentrations of compound were added to

procaspase-3, active caspase-3, procaspase-7 and active caspase-7 and incubated

for 12 h at 37 1C. Ac-DEVD-pNA was added and the plate was read every 2 min

at 405 nm for 2 h. The slope of the linear portion for each well was determined,

and the relative increase in activation from untreated control wells was

calculated.

PAC-1 activation gel. Procaspase-3 was incubated in the presence or absence of

100 mM PAC-1 for varying times at 37 1C. SDS-loading buffer was then added

and the samples were run on a 12% SDS-PAGE gel. Proteins were transferred to

nitrocellulose overnight. Blots were washed and then blocked with a 10% milk

solution. Blots were then incubated in a 1:5,000 dilution of antibody against

Penta His Alexa Fluor 647 (Qiagen) for 2 h, washed and scanned.

Safety-catch mutations. The Asp-Asp-Asp procaspase-3 safety catch was

mutated to Ala-Asp-Asp, Asp-Ala-Asp and Asp-Asp-Ala. Various concentra-

tions of PAC-1 were added to wild-type procaspase-3 and to the various

mutant versions of procaspase-3 and incubated for 12 h at 37 1C. Ac-DEVD-

pNA was then added to each well and the plate was read every 2 min at 405 nm

for 2 h. The slope of the linear portion for each well was determined, and the

relative increase in activity for each mutant was calculated.

Effect of pH on PAC-1 activation of procaspase-3. Procaspase-3 was incubated

for 12 h at 37 1C in buffers of various pH values. Ac-DEVD-pNA was added,

and the plate was read every 2 min at 405 nm for 2 h. The slope of the linear

portion for each well was determined, and the relative increase in activation for

each pH value was calculated.

Annexin V staining. PAC-1 in DMSO or DMSO alone was added to HL-60

cells and incubated at 37 1C. The cells were harvested by centrifugation and

washed twice in PBS. The cells were then washed and resuspended in annexin V

binding buffer. Annexin V–Alexa Fluor 488 conjugate (Molecular Probes) was

added and incubated at room temperature (23 1C) for 15 min. Annexin V

binding buffer was then added, followed by the addition of propidium iodide.

The fluorescence intensity of each cell was determined by flow cytometry at

525 nm (green channel) and 675 nm (red channel). At least 50,000 cells were

analyzed in each experiment.

Condensed-chromatin staining. PAC-1 in DMSO or DMSO alone was added

to HL-60 cells and incubated for 20 h. The cells were harvested by centrifuga-

tion, washed in PBS and fixed by the addition of ice-cold (0 1C) 100% ethanol.

The cells were incubated overnight at 4 1C. Fixed cells were incubated with

Hoechst-33258 (Molecular Probes) for 30 min at room temperature. A drop of

cells was added to a microscope slide. Condensed chromatin was observed at

�400 magnification.

In vivo determination of mitochondrial membrane potential. PAC-1 in

DMSO or DMSO alone was added to HL-60 cells and incubated for various

times. The cells were harvested by centrifugation and washed in PBS. JC-9

dye (Molecular Probes) was added and the cells were incubated at room

temperature for 10 min. The cells were then washed in PBS and the

fluorescence intensity of each cell was determined by flow cytometry at

525 nm (green channel) and 675 nm (red channel). 50,000 cells were analyzed

in each experiment. The shift in the red channel was then used to determine the

amount of mitochondrial membrane depolarization.

In vivo determination of caspase-3-like activity. A range of concentrations of

PAC-1 was added to HL-60 cells and incubated for various times. The cells were

washed with PBS, resuspended in ice-cold caspase assay buffer and lysed by

sonication. Ac-DEVD-pNA was added and the plate was read every 2 min at

405 nm for 2 h. The slope of the linear portion for each well was determined

and the amount of Ac-DEVD-pNA cleaved per minute was calculated.

In vivo determination of PARP cleavage. NAD+ alone or NAD+ with PAC-1

was added to HL-60 cells and incubated for various times. Lysing PARP buffer

containing 25 mM H2O2 was added and the cells were incubated for 60 min at

37 1C. To determine the amount of NAD+ still present, KOH and acetophenone

were added followed by a 10 min incubation at 4 1C. 88% (v/v) formic acid was

added followed by a 5-min incubation in an oven set to 110 1C. The

fluorescence was determined and the number of moles of NAD+ cleaved per

minute was then calculated. The remaining PARP activity as compared to

control wells was determined.

Isolation of normal and cancerous colon cells. Cancerous colon tissue with

attached normal tissue was resected from volunteers at Carle Foundation

Hospital (Urbana, Illinois, USA) collected under a protocol approved by the

hospital’s Institutional Review Board (#04-63). The tissue was transported

immediately to the laboratory in ice-cold PBS. The normal tissue was removed

from the cancerous tissue using a scalpel and both tissues were then coarsely

minced. The minced tissue was digested with dispase I and collagenase IV for

90 min at 37 1C. The freed cells were washed and resuspended in RPMI-1640

containing 10% FBS.

Relative concentration of procaspase-3 in various cell lines. Cells were

washed in PBS, resuspended in ice-cold 100% ethanol and fixed overnight at

4 1C. The cells were then washed with PBS and incubated with an antibody to

caspase-3 (Sigma) for 2 h at room temperature. The cells were then washed in

PBS and incubated with an anti-mouse Cy3-labeled antibody for 2 h at room

temperature. The cells were washed with PBS and the fluorescence intensity

of each cell was determined by flow cytometry at 675 nm (red channel). At

least 20,000 cells were analyzed in each experiment. The median of the

population was used to determine the relative concentration of procaspase-3

in each cell line.

Determination of IC50 values in various cell lines. Various concentrations of

etoposide or PAC-1 were added to cells and incubated for 24 h and 72 h for

etoposide and PAC-1, respectively. Cell death was quantified by the addition of

MTS/PMS CellTiter 96 Cell Proliferation Assay reagent (Promega). The plates

were incubated at 37 1C for approximately 1 h (until the colored product

formed), and the absorbance was measured at 490 nm.

Inhibition of ACHN xenograft growth by subcutaneous PAC-1 release.

Ovariectomized female athymic BALB/c mice 35 d of age were used for the

following experiment. Animal research was performed in accordance with a

protocol approved by the University of Illinois at Urbana-Champaign Institu-

tional Animal Care and Use Committee.

Various ratios of PAC-1 and cholesterol were mixed and pelleted into a

3-mm-diameter 20-mg (total weight) pellet. Pellets contained either 0 mg, 1 mg

or 5 mg PAC-1.

ACHN cancer cells were resuspended in Matrigel (BD Biosciences) and

injected subcutaneously into the four flanks of the back of each animal.

Tumor growth and body weight were measured weekly, and tumor volume

was calculated using the formula v¼ 0.5 � a� b2, where a and b are the largest

and smallest tumor diameters, respectively. After 4 weeks, mice were randomly

divided into four treatment groups (six mice per group, average tumor surface

area 34.3 mm2) and PAC-1 plus cholesterol or control (cholesterol only) pellets

were implanted subcutaneously. At the end of the study (8 weeks after pellet

implantation), food intake was measured for two consecutive 24-h periods and

tumors and blood samples were collected.

Plasma samples were obtained from killed mice on completion of the

xenograft study. A deuterated version of PAC-1 containing seven deuterium

atoms was synthesized as an internal standard. A standard curve was generated

using PAC-1 in the concentration range of 0.25–25 fmol ml–1 (R2 ¼ 0.9997).

Deuterated PAC-1 was added to each serum sample to yield a final concentra-

tion of 1 fmol ml–1. The samples were analyzed by LC/MS/MS, and the limit of

detection was 0.15 fmol ml�1, the intraday and interassay precision ranged

between 2% and 17% relative s.d. and the accuracies ranged between 102%

and 134%. The average internal standard recovery was determined to be 61%.

Using the recovery value, the concentration of PAC-1 in each plasma sample

was calculated.

Inhibition of NCI-H226 xenograft growth by PAC-1 as administered by oral

gavage. To generate tumors, 100 ml of a single-cell suspension containing

2 � 106 NCI-H226 cells were injected subcutaneously into the flanks of

athymic nude mice. Tumor volume was calculated using the mean diameter

measured with vernier calipers using the formula v ¼ 0.5 � a � b2, where a

and b are the smallest and largest tumor diameters, respectively. PAC-1
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treatment was administered after the tumors reached a size of approximately

50 mm3 (approximately 4 weeks after implantation). The vehicle control and

PAC-1 were administered at 50 and 100 mg kg–1 via oral gavage (in a mixture

of 24:1 vegetable oil/DMSO) once a day for 21 d. Tumor volume was measured

twice weekly for 4 weeks. Tumors were collected, homogenized and normalized

to the total amount of protein. The samples were then run on an SDS-PAGE gel

and transferred to nitrocellulose. The blot was stained with antibodies specific

for procaspase-3 and GAPDH as a control. The full-length procaspase-3 bands

were further analyzed by densitometry and plotted as a ratio of procaspase-3

per GAPDH.

Inhibition of intravenously administered NCI-H226 tumor growth by PAC-1

as administered by oral gavage. To generate tumors, 100 ml of a single-cell

suspension containing 2 � 106 NCI-H226 cells were injected intravenously into

the tail vein of athymic nude mice. PAC-1 or vehicle (four mice per group)

was administered via oral gavage (in a mixture of 24:1 vegetable oil/DMSO) at

100 mg kg–1 once a day on days 0–4 and days 7–11. The mice were killed after

28 d and the thoracic cavity was exposed. Photographs of tumor load in the

lung tissue were taken. Lungs were then sectioned, stained and photographed.

Note: Supplementary information is available on the Nature Chemical Biology website.
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