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Abstract

Histone deacetylase (HDAC) inhibitors have garnered
significant attention as cancer drugs. These therapeutic
agents have recently been clinically validated with the
market approval of vorinostat (SAHA, Zolinza) for
treatment of cutaneous T-cell lymphoma. Like vorinostat,
most of the small-molecule HDAC inhibitors in clinical
development are hydroxamic acids, whose inhibitory
activity stems from their ability to coordinate the catalytic
Zn?* in the active site of HDACs. We sought to identify
novel, nonhydroxamate-based HDAC inhibitors with
potentially distinct pharmaceutical properties via an
ultra-high throughput small molecule biochemical screen
against the HDAC activity in a HelLa cell nuclear extract.
An a-mercaptoketone series was identified and chemically
optimized. The lead compound, KD5170, exhibits HDAC
inhibitory activity with an IC5o of 0.045 pmol/L in the
screening biochemical assay and an ECsg of 0.025 pmol/L
in HeLa cell-based assays that monitor histone H3
acetylation. KD5170 also exhibits broad spectrum classes
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I and Il HDAC inhibition in assays using purified recombi-
nant human isoforms. KD5170 shows significant anti-
proliferative activity against a variety of human tumor
cell lines, including the NCI-60 panel. Significant
tumor growth inhibition was observed after p.o. dosing
in human HCT-116 (colorectal cancer), NCI-H460
(non-small cell lung carcinoma), and PC-3 (prostate
cancer) s.c. xenografts in nude mice. In addition, a
significant increase in antitumor activity and time to end-
point occurred when KD5170 was combined with
docetaxel in xenografts of the PC-3 prostate cancer cell
line. The biological and pharmaceutical profile of KD5170
supports its continued preclinical and clinical development
as a broad spectrum anticancer agent. [Mol Cancer Ther
2008;7(5):1054 - 65]

Introduction

Classes I and II histone deacetylases (HDAC) form a
family of 10 zinc-dependent hydrolases and have emerged
as promising new drug targets in cancer therapy (1).
Acetylation and deacetylation of histones at lysine
residues are generally correlated with transcriptional
activation and transcriptional repression, respectively (2).
In tumor cells, HDACs are overexpressed or aberrantly
recruited to regions of the genome that harbor tumor
suppressor genes, resulting in their transcriptional
down-regulation or silencing (3). It follows that HDAC
inhibition results in the transcriptional activation of tumor
suppressor genes, which in turn results in cell cycle arrest
or apoptosis (4). More recent work has revealed that
HDACs have nonhistone substrates, some of which
have been directly implicated in human tumor develop-
ment, e.g., the canonical tumor suppressor gene p53 (5).
Thus, reversible lysine acetylation is a highly regulated
process, by which the activity of proteins of diverse
function is modulated (6).

Several small molecule synthetic and one natural product
HDAC inhibitors have advanced into clinical trials (1, 7).
Some of these compounds have shown single-agent safety,
pharmacodynamic biomarker induction, and evidence of
antitumor activity in a variety of hematologic and solid
cancers. Moreover, vorinostat has recently been approved
for treatment of cutaneous T-cell lymphoma, thus provid-
ing clinical validation of this therapeutic strategy (8). Many
of the compounds in clinical development seem to have
limitations, including low potency, undesirable safety
profiles that include cardiovascular safety issues, and
potential for drug-drug interactions via cytochrome P450
inhibition (7). Hence, there remains a significant clinical
opportunity for efficacious HDAC inhibitors that are safe
and well tolerated.
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Figure 1. A, mercaptoketone se-
ries identified in a uHTS fluores-
cence-based biochemical screen.
Compound 1 is readily reduced in
the biochemical assay using Hela
cell nuclear extract generating two
molar equivalents of active free thiol,
compound 2. B, KD5170 is a mer-
captoketone-based HDAC inhibitor
delivered as a thioester-based pro-
drug. C, proposed mechanism of B
action. KD5170 thioester prodrug
undergoes hydrolysis generating the
mercaptoketone, which coordinates
Zn?* in a bidentate or monodentate
fashion in the active site of HDACs.
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Small molecule HDAC inhibitors have predominantly
relied upon hydroxamic acid or, to a lesser extent,
benzamide-based chemistry to enable high-affinity binding
to HDAC:s (7). The inhibitory activity of hydroxamic acids
stems from their ability to chelate zinc in the active site
of both class I and class II enzymes, thereby arresting
zinc-dependent enzymatic processes. Although hydroxa-
mic acids can be potent inhibitors of HDACs and other
Zn2+-dependent metalloenzymes, they can also exhibit
suboptimal pharmaceutical properties, such as low oral
bioavailability and poor in vivo stability (9). By contrast, the
one clinical stage natural product HDAC inhibitor, FK228,
also inhibits HDACs by zinc binding but through a thiol
group, a moiety well established as a metal chelator (9). The
binding mode and mechanism of action of the benzamide
class of HDAC inhibitors (CI-994, MS-275, and MGCD0103)
is less clear, and unlike pan classes I and II inhibition by the
hydroxamates, these compounds are relatively selective for
class I isoforms (10). Cell-based assessment of the relative
contribution of individual HDAC isoforms in tumor cell
proliferation and apoptosis have largely implicated the
class I enzymes HDAC1, HDAC2, and HDACS, providing
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a rational basis for this selectivity profile (11, 12). However,
the class Il enzyme, HDACS, has been identified recently as
a modulator of the chaperone HSP90 (itself a therapeutic
target for cancer; ref. 13) in addition to having a direct role
in protein turnover as a component of the aggressome (14).
Indeed, pharmacologic or genetic inhibition of HDAC6
combined with the proteasome inhibitor bortezomib results
in synergistic lethality in various tumor cell lines (15-17).
These data, coupled with the absence of an unequivocal
link (e.g., mutation) between specific HDAC isoforms and
development of human cancer, suggest that pan HDAC
inhibitory activity may have the greatest clinical utility
(7, 12, 18). With significant industry focus on hydroxamic
acid-based and benzamide-based compounds, we
sought to identify and develop novel nonhydroxamate,
nonbenzamide broad spectrum HDAC inhibitors.

Materials and Methods

Cell Lines
Mantle cell lines Jeko-1, NCEBI, and Sp49 were obtained
from Dr. Nori Kawamata of University of California-Los
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Table 1. KD5170 inhibits both class | and class Il HDAC isoforms
Recombinant human HDAC
Compound HeLa 1 2 3 4
IC50 + SE (].Ll’l’lOl/L)
KD5170 0.045 + 0.007 0.020 + 0.004 2.06 + 0.12 0.075 + >0.01 0.026 + 0.003
Compound 3 (disulfide) 0.014 + 0.003 0.024 + 0.007 0.74 + 0.08 0.014 + 0.003 0.023 + 0.002
TSA 0.001 £ 0 0.012 £+ 0.003 0.020 + 0.0005 0.010 + 0.005 0.022 + 0.006

NOTE: HDAC activity was determined indirectly by measuring the fluorescence generated by a deacetylated fluorogenic peptide product (Materials and
Methods). Data presented represent mean + SE. KD5170 and compound 3, n = 5 replicate assay runs for HeLa cell nuclear extract and HDAC1, HDAC2,
HDAC3, HDAC4, HDAC5, HDAC6, HDAC7, HDACS8, and HDAC10. HDAC9, n = 3. TSA, n = 2 for HeLa cell nuclear extract and all HDAC isoforms.

Angeles. Mantle cell lines SP53 and Z-138 were obtained
from Dr. Jeff Medieros and Dr. Zeev Estrov of M. D.
Anderson Cancer Center. Cutaneous T-cell lymphoma lines
M], Hut78, and HH were obtained from American Type
Culture Collection. NCI-60 human tumor cell lines were
obtained through the National Cancer Institute, Division of
Cancer Treatment.

High Throughput Screening

A biochemical assay was miniaturized to 1,536-well format
for compatibility with the proprietary Kalypsys uHTS
screening robot. Briefly, in each well, a single compound
was incubated with partially purified HeLa cell nuclear
extract (Accurate Scientific), followed by a 30-min incubation
with a fluorogenic acetyl-lysine substrate, Fluor de Lys
(BioMol). The reaction was stopped with developer reagent
(BioMol), and fluorescent product was measured using an
Aquest fluorometric plate reader (Molecular Devices). Data
were processed using Kalypsys proprietary software and
analyzed using Spotfire (Spotfire, Inc.). A minimal efficacy
cutoff of 50% relative to trichostatin (1 umol/L) identified
hits for confirmation.

HelLa Cell Nuclear Extract and Recombinant Human
HDAC Isoform Profiling

HDAC assays with HeLa cell nuclear extract were carried
out at Kalypsys and Reaction Biology. ICs, values obtained
were in close concordance with each other. Recombinant
human HDAC isoform profiling was carried out by
Reaction Biology. All enzymes were produced in SF9 insect
cells as glutathione S-transferase fusion proteins and tested
in reactions at the indicated concentrations to normalize for
specific activity (Supplementary Methods).?

HDAC activity was determined indirectly by measuring
the fluorescence generated by deacetylated fluorogenic
peptide product reacting with a developer solution. All
assays were carried out in the assay buffer (1x): 50 mmol/L
Tris-HCI (pH 8.0), 137 mmol/L NaCl, 2.7 mmol/L KCl,
1 mmol/L MgCl,, 1 mg/mL bovine serum albumin.
Compound was added from a DMSO stock solution, and

3 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

DMSO concentration was fixed across the dose range at 1%.
Reactions were carried out at 30°C for 2 h and stopped with
0.5x Developer (RBC) + 2 pmol/L trichostatin A (TSA).
Fluorogenic deacetylated product was detected using an
Envision fluorimeter (Perkin-Elmer). Deacetylated stand-
ards were tested in replicate half-log dilutions starting at
50 pmol/L; background was determined in reactions
using substrate in the absence of enzyme.

Cell-Based H3 and o-Tubulin Acetylation

HeLa cells (~5,000 per well) were allowed 8 to 24 h to
adhere to wells of a 384-well Greiner polystyrene assay
plate in media containing 10% serum. After cells have
adhered, media were removed and cells were treated with
compound in dose response for 18 hours. Cells were
washed once with PBS (80 uL) and then fixed (40 pL of 95%
ethanol, 5% acetic acid) for 1 min at room temperature. Cells
were blocked with 2% bovine serum albumin for 1 h, washed,
and then stained with rabbit anti— Ac-H3 antibody (Upstate
Biotechnology; 1:2,000) or mouse anti—acetyl a-tubulin
antibody (Sigma-Aldrich; 1:1,000), followed by washing and
incubation with either a horseradish peroxidase—conjugated
goat anti-rabbit IgG (Santa Cruz Biotechnology; 1:5,000) or
goat anti-mouse IgG (Bio-Rad; 1:3,000). Signal was generated
using Luminol substrate and detected using an Acquest
multimode plate reader (Molecular Devices).

Mitochondrial Membrane Potential

HL-60 and HCT-116 cells were plated at 5 x 10* to 3 x 10°
per well in a 96-well plate. KD5170 was added at
designated concentrations (either by manual pipette or by
Kalypsys proprietary passive pin-transfer) and incubated
for 24 h (HL60) or 48 h (HCT-116). JC-1 dye (5,5,6,6-
tetrachloro-1,1’,3,3"-tetraethylbenzimidazolylcarbocyanine
iodide, Invitrogen) was added at 5 pg/well (diluted in
media), thoroughly mixed, and incubated for 10 to 15
minutes at 37°C, 5% CO,. Analysis was done with a BD
LSRII fluorescent cell analyzer, using FL1 and FL2 variables.

Tumor Cell Cytotoxicity/NCI-60 Screen

Cells were grown and maintained in standard 15-cm
diameter cell culture plates with RPMI 1640 containing 10%
(v/v) fetal bovine serum and penicillin/streptomycin
antibiotics (100 units/mL and 100 pg/mL final concentra-
tion, respectively). Cells were incubated with compounds
in 1,536-well plates for 48 h before measurement of cellular
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Table 1. KD5170 inhibits both class | and class Il HDAC isoforms (Cont’d)
Recombinant human HDAC
5 6 7 8 9 10
IC50 + SE (umol/L)
0.95 + 0.03 0.014 + 0.002 0.085 + 0.009 2.50 + 0.34 0.15 + 0.005 0.018 + 0.001
0.36 + 0.02 0.002 + 0.0002 0.07 + 0.009 0.58 + 0.04 0.092 + 0.008 0.015 + 0.0009
0.016 + 0.003 0.0020 £ 0 0.081 + 0.04 0.12 £ 0.01 0.080 + 0.04 0.028 £ 0.01

viability using ATPlite (Perkin-Elmer). This assay monitors
the level of ATP in cells, a useful indicator of the cytotoxic,
cytostatic, and antiproliferative effects of various agents
(Supplementary Methods).?

Primary Patient Chronic Lymphocytic Leukemia
Cytotoxicity

Peripheral blood draws from treatment-naive chronic
lymphocytic leukemia patients were obtained from Scripps
Cancer Center, Green Hospital (Dr. Allen Saven) as per
institutional review board guidelines (IRB 04-602). Blood
was centrifuged at 150 x g for 10 min at room temperature,
and the serum was removed. Blood was diluted 1:2 with
PBS (Ca®* and Mg*" free) and was layered on top of Ficoll-
Paque Plus (Amersham). Samples were then centrifuged at
150 x g for 10 min at room temperature; the buffy coat
layer was removed and centrifuged again. Isolated periph-
eral blood mononuclear cells were then resuspended in
RPMI + 1% fetal bovine serum to 1.5 x 10° cells/mL.
Cytotoxic activity of KD5170 was assessed using the
Alamar Blue assay (Biosource). Cells (7,500) were plated
per well in 384-well Greiner polystyrene assay plates, and
compounds were added using Kalypsys proprietary
passive pin transfer, followed by incubation for 24 to
48 h before analysis. Alamar Blue reagent (10% final
concentration) was incubated for 6 h, and fluorescence was
measured using an Acquest multimode plate reader
(Molecular Devices).

Compound Formulation for In vivo Administration

All stated doses of KD5170 represent the dose of
free-base. KD5170 (HBr salt) was formulated as a solution
in sterile water (vehicle). Compound was placed in a 10-mL
or 20-mL sterile dose vial, and an appropriate volume of
water was added and mixed by vortexing to disperse. The
formulation was heated to 40°C and vortexed until a clear
solution was generated. Dose formulations were prepared

just before use and used within 2 h. Docetaxel (Taxotere,
Sanofi-Aventis) was supplied as a 40 mg/mL solution in
Tween 80. On the day of dosing, an aliquot of docetaxel
stock was mixed with an equal volume of 100% ethanol
and then diluted with 5% dextrose in water to provide a
3 mg/mL solution (30 mg/kg dose). Likewise, to make a
1 mg/mL (10 mg/kg dose), docetaxel stock was mixed with
two volumes of Tween 80 and three volumes of ethanol and
then diluted with 5% dextrose in water. Final concen-
trations of vehicle for both docetaxel solutions were 7.5%
ethanol, 7.5% Tween 80, and 85% of 5% dextrose in water.

In vivo Efficacy Studies

Female BALB/c nu/nu mice were purchased from
Simonsen Laboratories, Inc. HCT-116 (5 x 10° and
NCI-H460 (3 x 10°) cells were injected s.c. in 100 pL of
culture media. PC-3 tumors were passaged in vivo and
injected as 1 mm® tumor fragments (PC-3 study was carried
out at Piedmont Research Center). Tumors were monitored
twice weekly and then daily as tumors approached 80 to
120 mm?® Mice were then randomized based on tumor
volume the day before start of treatment. Tumor size was
monitored twice weekly by digital calipers, and body
weight was recorded on the same days along with
observations of general health. Tumor volume was
calculated by the formula: 1 / 2 (x? y), wherein x = tumor
width and y = tumor length. Time to end point (TTE) in the
PC-3 study was calculated using the following formula:
TTE (d) = logyo [end point volume (mm?) — b / m], wherein
b is the intercept and m is the slope of the line obtained
by linear regression of a log-transformed tumor growth
data set.

In vivo Pharmacodynamics

Female BALB/c nu/nu mice bearing HCT-116 xenograft
tumors (group mean tumor volume, 277 mm> SD, +
80 mm?) received a single p.o. dose of KD5170 at 10, 30, or

Table 2. KD5170 is a potent inhibitor of HDAC activity cell-based assays

Acetylation

Compound
KD5170

Histone H3, ECsq + SE (umol/L)
0.025 pmol/L (+0.004; n = 20)

a-Tubulin, ECsq + SE (umol/L)
0.325 pumol/L (£0.1; n = 6)

NOTE: Cellular HDAC inhibitory activity in HeLa cells was assessed in a 384-well cytoblot using an antibody that recognizes acetylated histone H3 or
acetylated a-tubulin. Cells were fixed and stained after a 7-h incubation with compound under standard HeLa cell culture conditions. Values shown represent
a compilation of multiple independent experiments, as indicated (Materials and Methods).
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100 mg/kg. At time points described, tumors were excised,
snap frozen in liquid nitrogen, and stored at —80°C. Tumor
lysates were made by mechanical disruption (Biol01 Fast
Prep unit; speed, 5.0 for 30 s) with lysis buffer [50 mmol/L
Tris (pH 8.0), 150 mmol/L NaCl, 0.02% sodium azide, 0.1%
SDS, 1% NP40 substitute, 0.5% sodium deoxycholate, and
complete protease inhibitor (Roche)]. Lysates were cleared
by centrifugation and stored at —80°C until analyzed.
Protein concentration was measured by the Bio-Rad
detergent-compatible protein assay. One microliter of a
5 mg/mL total protein lysate was spotted onto nitrocellu-
lose (Invitrogen) and allowed to dry for 15 min. The
membrane was wetted in Tris-Gly gel blotting buffer
(Invitrogen) plus 20% methanol for 5 min. The membrane
was then rinsed with PBS for 2 min and blocked with
Odyssey Blocking Buffer (LiCor) for 1 h at room temper-
ature. Primary antibodies were incubated at the following
concentrations: anti—Ac-H3 antibody 1:2,000 (Upstate
Biotechnology), anti—a-tubulin 1:4,000 (Sigma-Aldrich),
and anti-acetyl o-tubulin mouse monoclonal antibody
(Sigma-Aldrich), all diluted in Odyssey Blocking Buffer at
room temperature for 1 h. The membrane was then washed
4 x 5 min in TBS plus 0.1% Tween 20. Secondary antibodies
were incubated at 1:10,000 dilution [goat anti-rabbit
Alexa 680 (Invitrogen) and goat anti-mouse IR Dye 800
(Rockland)] in LiCor blocking buffer with 0.02% SDS and
0.1% Tween 20 for 1 h at room temperature. The membrane
was washed 4 X 5 min in TBS plus 0.1% Tween 20 and
1 X 5 min in PBS and filter dried (dark). The membrane was
scanned with the LiCor Odyssey Imaging System, and
signal intensity was captured using manufacturer’s
protocol. Data were imported and analyzed in Microsoft
Excel and plotted in Graph Pad Prism 5.0.

Western Blotting

Fifty micrograms of total protein were loaded and
electrophophoresed on 4% to 20% Tris-glycine gels
(Invitrogen). Proteins were transferred to nitrocellulose
by electroblotting and subsequently processed in a
similar manner to the arrays for LiCor analysis. Anti-
human p21 mouse monoclonal antibody (Cell Signaling
Technology) was diluted at 1:2,000 in Odyssey Blocking
Bulffer.

Identification of a Novel Series of HDAC
Inhibitors

A 600,000 small molecule compound library was screened
in a fluorescence-based biochemical assay that used the
HDAC activity of a partially purified HelLa cell nuclear
extract (19). This screen led to the identification of an
a-mercaptoketone series of inhibitors. While compound 1
(Fig. 1A), a disulfide, was identified in the screen, the active
species is the reduced, free thiol (compound 2) that is
readily produced under our assay conditions (data not
shown; note that the HeLa cell nuclear extract contains
12.5 pmol/L of the reducing agent DTT). This compound
had an ICsj of 0.135 pmol/L, which was comparable with
several hydroxamates also identified in the screen.
Optimization of the a-mercaptoketone series has led to

the clinical candidate KD5170 (Fig. 1B). The proposed
mechanism of action is similar to that of the hydroxamic
acids with the mercaptoketone moiety functioning as a
bidentate or monodentate zinc binding group (Fig. 1C;
ref. 9). The thiol functionality present in these molecules is
intentionally protected as an inactive thioester due to the
propensity of thiols to oxidatively dimerize in air and in
solution. The thioester prodrug hydrolyzes relatively
slowly under neutral and acidic conditions and more
rapidly under basic conditions and undergoes facile
enzymatic hydrolysis by esterases, such as those found
in serum (data not shown). Nonhydrolyzable analogues of
the series were inactive in biochemical and cell-based
assays, indicating that the free thiol is the active species
(data not shown).

Characterization of KD5170

In vitro Studies

KD5170 is a potent HDAC inhibitor in vitro, with an
ICsp of 0.045 + 0.007 umol/L (SE; n = 5) in the HeLa cell
nuclear extract screening assay (Table 1). To define the
isoform selectivity of KD5170, biochemical assays with
individual recombinant human enzymes were done
(Table 1). TSA, the potent pan classes I and II inhibitor,
was included as a positive control. Because the degree of
KD5170 thioester hydrolysis and, therefore, the active
thiol generated in these assays are not easily deter-
mined, a readily reduced disulfide of KD5170 (compound
3, analogous to compound 1 identified in the uHTS screen)
was also profiled. The recombinant HDAC enzymes were
synthesized as glutathione S-transferase fusions, and
micromolar concentration of the reducing agent glutathi-
one used to elute the proteins was still present in the
reaction mixtures. Under these assay conditions, we predict
that the disulfide was readily reduced, yielding two molar
equivalents of active thiol. Among class I enzymes, KD5170
most potently inhibited HDACT1 [ICs, 0.020 &+ 0.004 pmol/L
(SE); n = 5] and HDAC3 [ICs, 0.075 + 0.01 pmol/L (SE);
n = 5]. KD5170 was a significantly less potent inhibitor of
HDAC2 [ICsp, 2.0 £ 0.12 umol/L (SE); n = 5], which is
surprising because these two isoforms have the highest
degree of amino acid homology (93%) among the class I
enzymes (11). KD5170 also potently inhibited HDAC4 and
HDACS6, with ICsy values of 0.026 umol/L (SE, +0.003
umol/L; n = 5) and 0.014 pmol/L (SE, +0.002 pmol/L;
n = 5), respectively. After adjusting for two molar
equivalents of the active thiol generated from each
mole of disulfide, the ICs5y, values for KD5170 and
compound 3 were roughly equivalent, suggesting that
chemical conversion to the active free thiol species was
comparable for both prodrugs.

In cell-based assays, KD5170 treatment resulted in
concentration-dependent histone hyperacetylation with a
low nanomolar potency [ECs, 0.025 + 0.004 pmol/L (SE);
n = 20; Table 2; Supplementary Fig. 51].2 The maximal
response of KD5170 was similar to that of TSA, whose
maximal effect was defined as the 100% response.
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Figure 2. KD5170 induces apoptosis in human tumor A
cell lines. HCT-116 (A) human colorectal tumor cells

and HL-60 (B) human leukemia cells were treated with
KD5170 at increasing concentrations for a period of 48

and 24 h, respectively, followed by staining with JC-1

dye. Cytometric analysis was done using the BD LSRII
fluorescent cell analyzer, and percentage of apoptotic
versus healthy (live) cells are indicated (Materials and
Methods).
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Furthermore, KD5170 induced a-tubulin hyperacetylation,
a surrogate for HDAC6 inhibition (20, 21), in HeLa cells
[ECs0 of 0.325 £ 0.1 pmol/L (SE), n = 6, or ~65% efficacy of
TSA; Table 2]. Curiously, KD5170 potently and completely
inhibited recombinant human HDAC6 activity with an
ICsp of 0.014 umol/L. The mechanistic basis of the partial
inhibition of HDACS, inferred from a-tubulin hyperacety-
lation in HeLa cells, is unclear.

Epigenetic transcriptional induction of the cell cycle
inhibitor p21"A*! has been shown for many structurally
diverse HDAC inhibitors and is thought to be a hallmark of
HDAC inhibition (22-24). To determine if KD5170 induces
p21 expression, HCT-116 cells were treated with increasing
concentrations of KD5170 (30-1,000 nmol/L) for 6 and
18 h and p21 protein levels were monitored by quantitative
Western blotting (Supplementary Fig. S2).> Similar to other

Ty - . , AL TR AR PRI

Green Fluorescence - FL1 (APOPTOTIC)

HDAC inhibitors, KD5170 induced p21"4f expression
over the concentration range in which significant histone
H3 and a-tubulin acetylation were also observed.
Multiple structurally distinct HDAC inhibitors have been
reported to induce apoptosis of tumor-derived cells in
culture (25). One central feature of apoptosis is disruption
of mitochondrial membrane potential, which can be
monitored by the fluorescent dye JC-1 (26). KD5170
induced cell death in a concentration-dependent manner
in both HCT-116 colorectal cancer and HL-60 leukemia cells
(Fig. 2A and B). In separate studies, a large subdiploid
population of cells, indicative of nuclear DNA fragmenta-
tion, was observed after incubation with KD5170 and
subsequent staining with propidium iodide and cytometric
analysis (data not shown). KD5170 exhibits cytotoxic
activities against the well-studied NCI-60 human tumor
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cell line panel (ref. 23; Supplementary Table S1).3 The
cytotoxic activities (ECsp) ranged from 0.1 to 7.7 pmol/L,
with a mean and median of 1.6 and 0.9 pmol/L,
respectively. NCI-60 panel cell lines derived from hemato-
logic cancers seemed to be more sensitive to KD5170, with
ECs0s of <0.5 pmol/L against all six lines tested. We further
profiled the cytotoxicity of KD5170 in primary cell isolates
from treatment-naive chronic lymphocytic leukemia
patients, as well as cell lines derived from cutaneous
T-cell lymphoma and mantle cell lymphoma (Supplemen-
tary Table S1).2 Submicromolar ECsos were also observed,
supporting the potential of KD5170 for treating hemato-
logic malignancies.

KD5170 also exhibited significant cytotoxicity against
a variety of cell lines derived from human solid tumors.
Among the most sensitive cell lines was HCT-116
(ECsp, 0.14 pmol/L). Given the potent effect of KD5170,
the utility of HCT-116 cells in the preclinical development
of other HDAC inhibitors (24), and their favorable in vivo

A
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= 30mg/kg
-+ 100mg/kg
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growth properties, we chose these cells to determine the
pharmacodynamic response, antitumor activity, and dose
optimization of KD5170 in vivo.

Tumor-Based Pharmacodynamics

HCT-116-bearing nude mice were given a single p.o.
dose of KD5170 at 10, 30, or 100 mg (compound)/kg
(body weight). Tumors were excised at 1, 2, 4, 8, and 24 h
postdose (n = 4 per dose per time point). Whole-tumor
lysates were monitored for histone H3 and a-tubulin
acetylation by quantitative immunoblotting (Fig. 3A-C).
An increase in histone H3 acetylation was observed as early
as 1 h postdose (30 and 100 mg/kg), with further increases
at 2 and 4 h. At 30 mg/kg, peak acetylation was detected at
4 h, whereas at 100 mg/kg, peak acetylation was achieved
at 8 h. For all three doses, histone H3 acetylation was
significantly decreased from peak by 24 h; however, it was
still modestly above the baseline. This pharmacodynamic
response is consistent with the pharmacokinetics

100 mg/kg

Figure 3. KD5170 induces a ro-
bust and sustained pharmacodynam-
ic response in xenograft tumor
tissues. HCT-116 tumor-bearing
mice were p.o. given a single dose

- 10mgkg of KD5170 at 10, 30, or 100 mg/kg.
= 30mg/kg Tumor tissue was excised and
-+ 100mgl/kg snap frozen at times indicated, and

histone H3 (A and B) and a-tubulin
acetylation (C) was quantified by
immunoblotting and LiCor imaging
technology. Total a-tubulin was used
to normalize for amount of protein
spotted. Points, mean; bars, SE (n =
4 tumors per time point per dose

0 2 4 6 8 1012 14 16 18 20 22 24
Times (hrs)

(normalized to o tubulin-Fold above T)
(normalized to o Tubulin-Fold above T)

0 2 4 6 8 1012 14 16 18 20 22 24

group). The T, data points used for
normalization were the same for each
treatment and graphically replicated
in Fig. 3A for ease of comparison.

Times (hrs)
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Figure 4. KD5170 inhibits growth of HCT-116, NCI-H460, and PC-3 cell lines in vivo. A, HCT-116. KD5170 p.o. inhibits tumor growth in a human
colon cancer (HCT-116) xenograft. Vehicle, ®; KD5170 (42 mg/kg), m; KD5170 (84 mg/kg), A. Points, mean; bars, SE (n = 7 mice per dose group). B,
NCI-H460. Vehicle, m; erlotinib (100 mg/kg), ®; KD5170 (32 mg/kg), A; KD5170 (64 mg/kg), ¥. Points, mean; bars, SE (n = 8 mice per dose group).
T/C, (treated final volume — treated initial volume) / (control final volume — control initial volume) X 100. A T/C value of O equals tumor stasis. *, P < 0.05.
Statistical significance was determined by t test: two-sample assuming unequal variances (control versus treated on last measurement point). C, PC-3 end
of treatment, day 30. No treatment, ®; vehicle, ¥; KD5170 (30 mg/kg qod), O; docetaxel (10 mg/kgi.v.), *; docetaxel (30 mg/kgi.v.), +; KD5170 (30
mg/kg god) and docetaxel (10 mg/kg i.v.), A. Points, mean; bars, SE (n = 10 mice per dose group). D, PC-3 tumor regrowth posttreatment, day 90. No
treatment, @®; vehicle, ¥; KD5170 (30 mg/kg qod), O; docetaxel (10 mg/kg i.v.), *; docetaxel (30 mg/kgi.v.), +; KD5170 (30 mg/kg god) and docetaxel

(10 mg/kg i.v.), A. Points, mean; bars, SE (n = 10 mice per dose group).

of KD5170 after p.o. dosing in mice (data not shown).
a-tubulin acetylation was also observed, although the
magnitude of induction over baseline was significantly
lower than that detected for histone H3. Peak o-tubulin

Table 3. KD5170 dose optimization in HCT-116 xenograft
tumor bearing mice

acetylation was observed at 4 h post-single dose at both

30 and 100 mg/kg, with levels returning to near baseline
by 24 h.

In vivo Efficacy: Monotherapy

Based on outcomes from a series of dose optimization
studies using HCT-116 tumor-bearing nude mice, an
every other day (qod) p.o. dosing regimen was selected
(Fig. 4A and Table 3). This regimen increased the

Dose (mg/kg) ~ Regimen  T/C  Bodyweight  Mortality therapeutic index of KD5170 by reducing toxicity and
84 qd x 7 107% oo 0/5 maintaining significant efficacy. At 42 and 84 mg/kg qod,
05 qd x 7 59% —9.6% 0/5 significant tumor growth inhibition was observed with
40 qd x 7 1% —_22% 6/10 treated versus control (T/C) values of 44% and 25%,
42 qd x5 24% ~12% 3/8 respectively. KD5170 was well tolerated at 42 mg/kg qod
42 qod x 7 44% —2% 0/7 with no apparent toxicity based on body weight changes
84 qod x 7 17% —8.7% 1/7 (Table 3, bold font). The 84 mg/kg qod dose was associated
25 qod x 10 55% —1.5% 0/8 with a mean body weight loss of 8.7%, and one death of
50 qod x 10 35% —2.4% 0/8 seven animals, indicating a maximum tolerated dose
50 qod x 11 63% ~26% 0/10 between 42 and 84 mg/kg qod in this setting. In
7 qod > 11 35% —129% 3/10 independent experiments to assess effects on hematopoietic
100 qod x 11 35% —15.7% 8/10

NOTE: Compilation of a series of HCT-116 xenograft experiments
comparing efficacy and tolerability of different dose regimens of KD5170.
T/C, (treated final volume — treated initial volume) / (control final volume —
control initial volume) x 100. Bodyweight at day after last dose relative to
that at start. Mortality, number of animals that died or were sacrificed due to
overt toxicity.

system (complete blood counts) in wild-type BALB/c mice,
KD5170 at 50 and 100 mg/kg qd and qod X 7 resulted in a
pan-cytopenia indicative of myeloid suppression (data not
shown). Histopathologic assessment of both spleen and
sternum (bone marrow) in these animals indicated that
both the lymphoid and myeloid compartments were
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Table 4. KD5170 inhibits tumor growth in a human prostate cancer PC-3 xenograft

Compound 1 Compound 2 T/C Bodyweight nadir (d)

No treatment 0

Vehicle 1 Vehicle 2 0

KD5170 30 mg/kg qod X 14 32% 0
Docetaxel 10 mg/kg qwk X 3 9% 0
Docetaxel 30 mg/kg qwk x 3 —4% —5.7% (d23)

KD5170 30 mg/kg qod x 14

Docetaxel 10 mg/kg qwk X 3

~11% 6.5% (d20)

NOTE: T/C values at day 30 measurement point. Bodyweight nadir and day on which it was observed. A T/C value of 0 equals tumor stasis.

targeted. These data are consistent with published reports
of myeloid suppression in both preclinical and clinical
studies of structurally diverse HDAC inhibitors and is
consistent with HDAC inhibition.

Antitumor growth effects were also observed in xeno-
grafts of NCI-H460 cells, a rapidly growing non-small
cell lung carcinoma line that is insensitive to a variety
of therapeutics in vitro and in vivo, including the
epidermal growth factor receptor inhibitor erlotinib
(Tarceva; refs. 27, 28). KD5170 was cytotoxic to NCI-H460
cells in vitro with an ECs of 0.23 umol/L (Supplementary
Table S1).> Consistent with published findings, erlotinib
did not inhibit growth of NCI-H460 tumors at p.o. doses
as high as 100 mg/kg qd, a dose previously shown to
cause tumor stasis in xenograft tumors of other cell lines
(ref. 29; Fig. 4B). By contrast, KD5170 inhibited the growth
of NCI-H460, with a significant effect observed at 60 mg/kg
qod (T/C 48%). Cumulatively, these data indicate that
KD5170 significantly inhibited the growth of xenograft
tumors derived from two distinct tumor types.

In vivo Efficacy: Combination Therapy

Preclinical data supports the use of HDAC inhibitors
in prostate cancer (28). HDAC inhibition can result in
reduced expression of the androgen receptor in androgen-
dependent prostate cancer cell lines, resulting in impaired
cell proliferation and/or increased apoptosis (30). In
addition, the HDAC inhibitors vorinostat and LBH589
have been shown to inhibit the growth of the androgen

receptor—independent prostate cancer cell line PC-3 in vivo
(31, 32). To determine the potential for KD5170 in treating
prostate cancer, we treated PC-3 xenograft—bearing nude
mice with KD5170 alone or in combination with the
standard of care agent docetaxel. Optimal combination
doses of these two agents were first determined in a
maximum tolerated dose study in non-tumor-bearing
female nude mice (data not shown). Based on this study,
KD5170 was dosed at 30 mg/kg qod X 14 as monotherapy
and in combination with 10 mg/kg docetaxel dosed once
weekly (qwk) X 3 (1/3 maximum tolerated dose). In
addition, a separate arm of docetaxel at 30 mg/kg qwk x 3
(maximum tolerated dose) was included as a reference
(maximum efficacy). KD5170 at 30 mg/kg qod inhibited the
growth of PC-3 xenograft tumors with a day 30 (end of
treatment period) T/C value of 32% (Fig. 4C; Table 4). This
dose of KD5170 was well tolerated with no body weight
loss (Table 4). Both doses of docetaxel alone significantly
inhibited tumor growth with T/C values of 9% and 4%,
respectively. It is of note that the KD5170/docetaxel
combination caused tumor stasis or even modest regression
at day 30 with a T/C value of —11%. Whereas there was no
significant difference in effect between the KD5170/
docetaxel combination and docetaxel alone (10 mg/kg
qwk x 3) at day 30, a different picture emerged when
tumor growth was monitored for 60 days post—treatment
period (Fig. 4D). Median TTE (1,000 mm®) was significantly
increased (log-rank test) in the KD5170 and docetaxel
monotherapy arms (Table 5). Interestingly, TTE in
the KD5170/docetaxel combination arm was not only

Table 5. KD5170 and docetaxel combination results in a significant delay in TTE

Compound 1 Compound 2 MTV (mm?3), (in study; day 90) Fraction at endpoint (1,000 mm3) TTE
No treatment 40 9/10 33
Vehicle 1 Vehicle 2 — 10/10 31
KD5170 30 mg/kg qod X 14 — 10/10 47%
Docetaxel 10 mg/kg qwk x 3 40 9/10 60*
Docetaxel 30 mg/kg qwk x 3 206 0/5 90*
KD5170 30 mg/kg qod x 14 Docetaxel 10 mg/kg qwk x 3 479 1/9 90**

NOTE: Tumor growth was monitored twice weekly for 60 d post last dose of KD5170. Fraction at end point represents the fraction of mice that reached end
point (1,000 mm®) by day 90. TTE represents the median time for a tumor to reach the end point in days (Materials and Methods).

*Denotes significant log-rank test versus vehicle and no treatment controls (P = 0.0040).

"Denotes significant log-rank test versus corresponding monotherapy arms [docetaxel 10 mg/kg qwk (P = 0.0056) % 3 or KD5170 30 mg/kg QOD x 14 (P =

0.0002)].
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Table 6. KD5170 and docetaxel combination results in an increase in number of tumor regressions

Compound 1 Compound 2 Regressions
PR CR TFS
No treatment 0 0 0
Vehicle 1 Vehicle 2 0 0 0
KD5170 30 mg/kg qod x 14 0 0 0
Docetaxel 10 mg/kg qwk X 3 1 1 1
Docetaxel 30 mg/kg qwk x 3 2 3 0
KD5170 30 mg/kg qod x 14 Docetaxel 10 mg/kg qwk X 3 4 1 0

NOTE: Partial regression is when the tumor volume was 50% or less than that of day 1 for three consecutive measurements during the course of study and
>13.5 mm?® for one or more of these three measurements. Complete regression is when the tumor volume was <13.5 mm? for three consecutive measurements
during course of study. An animal with a complete remission at termination of study is classified as a tumor-free survivor.

Abbreviations: PR, partial regression; CR, complete regression; TFS, tumor-free survivor.

significant compared with no treatment and vehicle
controls but also with docetaxel 10 mg/kg qwk x 3 with
only one of nine tumors reaching 1,000 mm® by study end,
and hence, a median TTE of >90 days. In addition, there
was an increase in number of tumor regressions in the
KD5170/docetaxel combination arm over that observed in
either of the corresponding monotherapy arms (Table 6).

Discussion
Epigenetic subversion of key regulatory pathways is a
hallmark of human cancer (33). Integral to this process is
the posttranslational modification of histones, finely regu-
lated by the opposing activities of histone acetyltrans-
ferases and HDACs (2). Highly acetylated histones are
associated with a chromatin state that facilitates active
transcription. However, treatment of cells with HDAC
inhibitors results not only in transcriptional up-regulation,
but also transcriptional down-regulation, resulting in
altered expression of 2% to 20% of all genes (34-36). More
recently, it has become clear that HDACs also have many
nonhistone substrates, including key modulators of onco-
genesis, such as p53, HSP90, STAT, Bax, nuclear factor-xB,
etc. (5). Together, acetylation (and therefore inhibition) of
histone and nonhistone substrates by HDACs results in the
modulation of a multitude of signaling cascades and
cellular processes that are just beginning to be defined.
Like hydroxamic acids, thiols have long been appreciated
as potent zinc chelators. This moiety has been used in
different compounds to inhibit a diverse array of zinc-
dependent enzymes, including angiotensin-coverting en-
zyme (2, 34, 37), matrix metalloproteinases (38), and, more
recently, HDACs (9). With respect to HDACsS, the bacterial
natural product FK228 (romidepsin) was the first thiol-
based HDAC inhibitor to enter clinical development (39).
FK228 is currently in phase II/phase III clinical trials and is
exhibiting a therapeutic signal in several cancer types,
including peripheral and cutaneous T-cell lymphoma and
prostate cancer. Taking a cue from FK228, rationally
designed thiol-based small molecule HDAC inhibitors
have been described (8, 9). Broadly, these small molecule
agents use the potent zinc coordinating activity of sulfur,

with potential for p.o. administration and ease of synthesis
not possible with macrocyclic compounds, such as FK228.
Emblematic of this approach are a series of thiol-based
vorinostat analogues, which are reported to be as potent as
their parent hydroxamate in biochemical assays (9, 40).
Additional efforts have focused on generating mercaptoa-
cetoamide-based compounds that are thought to chelate the
HDAC-active site zinc in either a monodentate or
bidentate fashion, similar to that proposed for KD5170
(41). Our preliminary analysis suggests that both mercap-
toacetoamides and alkylmercaptans are less potent than the
corresponding mercaptoketones.* Many of the mercaptoa-
cetoamides have been identified in the academic sector
with little published data on in vivo pharmacokinetics,
pharmacodynamics, antitumor efficacy, or other variables
of pharmaceutical potential. It remains to be seen if any of
these agents progress to clinical development.

KD5170, a unique mercaptoketone, is the end product of
a chemical screen and subsequent medicinal chemistry
effort to maximize broad spectrum potency and optimize
physicochemical properties, such as aqueous solubility.
KD5170 has a unique HDAC isoform selectivity profile
in that it is a more potent inhibitor of HDAC1/HDAC3
than HDAC2 and also potently inhibits class II enzymes
(e.g.,, HDACS6). This is distinct from the pan inhibitory
activity of the clinical hydroxamates, in addition to that of
the benzamides, which exhibit selectivity for a subset of
class I enzymes (10). It is likely that different tumor types
use a different subset of HDACs to their selective
advantage, and hence, an a priori prediction is that agents
with a broader inhibitory profile will have clinical utility
across a wider range of human cancers (42). Insight into the
optimal inhibitory profile should have been gleaned from
the clinical evaluation of HDAC inhibitors with diverse
selectivity profiles across various cancer indications.

KD5170 is cytotoxic to a broad range of human tumor-
derived cell lines. This cytotoxicity results from induction
of apoptosis, as monitored by alteration in mitochondrial

4 Hassig CA, Smith ND, and Hager JH, unpublished observation.

Mol Cancer Ther 2008;7(5). May 2008



1064 Novel Mercaptoketone HDAC Inhibitor

membrane potential and DNA fragmentation in both the
HCT-116 and HL-60 cell lines. The ability to induce tumor
cell death via apoptosis is consistent with the proapoptotic
activity observed for other HDAC inhibitors (43). With the
KD5170 NCI-60 cytotoxicity profile and the wealth of
publicly accessible pharmacogenomic data for this tumor
cell panel, correlations between therapeutic response and
tumor type, mutational status and sensitivity to other
agents can be established (23, 44-46). These data will
provide the groundwork for future screens to identify
novel therapeutic combinations and guide selection of
clinical indications.

A single p.o. dose of KD5170 induces dose-dependent
histone H3 acetylation in HCT-116 xenograft tumors.
Induction is first observed at 1 hour, the earliest time point
monitored, and exhibits a significant trend toward baseline
by 24 hours, an effect consistent with its pharmacokinetic
profile. Whereas there is a modest induction of histone H3
acetylation at 10 mg/kg, this dose is not sufficient to
mediate an antitumor response when dosed once daily in
HCT-116 xenografts (Table 3). In the dose range that yields
significant antitumor response (30—100 mg/kg), significant
histone H3 acetylation was observed above baseline for
>8 hours post—single dose, indicating that this represents
the magnitude and duration of response necessary to
mediate an antitumor effect. This pharmacodynamic
response and its relationship to pharmacokinetics will help
guide optimal dose selection in man. KD5170 also exhibits
significant single-agent activity in xenografts of NCI-H460
(non-small cell lung carcinoma) and PC-3 (prostate) cell
lines, along with increased antitumor effects in combina-
tion with docetaxel in the PC-3 model. The activity in
combination with docetaxel supports the hypothesis that
HDAC inhibitors will ultimately be most efficacious when
used in combination therapy, as are many ‘“molecularly
targeted” cancer therapeutics (47). Future studies will
continue to explore this combination with a focus on
optimization of dose order and regimen. In addition to the
activity in solid tumor xenografts, KD5170 has recently
been shown to exhibit significant activity against multiple
myeloma cell lines in vitro and in vivo.> The in vitro and
in vivo profiles of KD5170, coupled with its pharmaceutical
attributes, support continued preclinical and clinical
development as a p.o. given therapeutic with potential
across a wide range of cancer indications.
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