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Abstract

PAC-1 induces the activation of procaspase-3 /n vitroand in cell culture by chelation of inhibitory
labile zinc ions via its ortho-hydroxy-/AN-acylhydrazone moiety. First reported in 2006, PAC-1 has
shown promise in cell culture and animal models of cancer, and a Phase | clinical trial in cancer
patients began in March 2015 (NCT02355535). Because of the considerable interest in this
compound and a well-defined structure-activity relationship, over 1000 PAC-1 derivatives have
been synthesized in an effort to vary pharmacological properties such as potency and
pharmacokinetics. This article provides a comprehensive examination of all PAC-1 derivatives
reported to date. A survey of PAC-1 derivative libraries is provided, with an in-depth discussion of
four derivatives on which extensive studies have been performed.
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1. INTRODUCTION

Apoptosis is a form of programmed cell death by which cells that are damaged, in excess, or
otherwise no longer needed are removed in a controlled manner. The caspase cascade is
central to this process, as these cysteine proteases are cleaved from their proenzyme forms in
response to proapoptotic stimuli. [1, 2] In particular, the cleavage of procaspase-3 to
caspase-3 represents a critical node in apoptosis, as this executioner caspase catalyzes the
hydrolysis of hundreds of protein substrates, [3-6] leading to cell death. A key hallmark of
cancer is the ability of tumor cells to evade apoptosis through mutation and misregulation of
apoptotic proteins. [7, 8] As a result, several anticancer drug discovery strategies have
focused on the direct targeting of these aberrant proteins; these mutated and upregulated
proteins often exist at much higher concentrations in tumors than in healthy tissues, and
thus, in principle, undesired apoptosis in normal cells can be minimized. Specifically,
considerable effort has been invested in the small molecule-mediated inhibition of
antiapoptotic proteins, including MDMZ2, [9, 10] Bcl-2, [11, 12] and XIAP [13, 14] (Figure
1). A complementary approach involves the small molecule-mediated activation of
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2. PAC-1

proapoptotic proteins, including procaspase-3. [15-18] Based on the downstream location of
procaspase-3 in the apoptotic cascade relative to frequently mutated proteins, [2] the low
frequency of procaspase-3 mutations in cancer, [19] and the robust expression of the
procaspase-3 enzyme in a number of cancer types, including lymphoma, [20, 21] leukemia,
[22, 23] multiple myeloma, [24] melanoma, [25, 26] glioblastoma, [27, 28] pancreatic
cancer, [29] liver cancer, [30] lung cancer, [31-33] breast cancer, [34—37] esophageal cancer,
[38] and colon cancer, [15, 39-41] the small molecule-mediated activation of procaspase-3
is actively being explored as an anticancer strategy. [15-18]

2.1. Initial discovery of PAC-1

In a high-throughput screen of over 20,000 small molecules, Procaspase Activating
Compound 1 (PAC-1, 1, Figure 2) was identified as a compound that could enhance the
enzymatic activity of procaspase-3 /n vitro. [15] PAC-1 and its derivatives induce apoptosis
and are cytotoxic in cell culture to a diverse array of cancer cells, including cell lines derived
from white blood cell cancers (lymphoma, [15, 42-51] leukemia, [15, 24, 44, 48-50, 52-55]
and multiple myeloma [24, 55]), diverse carcinomas (breast, [15, 44, 48, 49, 52-54, 56-59]
renal, [15] adrenal, [15, 60-62] colon, [15, 48, 55, 57-59, 63] lung, [15, 48, 49, 52-59, 63—
67] cervical, [44, 55] gastric, [48, 49, 55, 57, 58, 63] ovarian, [55] liver, [48, 49, 55]
prostate, [48, 49] and gallbladder [48, 49]), and other solid tumor types (melanoma, [15, 44,
48, 49] osteosarcoma, [55] neuroblastoma, [15, 55, 57, 58] and glioblastoma [48, 49, 68]).
Patient-derived samples from colon cancer [15], chronic lymphocytic leukemia [23], and
multiple myeloma [24] are also sensitive to PAC-1 and derivatives, and a therapeutic effect
has been demonstrated in multiple murine tumor models [15, 48, 49, 56, 65, 66, 69] and in
pet dogs with cancer. [44] In addition, PAC-1 displays potent synergy with the antitumor
agent paclitaxel, [65, 66, 69] as well as 1541B,[56] the second reported procaspase-3
activator, [16, 70-72] in various cell culture and /n vivo models of cancer, and a derivative of
PAC-1 showed synergy with an investigational Smac mimetic in cell culture. [23]

An initial evaluation of PAC-1 structure-activity relationships (SAR) was undertaken with a
small number of closely related compounds and synthetic intermediates (Figure 2). PAC-1
was the most potent compound evaluated, while removal of the allyl group (2) led to a slight
loss in potency. However, each of the other compounds studied (3—10) were inactive in both
procaspase-3 activation and cytotoxicity assays. [15]

2.2. PAC-1 mechanism of action

One of the most informative results from the initial report on PAC-1 was that removal of the
hydroxyl group (compound 3, also known as PAC-1a) abolished activity. This established
the essential nature of the phenolic hydroxyl and suggested further examination of the ortho-
hydroxy-N-acylhydrazone moiety for its relationship to the anticancer activity of PAC-1.
Complexes of ortho-hydroxy-/N-acylhydrazones with metals, including iron, [73] copper,
[74] and zinc, [75] are well known, and inhibition of procaspase [42] and caspase [76-79]
enzymes by divalent metal cations is well established. In particular, zinc from the labile zinc
pool, which is bound loosely to certain proteins, co-localizes with procaspase-3 [80] and
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zinc inhibits the enzymatic activity of both procaspase-3 [42] and caspase-3, [77] as
illustrated in Figure 1. In addition, a putative binding site on procaspase-3/caspase-3 for
labile zinc ions has been identified. [81] The role of zinc in the mechanism of action of
PAC-1 has been extensively investigated. [42] PAC-1 binds zinc in a 1:1 ratio with a K4 of
52 + 2 nM. [42, 43] PAC-1 shows no activity toward procaspase-3 in a metal-free buffer;
however, the addition of zinc inhibits procaspase-3 activity, and PAC-1 restores this activity
in a dose-dependent manner through chelation of the inhibitory zinc (Figure 3A). In
addition, PAC-1 induces apoptosis in U-937 (human lymphoma) cells, but the addition of
zinc to the cell culture medium abolishes the ability of PAC-1 to induce apoptosis. [42]
Finally, PAC-1a (lacking the phenolic hydroxyl) displays no affinity toward zinc and is
unable to induce procaspase-3 activation. Based on these results, a mechanism of action has
been proposed for PAC-1 activity (Figure 3B): zinc binds loosely to procaspase-3
(dissociation constants of high nM to low puM), [81] inhibiting its activity. With a low- to
mid-nM affinity for zinc, [42, 43, 50] PAC-1 efficiently competes with procaspase-3 for the
loosely-bound zinc ions. This depletion of the labile zinc pool restores procaspase-3
enzymatic activity, allowing for cleavage of procaspase-3 to caspase-3 and the initiation of
the execution pathway of apoptosis. [42] PAC-1 is now widely used as a tool compound for
the induction of apoptosis [51, 59, 67, 68, 82, 83], and for the direct activation of
procaspase-3 downstream of the mitochondria. [84-87] In addition, multiple independent
studies have confirmed the direct procaspase-3 activation mechanism, [48, 85, 88] for
example in detailed studies with selective caspase inhibitors, [85] selective caspase
substrates, [48] and in Bax/Bak double knockout cells. [88] The effect of procaspase-3
activators has been shown to be influenced by growth factors in the PC12 cell line. [61]

The affinity of PAC-1 for zinc is not strong enough to disrupt proteins containing essential
zinc ions; PAC-1 and several derivatives show no inhibitory activity toward “classic” zinc-
containing metalloenzymes including matrix metalloproteinases-9 and -14, [89] as well as
carboxypeptidase A and histone deacetylase. [23] A thorough discussion of the relationship
between PAC-1 and other therapeutically relevant metal chelators was reported recently.

[50] The considerable evidence suggesting that PAC-1 does not belong in the category of so-
called Pan-Assay Interference Compounds (PAINS) [90] has also been extensively
discussed. [50]

2.3. Structure-activity relationships

With a preliminary understanding of the mechanism of action of PAC-1, SAR studies of the
compound were initiated by the Hergenrother laboratory. [43] In order to investigate the
SAR, four classes of PAC-1 derivatives were designed (Figure 4). Class | derivatives (2, 3,
11a-h, and 12) contained modifications to the benzylidene group, Class Il derivatives (13a—
¢ and 14a—d) contained modifications to the benzyl group, and the single Class 111 derivative
(15) contained modifications to both aromatic rings. Class 1V derivatives (16a—-b, 17a-b, 18,
19, and 20) contained modifications to the four nitrogen atoms present in PAC-1. In total, 26
derivatives were synthesized and compared to PAC-1 in a series of experiments. [43]

The results from evaluation of the compounds are shown in Table 1. Compounds were
evaluated for their ability to chelate zinc, relieve zinc-mediated inhibition of caspase-3, and
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induce cell death in U-937 cells. These experiments confirmed the essential nature of the
ortho-hydroxy-N-acylhydrazone for activity. Class | derivatives lacking the phenol showed
significantly reduced activity compared to PAC-1 in these experiments, while the two Class
| derivatives containing the phenol (2 and 11g) retained activity. However, modification of
the benzyl group was tolerated, as Class Il derivatives showed similar activity to PAC-1. The
Class Il derivative (15) was also active, suggesting that substitution of both aromatic rings
could be tolerated, as long as the ortho-hydroxy-N-acylhydrazone remained intact. Class 1V
derivatives that contained the ortho-hydroxy-N-acylhydrazone (16a—b and 18) were capable
of binding zinc and inducing cell death, although compounds 16a—b showed inhibitory
activity toward caspase-3. Class 1V derivatives containing modifications to the hydrazone
(17a-Db, 19, and 20) showed diminished activity relative to PAC-1. In order to further
investigate the cellular effects of PAC-1 and derivatives, U-937 cells were treated with
PAC-1, 14a, or 18 at 50 uM for 12 hours, and cell death was assessed by flow cytometry
with Annexin V-FITC/propidium iodide staining. Large populations of Annexin V-FITC
positive, propidium iodide negative cells were present for each compound treatment,
indicating that cell death induced by these compounds proceeds through apoptosis. [43]

An additional derivative of PAC-1 was synthesized containing a fluorophore conjugated to
the benzyl ring through a triazole linker. This compound (AF350-PAC-1, 21, Figure 5) was
found to bind zinc, activate caspase-3 /n vitro, and induce cell death in culture. SK-MEL-5
cells were treated with 21 and FAM-DEVD-fmk, an inhibitor of caspases-3 and -7 that
covalently modifies the enzymes with a fluorophore. FAM-DEVD-fmk therefore represents
a marker for sites of caspase-3/-7 activity within cells. Cells were treated for one hour,
washed in phenol red-free medium, and incubated for an additional two hours. The cells
were then visualized at emission wavelengths of 400 nm (21) and 520 nm (FAM-DEVD-
fmk). Treatment of cells with vehicle showed minimal fluorescence in either channel.
Minimal increases in fluorescence were observed upon treatment with FAM-DEVD-fmk
alone. Treatment with 21 alone showed punctate staining in the cytoplasm at 400 nm.
Finally, cells treated with both 21 and FAM-DEVD-fmk showed punctate staining at both
400 nm and 520 nm, and the merged image showed overlap for the majority of these sites of
fluorescence. This overlap strongly supports the notion that 21 induces activation of
executioner caspases in cells and co-localizes with sites of caspase-3/-7 activity. [43]

3. PAC-1 DERIVATIVE LIBRARIES

3.1. Diaryl urea conjugates

With the goal of improving upon PAC-1, several classes of derivatives have been
synthesized and evaluated. One approach toward improving the potency of PAC-1 explored
by Gong and coworkers involved the conjugation of fragments derived from sorafenib (22),
a diaryl urea that inhibits several kinases, including VEGFR, PDGFR, and B-Raf, to PAC-1.
[52-54] Initially, two series of compounds were synthesized (Table 2). [52] In the first series
(23a-k), diaryl ureas were conjugated via a thiazole to the piperazine/ortho-hydroxy-/N-
acylhydrazone portion of PAC-1, and substituents on each terminal arene were varied. In the
second series (24a—g), the phenol ring was replaced with a hydantoin. The cytotoxicity of
the 18 compounds was evaluated in A549 (human lung), HL-60 (human leukemia), and
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MDA-MB-231 (human breast) cancer cell lines in culture and compared to PAC-1 and
sorafenib. In general, the compounds of series 23 were much more potent than the
compounds of series 24, confirming the essential nature of the ortho-hydroxy-N-
acylhydrazone for activity of PAC-1 derivatives. Many of the compounds of series 23 were
more potent than PAC-1 or sorafenib, suggesting the potential for improved potency via dual
pharmacophores.

Building upon these results, a second set of 18 diaryl urea/PAC-1 conjugates was
synthesized (Table 3). [53] Because the hydantoin derivatives were significantly less active,
synthesis of derivatives was limited to those containing the ortho-hydroxy-N-acylhydrazone
moiety. Nine additional derivatives of the compound 23 series (23I-t) were synthesized. In
addition, nine derivatives (25a—i) were synthesized that contained an amide linkage instead
of the thiazole. These compounds were also evaluated in A549, HL-60, and MDA-MB-231
cells in culture and compared to PAC-1 and sorafenib. Most of the compounds displayed
comparable potency to both of the parent compounds in the cell lines tested. In general, the
compounds from series 23 were somewhat more potent than the compounds from series 25.
The addition of a benzyloxy substituent to the benzylidene ring increased potency for
compounds of the 23 series. Three of the derivatives (23, 23q, and 23s), as well as PAC-1
and sorafenib, were evaluated in a human embryonic lung fibroblast-derived cell line
(WI-38) in culture. The compounds exhibited slightly reduced potency in this cell line
compared to the cancer cell lines, suggesting a degree of selectivity for toxicity to cancer
cells over normal cells in culture. [53]

The final set of 26 diaryl urea/PAC-1 conjugates is shown in Table 4. This set of compounds
included 23 phenol derivatives (23u—qq) and three hydantoin derivatives (24h—j),
conjugated to the diaryl urea moiety via a thiazole linker. [54] The compounds were
evaluated in A549, HL-60, and MDA-MB-231 cells in a 72-hour cytotoxicity assay and
compared to PAC-1 and sorafenib. The compounds of the hydantoin series were again
observed to be less potent than the compounds of the phenol series. Within the phenol series,
the coumarin derivatives (23mm-qq) were less potent than the other derivatives. Many of
the substituted phenol derivatives had sub-micromolar potency in the cell lines, improving
upon the activity of either parent compound alone, and the benzyloxy derivatives were
among the most potent compounds in this library. This provides additional validation that
the conjugation of other cytotoxic agents to PAC-1 can help to increase the potency of either
agent alone. [54]

3.2. Benzothiazole PAC-1 derivatives

Building on the promising results from the phenylthiazole-containing PAC-1 derivatives,
two series of benzothiazole-conjugated semicarbazone PAC-1 derivatives were synthesized
by Gong and coworkers. [57, 58] The benzothiazole derivatives were substituted at the 6-
position to block metabolism. Positively-charged substituents were chosen in order to mimic
the piperazine nitrogen atoms present in PAC-1. [57, 58] The first series (Table 5) contained
26 derivatives (26a—z). [57] Cytotoxicity of the compounds was evaluated over 72 hours in
HT-29 (human colon cancer), MDA-MB-231 (human breast cancer), MKN-45 (human
gastric cancer), NCI-H226 (human lung cancer), and SK-N-SH (human neuroblastoma) cell
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lines in culture. Many of the compounds were found to display equal or greater potency
compared to PAC-1. As with the diaryl urea conjugates, the benzyloxy substituent increased
potency, while the coumarin-derived compounds were less potent. Importantly, the
semicarbazone proved to be an acceptable replacement for the hydrazone of PAC-1, as
compounds retained potency in the cell lines tested. [57]

Based on these results, a second set of benzothiazole PAC-1 derivatives was designed (Table
6). [58] These 36 compounds (26aa—jjj) were also linked via the semicarbazone and
contained basic substituents at the 6 position of the benzothiazole. Several of the compounds
(26ii—fff) contained the benzyloxy group that helped to improve potency for the first series
of benzothiazole derivatives. In four derivatives (26ggg—jjj) the phenyl of the benzyloxy was
modified to a piperonylthiazole moiety, a motif present in the PAC-1 derivatives WF-210
and WF-208. [48, 49] The compounds were evaluated in a 72-hour cell culture assay against
the five cell lines previously discussed. All compounds were potent in the cytotoxicity
assays, with many exhibiting sub-micromolar 1Cgq values. As previously, the compounds
containing the benzyloxy substituents were among the most potent compounds in the library,
and the piperonylthiazole derivatives were also potent in cell culture. Compounds containing
the morpholino substituent were somewhat less potent than other derivatives. In addition,
there was a general correlation between potency and intracellular procaspase-3
concentration; NCI-H226 cells express procaspase-3 to a much greater degree than SK-N-
SH cells, and the compounds were more potent in the NCI-H226 cells than the SK-N-SH
cells. This provides further support to the proposed mechanism of action of PAC-1. [58]

3.3. Oxadiazole PAC-1 derivatives

In addition to the benzothiazole-containing compounds, several PAC-1 derivatives (27a-sS)
were synthesized by Gong, Wu, and coworkers, containing an oxadiazole with a substituted
(phenoxymethyl)phenyl linked to the piperazine ring (Table 7). [48, 49] The ortho-hydroxy-
N-acylhydrazone remained intact, while substitution varied on the benzylidene ring. Four
derivatives (27a—d) contained the 3-allyl substituent characteristic of PAC-1. An additional
12 derivatives (27e—p) contained a substituted benzyloxy group at the 4-position of the
benzylidene ring. Finally, three derivatives (27g—s) contained a piperonyl substituent
attached via a thiazole linker. The cytotoxicity of the compounds to HL-60 cells was
evaluated in a 72-hour experiment. PAC-1 had an 1Csq value of 2.10 uM under these
conditions, and most of the derivatives were more potent than PAC-1 in the HL-60 cell line,
although compound 27p was inactive in this experiment. In general, the compounds
containing the allyl and the piperonylthiazole substituents were more potent than those
containing the benzyloxy substituents. Compounds 27r-s (also called WF-210 and WF-208,
respectively) showed considerable potency in cell culture, with 80 nM 1Cs values, and
further experiments were performed with these two derivatives, as discussed in Section 5.
[48, 49]

3.4. Replacement of benzylidene

PAC-1 chelates zinc with affinity in the low nanomolar range, [42, 43] which is strong
enough to remove the labile pool of zinc, but not strong enough to disrupt essential zinc
ions. [23, 89] In contrast, TPEN (28, Figure 6), which binds zinc with 0.26 fM affinity, [91]
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inhibits the activity of certain metalloenzymes via chelation of the essential metal ion. [92] It
is likely that the relatively modest affinity of PAC-1 for zinc is responsible for its selectivity
for chelation of labile zinc over essential zinc ions. In an effort to slightly increase the
affinity of PAC-1 for zinc, two new PAC-1 derivatives were synthesized by Rongved and
coworkers. [60] For ZnA-DPA (29), the benzylidene was replaced by a dipicolylamine
(DPA) moiety, which is present in TPEN. For ZnA-Pyr (30), the phenol was replaced by a
4-pyridoxyl group, which also contains the ortho-hydroxyl substituent necessary for PAC-1
activity. [60]

ZnA-Pyr was found to bind zinc in a dose-dependent manner, although a Ky value was not
calculated. The binding of ZnA-DPA to zinc could not be assessed due to the lack of a
chromophore. Dissociation constants for compounds analogous to ZnA-DPA and ZnA-Pyr
were in the low nanomolar [93] and high femtomolar [94] ranges, respectively. PAC-1,
TPEN, ZnA-DPA, and ZnA-Pyr were evaluated in PC-12 cells in a 24-hour experiment.
TPEN was the most potent compound in inducing cell death, followed by PAC-1. Neither
ZnA-DPA nor ZnA-Pyr induced greater than 40% cell death at concentrations up to 200
uM. All four compounds induced activation of caspases-3/-7 in whole cells, as measured by
cleavage of the fluorogenic substrate (DEVD),-Rhodamine 110. The activity of PAC-1 and
TPEN in this experiment was slightly higher than ZnA-DPA and ZnA-Pyr. The addition of
zinc or the caspase-3/-7 inhibitor Ac-DEVD-cmk reduced the amount of cell death induced
by each agent, although zinc-mediated protection of cell death induced by ZnA-DPA was
not statistically significant. [60] While it remains possible that an alternative zinc-binding
motif could lead to an improved PAC-1 derivative, this study shows that the DPA and
pyridoxyl substituents are most likely not appropriate for this purpose.

3.5. Study of matrix metalloproteinase inhibition

In an effort to evaluate potential off-target effects of PAC-1, six derivatives (31a—f, Figure 7)
were synthesized, and the ability of the compounds to inhibit zinc-dependent matrix
metalloproteinases-9 and -14 was evaluated by Winberg and coworkers. [89] The
compounds do not inhibit the enzymes at 5 uM. Slight inhibition is observed at the high
concentration of 100 uM, which is outside of physiologically relevant ranges. 1Cgq values for
31a and 31b were calculated at >100 uM. [89] This relatively weak level of inhibition of the
metalloenzymes provides further support that PAC-1 and derivatives selectively chelate the
labile pool of zinc selectively over tightly-bound zinc ions.

3.6. Modification of piperazine

An additional strategy to improve the potency of PAC-1 involved modification of the
piperazine to acyclic 1,2-ethylenediamine and 1,3-propylenediamine linkers (Table 8), as
performed by Xiao, Yang, and coworkers. [64] These derivatives (32a—I, 33a—f) retained the
benzyl substituent, and all but two (32d and 32h) of the 18 derivatives synthesized contained
the ortho-hydroxy-N-acylhydrazone; substituents on both aromatic rings were varied to
assess structure-activity relationships. The compounds were evaluated in HL-60 (human
leukemia) and HLF (human embryonic lung fibroblast) cells over 72 hours and compared to
PAC-1. Many of the compounds were highly potent against the HL-60 cells, with ICgq
values below 1 pM, compared to PAC-1 at 1.90 + 0.01 uM. Notably, the two derivatives
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lacking the ortho-hydroxyl group were significantly less potent, confirming the previously
determined structure-activity relationships. Many of the compounds displayed comparable
potency in the non-cancerous HLF cell line, suggesting that there may be a narrow
therapeutic window for these compounds. Compound 33b was ~100-fold less potent in the
HLF cell line than the HL-60 cell line. For this reason, compound 33b was selected for
further study in a panel of 14 additional human cancer cell lines (Table 9).

Compound 33b was more potent than PAC-1 in all of the cancerous cell lines evaluated,
suggesting that modification of the piperazine may be a useful strategy for the development
of improved PAC-1 derivatives. In this experiment, three cell lines (A-498, DU145, and
MCF7) were insensitive to PAC-1, as 1Cgq values were higher than 300 pM. [64] Of note,
the MCF7 cell line does not express procaspase-3, [95] and detailed studies with isogenic
cell line pairs (MCF7 and MCF7 with forced procaspase-3 expression) reveal that MCF7
cells with forced procaspase-3 expression are markedly more sensitivity to apoptotic
induction by procaspase-3 activating compounds. [56]

3.7. Combinatorial library of 837 PAC-1 analogues

3.7.1. Library design and synthesis—In order to expand upon previously determined
structure-activity relationships [43] and identify potent derivatives, a library of diverse
PAC-1 analogues was designed and synthesized. The late-stage condensation of a hydrazide
and an aldehyde to form the key N-acylhydrazone is the final synthetic step in routes toward
PAC-1 and many other derivatives. [15, 43, 44, 46, 48, 49, 52-54, 57, 58, 60, 64, 89]
Through this modular synthesis, many diverse compounds can be constructed from a
relatively small number of building blocks. As shown in Figure 8, each of 31 hydrazides
(34{1-31}) was condensed with each of 27 aldehydes (35{Z-27}) to construct a library of
837 PAC-1 analogues (36{1-31,1-27}). Reactions proceeded until the aldehyde was fully
consumed, and polystyrene-bound benzaldehyde was added to react with and remove the
excess hydrazide. After full consumption of the hydrazide, the resulting resin-bound
hydrazones were removed by filtration, giving library members with 91% average purity.
[46]

3.7.2. Evaluation of library—The 837 PAC-1 analogues were evaluated for their ability
to induce apoptosis in U-937 (human lymphoma) cells in culture for 24 hours at a
concentration of 20 uM; PAC-1 displays moderate potency (~50% cell death) against this
cell line under these conditions. Six compounds were confirmed to induce >80% cell death
in this assay (36{2, 7}, 36{4, 7}, 36{ 18, 7}, 36{ 20,24}, 36{ 25, 7}, and 36{ 28, 7}, structures in
Table 10). The ability of the compounds to induce dose-dependent cell death was evaluated
in U-937 cells and compared to PAC-1 and its derivative S-PAC-1 (37, discussed in Section
4). All six of these compounds potently induced cell death in culture in a 72-hour treatment.
[46] In a second experiment, U-937 cells were exposed to the compounds at a single
concentration (7.5 uM) for 24 hours, and cell viability was assessed by flow cytometry
analysis with Annexin V-FITC/propidium iodide staining (Table 10 and Figure 9). The
majority of the compound-treated cells were in an early or late apoptotic state, and the novel
analogues induced apoptosis to a greater degree than PAC-1 under these conditions. [46]
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The ability of compounds to relieve zinc-mediated inhibition of procaspase-3 /n vitro was
then evaluated (Table 10). Procaspase-3 was incubated with ZnSQOy,, which reduces its
enzymatic activity by >95%. [42, 43] All compounds were able to restore the enzymatic
activity of procaspase-3 under these conditions (as assessed by the cleavage of the
colorimetric caspase-3 substrate Ac-DEVD-pNA [96]), and five of the six hit compounds
were more potent than PAC-1. [46] Compound 36{18, 7}, also known as B-PAC-1, was
evaluated in patient-derived leukemia samples, [23] as well as multiple myeloma cell lines
and primary isolates, [24] as discussed in Section 6.

The six compounds shown in Table 10 emerged from the evaluation of the combinatorial
library; these compounds are two- to four-fold more potent than PAC-1 at induction of
cancer cell death in both 24-hour and 72-hour assays. Of note, five of the six hit compounds
contain two fert-butyl substituents on the benzylidene ring, while the sixth contains a tert
butyl substituent on the benzyl ring. There are several marketed drugs containing aryl fert
butyl groups, including the antihistamine buclizine, the CFTR potentiator ivacaftor for the
treatment of cystic fibrosis, and the mutant B-Raf kinase inhibitor dabrafenib for the
treatment of metastatic melanoma. However, introduction of the fer-butyl substituent is
often accompanied by a substantial increase in logD and logP, which can lead to decreased
aqueous solubility and increased rate of metabolism. Several bioisosteric replacements for
the fert-butyl group have been proposed, many of which rely on fluorine substitution to
reduce hydrophobicity and block undesired metabolism. [97] It is possible that these
isosteric replacements could be beneficial for further development of the PAC-1 derivatives
described in this study.

3.8. Improving pharmacokinetics by removal of metabolic liabilities

3.8.1. Library design—One of the main challenges in using PAC-1 in animals is the
relatively short /n7 vivo half-life (2.1 £ 0.3 h in dogs) [45] following i.v. administration. A
study identified three main types of Phase 1 metabolism for PAC-1 /n vivo, including
oxidative N-dealkylation, olefin oxidation, and arene oxidation (Figure 10). [98] Many of
these metabolites still contain the ortho-hydroxy-N-acylhydrazone and therefore may be
active, but the alcohols and secondary amines present in these metabolites can form
conjugates including sulfates and glucuronides, which are then cleared from circulation. The
metabolic liabilities present in PAC-1 likely contribute to its rapid clearance. A PAC-1
analogue that cannot be metabolized to the same extent may allow for therapeutic effects
from doses at lower levels or lower frequency.

A library of 45 PAC-1 analogues (PAC-1, S-PAC-1, 14a, and 38-79) was designed with the
goal of enhancing metabolic stability (Figure 11). [50] The library was constructed by the
condensation of nine hydrazides (80a—i) and five aldehydes (81a—€). To minimize oxidative
N-dealkylation, building blocks containing a benzoyl group (80c, 80e, 80g, and 80i) were
introduced. Modifications to prevent oxidation of the olefin included removal of the allyl
group (81c) or substitution with the fully saturated 7-propyl group (81b and 81e). Strategies
to block arene oxidation included introduction of nitrile (80d and 80e), fluorine (80f, 80g,
and 81c—e), and trifluoromethyl (80h and 80i) substituents.
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3.8.2. Library evaluation—After synthesis was complete, the ability of the compounds to
induce cell death in U-937 (human lymphoma) cells in culture was determined (Table 11).
Each of the compounds was found to induce dose-dependent cell death under these
conditions, and most of the compounds were approximately as potent as PAC-1 and S-
PAC-1, confirming the previously determined SAR. [15, 43, 44, 46] Following cell culture
evaluation, the metabolic stability of the compounds was evaluated in rat liver microsomes
after a 3 hour treatment at 10 pM, and metabolites were observed by LC/MS (Table 11). The
beta-adrenergic antagonist (x)-propranolol hydrochloride was included as a positive control;
[99] under these conditions approximately 20% of the control remained. Compounds that
contained benzoyl substituents were significantly more stable than analogous compounds
containing benzyl groups; for example, compound 38 was more stable than PAC-1, and
compound 66 was more stable than compound 65. The propyl-containing compounds were
less stable than the allyl-containing compounds (e.g., PAC-1 was more stable than
compound 44), although the dihydroxylated metabolites were not observed for propyl-
substituted compounds. In addition, S-PAC-1 was relatively stable in the liver microsomes,
despite the short /n vivo half-life of the compound, [44] suggesting that clearance
mechanisms other than oxidative metabolism play a greater role in the elimination of S-
PAC-1 from treated animals.

Selected compounds were then evaluated in mice (C57BL/6) to determine the tolerability
(Table 11); compounds with improved tolerability would be considered for further
evaluation. Compounds were formulated at 5 mg/mL in 200 mg/mL aqueous HPBCD (pH
5.5), and a dose of 200 mg/kg was administered to mice via i.p. injection (exceptions to this
protocol are noted in Table 11). This dose of PAC-1 induces severe but transient
neuroexcitation; no adverse effects to S-PAC-1 are observed at this dose. Responses to
compounds were graded as mild, moderate, or severe; compounds that were lethal to the
mice are also noted. Because of the high toxicity of compounds 43 and 52 and hemolysis
induced by compound 70 /n vivo, PAC-1 derivatives containing the (trifluoromethyl)benzoyl
substituent were not pursued beyond this evaluation.

3.8.3. Secondary biological assays—Four compounds (41, 64, 66, and 75; structures
in Table 12) were identified that were potent in cell culture, metabolically stable /n vitro and
well tolerated /n vivo. In order to ascertain if the hit compounds induce cell death via similar
mechanisms as PAC-1, the ability of compounds to chelate zinc /n vitro, activate executioner
caspases in whole cells, and induce apoptosis in cancer cells was evaluated. Zinc binding
was determined using an EGTA titration experiment. [100] As shown in Table 12, PAC-1
binds zinc with a Ky of 1.28 + 0.03 nM, while S-PAC-1 binds zinc with a K4 of 2.72 + 0.13
nM. Each of the four new compounds displays affinity for zinc in the range of 1-2 nM,
while inactive derivative PAC-1a does not bind zinc. [43]

In addition, the ability of compounds to activate executioner caspases in cell culture was
evaluated. Cells were treated with compound for 0 or 16 hours, then the cells were lysed,
and cleavage of the fluorescent caspase-3/-7 substrate Ac-DEVD-AFC was analyzed. As
shown in Table 12, PAC-1 induced nearly 90% caspase activation, while each of the other
active compounds induced greater than 60% activation of the executioner caspases, relative
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to the positive control compound staurosporine. As expected, treatment with DMSO alone or
PAC-1a induced minimal caspase activity in the cells. [50]

In order to confirm that the compounds induced cell death via apoptosis, U-937 cells were
treated with compounds at 50 uM for 12 hours, and cells were stained with Annexin V-
FITC/propidium iodide and analyzed via flow cytometry (Figure 12). Each of the
compounds induced approximately 50% cell death, and the large populations of Annexin V-
FITC positive, propidium iodide negative cells demonstrates that the compounds induce
apoptosis. [50]

Because many PAC-1 derivatives induce cell death in white blood cell cancer lines [15, 24,
43, 44, 46, 48, 49, 52-55] and primary isolates from leukemia [23] and multiple myeloma
patients [24] in culture, the cytotoxicity of the compounds in a series of lymphoma and
leukemia cell lines, including Jurkat (human leukemia), GL-1 (dog lymphoma), OSW (dog
lymphoma), and EL4 (mouse lymphoma) cells, in order to complement the previously
determined 1Csq values in U-937 (human lymphoma) cells. As shown in Table 13,
comparable potency was observed across each given cell line. [50]

3.8.4. Pharmacokinetics—Based on their similar activity to PAC-1 and S-PAC-1 /n vitro
and in cell culture, the pharmacokinetics of compounds 41, 64, 66, and 75 were evaluated in
mice following an i.v. injection or oral gavage of 25 mg/kg and compared to PAC-1 and S-
PAC-1 (Figure 13 and Table 14). Clearance of PAC-1 and S-PAC-1 from circulation was
rapid, and detectable levels of the compounds were not present after 5 hours (PAC-1) or 6
hours (S-PAC-1) post-treatment. The four new derivatives had extended pharmacokinetic
profiles, and compounds were detected in serum up to at least 8 hours post-treatment. [50]

PAC-1 had an elimination half-life of 24.6 + 0.9 minutes, and S-PAC-1 had an elimination
half-life of 38.1 + 3.3 minutes. The half-lives of the four new derivatives were at least three-
fold higher than that of PAC-1, and AUC values from i.v. administration were all
considerably higher as well. In addition, oral bioavailability of 41, 66, and 75 was higher
than for PAC-1 and S-PAC-1. [50]

3.9. Summary of libraries

To date, over 1000 PAC-1 derivatives have been synthesized and evaluated. These
derivatives have convincingly demonstrated the essential nature of the ortho-hydroxy-/N\-
acylhydrazone on procaspase-3 activation and anticancer activity. The available data suggest
that the ability of this motif to chelate labile inhibitory zinc away from cellular procaspase-3
is responsible for the induction of cell death; PAC-1 chelates zinc within cells (as discussed
in Section 4.4), [47] and modifications to the ortho-hydroxy-N-acylhydrazone lower the
affinity for zinc and the cytotoxicity.[43, 60] Many of the most potent derivatives contained
hydrophobic moieties, and it is likely that the hydrophobicity improves cell permeability.
[46]

As a result of the library syntheses, four PAC-1 derivatives were identified and selected for
further evaluation. The library for SAR determination [43] facilitated the design of S-PAC-1,
which was evaluated extensively in cell culture and in canine cancer patients. [44, 47]
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WF-210 and WF-208 emerged from the oxadiazole library, and the compounds were
evaluated in cell culture and murine xenograft tumor models. [48, 49] Finally, B-PAC-1 was
synthesized as part of the 837-membered combinatorial library, [46] and the compound
showed activity against primary isolates from leukemia patients, [23] as well as in cell lines
and primary isolates from multiple myeloma patients [24] in culture. The remainder of this
article describes the detailed evaluation of these four PAC-1 derivatives.

4. S-PAC-1

4.1. Discovery and initial evaluation

Studies have shown that PAC-1 can induce neuroexcitation /n vivo at elevated doses when
given via i.v. or i.p. injection. Seizures are observed after administration of high doses via
i.v. or i.p. injection in animals, with lethality at very high doses. [44] It was hypothesized
that in order to induce this neuroexcitation, PAC-1 must cross the blood-brain barrier
(BBB), although the specific interactions leading to this phenotype are not well understood.
Therefore, in order to develop a compound with improved safety, the design of a PAC-1
derivative that would not cross the BBB was explored. Compounds that cross the BBB tend
to be small, rigid, and lipophilic; [101] therefore, the introduction of a polar substituent
would help prevent passage of the compound across the BBB. With the knowledge that
substituents on the aromatic rings of PAC-1 could be modified while still maintaining
anticancer activity, [43] a derivative containing a highly polar sulfonamide group, S-PAC-1
(37, Table 10), was designed and developed by researchers in the Hergenrother group. S-
PAC-1 bound zinc with comparable affinity to that of PAC-1, and it was able to relieve zinc-
mediated inhibition of procaspase-3 /in vitro, although it was not as potent as PAC-1 in this
assay. [44]

After confirmation that S-PAC-1 was active in vitro, S-PAC-1 and PAC-1 were evaluated in
cell culture against a panel of cell lines over 72 hours (Table 15). In preparation for an
animal model of lymphoma, five lymphoma cell lines were evaluated, including U-937
(human), EL4 (mouse), 17-71 (dog), GL-1 (dog), and OSW (dog). PAC-1 and S-PAC-1
both displayed ICsq values in the low micromolar range for all five cell lines evaluated. The
compounds were also evaluated in four additional human cancer cell lines, including Jurkat
(leukemia), SK-MEL-5 (melanoma), HeLa (cervical), and MDA-MB-231 (breast), and
comparable potency was observed across these cell lines as well. Investigation of the mode
of cell death induced by S-PAC-1 was performed by treatment of U-937 cells with S-PAC-1
and staining with Annexin V-FITC/propidium iodide. Flow cytometry analysis indicated that
S-PAC-1 induces cell death via apoptosis. [44]

In order to determine an effective /7 vivo dosing regimen, the cytotoxicity of S-PAC-1 was
evaluated after varying treatment times (Table 16). U-937 cells were treated with S-PAC-1
for times ranging from 1-72 hours. The compound was then washed out, and cells were
allowed to grow until 72 hours after the initiation of treatment. The compound induces
minimal cell death at time points up to 6 hours, and the first toxicity is observed at 9 hours.
The potency increases until 24 hours and does not change significantly between 24-72
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hours. These results indicated that in order to observe anticancer efficacy /n vivo, serum
concentrations of 10 uM for at least 24 hours would be most effective.[44]

4.2. Safety and pharmacokinetics

S-PAC-1 was advanced to /n vivo experiments based on its promising activity /n vitroand in
cell culture. S-PAC-1 was administered to mice via i.v. injection, and no adverse effects
were observed at doses up to 350 mg/kg. In contrast, PAC-1 induces mild neurological
symptoms at doses as low as 20 mg/kg when administered via i.v. injection. The
pharmacokinetic profiles of PAC-1 and S-PAC-1 were evaluated, and the peak plasma
concentration was compared between S-PAC-1 at 350 mg/kg and PAC-1 at 20 mg/kg, the
lowest dose to induce neurological symptoms, and 50 mg/kg, a dose at which neurotoxicity
is severe. The maximum serum concentration of PAC-1 at 20 mg/kg was approximately 50
UM, and the maximum concentration at 50 mg/kg was approximately 100 M. However, the
350 mg/kg dose of S-PAC-1 resulted in serum concentration of approximately 3500 uM, a
70-fold increase over the threshold for induction of neurotoxicity for PAC-1. [44]

Despite the improved safety profile of S-PAC-1, evaluation in murine tumor models was not
practical due to the rapid clearance of the compound from circulation; the half-life was
approximately 1 hour following IP administration of compound to mice (Figure 14A).
Therefore, further /n vivo evaluation of S-PAC-1 was performed in dogs. A 25 mg/kg
intravenous dose of S-PAC-1 administered over 10 minutes (Figure 14B) was well tolerated
and gave a peak plasma concentration of approximately 150 pM. However, the compound
was cleared rapidly from dogs as well, with an elimination half-life of 1.09 + 0.02 hours. In
order to achieve serum concentrations of 10 uM for 24 hours, a continuous-rate infusion
strategy was investigated, with an initial loading dose administered over 10 minutes,
followed by a maintenance dose over 24 hours (Figure 14C). Healthy research dogs tolerated
the continuous administration of S-PAC-1 well, and a loading dose of 7 mg/kg followed by a
constant-rate infusion of 3 mg/kg/h was chosen to achieve a serum concentration of 10 uM
during the course of the treatment. [44]

4.3. Evaluation in canine lymphoma patients

With an understanding of the pharmacokinetics of S-PAC-1 upon continuous-rate infusion in
place, a clinical trial of six canine lymphoma patients was initiated. Three patients received
four doses via 24-hour continuous infusions once weekly, while three additional patients
received two 72-hour continuous infusions two weeks apart. In general, the 7 mg/kg loading
dose followed by the 3 mg/kg/h continuous infusion was successful in maintaining the
desired 10 uM serum concentration during the administration. No hematologic or
nonhematologic toxicity was observed in any of the six patients, and only minor adverse
events were reported, including mild gastrointestinal symptoms and localized irritation at the
site of injection. Encouragingly, one of the six patients showed a partial response to S-
PAC-1 therapy (Figure 15). A 30% reduction in the tumor size was observed both by caliper
RECIST score and CT scan of the lymph nodes. Three of the patients showed stable disease,
while two showed disease progression. Flow cytometry analysis of lymph node aspirates
from two patients demonstrated the presence of procaspase-3 prior to treatment, as well as
an increase in cleaved caspase-3 seven days after initiation of treatment. An increase in the
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tumor volume in all six patients was observed after therapy ceased, suggesting that the
tumors reverted to their pre-treatment growth rate, and that dosing with increased amounts
and/or frequency of treatment may be necessary for durable anticancer efficacy. These
results provide the first validation for procaspase-3 activation as an anticancer strategy in
spontaneous tumors. [44]

4.4, Comparison to PAC-1

Efforts were undertaken to further elucidate the mechanism of action of PAC-1 and S-
PAC-1 in order to further understand the significant difference in tolerability. [47] An initial
experiment involved treatment of HeL a cells containing the genetically encoded fluorescent
zinc sensor ZapCY2. This sensor contains a zinc finger conjugated to cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP). The sensor undergoes a conformational
change upon binding to zinc, allowing for fluorescence resonance energy transfer (FRET) to
occur between CFP and YFP, and the YFP fluorescence is observed. Release of zinc
prevents FRET, and CFP fluorescence is observed. Therefore, the cellular zinc concentration
is proportional to the FRET ratio (FRET/CFP). [102] Both PAC-1 and S-PAC-1 reduced
intracellular zinc concentrations within seconds after addition of compound, and the rate and
amount of zinc sequestration were similar for both compounds (Figure 16). These results
provide the first demonstration that PAC-1 and S-PAC-1 bind the labile pool of zinc within
cells. [47]

To confirm that the compounds act similarly in cells, a transcript profiling experiment was
performed to assess differences in global gene expression upon treatment with compounds.
In this experiment, HL-60 cells were treated with either PAC-1 or S-PAC-1 at 25 uM,
MRNA was collected after six hours, and the transcript levels were compared to a vehicle-
treated control. There was a very high correlation between the two different treatment
groups; many of the most upregulated transcripts for PAC-1 were also highly upregulated in
S-PAC-1, while expression of many of the most downregulated transcripts for PAC-1 was
also suppressed for S-PAC-1 treatment. The degree of similarity was measured by
calculating the Spearman rank correlation value for the two treatment groups. The value was
calculated at 0.928, very close to a perfect correlation of 1.0, demonstrating that PAC-1 and
S-PAC-1 induce a similar transcriptional response and likely act similarly within cells at the
25 UM concentration. [47]

In order to further understand the difference in the observed neurological phenotypes for
PAC-1 and S-PAC-1, experiments were performed to determine the ability of the
compounds to penetrate relevant physiological barriers (Figure 17). It was proposed that
PAC-1 enters the brain to induce the neuroexcitation by a mechanism that is not yet well
understood, while the polar sulfonamide group prevents S-PAC-1 from crossing the BBB.
[44] An initial experiment demonstrated that equal concentrations of PAC-1 and S-PAC-1
enter Neuro-2a (murine neuroblastoma) cells after incubation with either compound at 50
UM for 30 minutes (Figure 17A), suggesting that the difference in toxicity is not related to a
difference in cell permeability. Following this, an experiment was performed to determine
the BBB permeability of the compounds /7 vivo (Figure 17B-C). C57BL/6 mice were
administered PAC-1 or S-PAC-1 at 75 mg/kg via i.v. injection. Mice were sacrificed after
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five minutes, samples from blood and brains were collected, and concentrations were
analyzed by HPLC. PAC-1 displayed approximately 30:70 distribution between brain and
blood, consistent with the observed neurological phenotype. In contrast, less than 1% of S-
PAC-1 entered the brain. [47] This difference in BBB permeability is most likely sufficient
to explain the difference in neuroexcitation, although further experiments on the mechanism
of neuroexcitation are necessary to determine whether other factors may be partially
responsible.

Finally, the effect of treatment time on cell death induced by PAC-1 and S-PAC-1 was
assessed in order to determine effective dosing strategies for /n vivo studies. U-937 cells
were treated with compounds at 100 uM for 4, 8, 12, or 24 hours. The cells were then
washed, and fresh growth medium was added. Cell death was assessed 24 hours after the
initiation of treatment via Annexin V-FITC/propidium iodide staining. The results are shown
in Figure 18. PAC-1 induced greater than 50% cell death after only 4 hours, and greater than
90% of cells were no longer viable after an 8-hour treatment. In contrast, S-PAC-1 induced
apoptosis much more slowly; the 50% cell death threshold was reached between 8-12 hours
of treatment. [47] This is consistent with the previous study on the rate of apoptosis induced
by S-PAC-1. [44] Taken together, these results suggest that achieving a high serum
concentration for a short time period may represent an effective dosing strategy for PAC-1,
while serum concentrations of S-PAC-1 should be higher for sustained periods of time in
order to achieve efficacy.

5. WF-210 and WF-208

5.1. Discovery and initial evaluation

As discussed above, a series of oxadiazole-containing PAC-1 derivatives were synthesized
and evaluated in HL-60 cells in a 72-hour experiment by Gong, Wu, and coworkers. [48, 49]
The two most potent compounds identified from this assay, with I1Csq values of 80 nM, were
WEF-208 (27r) and WF-210 (27s), each of which contains a piperonylthiazole attached to the
benzylidene ring and a halogen-substituted (phenoxymethyl)phenyl group attached to the
oxadiazole (structures in Table 7). [48, 49]

PAC-1 and the two new derivatives were then evaluated in a panel of 15 human cancer cell
lines in culture for their ability to induce cell death (Table 17). The cell lines represented a
wide range of tumor types, including leukemia, lung cancer, liver cancer, gastric cancer,
breast cancer, glioma, prostate cancer, colon cancer, and gallbladder cancer. In general,
WF-208 and WF-210 were highly potent in the cell lines evaluated, with 72-hour ICsg
values in the mid-nanomolar to low micromolar range, and potency was greater than that of
PAC-1 in all cell lines evaluated. In addition, all three compounds were evaluated in four
non-cancerous cell lines. Less than 50% cell death was observed at concentrations up to 100
UM, suggesting the potential for selectivity of cancer cell death over healthy tissue toxicity
in vivo. [48, 49]
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5.2. Caspase-dependent cell death

The dependence of caspase activity on cell death induced by PAC-1, WF-208, and WF-210
was evaluated in a detailed series of assays. The first set of experiments demonstrated the
ability of the compounds to activate caspase enzymes in cells. Treatment of HL-60 or U-937
cells with PAC-1, WF-208, or WF-210 for time periods between 0 and 24 hours, followed
by immunofluorescence staining for cleaved caspase-3, indicated that each compound led to
the activation of caspase-3 in a dose- and time-dependent manner. The cells were then
treated with PAC-1 (50 uM), WF-208 (10 uM), or WF-210 (10 uM), and western blotting
was used to analyze procaspases-3, -8, and -9, as well as poly (ADP-ribose) polymerase
(PARP), a canonical caspase-3 substrate (Figure 19). For each compound in both cell lines,
cleavage of procaspase-3 and PARP were the earliest events, followed by cleavage of
procaspases-8 and -9. These results were further supported by analysis of fluorogenic
substrates for each of these three caspase enzymes. In HL-60 cells treated with PAC-1 or
WF-210, caspase-3 activity was detected as early as 1 hour after the initiation of treatment,
followed by caspase-8 and -9 activities at 4 hours. In contrast, cells treated with the DNA
topoisomerase Il inhibitor etoposide, which induces apoptosis via the intrinsic pathway,
showed caspase-3 and -9 activities simultaneously at 4 hours, followed by caspase-8 at 6
hours. These results suggest that PAC-1 and derivatives induce apoptosis via a different
mechanism than the canonical intrinsic or extrinsic pathways, and the observation that
procaspase-3 is activated hours before procaspase-8 or -9 strongly supports the direct
procaspase-3 activation mode of action for PAC-1 and derivatives. [48, 49]

Following this experiment, HL-60 and U-937 cells were treated with compound for 12 hours
(WF-208) or 24 hours (PAC-1 and WF-210). Flow cytometry analysis with Annexin V-
FITC/propidium iodide staining indicated significant portions of apoptotic cells. WF-210
was more potent than PAC-1 in this assay, while both compounds induced apoptosis to a
greater degree after 24 hours than did WF-208 at 12 hours. [48, 49]

The ability of caspase inhibitors to protect against apoptosis induced by PAC-1 and
derivatives was then evaluated. HL-60 and U-937 cells were treated for 24 hours with PAC-1
(50 uM), WF-208 (10 uM), or WF-210 (10 uM) alone or in combination with a pan-caspase
inhibitor (Z-VAD-fmkK), a caspase-3/-7 inhibitor (Z-DEVD-fmk), a caspase-8 inhibitor (Z-
IETD-fmk), or a caspase-9 inhibitor (Z-LEHD-fmk). Cell death was assessed by Annexin V-
FITC/propidium iodide staining. Apoptosis induced by all three compounds was
significantly reduced by either the pan-caspase inhibitor or the caspase-3/-7 inhibitor, but not
by the inhibitors of the initiator caspases. [48, 49] In addition, co-treatment of WF-208 with
zinc led to a decrease in cell death; [49] although this experiment was not performed with
WF-210, previous experiments have shown the protective effects of zinc on apoptosis
induced by PAC-1 [42] and its derivative B-PAC-1. [23, 24]

Finally, the dependence on procaspase-3 for the cytotoxic activity of PAC-1 and derivatives
was studied using HL-60 cells, which overexpress procaspase-3, and MCF-7 (human breast
cancer) cells, which do not express procaspase-3. Knockdown of caspase-3 in HL-60 cells
with siRNA resulted in a loss of potency for all three compounds compared to a control
SiRNA. [48, 49] Further, the addition of a plasmid coding for procaspase-3 increased
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susceptibility of MCF-7 cells to the PAC-1 derivatives compared to the control plasmid;
similar results with an analogous MCF-7 isogenic cell line pair has been observed by others
with PAC-1. [56] Western blots for caspase-3 and PARP-1 demonstrated decreased
procaspase-3 activation in knockdown HL-60 cells, as well as increased caspase-3 activity in
transfected MCF-7 cells. In contrast, knockdown or overexpression of procaspase-3 showed
no effect on the cytotoxicity of the pan-kinase inhibitor staurosporine or etoposide. These
results support the importance of caspase-3 activity for the cytotoxicity of PAC-1 and
derivatives. [48, 49]

5.3. Antitumor efficacy in vivo

Based on favorable results from cell culture experiments, PAC-1, WF-208, and WF-210
were evaluated in a series of murine xenograft tumor models. PAC-1 and WF-210 were first
evaluated in Hep 3B (human hepatocellular carcinoma) and MDA-MB-435S (a human
melanoma cell line, although erroneously described previously as a breast cancer cell line
[103]) models. Mice received PAC-1 (5 mg/kg) or WF-210 (2.5 mg/kg) daily for two weeks
via i.v. injection. Both compounds reduced tumor volume significantly compared to control
in both models, although WF-210 showed a greater effect than PAC-1, especially in the Hep
3B model and the MDA-MB-435S model. These results correlate with the increased cell
culture potency of WF-210 as compared with PAC-1. Western blots of samples derived from
the tumors showed increased cleavage of caspase-3 and PARP-1 in both treatment groups
compared to control. In addition, WF-210 was evaluated in a GBC-SD (human gallbladder
carcinoma) xenograft and a second MDA-MB-435S xenograft, with oral administration of
compound (100 mg/kg). WF-210 significantly reduced tumor volume compared to control
in these models as well. Finally, PAC-1 and WF-210 were evaluated in an MCF-7 xenograft
model. Since this cell line lacks functional procaspase-3, any efficacy in this model would
suggest that factors other than procaspase-3 activation are important in PAC-1 activity.
Neither PAC-1 (5 mg/kg i.v.) nor WF-210 (2.5 mg/kg i.v.) demonstrated anticancer efficacy
in the MCF-7 model, and western blots showed minimal PARP-1 cleavage in all treatment
groups, again suggesting the importance of procaspase-3 for the mechanism of action of
PAC-1 and derivatives. [48]

PAC-1 and WF-208 were evaluated in a PC-3 (human prostate cancer) model. Both
compounds were given at 2.5 mg/kg via i.v. injection daily for 15 days. WF-208 showed
significant tumor reduction compared to control, while PAC-1 showed no significant tumor
reduction. Western blots of samples derived from the tumors demonstrated increased
caspase-3 cleavage in samples from mice treated with WF-208 or PAC-1, as well as
increased PARP cleavage in WF-208-treated animals, further demonstrating the importance
of procaspase-3 for PAC-1 and WF-208 activity. [49]

6. B-PAC-1

6.1. Discovery and cell death induction

From the combinatorial library discussed in Section 3.7, six highly potent PAC-1 derivatives
were discovered to induce apoptosis in U-937 cells. [46] One compound discovered from
this library, named B-PAC-1 (36{18, 7}, Table 10) for the benzyloxy and butyl substituents,
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was evaluated by Gandhi and coworkers in patient-derived samples from chronic
lymphocytic leukemia (CLL), [23] as well as in primary isolates and cell lines derived from
multiple myeloma (MM) patients. [24]

B-PAC-1 induced apoptosis in CLL cells in a dose-dependent manner. Apoptosis was rapid,;
at 10 uM B-PAC-1, cells began to die as early as 6 hours post-treatment, and cell death was
significant at 10 hours. Treatment of CLL lymphocytes across 38 samples with 10 uM B-
PAC-1 led to a median of 60% cell death. This was significantly greater than cytotoxicity to
noncancerous peripheral blood mononuclear cells (median 21%, n = 6) or normal B
lymphocytes (median 31%, n = 6), demonstrating potential selectivity for apoptosis
induction by B-PAC-1 in cancer cells over healthy cells. [23]

B-PAC-1 also induced apoptosis in MM cell lines. In both the MM.1S cell line and the
U266 cell line, B-PAC-1 induced dose-dependent cell death in a 24-hour experiment, and
the degree of apoptotic cells increased with increasing treatment time. B-PAC-1 was more
potent than PAC-1 in this experiment, while PAC-1a induced minimal cell death above the
untreated controls. [24]

Current treatment for MM involves chemotherapy regimens that include dexamethasone,
lenalidomide, and/or bortezomib, but resistance to these agents remains a challenge in the
management of this disease. Therefore, the development of a novel agent that overcomes
many of these mechanisms of resistance would represent a significant advance. Toward this
goal, B-PAC-1 was evaluated in MM cell lines that are sensitive to all three agents (MM.1S
and KAS-6/1) or resistant to lenalidomide (MM1/R10R and KAS6/R10R), dexamethasone
(MM.1R), or bortezomib (KAS-6/V10R). After 24 hours of treatment, B-PAC-1 induced
apoptosis in all six of these cell lines, and less than 20% cell viability was observed for all
cell lines at 10 pM B-PAC-1. The compound induced similar responses between MM.1S and
MM.1/R10R (Pearson correlation = 0.9806, p = 0.0032), and between MM.1S and MM.1R
(Pearson correlation = 0.9778, p = 0.004). Similar responses were also observed between
KAS-6/1 and KAS-6/R10R (Pearson correlation = 0.9978, p = 0.0001) and between
KAS-6/1 and KAS-6/V10R (Pearson correlation = 0.9814, p = 0.003). [24]

In addition to the MM cell lines, B-PAC-1 was evaluated in 11 primary isolates from MM
patients. CD138+ myeloma cells were isolated from bone marrow aspirates of MM patients
and treated with 0 or 20 pM B-PAC-1 for 72 hours. Of the 11 samples, nine showed an
increase in the percentage of apoptotic cells upon treatment with B-PAC-1, further
demonstrating the promise of this agent. [24]

6.2. Role of zinc in B-PAC-1 activity

Because the proposed mechanism of action of PAC-1 involves chelation of labile zinc, [42]
experiments were performed to assess the role of zinc in B-PAC-1 cytotoxicity. CLL cells
were treated for 24 hours with the Bcl-2 inhibitor ABT-199 (1 nM), staurosporine (100 nM),
B-PAC-1 (10 uM), or the negative control compound PAC-1a (10 uM), in the presence or
absence of ZnSO,4 (100 uM). ABT-199 and staurosporine induce apoptosis via the intrinsic
pathway through mechanisms independent of zinc, while PAC-1a does not bind zinc. The
addition of zinc fully inhibited cell death induced by B-PAC-1, consistent with the proposed
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mechanism of action, while having no effect on the cytotoxicity of ABT-199 or
staurosporine. Treatment with PAC-1a or ZnSO4 alone did not induce apoptosis. Similar
results were observed whether zinc was added at the same time as B-PAC-1 or five hours
later, and zinc protected against B-PAC-1 cytotoxicity in a dose-dependent manner. [23]

The addition of zinc was also protective against apoptosis induced by B-PAC-1 in MM cells.
At 3 and 10 uM, B-PAC-1 decreased the viability of MM.1S cells during a 24-hour
treatment. However, the addition of 100 uM ZnSQy restored cell viability to control levels;
cell viability after treatment with ZnSO,4 alone was also comparable to untreated levels.
Cells were also susceptible to staurosporine (100 nM), and the addition of ZnSO4 did not
abolish the cytotoxicity of this agent, suggesting a distinct mechanism of action for B-
PAC-1 compared to other proapoptotic agents. [24]

For the development of any therapeutic metal-chelating compound, it is important to ensure
that chelation will be selective for the metal ion of interest, in order to minimize off-target
effects. For this reason, B-PAC-1 was evaluated /n vitro against carboxypeptidase A and
histone deacetylase, two zinc-dependent enzymes. B-PAC-1 showed no inhibition of either
enzyme, confirming the selectivity of PAC-1 derivatives for sequestration of labile zinc over
essential metal ions. [23]

6.3. Role of apoptotic proteins in B-PAC-1 activity

Several experiments were performed in order to assess the role of caspase activity in B-
PAC-1-mediated apoptosis. After 24 hours of treatment with B-PAC-1 (10 uM), increased
cleavage of initiator caspases-8 and -9, as well as executioner caspases-3 and -7 was
observed by western blot; executioner caspase-6 was not activated in response to B-PAC-1
treatment. In addition, the caspase-3 substrate PARP-1 was cleaved in the treated samples,
but not in untreated samples, demonstrating that B-PAC-1 induces caspase-3 activation in
CLL cells. [23]

B-PAC-1 also induced activation of executioner caspases-3, -6, and -7 in MM cells. A 24
hour treatment with B-PAC-1 (5 or 10 uM) resulted in decreased levels of procaspases-3, -6,
and -7, as observed by western blot, as well as increased levels of cleaved caspases-3 and -7.
Cleaved caspase-6 was not detected, likely due to lower expression and/or rapid degradation
of the enzyme. The addition of 100 uM ZnSQ4 inhibited the cleavage of the executioner
caspases. Procaspase-3 cleavage was also observed after treatment with staurosporine (100
nM), and the addition of zinc had minimal effect on the disappearance of procaspase-3. [24]

Following these experiments, the effect of genetic knockdown of key apoptotic proteins on
B-PAC-1 activity was evaluated. The extent of apoptosis induced by B-PAC-1 (5 uM) or
staurosporine (100 nM) in wild-type Jurkat cells was identical to the cell death in caspase-8
double knockout Jurkat cells (Casp8 (=/-)) in a 24-hour treatment. In contrast, the Fas
ligand (100 ng/mL), which induces apoptosis via the extrinsic pathway, was cytotoxic in
wild-type Jurkat cells but showed minimal cytotoxicity in Casp8 (—/-) cells. These results
suggest that the extrinsic pathway is not important in B-PAC-1 cytotoxicity, and that
caspase-8 is most likely cleaved after the activation of caspase-3 or -7. [23]
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The role of caspases-3 and -7 in B-PAC-1 activity was then evaluated, using mouse
embryonic fibroblasts (MEFs) with a single knockout of both genes (Casp3/7 (+/-)) or a
double knockout of both genes (Casp3/7 (—=/-)), and cells were treated with compounds for
24 hours. Both staurosporine (100 nM) and B-PAC-1 (5 uM) were equally potent in the
wild-type and Casp3/7 (+/-) MEFs, but a significant decrease in cell death was observed for
each compound in the Casp3/7 (—/-) MEFs. These results demonstrate the importance of the
executioner caspases in B-PAC-1 activity. [23]

In addition, the role of proapoptotic Bcl-2 family proteins Bax and Bak in B-PAC-1-
mediated apoptosis was evaluated. Both proteins were doubly knocked down in MEFs
(Bax/Bak (-/-)), and the cells were treated with staurosporine (100 nM) or B-PAC-1 (2 or 5
uUM) for 24 hours. B-PAC-1 was not cytotoxic at 2 uM, but approximately 50% cell death
was observed in both the wild-type and Bax/Bak (-/-) MEFs at 5 uM B-PAC-1. In contrast,
staurosporine induced nearly 100% cell death in wild-type MEFs, but minimal cell death
was observed in Bax/Bak (-/-) MEFs. [23]

The effect of increased expression of antiapoptotic Bcl-2 family proteins Bcl-2, Bcl-X| , and
Mcl-1 was also investigated. HL-60 cells were transfected with Bcl-2 (HL-60/Bcl-2), Bcl-
XL (HL-60/Bcl-X), or a control vector (HL-60/Neo), and each of these three cell lines was
treated with B-PAC-1. Dose-dependent cell death in response to B-PAC-1 was observed at
similar levels for all three cell lines. In a second experiment, MEFs containing intact Mcl-1
or with a genetic deletion (Mcl-1A) were treated with B-PAC-1. In both the wild-type and
Mcl-1A cells, B-PAC-1 induced dose-dependent cell death to a similar extent. [24] These
results indicate that B-PAC-1 can induce apoptosis independent of certain upstream
apoptotic effector proteins.

Finally, the ability of pan-caspase inhibitors Z-VAD-fmk and Q-VD-OPh to inhibit B-
PAC-1-induced apoptosis was assessed. In a 24-hour experiment, Z-VAD-fmk and Q-VD-
OPh (50 uM each) partially but significantly reduced the extent of apoptosis induced by B-
PAC-1 (10 uM); both fully inhibited apoptosis induced by staurosporine (100 nM). In
addition, the effect of these inhibitors on PARP-1 cleavage was assessed by western blot.
Co-treatment of B-PAC-1 (10 uM) or ABT-199 (5 nM) with Q-VD-OPh (50 pM) fully
inhibited cleavage of PARP-1, while co-treatment with Z-VAD-fmk (50 pM) partially
reduced the amount of cleaved PARP-1 detected. [23] Combined, these results from the
Gandbhi laboratory strongly support a direct procaspase-3 activation mode of action for B-
PAC-1.

6.4. Combination of B-PAC-1 with a Smac mimetic

Smac, a proapoptotic protein, binds to the antiapoptotic IAPs and inhibits their interactions
with caspase-3 (Figure 1). This relief of inhibition allows for caspase-3 to cleave its
substrates, and cells undergo apoptosis. [1] Many small-molecule mimics of Smac, including
SM-164, [13] LCL-161, [14] and Smac066, [104] are currently under investigation as
anticancer agents. Treatment of CLL cells with B-PAC-1 led to an elevation in Smac protein
levels. Because this effect was observed, it was proposed that a small molecule with Smac-
like activity could synergize with B-PAC-1 to induce apoptosis. Cells were treated with B-

Curr Med Chem. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth and Hergenrother Page 21

PAC-1, Smac066, or a combination at 5, 7.5, or 10 uM. Combinations were synergistic for
the majority of samples evaluated, as measured by combination indices of less than 1.0,
demonstrating the potential for induction of apoptosis via combination therapy with B-
PAC-1 and additional proapoptotic agents. [23]

7. SUMMARY AND OUTLOOK

In March 2015, a Phase 1 clinical trial of PAC-1 in human cancer patients was initiated
(NCT02355535); the activation of procaspase-3 by small molecules appears to be a
promising anticancer strategy. Because procaspase-3 is elevated in a variety of different
tumor types, induction of apoptosis via the removal of labile inhibitory zinc from
procaspase-3 has the potential to treat a diverse array of tumors, both as single agent drugs
and in combination with other anticancer agents. The efficacy of PAC-1 and related
derivatives in cell culture and in the /n vivo cancer models reinforce the hypotheses formed
from /n vitro data, and has led to the Phase 1 clinical trial.

PAC-1 has been studied extensively; cell culture and /n vivo anticancer efficacy have been
promising, [15] and the initial efficacy studies combined with the demonstrated BBB
permeability [47] suggest the potential for the treatment of CNS cancers. [105] Rapid
clearance from circulation in mice [45] necessitates the administration of relatively large
doses to these animals, and the observed neuroexcitation [44] may prove dose-limiting. In
this regard, human pharmacokinetic data will be very informative and crucial for the further
advancement of PAC-1. Prudence suggests that drugs should not be CNS penetrant unless
necessary; thus, there is considerable value in the development of non-BBB penetrant
PAC-1 derivatives for the treatment of non-CNS tumors. With the goal of identifying a
BBB-impermeable PAC-1 derivative, S-PAC-1, containing a highly polar sulfonamide
group, was designed. [44] /n vivo evaluation demonstrated that the sulfonamide successfully
prevented entry into the brain, [47] and the compound showed promise in a clinical trial in
canine lymphoma patients. [44] S-PAC-1 is also rapidly cleared from mice and dogs, which
required a continuous infusion strategy for administration to patients. [44] It is possible that
favorable pharmacokinetics may be achieved via oral administration, although this has not
yet been reported on.

Gong, Wu, and coworkers identified WF-208 and WF-210 as highly potent PAC-1
derivatives in cell culture across a wide variety of cell lines, and with considerably greater
potency in cancer cells compared to non-cancerous cell lines. Extensive studies of PAC-1
and these two derivatives demonstrated the necessity for procaspase-3 on the mechanism of
action and showed that apoptosis occurs independent of upstream events, with procaspase-3
activation prior to cleavage of initiator procaspases-8 or -9. Both compounds showed
anticancer efficacy in various mouse xenograft models, and both were reported to be well
tolerated by mice. [48, 49] The initial studies demonstrate the promise for these two
compounds as anticancer agents. The compounds are both much larger than typical small
molecule drugs, with molecular weights of approximately 800, although WF-210
demonstrated efficacy in two tumor models upon oral administration. It is possible that the
bioavailability will be acceptable, although the compound appears to show improved
efficacy upon i.v. injection as compared to oral administration. If the size of these
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compounds prevents them from advancing further, it will be useful to determine the
structural features responsible for the improved activity, to determine if any portion of the
molecules can be removed without a loss in potency. In addition, it is unknown whether
these compounds are BBB permeable, but given the large compound sizes, it is unlikely that
high concentrations of these compounds are present in the brains of treated animals.

Six highly potent PAC-1 derivatives were identified from the library of 837 compounds
discussed in Section 3.7, [46] and B-PAC-1 was selected for further evaluation. [23, 24] B-
PAC-1 was cytotoxic to primary isolates from leukemia patients in culture, and cytotoxicity
was higher for cancer cells than healthy cells. B-PAC-1 also induced apoptosis in primary
isolates and cell lines derived from multiple myeloma patients. Studies on the mechanism of
action demonstrated the necessity for procaspase-3 and zinc, as well as the non-canonical
apoptotic pathway that was observed for PAC-1, WF-208, and WF-210. [23] Initial results
from the PAC-1 derivatives discussed above have demonstrated therapeutic potential,
although challenges exist for all of the compounds. To date, PAC-1 is the most promising
compound for CNS tumors, and therapeutically relevant doses can be administered safely to
animals. The most likely application for the other compounds discussed, including S-PAC-1,
WF-208, WF-210, and B-PAC-1, would be tumors not present in the CNS. S-PAC-1 was
evaluated in canine lymphoma patients with promising initial results. B-PAC-1 is cytotoxic
to cells derived from white blood cell cancers in culture; /in vivo efficacy has not yet been
reported. WF-208 and WF-210 have demonstrated cytotoxicity in a wide variety of cancer
cell lines in culture and have shown anticancer efficacy in several murine tumor models,
although the large size of these compounds may complicate their translation to the clinic.
Further evaluation of these and other agents will help to fully define the ability of procaspase
activators to treat diverse cancers.
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Figure 1.
Inhibiting endogenous antiapoptotic processes as a means of drug-mediated activation of

apoptosis. Cellular inhibitors of apoptosis are shown in red: MDM2 binds to p53, preventing
its proapoptotic effect; Bcl-2 binds Bax, inhibiting the proapototic action of Bax on the
mitochondria; XIAP binds to and inhibits caspase-3, preventing the caspase-3 mediated
cleavage of cellular substrates; and Zn?* binds to and inhibits the enzymatic activity of
procaspase-3 and caspase-3, inhibiting both procaspase-3 activation and caspase-3 mediated
cleavage of cellular substrates. Representative small-molecule modulators of MDM2, Bcl-2,
XIAP, and Zn2* (RG7112, ABT-199, LCL-161 and PAC-1, respectively) are shown.
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Figure 2.
Preliminary SAR studies of PAC-1. [15]
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Figure 3.
A. PAC-1 has no effect on procaspase-3 in a metal-free buffer but relieves zinc-mediated

inhibition of procaspase-3 in a dose-dependent manner. B. Proposed mechanism of action of
PAC-1. PAC-1 chelates labile zinc from procaspase-3, facilitating activation to caspase-3.
Figures adapted from: Peterson, Q.P., ef al., PAC-1 activates procaspase-3 /n vitro through
relief of zinc-mediated inhibition, J. Mol. Biol., 2009, 388(1), 144-158, Copyright © 2009,
with permission from Elsevier. [42]
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Figure 4.
Four classes of PAC-1 derivatives synthesized for SAR determination. Pyr = pyridyl [43]
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Structure of fluorescent PAC-1 derivative 21. [43]
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Structures of TPEN (28) and PAC-1 derivatives ZnA-DPA (29) and ZnA-Pyr (30). [60]
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Figure 7.
Structures of compounds (31a-f) used to study matrix metalloproteinase inhibition. [89]
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31 hydrazides
34{1-31}

1) cat. HCI,
R?  2-ethoxyethanol

_—

2) PS-benzaldehyde

27 aldehydes
35{1-27}

837 PAC-1 analogues
36{1-31,1-27}

Hydrazides:

34{/} R'=Bn

34{2} R' = CH,(4-OMe-Ph)
34{3} R' = CH,(3-NO,-Ph)
34{4} R' = CH,(2,5-(OMe),-Ph)
34{5} R! = CH,(4-SO,NH,-Ph)
34{6} R' = CH,(3-CH,N;3-Ph)
34{7} R = CH,(2-Cl-6-F-Ph)
34{8} R' = CH,(3-CI-Ph)

34{9} R' = CH,(4-Br-Ph)

34{10} R! = CH,(3,4-(OBn),-Ph)

34{11} R! = CH,(3-OPh-Ph)
34{12} R! = CH,(2-Ph-Ph)

34{13} R' = CH,(4-Me-Ph)

34{14} R' = CHy(2,3,4,5,6-Mes-Ph)
34{15} R' = CH,(4-CF5-Ph)
34{16} R' = CH,(3,4,5-(OMe);-Ph)
34{17} R' = CH,(4-OCF;-Ph)
34{18} R! = CH,(4-OBn-Ph)
34{19} R! = CHy(4-i-Pr-Ph)
34{20} R! = CH,(4--Bu-Ph)

342} R'=

34{22} R' = CH,(3,5-(t-Bu),-Ph)
34{23} R' = CHPh,

34{24} R' = CH,(1-Nap)

34{25} R' = CH,(2-Nap)

34{26} R' = CH,(Ph)(4-CI-Ph)
34{27} R' = CH,(2-1-Ph)

34{28} R = CH,(4-Et-Ph)

34{29} R = CH,(2-(CH,SO,Ph)-Ph)
34{30} R' =Ph

34{31} R' = CH,(4-Bz-Ph)

Aldehydes:

35{1} = salicylaldehyde
35{2} R>=3-OMe
35{3} R2=5-Br

35{4} R”Z=4-NEt,
35{5} R?>=5-OCF,
35{6} R?=3-Cl

35{7} R?=3,5-(t-Bu),
35{8} R2=3,5-F,

35(22}

Figure 8.

35{9} R2=3,5-I,

35{10} R>=4-OBn

35{11} R?>=3-OFEt

35{12} R>=3-OH

35{13} R?>=3-Me-5-Cl
35{14} R?=3,5-Br,-4-OMe
35{15} R>=5-NO,

HO ‘ HO
O, O Op\ [0)
AS
H H

35(23} 35{26}

H

35{16} R>=4,6-(OMe),
35{17} R®=3-OMe-6-Br
35{18} R2=3,5-Cl,
35{19} R? = 4-OH-6-Me
35{20} R?=3,5-(NO,),
35{21} R?=3,5-Br,
35{24} R =3-All
35{25} R2=3,5-All,

HO

T
| N

N
o )

Hydrazides and aldehydes used to construct 837-membered combinatorial library of PAC-1
analogues. Figure adapted with permission from: Hsu, D.C., et a/. Parallel synthesis and
biological evaluation of 837 analogues of Procaspase-Activating Compound 1 (PAC-1).
ACS Comb. Sci. 2012, 14 (1), 44-50. Copyright © 2012 American Chemical Society. [46]
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Figure 9.

36%

Annexin V - FITC

Annexin V-FITC/propidium iodide staining of U-937 cells treated with 7.5 uM of each

compound for 24 hours. [46]
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Figure 10.
PAC-1 is susceptible to enzymatic oxidation /in vitroand in vivo, giving metabolites that

result from A-dealkylation, olefin oxidation, and arene oxidation. Figure adapted with
permission from: Roth, H.S., et a/. Removal of metabolic liabilities enables development of
derivatives of Procaspase-Activating Compound 1 (PAC-1) with improved
pharmacokinetics. J. Med. Chem. 2015, 58(9), 4046-4065. Copyright © 2015 American
Chemical Society. [50, 98]
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Figure 11.

Nine hydrazides and five aldehydes were used to construct a

designed to display enhanced metabolic stability by blocking
olefin oxidation, and/or arene oxidation. Figure adapted with
al. Removal of metabolic liabilities enables development of d

library of 45 PAC-1 derivatives
oxidative A-dealkylation,
permission from: Roth, H.S., et
erivatives of Procaspase-

Activating Compound 1 (PAC-1) with improved pharmacokinetics. J. Med. Chem. 2015,
5809), 4046-4065. Copyright © 2015 American Chemical Society. [50]
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Figure 12.

PAC-1 and derivatives induce apoptosis in U-937 cells. Cells were treated for 12 hours at 50
UM, and viability was assessed by Annexin V-FITC/propidium iodide staining. Data shown
are representative of three independent experiments. Figure adapted with permission from:
Roth, H.S., ef al. Removal of metabolic liabilities enables development of derivatives of
Procaspase-Activating Compound 1 (PAC-1) with improved pharmacokinetics. J. Med.
Chem. 2015, 58(9), 4046-4065. Copyright © 2015 American Chemical Society. [50]

Curr Med Chem. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth and Hergenrother Page 42

10 - ——PAC-1
-o- S-PAC-1
——41
1 4 ~ -1 64

—e—66
Conc.
(ug/mL) 0.1 ]

-

co14 N\ XXge--s

0.001

0 100 200 300 400 500

Time (min)

Figure 13.
Pharmacokinetic profiles of PAC-1 and selected derivatives following 25 mg/kg intravenous

dose (n = 2). Detectable levels of the novel derivatives are present in serum for at least 8
hours post-treatment, while PAC-1 and S-PAC-1 are no longer detectable after 5 and 6 hours
post-treatment, respectively. Figure adapted with permission from: Roth, H.S., et al.
Removal of metabolic liabilities enables development of derivatives of Procaspase-
Activating Compound 1 (PAC-1) with improved pharmacokinetics. J. Med. Chem. 2015,
5809), 4046-4065. Copyright © 2015 American Chemical Society. [50]
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Figure 14.
Pharmacokinetics of S-PAC-1 following A. 125 mg/kg i.p. injection in mice, B. 25 mg/kg

i.v. injection in dogs administered over 10 minutes, and C. initial loading dose followed by
24-hour continuous rate infusion in dogs administered by i.v. injection. Figures adapted with
permission from: Peterson, Q.P., et al. Discovery and canine preclinical assessment of a
nontoxic procaspase-3 activating compound. Cancer Res. 2010, 7((18), 7232-7241.
Copyright © 2010 American Association for Cancer Research. [44]

Curr Med Chem. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth and Hergenrother Page 44

w
(3]
|

W
o
|

N
(3]
|

vy

0 7 14 21 28 35 42
Days

RECIST Score
N
T

N
(3]
|

-
o

Figure 15.
Partial response to S-PAC-1 therapy in a canine lymphoma patient. RECIST scores for

patient administered S-PAC-1 on days 0, 7, 14, and 21. Tumor size decreased upon each
dose and rapidly increased upon cessation of treatment. Figure adapted with permission
from: Peterson, Q.P., et al. Discovery and canine preclinical assessment of a nontoxic
procaspase-3 activating compound. Cancer Res. 2010, 70(18), 7232—7241. Copyright ©
2010 American Association for Cancer Research. [44]
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Figure 16.
Changes in intracellular zinc concentration upon treatment with A. PAC-1 or B. S-PAC-1.

C. Both PAC-1 and S-PAC-1 cause significant decreases in intracellular zinc concentration
compared to untreated controls. Figures adapted with permission from literature. Figures
adapted with permission from: West, D.C., et al. Differential effects of procaspase-3
activating compounds in the induction of cancer cell death. Mol. Pharmaceutics 2012, 45),

1425-1434. Copyright © 2012 American Chemical Society. [47]
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Figure 17.

Penetration of physiological barriers by PAC-1 and S-PAC-1.

Page 46

(@)
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5 8

[Compound]
(ng/mg tissue weight)

PAC-1 S-PAC-1

A. Concentrations of PAC-1

and S-PAC-1 in Neuro-2a cells following treatment with 50 uM for 30 minutes. B.
Concentrations of PAC-1 and S-PAC-1 in serum, and C. concentrations of PAC-1 and S-
PAC-1 in brains of mice. C57BL/6 mice received PAC-1 or S-PAC-1 at 75 mg/kg via lateral
tail vein injection and sacrificed 5 minutes post-injection. Values shown are mean + standard
deviation (n = 4). Figures adapted with permission from: West, D.C., et a/. Differential
effects of procaspase-3 activating compounds in the induction of cancer cell death. Mol.
Pharmaceutics 2012, 45), 1425-1434. Copyright © 2012 American Chemical Society. [47]
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Figure 18.
High concentrations of PAC-1, but not S-PAC-1, induce apoptosis upon short treatment

times. U-937 cells were treated with DMSO or compound (100 uM) for various exposure
times, and cell viability was assessed by flow cytometry of the cells double stained with
Annexin V-FITC/propidium iodide. Values shown are mean + s.e.m. (n = 3). Figure adapted
with permission from: West, D.C., et al. Differential effects of procaspase-3 activating
compounds in the induction of cancer cell death. Mol. Pharmaceutics 2012, 45), 1425-
1434. Copyright © 2012 American Chemical Society. [47]
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Figure 19.
Activation of caspases in HL-60 cells by PAC-1, WF-210, and WF-208. Cells were treated

with compounds for 24 hours. Cleavage of caspase-3 and PARP were detected first, followed
by caspases-8 and -9 (boxes). Etop = etoposide. Figures adapted with permission from:
Wang, F., et al. A novel small-molecule activator of procaspase-3 induces apoptosis in
cancer cells and reduces tumor growth in human breast, liver and gallbladder cancer
xenografts. Mol. Oncol. 2014, 88), 1640-1652. Copyright © 2014 Federation of European
Biochemical Societies; Wang, F., et al. Targeting procaspase-3 with WF-208, a novel PAC-1
derivative, causes selective cancer cell apoptosis. J. Cell. Mol. Med. 2015, 148), 1916-
1928. Copyright © 2015 The Authors. [48, 49]
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Zinc chelation, /n vitro caspase-3 activation, and cytotoxicity of PAC-1 and derivatives.

Table 1

Compound | Zn2?* K4 (nM) | % Caspase-3 Activation at 10 uM | U-937 72h 1Cqsq (UM)
PAC-1 52+2 458+ 4.8 48+1.0
Class|
2 T7+2 30+2 153+20
3 > 104 0 > 100
1lla > 104 0 > 100
11b > 104 0 > 100
11c > 104 0 > 100
11d > 104 0 >100
11e > 10* 0
11f > 104 0 >100
119 439 595 1.8+04
11h > 104 0 32+12
12 > 10* 0 >100
Classl|
13a 68 + 10 48 +3 95+18
13b 62+9 206+1.6 14+2
13c 80+ 14 26.3+0.1 21+6
1l4a 48 +3 24217 20+0.2
14b 39+3 31+3.6 1.0+0.1
l4c 47+5 24+34 27+08
14d 45+ 13 195+18 46+10
Class|I|
15 65+ 4 30.7+1.2 12+2
Class 1V
16a 44 2 0a 28+11
16b 487 04 6.5+3.6
17a > 104 44+09 > 100
17b > 104 41+10 >100
18 49 +2 36+3 2711
19 > 104 171+12 59 +14
20 > 104 0 22+3

a_ These derivatives slightly inhibited caspase-3, masking any activation. [43]
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Structure and cytotoxicity of oxadiazole-containing PAC-1 derivatives. [48, 49]

Table 7

PN HOL
TV g w
" I\/N\_/\ ANy
N
H
Q0 -
[§]
) HO 3
\el\ Y\N/\I {f |
-N K/”\_/'*\""“ =
H
s
[+]

Compound R R? HL-60 72h ICsy (UM
27a 4-Cl 3-All 0.25
27b 4-F 3-All 0.39
27¢c 3-Cl 3-All 0.40
27d 2-CF3 3-All 0.35
27e 4-Cl 4-OBn 1.26
27f 4-F 4-OCH,(2,4-Cl,-Ph) 1.02
27g 4-F | 4-OCH,(3-CF4-Ph) 0.98
27h 4-Cl | 4-OCH,(4-£Bu-Ph) 0.67
27i 4-Cl | 4-OCH,(2,4-Cl,-Ph) 1.07
27 4-F | 4-OCH,(4-Bu-Ph) 0.60
27k 3,4-F, 4-OBn 0.34
271 34-F, | 4-OCH,(4-CI-Ph) 0.30
27m 3,4-F, | 4-OCH,(2,4-Cl,-Ph) 0.41
27n 2-CF3 | 4-OCH,(4-#Bu-Ph) 0.40
270 2-CF3 | 4-OCH,(3-F-Ph) 1.93
27p 4-Cl | 4-OCH,(3-CI-Ph) >20
27q 2-CF5 - 1.08

27r (WF-208) | 4-Cl - 0.08
27s (WF-210) | 4-F - 0.08
PAC-1 - - 4.03
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Structure and cytotoxicity of ethylenediamine and propylenediamine PAC-1 derivatives.

Table 8

R s
O
72h 1C5 (UM)
Compound R R? HL-60 HLFE
32a H 2-OH 3.63+0.32 3.02+0.58
32b H 2-OH-3-All 2.32+041 3.36
32¢c H 2-OH-4-NEt, 0.27+£0.12 0.17+0.13
32d H 3-OH 183.51 +5.52 N.D.
32e tBu 2-OH-3-All 0.73+0.57 0.9+0.01
32f tBu | 2-OH-3,5-(£Bu), 0.82+£0.22 0.98 +0.12
329 tBu 2-OH-4-NEt, 0.25+0.15 0.86 +0.04
32h tBu 3-OH 11.65 +3.42 111.37 £ 0.45
32i OMe | 2-OH-35-(£Bu), | 091+0.17 1.07+0.31
32j OMe 2-OH-4-NEt, 0.30 £ 0.08 1.80 £ 0.95
32k tBu - 0.28 +£0.03 1.86 + 0.04
321 OMe - 0.56 +0.36 1.39+0.30
33a H 2-OH-3,5-(#Bu), 0.85+0.02 0.87 +£0.03
33b tBu 2-OH-4-NEt, 0.26 £ 0.06 25.13+3.01
33c OMe | 2-OH-3,5-(£Bu), 0.54+0.13 1.15+0.18
33d OMe 2-OH-4-NEt, 0.46 £0.22 0.37
33e tBu - 0.28 £0.07 0.29 + 0.06
33f OMe - 0.71+£0.31 N.D.
PAC-1 - - 1.90£0.01 5.82 +0.58

N.D. = not determined. [64]
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Cytotoxicity of PAC-1 and derivative 33b against a panel of human cell lines. [64]

Table 9

“lTL‘ “!"“ g HO NEt,
N N N
e de T
TN P{
33b
72h 1Cqp (UM)

Cell Line Origin PAC-1 33b
A-498 Renal > 300 7.26 £ 1.56
A2780 Ovarian 56.02 + 3.46 20.37 £4.13

BGC-823 Gastric 3.02+1.01 0.35+0.03
Caco-2 Colon 6.49 +1.35 1.35+0.32
DU145 Prostate > 300 2529 +4.58
HCT-8 Colon 1.48 +0.24 0.18 £ 0.04
HelLa Cervical 7.25+231 1.50+0.28
Hep G2 Liver 7.26 +1.43 1.05+0.04
HL-60 Leukemia 1.90+0.01 0.26 +0.06

HOS Osteosarcoma 2.82+0.05 0.79 £ 0.06
IM-9 Multiple Myeloma 1.87 £0.05 0.15+0.01
K562 Leukemia 45.87 £ 3.65 3.00+1.21
MCF7 Breast > 300 14.76 + 2.67
NCI-H460 Lung 4.16+0.33 1.21+0.42
SH-SY5Y Neuroblastoma 13.93+221 1.20+0.01
HLF Lung Fibroblast 5.82+0.58 25.13+3.01
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Table 10

Page 63

Six library compounds induce potent cell death of U-937 cells (human lymphoma) in both 24-h? and 72-h?
experiments and enhance enzymatic activity of procaspase-3 /n vitro.

HO
N/\ )
I\/N\)J\ Ny
BnO N
H

B-PAC-1 (36{18,7})

Compound U-937 72h IC:y U-937 %Cell %Procaspase-3
(UM) Death (24h, Activity (25 uM)
7.5 uM)
= 3.8+04 21 42+1.8
HO
N/ﬁ o
k/ N\)L - N =~
N
H
PAC-1 (1)
+ +
= 44+0.7 23 4+06
HO
N/\l 0
HEN?S\ I\/N\)J\H,N\
YN
O 0
S-PAC-1 (37)
1.8+0.2 90 53+4.1
HO
ISASY
K/N\)k N
MeO N
H
36{2,7}
1.6+0.2 53 64+25
OMe
HO
N/\l 0
K/N\/U\ N
N
H
OMe
36{4, 7}
1.4+0.2 97 36+16
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Page 64

36{25,7}

Compound U-937 72h IC5y U-937 %Cell %Procaspase-3
(M) Death (24h, Activity (25 uM)
7.5 uM)
0.9+0.03 83 82+24
4
HO
N /ﬁ 0
I\/N\)L N
N
H
36{20,24}
1.0+0.04 50 69+5.3
HO
N\)-L _Nao
k/ N
H
36{25,7%
20+0.2 70 60+24

aCeII viability determined by Annexin V-FITC/propidium iodide staining.

bBiomass quantified using the sulforhodamine B assay.

DCompounds were tested at a concentration of 50 uM with 1 uM procaspase-3 (wild-type) and 3.5 uM ZnSO4. Cleavage of the Ac-DEVD-pNA

substrate was monitored at 405 nm and normalized to a DMSO-treated control (0%) and a zinc-free control (100%). [46]
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Table 12

Zinc chelation?and caspase activation 2 by PAC-1 derivatives.

Page 68

Compound Zn* K4 (nM) | 9%Caspase-3/-7 Activity
+ +
= 1.28 +0.03 877
N/ﬁ
k/N\)L
PAC-1 (1)
= 2.72+£0.13 64 +11
N/\l
HEN?S\ I\/N\)I\
4 \O
S-PAC-1 (37)
1.46 £ 0.07 64+4
0 S
N/\
K/N\)L
F
+ +
0 = 1.07 £ 0.09 67+6
N/\ 0
k/N\)I\
0 = 1.37 £0.10 83+3
N/ﬁ 0
NC
1.37 £0.03 8l1+4
0]
N/ﬁ
K/ N\)L
NC
75
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Compound Zn?* Ky (nM) | 9eCaspase-3/-7 Activity
N/ﬁ o > 106 3+0.1
L T V@
N
H
PAC-1a (3)

alncreasing amounts of Zn(OTf)2 added to a buffered solution of EGTA (7.3 mM) and PAC-1 derivative (100 uM). Kq was determined by

comparing fluorescence intensity (ex. 410 nm, em. 475 nm) and free zinc concentration.

bU—937 cells treated with compounds (30 pM) for 16 hours, then lysed. Caspase-3/7 activity assessed by cleavage of fluorogenic substrate Ac-

DEVD-AFC. [50]
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Table 14

Pharmacokinetic parameters for PAC-1 and selected derivatives. 25 mg/kg dose was administered via
intravenous injection or oral gavage. Values shown are mean + standard deviation (n = 2). [50]

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Compound | t min AUCy (min*ug/mL) | AUCpq (min*ug/mL) %F oral
PAC-1 24609 210.3+£9.3 31616 15114
S-PAC-1 38.1+3.3 446.0 £ 114.1 540+12.4 129+6.1
41 89.5+19.3 362.3£55.8 92.2+6.0 25623

64 120.5+16.3 291.0 +40.6 25.7+18.3 85+51
66 88.7+3.3 364.9+5.6 105.2 +24.2 28.8+6.2
75 1223+14 313455 113.0+3.7 36.1+0.5
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Roth and Hergenrother

Comparison of cytotoxicity of PAC-1 and S-PAC-1. Values shown are mean £ s.e.m. (n = 3). [44]

Table 15

72h 1Cg (UM)
Cell Line Species Origin PAC-1 S-PAC-1
U-937 Human | Lymphoma | 9.3+0.5 6.4+0.8
EL4 Mouse | Lymphoma | 3.8+0.9 71+13
17-71 Dog Lymphoma | 2.5+0.9 27+0.38
GL-1 Dog Lymphoma | 4.9+0.3 71+03
OoswW Dog Lymphoma | 86+1.3 | 11.0+09
Jurkat Human Leukemia 57+28 45+11
SK-MEL-5 Human | Melanoma | 11.5+3.6 | 86%13
Hela Human Cervical 155+38 | 28477
MDA-MB-231 | Human Breast 99+10 | 11.7£53
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Table 16

Time-dependence of cytotoxicity of S-PAC-1 in U-937 cells. Cells were treated with S-PAC-1 for the
indicated time, compound was washed out, and cell death was assessed 72 hours after initiation of treatment.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Values shown are mean + s.e.m. (n = 3). [44]

Exposure Time (h) | U-937 S-PAC-1 72h I1Csq (M)
1 > 100
3 > 100
6 > 100
9 2012
12 9.7+11
24 59+1.0
48 56+0.8
72 6.4+0.8
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Table 17

Potency of PAC-1, WF-208, and WF-210 against a diverse array of human cancer cell lines in culture. [48,
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49]

72h 1C5 (UM)

Cell Line Origin PAC-1 | WF-208 | WF-210
A549 Lung 25.48 0.42 1.78
COLO0205 Colon 11.46 12.85 11
DU145 Prostate 26.03 0.08 0.08
GBC-SD Gallbladder 53.44 0.08 0.08
Hep 3B Liver 25.48 0.98 0.86
Hep G2 Liver 16.35 0.73 0.22
HGC-27 Gastric 13.18 0.52 0.99
HL-60 Leukemia 4.03 0.08 0.08
K-562 Leukemia 14.55 0.20 0.22
MCF7 Breast 12.65 0.32 2.8
MDA-MB-435S Melanoma 14.49 0.76 1.24
NCI-H226 Lung 28.74 4.59 2.58
U-87 MG Glioblastoma 8.82 1.67 1.05
PC-3 Prostate 20.13 1.28 0.08
U-937 Lymphoma 16.42 0.08 0.08
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