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ritical event in the apoptotic cascade is the proteolytic activation of procaspases to active caspases.
spase autoactivating compound PAC-1 induces cancer cell apoptosis and exhibits antitumor activity
rine xenograft models when administered orally as a lipid-based formulation or implanted s.c. as a
terol pellet. However, high doses of PAC-1 were found to induce neurotoxicity, prompting us to
and assess a novel PAC-1 derivative called S-PAC-1. Similar to PAC-1, S-PAC-1 activated procas-
and induced cancer cell apoptosis. However, S-PAC-1 did not induce neurotoxicity in mice or dogs.
uous i.v. infusion of S-PAC-1 in dogs led to a steady-state plasma concentration of ∼10 μmol/L for
72 hours. In a small efficacy trial of S-PAC-1, evaluation of six pet dogs with lymphoma revealed
-PAC-1 was well tolerated and that the treatments induced partial tumor regression or stable dis-
four of six subjects. Our results support this canine setting for further evaluation of small-molecule
ease in

procaspase-3 activators, including S-PAC-1, a compound that is an excellent candidate for further clinical
evaluation as a novel cancer chemotherapeutic. Cancer Res; 70(18); 7232–41. ©2010 AACR.
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bers of the caspase family of cysteine proteases are
ayers in both the initiation and execution of apopto-
ese enzymes exist in the cell as low-activity zymo-
proenzymes) that are proteolytically activated to the
e, highly active enzyme. Most critical to apoptosis is
oteolytic conversion of procaspase-3 to caspase-3. As
the intrinsic and extrinsic apoptotic pathways con-
to activate procaspase-3, and as caspase-3 has >100
r substrates, the activation of procaspase-3 to cas-
is a pivotal and committed event in the apoptotic
e. Interestingly, procaspase-3 is overexpressed in a
y of tumor histologies, including breast cancer (1),
cancer (2), lung cancer (3), lymphoma (4), neuroblas-
(5), melanoma (6), and liver cancer (7), suggesting
small molecule that activates procaspase-3 could
electivity for cancer cells versus normal cells.
reported the discovery of a small molecule,
ig. 1A), which enhances procaspase-3 activ-
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vitro, induces death in cancer cells in culture, and
ficacy in multiple mouse xenograft models when ad-
tered orally as a lipid-based formulation or im-
d s.c. as a cholesterol pellet (8). PAC-1 activates
spase-3 in vitro through the chelation of inhibitory
ons (9), and derivative synthesis and evaluation re-
hat the biological activity of PAC-1 is tied to having
tact ortho-hydroxy N-acyl hydrazone zinc-chelating
(10). Evidence suggests that PAC-1 induces apopto-
ath in cancer cells through the chelation of zinc
procaspase-3, most notably the colocalization of a
scent PAC-1 derivative with sites of cellular cas-
activity (10).

the first procaspase-activating compound, experi-
with PAC-1 can begin to define the potential of pro-
se-3 activation as a viable anticancer strategy. To
r develop PAC-1 as an experimental therapeutic for
eatment of cancer in humans, we sought to charac-
the effect of this compound when administered i.v.
more sophisticated in vivo tumor model systems,

ically canines with spontaneous cancer. The evalua-
f experimental therapeutics in pet dogs with cancer
many advantages over murine xenograft models (11).
, we report toxicity studies of i.v. administered PAC-1
ce, and the discovery of a novel PAC-1 derivative
S-PAC-1) that induces apoptosis in cancer cell lines

ture, is well-tolerated in mice and research dogs, and
oderate activity in a small trial of canine patients
pontaneous lymphoma. These results show the feasi-
of S-PAC-1 administration to pet dogs with lympho-

a means to evaluate the therapeutic potential of this
of compounds.
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rials and Methods

nes and reagents
37, Jurkat, SK-MEL-5, HeLa, MDA-MB-231, and EL4
were obtained from the American Type Culture
tion (authenticated by short tandem repeat analysis)
aintained at low passage number. Two canine B-cell
oma lines (17-71 and GL-1) were provided by
eve Suter (North Carolina State University, Raleigh,
ll cultures were maintained in RPMI 1640 supple-
d with 10% fetal bovine serum and 1% penicillin-
omycin and grown at 37°C and 5% CO2. PAC-1 was
esized as previously described (8). S-PAC-1 was
esized as described in the Supplementary Data.
VD-pNA was synthesized as previously described
Chelex-treated HEPES-NaCl buffer is 50 mmol/L
and 300 mmol/L NaCl and is treated with Chelex

for 1 hour before use.

fluorescence titration assay
A fluorescence titration assay was performed accord-
a developed protocol (13) exactly as previously

ed (10).

binant expression, purification, and evaluation
cleavable procaspase-3 mutant (D3A)
caspase-3 D3A was expressed and purified exactly as
usly reported (10).

spase-3 activation
ombinantly expressed, zinc-free procaspase-3 D3A
mol/L) in Chelex-treated HEPES-NaCl was incubated
presence of ZnSO4 (10 μmol/L), and the basal activity
ssessed by addition of Ac-DEVD-pNA substrate
mol/L) and monitored at 405 nm with a SpectraMax
reader (Molecular Devices). After the basal activity
etermined, DMSO, PAC-1, or S-PAC-1 was added
h sample to a final concentration of 50 μmol/L.
y of each stock was assessed as described above every
utes. The slope of each data set was used to deter-
the activity of the protein. Protein activity was nor-
d to a percent activity at each time point using a
ree sample as 100% activity and the DMSO control
activity controls.

tosis and cytotoxicity assays
uction of apoptosis was assessed exactly as previously
ed (10). Cell death IC50 values were assessed by sulfor-
ine B assay exactly as previously reported (10) or by
ssay (Promega) according to the manufacturer's sug-
protocol.

ity determinations of PAC-1 and S-PAC-1
-1 and S-PAC-1 were formulated in 2-hydroxypropyl-β-
extrin (HPβCD; ref. 14) as described in the Supplemen-
ata. C57/BL6 mice were administered varying doses of

PAC-1 or S-PAC-1 via tail vein injection. Mice were
ored by observation for a period of 24 hours for signs

grand
when

acrjournals.org
icity, including sensitivity to touch, hypothermia,
ed posture, agitation, and rapid or depressed breathing.

acokinetics of S-PAC-1 in healthy research dogs
ogs with lymphoma
r healthy male hound dogs weighing at least 30 kg were
or all preclinical pharmacokinetic studies. All dogs re-
a single dose of S-PAC-1 via i.v. injection. After a 2-

washout period, three dogs received a dosing regimen
ted to achieve and maintain a steady-state plasma con-
tion of 10 μmol/L, that is, i.v. S-PAC-1 delivered as a
nt-rate infusion comprising a 10-minute loading dose,
ed by a constant maintenance dose for 24 hours. Dogs
ymphoma were treated with i.v. S-PAC-1 in a constant-
fusion for either 24 or 72 hours. For all dogs and dos-
rategies, blood was drawn from the lateral saphenous
nd centrifuged, and plasma was stored at −80°C until
is.

ologic assessment of S-PAC-1 in healthy
rch dogs
icity of S-PAC-1 administration was determined by
weekly complete blood counts, serum biochemistry
, and animal caregiver gastrointestinal toxicity obser-
al scores adhering to the Veterinary Co-operative
ogy Group Common Terminology Criteria for Adverse
(VCOG-CTCAE).

mor assessment of S-PAC-1 in dogs
ymphoma
iper measurement was performed according to the
nse Evaluation Criteria in Solid Tumors (RECIST)
d (15). Briefly, the longest linear length measurement
corded for four pairs of peripheral lymph nodes (man-
r, prescapular, inguinal, and popliteal), with the sum-
n of these values giving a RECIST score. In addition to
r measurements for all four sets of peripheral lymph
, computed tomography (CT) scans were performed
mandibular lymph nodes in every patient, allowing
linear length.

lts

o toxicity of PAC-1
n effort to characterize the feasibility and tolerability
administered PAC-1, toxicity testing of PAC-1 (when
istered in HPβCD via tail vein injection) was carried
ith C57/BL6 mice and is summarized in Supplemen-
able S1. Mice that received PAC-1 exhibited transient
toxicity with onset occurring within 5 minutes of drug
istration and resolution occurring within 2 hours.
that received only the HPβCD vehicle did not exhibit
inically observable toxicity. The observed neurotoxic-
PAC-1 in mice did not seem to be species specific, as

mal seizure activity in one healthy dog was elicited
administered 25 mg/kg of PAC-1 as a 5-minute i.v.

Cancer Res; 70(18) September 15, 2010 7233
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n. Adverse side effects in this dog were transient and
e limiting.
n the known affinity of PAC-1 for zinc in vitro (9), and
ta suggesting that PAC-1 binds cellular zinc (10), we hy-
ized that the neurotoxicity observed in mice and dogs
istered PAC-1 in HPβCD was caused by the chelation of
ellular zinc at N-methyl-D-aspartic acid (NMDA) recep-
ithin the central nervous system (CNS). This hypothesis
sistent with data from in vivo studies of other zinc che-
that induce a neurologic phenotype reminiscent of
e observed with PAC-1 (16, 17). Indeed, in silico anal-

f PAC-1 to predict the partitioning across the blood-
barrier (BBB; ref. 18) shows that PAC-1 has a calculated
of −0.07. This logBB would correlate to a partitioning
f 1.0:0.85 between the blood and the brain, suggesting
significant amount of PAC-1 may be entering the CNS.
l studies have indicated that chelation of intracellular
ores relieves tonic suppression of NMDA receptors, re-
in neuronal hyperexcitation (17, 19).

n of S-PAC-1

ive, PI-negative cells. Data are representative of three separate experimen
n effort to overcome the undesirable side effect of neu-
city, we hypothesized that a derivative of PAC-1 that

consta
lated

r Res; 70(18) September 15, 2010
lower propensity to cross the BBB would exhibit
ased neurotoxicity and allow for dosing at higher
ntrations. Based on the structure-activity relationship
usly reported (10), it was predicted that a polar func-
group installed on the benzyl ring of PAC-1 should
se the predicted logBB while maintaining the activity
parent compound. As such S-PAC-1 (Fig. 1A), a sulfon-
derivative of PAC-1, was designed as a compound pre-
to have a markedly decreased ability to cross the BBB
of −1.26, providing a predicted blood/brain ratio of

55). See Supplementary Data for the synthetic route
AC-1.

-1 binds zinc in vitro
activity of S-PAC-1 was characterized in several
mical assays analogous to previously performed PAC-
ies (9, 10). An EGTA competition titration experiment
as used to determine the binding constant for the
-1–Zn2+ complex. In the presence of EGTA, the changes
fluorescence of the S-PAC-1–Zn2+ complex were used
t a formation curve (Fig. 1B). Using the known binding
1. In vitro assessment of PAC-1 and S-PAC-1. A, structures of PAC-1 and S-PAC-1. B, the formation curve of the Zn2+–S-PAC-1 complex as
ined by EGTA titration. S-PAC-1 binds zinc with a Kd of 46 ± 5 nmol/L. Points, mean (n = 3); bars, SE. C, PAC-1 and S-PAC-1 induce rapid relief of
diated inhibition of procaspase-3 (D3A). Using a chromogenic Ac-DEVD-pNA substrate, the activity of procaspase-3 (7.5 μmol/L) was assessed
resence of inhibitory zinc (10 μmol/L) and vehicle, PAC-1, or S-PAC-1 (50 μmol/L). Maximal activity is observed after a 5-min incubation with
nt of EGTA, the free zinc concentration can be calcu-
and used to determine the binding constant of the

Cancer Research
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-1–Zn2+ complex. This complex has aKd of 46 ± 5 nmol/L
red with 52 ± 2 nmol/L for PAC-1–Zn2+ (10).

-1 activates procaspase-3 in vitro
ability of S-PAC-1 to activate recombinantly expressed
pase-3 in the presence of exogenous zinc was assessed
o. To ensure that the enzymatic activity of the pro-
e was being monitored, a proteolytically uncleavable
t of procaspase-3 was used in which the three aspartic
eavage site residues aremutated to alanine (D9A/D28A/
; refs. 9, 20). This uncleavable form of procaspase-3 is
pable of processing to the mature active caspase-3, thus
ng that any increase in activity observed is due to an
se in the activity of the proenzyme rather than autopro-
s of the proenzyme. As shown in Fig. 1C, S-PAC-1 rapidly
n 5 minutes) enhances the enzymatic activity of the
zyme by relief of zinc-mediated inhibition, although to
r degree than PAC-1.

-1 induces death in multiple cancer cell lines
ture
ing confirmed that S-PAC-1 chelates zinc and activates
pase-3 in vitro, the antineoplastic activity of S-PAC-1
sessed against a panel of human, canine, and murine
cell lines using the sulforhodamine B assay (21). The

ur IC50 values for PAC-1 and S-PAC-1 are reported
le 1. Both PAC-1 and S-PAC-1 have micromolar cyto-
IC50 values against all lymphoma cell lines tested re-
ss of the species of origin. U-937 cells treated with

, 50 μmol/L PAC-1, or 50 μmol/L S-PAC-1 for 12 hours
ssessed by Annexin V/propidium iodide (PI) staining

icant
(the d

le e C A in

l lin ci rig os A

37 ma ph

us ph
1* og ph
1 og ph

og ph
at ma ke

s cell line was assessed using the MTS cell viability assay. All other cel

acrjournals.org
nalyzed by flow cytometry (Fig. 1D). Both PAC-1 and
-1 treatment lead to a similar increase in the popula-
f apoptotic cells (Annexin V positive, PI negative).
n effort to determine an appropriate treatment strate-
the evaluation of S-PAC-1 in vivo, the time dependency
AC-1 cytotoxicity was evaluated. U-937 cells were trea-
th S-PAC-1 for various lengths of time. After treatment
-PAC-1, cells were washed to remove compound and
ed in growth medium without compound. Cell death
ssessed at 72 hours for all treatment times. An IC50

was determined for each exposure time and reported
le 1. At times shorter than 6 hours, the IC50 value was
r than the highest concentration tested. Between 12
hours, the IC50 value rapidly decreased to a minimum
owed little variation over the course of the subsequent
urs. These time dependency experiments suggest that
-1 will be most effective in vivo if cancer cells are ex-
to the compound for at least 24 hours.

-1 has no detectable neurotoxic effect in mice
ing confirmed the activity of S-PAC-1 in vitro and in
lture, the toxicity of S-PAC-1 (when administered in
D via tail vein injection) was assessed in C57/BL6 mice
summarized in Supplementary Table S1. S-PAC-1 ex-

d no observable toxicity at any dose tested. Given the
tically reduced neurotoxic effect of S-PAC-1, pharma-
etic analysis was performed to compare the plasma
ntrations achievable with PAC-1 and S-PAC-1. Mice
reated with 20 mg/kg PAC-1 (the dose at which signif-

neurologic symptoms first appear), 50 mg/kg PAC-1
ose where acute neurologic symptoms are present),
1. Assessm
 nt of PA
 -1 and S-P
 C-1 cytotoxicity
C

l

cancer cell lines
-1

lines were assessed with the sulfo

Cancer Res; 70(1
e Spe
 es O
 in Exp
 ure time (h) S-P
 -1 72-h IC (μmol/L) PAC
 72-h IC (μmol/L)
50
 50
Hu
 n Lym
 oma
 1
 >100
 —

3
 >100
 —

6
 >100
 —

9
 20 ± 12
 —
12
 9.7 ± 1.1
 —

24
 5.9 ± 1.0
 —

48
 5.6 ± 0.8
 —

72
 6.4 ± 0.8
 9.3 ± 0.5
Mo
 e Lym
 oma
 72
 7.1 ± 1.3
 3.8 ± 0.9

D
 Lym
 oma
 72
 2.7 ± 0.8
 2.5 ± 0.9

D
 Lym
 oma
 72
 7.1 ± 0.3
 4.9 ± 0.3

D
 Lym
 oma
 72
 11.0 ± 0.9
 8.6 ± 1.3
Hu
 n Leu
 mia
 72
 4.5 ± 1.1
 5.7 ± 2.8

L-5 Hu
 n Me
 oma
 72
 8.6 ± 1.3
 11.5 ± 3.6
ME ma lan

a Human Cervical 72 28.4 ± 7.7 15.5 ± 3.8
A-MB-231 Human Breast 72 11.7 ± 5.3 9.9 ± 1.0

E: Error is SEM (n = 3). Cells were exposed to compound for the time indicated, compound was washed out, and cell viability/
ass assessment was made after 72 h.
rhodamine B assay.

8) September 15, 2010 7235
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0 mg/kg S-PAC-1 (the highest dose tested) via tail vein
on. Serum was analyzed by high-performance liquid
atography (HPLC) to provide the pharmacokinetic
s for S-PAC-1 and PAC-1 (Fig. 2A). At the PAC-1 dosage
nduced mild neurotoxicity (20 mg/kg), peak plasma
ntrations were ∼50 μmol/L. In contrast, a 350 mg/kg
of S-PAC-1 provided peak plasma levels of ∼3,500
L without any signs of neurotoxicity.

-1 has a short half-life in mice
C-1 (125 mg/kg) was administered to mice via i.p.

ion and found to have a short half-life (∼1 hour,
); it was predicted that the mice would need to be

d with a 350 mg/kg dose of S-PAC-1 every 2 hours to
e and maintain a minimum plasma concentration of
ol/L over a course of 24 hours. Although this frequent
regimen for S-PAC-1 (i.p. every 2 hours for 24 hours)

ll tolerated and successful in establishing a steady-state serum concentratio
chnically feasible, further evaluation of S-PAC-1 as a
therapeutic agent using murine tumor models was

25 mg
the ph

r Res; 70(18) September 15, 2010
ethodologically practical. As such, we sought to further
igate S-PAC-1 in a larger mammalian experimental sys-
pecifically healthy and spontaneous cancer-bearing
hich conferred greater practicality for themaintenance
AC-1 steady-state concentrations for prolonged peri-
time.

sment of S-PAC-1 in research dogs
lthy research hound dogs were used for pharmacoki-
and toxicity investigations of S-PAC-1. First, four re-
hound dogs were treated with 25 mg/kg S-PAC-1

ilized in HPβCD) via i.v. injection over 10 minutes.
dition to pharmacokinetic analysis, the hematologic
onhematologic tolerability of single-dose, i.v. S-PAC-1
istration was monitored in research dogs weekly for 4
cutive weeks (Supplementary Table S2A). As shown in
C, the peak plasma concentration resulting from this

-PAC-1 in dogs.
2. Serum concentrations of PAC-1 in mice and S-PAC-1 in mice and dogs. A, C57/BL6 mice were treated with 20 or 50 mg/kg PAC-1 or 350 mg/kg
1 via tail vein injection. Mice were sacrificed at the times indicated, blood was drawn, and the concentration of drug was determined by HPLC.
mean (n = 2 for PAC-1 and n = 3 for S-PAC-1); bars, range for PAC-1; SE for S-PAC-1. B, serum concentration of S-PAC-1 after i.p. administration
. C57/BL6 mice were treated i.p. with 125 mg/kg S-PAC-1 and sacrificed at the times indicated, blood was drawn, and S-PAC-1 serum
trations were determined by HPLC. Administration of 125 mg/kg S-PAC-1 provides a peak plasma concentration of ∼170 μmol/L and a half-life of ∼1 h.
mean (n = 3); bars, SE. C, four research hound dogs received a single i.v. dose of S-PAC-1 (25 mg/kg), blood was drawn at the time indicated,
AC-1 serum concentration was determined by HPLC. D, three healthy hound dogs were each administered a different dose of S-PAC-1 by continuous
sion. Dogs received an initial loading dose (mg/kg, indicated in inset) over the course of 10 min followed by a constant-rate infusion (mg/kg/h) over
t 24 h. Blood was drawn at the times indicated, and the S-PAC-1 serum concentration was determined by HPLC. Continuous infusion of S-PAC-1
/kg i.v. bolus dose was ∼150 μmol/L. From analysis of
armacokinetic profile, the half-life of S-PAC-1 in dogs

Cancer Research
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Table ntal pharmac analysis of (25 mg/kg) althy resear
dogs

Param Hound Hound Hound Hound

Body w 33.2 34.1 34.2 32.5
Lambd 1.05 1.11 1.11 1.09
Tmax (h 0.17 0.17 0.17 0.17
Cmax ( 69.86 63.71 80.07 69.83
AUC0- 73.56 74.60 82.19 78.81
AUMC 93.63 104.77 90.48 101.78
Cls
Vss
MRT

Abb
dence time.
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www.a
alculated to be 1.09 ± 0.02 hours (Table 2). Addition-
ingle-dose, i.v. S-PAC-1 treatment was well tolerated
four research dogs, and no short- or long-term
e events were observed with these animals as a result
tment.
ed on the half-life of 1.09 ± 0.02 hours in dogs, continuous-
fusion was explored in an attempt to maintain a steady-
erum concentration of S-PAC-1 during the course of the
ent. Three healthy research dogs were used to deter-
if S-PAC-1 could be safely administered via a continu-
te infusion regimen, and to determine appropriate
levels to maintain plasma concentrations above ∼10
L. Each dog received a different dose of S-PAC-1
D) with an initial loading dose via i.v. infusion over
urse of 10 minutes followed by a maintenance dose de-
by an infusion pump for an additional 24 hours. Each
as observed throughout the course of the 24-hour infu-
for adverse reactions, and blood was drawn at intervals
ss the pharmacokinetic profile of S-PAC-1 treatment. In
n, following completion of S-PAC-1 infusion, research
ere evaluated for hematologic and nonhematologic tox-

eekly for 4 consecutive weeks. During this period, no
xhibited hematologic parameters outside of reference

Small
Cham

le a t

ien

reviations: PD, progressive disease; PR, partial response; SD, stable d

acrjournals.org
(Supplementary Table S2B), and no adverse events
eported by animal care staff.
AC-1 administered as a 24-hour continuous-rate infu-
an be safely given to research dogs and easily reaches
molar steady-state plasma concentrations that corre-
ith dose escalation (Fig. 2D). Based on these results,
predicted that a 7 mg/kg loading dose and 3 mg/kg/h
ant-rate infusion would be sufficient to achieve a
-state plasma concentration of ∼10 μmol/L.

sment of S-PAC-1 in dogs with lymphoma
ing confirmed the in vitro activity of S-PAC-1 and hav-
own that the compound can be safely administered via
uous-rate infusion and that steady-state plasma con-
tions of S-PAC-1 of >10 μmol/L may be achieved for
our duration, a small (n = 6) clinical trial of client-
pet dogs with spontaneous lymphoma was conducted.

im of this trial was to show the feasibility of dosing S-
in dogs with lymphoma and to determine if therapeu-
rum levels of compound could be achieved via this
g regimen. Pet dogs presented or referred to the

Animal Clinic at the University of Illinois at Urbana-
paign (UIUC) College of Veterinary Medicine were
3. Ch
 racteristics of th
e six pet dog
s wi
 h lymphom
a treated with S
isease.

Ca
-PAC-1
ncer Res; 70(18
) September 15,
t
 Breed Male
/female Age
 Weigh
t (lb) Immu
nophenotype Prior
 therapy Treatm
ent (h) Outco
me
Mixed
 breed Castra
ted male 7
 7
9 B-ce
ll lymphoma CH
OP
 24 PR

Labrad
or Retriever Spaye
d female 7
 8
9 T-ce
ll lymphoma Na
ïve
 24 SD

Newfo
undland Intact
 male 4
 16
0 T-ce
ll lymphoma Na
ïve
 24 SD

Welch
 Corgi Spaye
d female 8
 3
0 B-ce
ll lymphoma Na
ïve
 72 SD

Golden Retriever Spayed female 7 80 B-cell lymphoma Naïve 72 PD
MC Boxer Castrated male 6 59 T-cell lymphoma Naïve 72 PD
2. Noncompartme
 okinetic
 S-PAC-1
 in four he
 ch
eters
 A
 B
 C
 D
eight (kg)

a_z half-life (h)

)

μg/mL)
inf (h·μg/mL)
0-inf (h·h·μg/mL)

L/h/kg)
(m 340 335 304 317

(mL/kg) 432.5 470.8 334.8 410
(h) 1.27 1.40 1.10 1.29

reviations: AUC, area under the curve; CIs, systemic clearance; Vss, volume of distribution at steady state; MRT, mean resi-
2010 7237
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ered for enrollment in the clinical trial (see Supple-
ry Data for inclusion criteria). Dogs that entered the
received treatment with S-PAC-1 as a single entity drug
eeks and were followed for an additional 2 weeks after
ithdrawal.

ity and pharmacokinetics of S-PAC-1 in canine
oma patients
patient dogs received treatment with S-PAC-1 via one
treatment regimens (summarized in Table 3). Patients
ed in the first treatment regimen (n = 3) received a
-week 24-hour continuous infusion of S-PAC-1 for four
y cycles. Patients enrolled in the second treatment
en (n = 3) received a 72-hour continuous infusion
AC-1 every other week for two treatment cycles.
was collected during each S-PAC-1 treatment cycle
armacokinetic analysis. In addition, blood was col-
from all pet dogs at each scheduled follow-up visit
racterize hematologic and nonhematologic toxicity.
en administrations, patients were monitored by pet
s for gastrointestinal toxicity observational scores ad-

the VCOG-CTCAE (22). All patients enrolled in 4-wee

ndicate doses (loading dose, mg/kg; continuous infusion dose, mg/kg/h) adminis
out drug administration, and serum concentration was determined by HPLC.

r Res; 70(18) September 15, 2010
t hematologic or nonhematologic toxicity (Supple-
ry Table S2C and D). Only minor adverse events
reported by pet owners, such as self-limiting and lo-
irritation at the infusion site (n = 4), transient loss

etite (n = 1), and mild diarrhea (n = 3). All adverse
ons subsided within 48 hours of the end of each
ent cycle. Serum analysis indicated that all patients
easurable serum concentrations of S-PAC-1, as
in Fig. 3. In accordance with our prediction from
althy research dogs, an infusion with a loading dose
g/kg and a constant-rate infusion of 3 mg/kg/h was
ent to achieve steady-state plasma concentrations of
mol/L in the majority of treatments.

mor activity of S-PAC-1
en the small number of patients included in this clini-
dy, antitumor activity of S-PAC-1 cannot be conclu-
determined. However, of the six patients treated, one
t (patient 1) showed a partial response with a ∼30%
ion in both caliper RECIST score and the mandibular
node measurements by CT scan over the course of the

k treatment (Fig. 4A and B). During treatment, this dog
treatment regimen did not show any clinically sig- received a 24-hour continuous i.v. infusion of S-PAC-1 once a

3. Serum concentrations of S-PAC-1 in six dogs with lymphoma enrolled in the clinical trial. Administration of S-PAC-1 as a constant-rate
was generally successful in achieving the target plasma concentration (10 μmol/L) for either 24 h (A, dogs 1–3) or 72 h (B, dogs 4–6). Data
tered during the clinical trial. Blood was drawn at various times

Cancer Research
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www.a
total of four treatments). Following the four treatment
, drug administration was withdrawn and the dog was
ored by RECIST for 2 subsequent weeks. After discon-
ion of S-PAC-1 treatment, the RECIST scores for this
creased dramatically (days 36 and 42). In addition to
artial response, three patients showed stable disease
ts 2–4), whereas two patients showed disease progres-
patients 5 and 6), as indicated in Table 3. The rapid
se in RECIST scores after drug withdrawal shown in
t 1 is representative of the effect of drug withdrawal
patients.
lysis of lymph node aspirates from two dogs (patients
2) shows the presence of the procaspase-3 drug target
treatment as well as an increase in cleaved caspase-3
treatment with S-PAC-1 (Supplementary Fig. S1).
node aspirates collected from these dogs with lym-

a consisted of >90% malignant lymphocytes based on

PAC-1 administration.
gic evaluation. Based on the predominance of malig-
ymphocytes, the observed shift in cleaved caspase-3 af-

for di
admin

acrjournals.org
PAC-1 treatment (Supplementary Fig. S1) most likely
ents the induction of apoptosis in malignant lympho-
however, a small percentage of this shift may be due to
alignant lymphocytes and stromal cells.

ssion

AC-1 is the first compound in the PAC-1 class (and the
all-molecule activator of procaspase-3) to be evaluat-

a clinical trial of cancer patients. As such, the evalua-
f S-PAC-1 in a clinical setting is a proof of concept for
rategy of direct procaspase-3 activation as an antican-
erapy. Compounds in the PAC-1 class activate procas-
via chelation of inhibitory zinc ions (10). Intracellular
found principally in tightly bound complexes in me-

roteinases, zinc finger domains, and other metal bind-
oteins; however, ∼10% of cellular zinc is believed to
n a loosely bound, labile pool (23). Several studies im-
labile zinc as an endogenous antiapoptotic regulator
), and chelation of the loosely bound pool of zinc is an
ing anticancer strategy (9, 10, 27). Thus, the evaluation
AC-1 is also a proof of concept for the chelation of the
zinc pool as an anticancer therapy.
perhaps not surprising that high doses of PAC-1 in-

neurotoxicity, given its zinc chelation properties and
ted BBB permeability. Zinc homeostasis is important
CNS (28), and NMDA receptors require bound zinc
vide a tonic inhibition (17). NMDA receptors bind to
ith a low affinity (Kd = 5.5 μmol/L; ref. 29), which sug-
that a zinc chelator with a higher affinity for zinc such
C-1 (Kd = 52 nmol/L) would be able to successfully se-
r zinc from these receptors. Several studies indicate
ntracellular zinc chelation results in hyperexcitation
se receptors (16), resulting in symptoms such as uncon-
muscle movement and seizure (17, 30). One strategy

ducing the permeability of a compound through the
to increase the polarity of the molecule (18). Addition
sulfonamide functional group is a good candidate for
olarity increase, as the aryl sulfonamide motif is com-
n several small-molecule therapeutics. The dramatical-
erent neurotoxic effects of S-PAC-1 and PAC-1 suggest
-PAC-1 is considerably less BBB permeable and may be
ore attractive drug candidate.
ntaneously arising cancers in pet dogs share many sim-
s with human cancers, including histologic appear-
tumor genetics, molecular targets, biological and
al behavior, and response to therapy (31). Of these
neous canine cancers, multicentric lymphoma is the
common, occurring in 13 to 24 of every 100,000 dogs
he clinical progression and treatment of multicentric
T-cell canine lymphoma has many of the same charac-
cs of non–Hodgkin lymphoma in humans. Canine lym-
a and human non–Hodgkin lymphoma both respond
lly to the same cytotoxic drugs such as doxorubicin,
tine, and cyclophosphamide. These drugs are compo-
of the CHOP treatment protocol, first-line therapy
4. Activity of S-PAC-1 in patient 1. A, RECIST scores for patient 1
e course of 7 wk. Arrows indicate days during which patient
d S-PAC-1 as a 24-h continuous i.v. infusion (as detailed in text
. 3A). After drug withdrawal, tumor size increased rapidly (days
B, CT scans of the mandibular lymph nodes of patient 1 (outlined
ffuse large B-cell lymphoma in humans (33). When
istered to dogs, CHOP will induce complete clinical

Cancer Res; 70(18) September 15, 2010 7239
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ion in ∼90% of dogs diagnosed with lymphoma (34,
imilar to the human response, the majority of dogs
chieve remission with CHOP therapy will experience
e relapse (36). Given the commonalities between
n and canine lymphoma, evaluation of S-PAC-1 in a
lymphoma clinical trial may provide important trans-

al information for the development of S-PAC-1 as a
human therapeutic.
ough inconclusive in this study design, it is highly en-
ing that four of six patients achieved partial response
ble disease for 4 weeks in duration, as canine lympho-
generally a rapidly progressive malignancy with dra-
enlargement of peripheral lymph nodes within weeks
ase diagnosis. As shown in Table 3, one dog enrolled in
rrent study (patient 1) was in remission for 5 months
HOP therapy and was recently diagnosed with recur-
mphoma. On enrollment in the study, this dog showed
% reduction in tumor size in response to S-PAC-1 treat-
This partial response is significant given the compar-
short treatment duration (4 weeks for S-PAC-1 versus

eks for CHOP), and that the dose of S-PAC-1 adminis-
does not seem to be near the maximum tolerated dose.
onclusion, we have discovered S-PAC-1 as a procas-
ctivating compound that can be safely administered
, and have identified pet dogs with lymphoma as a
ble model for the assessment of small-molecule procas-
activation as an anticancer strategy. The use of this
nimal model allows drug administration via continu-
te i.v. infusion, something necessary with S-PAC-1 (due

short half-life in vivo) and not practical in murine Rece

ibition. J Mol Biol 2009;388:144–58.
terson QP, Hsu DC, Goode DR, Novotny CJ, Totten RK,
rgenrother PJ. Procaspase-3 activation as an anti-cancer strategy:
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r cells, with similar activity to the parent compound
. Whereas high doses of PAC-1 (when administered
βCD) induce neurotoxicity in vivo, S-PAC-1 does not
this effect at serum concentration ∼70-fold higher. S-
can be safely administered to mice, research dogs, and
ith lymphoma and shows encouraging clinical effect
preliminary evaluation. Given the absence of neuro-
y with S-PAC-1 and the large safety window observed
e, it is anticipated that S-PAC-1 will prove to be safe at
ted doses, and thus, its further evaluation in cancer pa-
is warranted.
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