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LAQ824 and LBH589 (panobinostat) are
histone deacetylase inhibitors (HDACI)
developed as cancer therapeutics and we
have used the Ep-myc lymphoma model
to identify the molecular events required
for their antitumor effects. Induction of
tumor cell death was necessary for these
agents to mediate therapeutic responses
in vivo and both HDACi engaged the
intrinsic apoptotic cascade that did not
require p53. Death receptor pathway
blockade had no effect on the therapeutic

activities of LAQ824 and LBH589; how-
ever, overexpression of Bcl-2 or Bcl-X, pro-
tected lymphoma cells from HDACi-induced
killing and suppressed their therapeutic
activities. Deletion of Apaf-1 or Caspase-9
delayed HDACi-induced lymphoma killing in
vitro and in vivo, associated with suppres-
sion of many biochemical indicators of
apoptosis, but did not provide long-term
resistance to these agents and failed to
inhibit their therapeutic activities. Ep-myc
lymphomas lacking a functional apopto-

some displayed morphologic and biochemi-
cal features of autophagy after treatment
with LAQ824 and LBH589, indicating that, in
the absence of a complete intrinsic apopto-
sis pathway involving apoptosome forma-
tion, these HDACi can still mediate a thera-
peutic response. Our data indicate that
damage to the mitochondria is the key event
necessary for LAQ824 and LBH589 to medi-
ate tumor cell death and a robust therapeu-
tic response. (Blood. 2009;114:380-393)

Introduction

There is growing evidence that altered gene expression, governed
by epigenetic changes, plays a fundamental role in cancer onset and
progression.’? Consequently, compounds, such as 5-aza-2’-
deoxycytidine that inhibit DNA methyltransferases and induce
genome-wide hypomethylation, and histone deacetylase inhibitors
(HDAC:), have been developed and found to exert anticancer
activity both in the laboratory and in the clinic.>? A large number of
HDAC I have been developed that differ in chemical structure, and
they inhibit the enzymatic activity of class I, II, and IV HDACs
with various efficiencies.> LAQ824 and LBH589 are members of
the hydroxamic acid class of HDACi that show broad enzyme
inhibitory activity in the low nanomolar range* and have pro-
gressed through preclinical development into early-phase clinical
trials.>® These HDACi can have diverse anticancer activities,
including induction of tumor cell apoptosis,’””!' inhibition of
cell-cycle progression,'>!3 and suppression of angiogenesis.!*!>
Both LAQ824 and LBH589 are particularly effective in killing
primary leukemia and lymphoma cells and established tumor-
derived cell lines in vitro,”'"!3 and studies using xenotrans-
plantation tumor models have demonstrated therapeutic efficacy
in ViVO.7’8‘]2']4’|5

Determining whether HDACi-mediated tumor cell apoptosis is
important for the therapeutic activity of the drugs remains an
important unanswered question. Moreover, although LAQ824 and
LBHS589 have been shown to induce morphologic and biochemical
changes associated with apoptosis, exactly how these drugs trigger

the apoptotic pathway remains to be elucidated. LAQ824 and
LBHS589 both inhibit the activity of HDACG6. This results in
hyperacetylation of Hsp90 and subsequent polyubiquitylation and
proteasomal degradation of client proteins, including Ber-Abl,
AKT, c-Raf, and FLT-3,%!! but whether this effect is directly related
to the proapoptotic activities of the compounds remains unclear.
Other apoptosis-related events, such as activation of the death
receptor pathway through transcriptional induction of tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) receptors
DR4 and DR5,'® down-regulation and/or degradation of prosur-
vival proteins (XIAP, Mcl-1, Bcl-2, Bel-XL), production of reac-
tive oxygen species and the lipid second messenger ceramide,!” and
up-regulation of the apoptosome proteins caspase-9 and Apaf-1,'3
have been reported after treatment of tumor cell lines with LAQ824
and/or LBH589.

The focus of this study was to identify the proteins and
pathways involved in LAQ824- and LBH589-induced tumor cell
killing and to determine the relationship between the ability of
these agents to directly kill their tumor targets and mediate a
therapeutic benefit. To do this, we used the Ep-myc transgenic
mouse model of pre-B/B-cell lymphoma.'® This model is readily
tractable and allows genetic manipulation by cross-breeding and
retroviral transduction to produce “compound mutant” lymphomas
that can be used in vitro and in vivo to identify molecular pathways
important for a given drug to have an anticancer effect.%-?!
Importantly, therapy studies using Ep-myc lymphomas can be
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performed in immunocompetent C57BL/6 mice, thereby allowing
consideration of potential interactions between HDACi and the
host immune system. Using this model, we show a direct correla-
tion between the induction of tumor cell death by LAQ824 and
LBHS589 in vitro and therapeutic efficacy in vivo. Both LAQ824
and LBHS589 induced morphologic and biochemical changes
commonly associated with apoptosis, and we show that these
agents preferentially activated the intrinsic (mitochondrial) apopto-
tic pathway to kill their tumor targets. Interestingly, Ep-myc
lymphomas lacking a functional apoptosome, resulting from dele-
tion of the apaf-1 or caspase-9 genes, showed a delayed cell death
but still lost their clonogenic capacity after exposure to LAQ824
and LBHS589, concomitant with loss of mitochondrial membrane
integrity. These cells did not display caspase activation, DNA
fragmentation, or perturbation of the plasma membrane. Interest-
ingly, Ew-myc/apaf-1~'~ lymphomas treated with LAQS824 or
LBHS589 displayed morphologic and biochemical features consis-
tent with autophagy, indicating that, in the absence of a functional
intrinsic apoptotic cascade, HDACi can kill tumor cells through
alternative mechanisms. Importantly, Apaf-1-deficient Ep-myc
lymphomas remained sensitive to LAQ824 and LBH589 in vivo,
indicating that loss of viability, primarily through induction of
apoptosis via the intrinsic apoptotic pathway but also through cell
death events mediated downstream of mitochondrial membrane
damage, produces therapeutic efficacy in response to these compounds.

Methods

Cell culture and reagents

Ep-myc, En-myc/bcl-2, Ep-myclbel-Xp, Ep-myclp53~'~, Ep-mycltrail ',
Ew-myclapaf-1-'-, Ep-myc/caspase-9~'~, Ep-myclarf~'~, and Ep-myc/
CrmA lymphomas were developed as previously described.!?!23 Ew-myc
lymphomas were cultured in 6-well plates (Greiner Bio-One) in the
high-glucose version of Dulbecco modified Eagle medium supplemented
with 10% fetal calf serum, penicillin/streptomycin, 0.1 mM L-asparagine,
and 50 uM 2-mercaptoethanol. LAQ824 and LBH589 were dissolved in
dimethyl sulfoxide for the preparation of stock solutions (10 mM). Tetram-
ethylrhodamine ethyl ester (TMRE) was purchased from Invitrogen.
Etoposide was obtained from the Peter MacCallum Cancer Center hospital
pharmacy (East Melbourne, Australia). Fluoroisothiocyanate (FITC)-VAD
was purchased from Promega. All other chemicals were from Sigma-
Aldrich. The antibodies against acetylated histone H3 were purchased from
Upstate Biotechnology. Anti-LC3 (clone 2G6) and anti-p42 ERK (clone
3A7) monoclonal antibodies were obtained from Nanotools and Cell
Signaling Technology, respectively. Anti—Bcl-2 and anti-CrmA antibodies
were from BD Biosciences, and anti-Bcl-X; was purchased from Santa
Cruz Biotechnology.

In vitro cell death assays

Ep-myc lymphoma cells (5 X 10° cells/mL) were incubated in the presence
of the indicated compounds for 20 hours in 1 mL cell culture medium in
24-well plates (Greiner Bio-One). Viability of cells was measured by
propidium iodide (PI) uptake, annexin V staining, fluorescein isothiocya-
nate vincristine-doxorubicindexamethasone staining, cell-cycle analysis, or
TMRE staining and performed as described.?! P values were calculated
using a 2-way ¢ test; 95% confidence intervals were calculated using
MedCalc software, version 8.0.2.0.

Clonogenic survival assays

Cells were treated overnight with LAQ824 or LBH589, and 8 X 102 cells
were then added to 1.5 mL molten soft agar (20% fetal bovine serum/0.3%
agar in media) and 500 L of this mixture plated in triplicate in a 24-well,
flat-bottom plate (BD Biosciences). Agar was allowed to set for 30 minutes
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at room temperature before overlaying with 1 mL of medium. Plates were
incubated in a humidified 37°C incubator for 7 to 12 days. Colonies were
counted using an inverted microscope (Opelco).

Mice

Six- to 8-week-old C57BL/6 mice were used for in vivo apoptosis assays
and therapy studies. The Peter MacCallum Cancer Center Animal Ethics
Committee approved all mouse protocols used in this study. Polymerase
chain reaction-based genotyping and Western blotting analysis were used
to validate lymphoma genotypes (data not shown).

In vivo apoptosis assays

For in vivo apoptosis assays, C57BL/6 mice were injected with Ep-myc
Iymphoma cells (5 X 103 cells per animal), and after 10 to 15 days when
lymph nodes became well palpable, LAQ824 (75 mg/kg) or LBH589
(80 mg/kg) was administered intravenously. After the indicated time points,
mice were killed and cells were harvested from brachial lymph nodes for
fluorescence-activated cell sorter (FACS)-based assays to analyze apopto-
sis signaling.?!

To assess therapeutic efficacy of LAQ824 and LBH589, C57BL/6 mice
were injected with Ep-myc lymphoma cells of the indicated genotypes
intravenously (5 X 103 cells per animal). Peripheral white blood cell
(WBC) counts were monitored every 2 to 3 days until they exceeded
13 X 10? cells/pL (Sysmex Hematology Analyzer K-1000, Sysmex) and
LAQS824 (75 mg/kg) injected intravenously every 5 days (4 injections) or
LBHS589 (80 mg/kg) injected intravenously every 7 days (3 injections).
Statistical analyses were performed using a Student 7 test. We have
previously determined that this regimen represented the maximum tolerated
dose in lymphoma-bearing mice (data not shown). Mice in the control
cohort received the corresponding amount of 10% lactic acid/water 5%
dextrose (DSW). Cohorts consisted of 8 to 11 mice each, and peripheral
WBC counts and body weights were recorded weekly. On signs of major
distress or when lymphomas were relapsing as indicated by enlarged
brachioaxial lymph nodes, mice were killed and subjected to postmortem
analysis. For analysis of therapeutic efficacy, tumor-induced mortality
“events” were recorded. Kaplan-Meier analysis was performed, and
comparisons made using the Mann-Whitney U test (MedCalc software,
version 8.0.2.0).

Histology and transmission electron microscopy

Paraffin-embedded sections (4 wm) from 10% neutral buffered formalin-
fixed lymph nodes were stained with hematoxylin and eosin (kindly
performed by the Peter MacCallum Cancer Center Histology core facility)
to evaluate nuclear apoptotic morphology of Ep-myc lymphoma cells in
situ. TdT-mediated dUTP nick end-labeling (TUNEL) staining was per-
formed using the Apoptag Peroxidase In Situ Apoptosis Detection Kit
(Chemicon International) kit following the manufacturer’s instructions.
Acetylated histone H3 was detected using a Dako Autostainer Plus (Dako
North America). Samples were incubated with antiacetyl histone H3
antibodies (1:1200; Upstate Biotechnology) and then incubated with
EnVision+ System HRP anti-rabbit IgG antibodies (Dako North America).
Sections were counterstained using a hematoxylin solution. Images from
sections were recorded with a Zeiss Axioskop2 microscope (Carl Zeiss) and
a 40X lens using the SPOT Advanced image acquisition software (version
4.1, Diagnostic Instruments).

For transmission electron microscopy (TEM) analysis, cells were
washed twice in phosphate-buffered saline (PBS) and fixed in 0.08 M
Sorensen phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde and
2% paraformaldehyde for 2 hours at room temperature. After fixation, cells
were washed in PBS and embedded in agarose. Sections (60-80 nm)
were stained with lead citrate and uranyl acetate and examined under a
Jeol 1011 electron microscope (Joel Australasia). Images were taken using a
MegaView III Digital camera with analySIS software (Olympus Soft
Imaging Systems).
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Western blot analysis

Cells were washed twice in PBS and lysed in Triton X-100 lysis buffer (1%
Triton X-100, 20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM ethylenediami-
netetraacetic acid, 10% glycerol), containing a cocktail of protease inhibi-
tors (Sigma-Aldrich). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel -electrophoresis (15%) and transferred onto
polyvinylidene difluoride membranes (Millipore). Membranes were blocked
with 5% nonfat milk in Tris-buffered saline/0.1% Tween-20 for 2 hours at
room temperature and incubated overnight with primary antibodies.
Membranes were developed using horseradish peroxidase—coupled rabbit
anti-mouse IgG (Dako North America) and enhanced chemiluminescence
(GE Healthcare).

Results

Ep-myc lymphomas undergo apoptosis when exposed to
LAQ824 and LBH589

Ep-myc lymphomas cultured ex vivo were exposed for 24 hours
to increasing concentrations of the HDACi LAQS824 and
LBH589 and plasma membrane integrity assessed by uptake of
PI. As shown in Figure 1A, low-nanomolar concentrations of
LBHS589 and LAQ824 were sufficient to kill Ep-myc lymphoma
cells, as determined by PI uptake. The concentration of HDACi
resulting in 70% cell death (LD7,) was 25 nM for LAQ824 and
4 nM for LBH589. These concentrations of LAQ824 and LBH589
were sufficient to induce comparable levels of hyperacetylation of
histone H3 within a 2-hour incubation (Figure 1B). We next
assessed the biochemical changes that occurred after treatment of
Ep-myc lymphoma cells with LAQ824 or LBH589. Ep-myc
lymphomas treated with LAQ824 or LBH589 displayed hallmark
features of apoptosis, including loss of mitochondrial membrane
potential (Ays,,), caspase activation, DNA fragmentation, and cell
surface exposure of phosphatidylserine (Figure 1C) in a time-
dependent manner. In all cases, LBH589 was a more potent inducer
of apoptosis than LAQ824.

Therapeutic activity of LAQ824 and LBH589 against Epn-myc
lymphoma

To determine whether LAQ824 and LBH589 were capable of
killing Ep-myc cells in vivo, C57BL/6 mice bearing an Eu-myc
lymphoma were treated with LAQ824, LBH589, or vehicle for
various times. Lymph nodes were harvested at 2, 4, 8, and 24 hours
and drug activity assessed by histologic examination (Figure 1D).
Both HDAC: induced rapid and extensive apoptosis in Ep-myc
lymphoma cells within whole animals, as determined by TUNEL
staining and morphologic changes associated with apoptosis,
including cell shrinkage and chromatin condensation. Induction of
tumor cell apoptosis by LAQ824 and LBH589 was preceded by
hyperacetylation of histone H3, and consistent with the data
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Table 1. Ep-myc, Ep-myc/CrmA, Ep-myclbcl-2, Ep-mycl/p53-'-, and
Ep-myc/apaf-1-/- lymphomas, different from those used in data
presented in Figures 1 through 5, were injected into C57BL/6 mice,
and the therapeutic efficacy of LAQ824 and LBH589 was assessed
in tumor-bearing mice

Median survival, WBC, x10%mL,

Ep-myc lymphoma d(P) mean += SE
Ep-myci#2

Vehicle 22 38.7 = 1.3

LAQ824 28 (.003) 99+15

LBH589 31.5 (< .001) 3.4 0.3
Ep-myc/CrmA#2

Vehicle 18 19.4 £ 0.8

LAQ824 22 (< .001) 108 £ 2.7

LBH589 26.5 (< .001) 11.0+1.8
Ep-myclbcl-2#2

Vehicle 21 52.6 = 11.2

LAQ824 19 41.0+74

LBH589 19 234 +75
Ep-myclp53-'-#2

Vehicle 20.5 19.6 = 1.5

LAQ824 23.5 (.002) 125 £ 3.2

LBH589 36.5 (< .001) 6.0 £ 0.8
Ep-myclapaf-1-'-#2

Vehicle 29 48.1 = 4.1

LAQ824 44 (.002) 16.4 £ 2.6

LBH589 47.5 (.004) 25+0.3

Data represent the median survival times derived from Kaplan-Meier curves and
white blood cell (WBC) counts taken 3 days after treatment with vehicle, LAQ824, or
LBH589 (3 mice per data point).

obtained in vitro (Figure 1B), this change was apparent as early as
2 hours after treatment. Taken together, these data demonstrate that
LAQ824 and LBHS589 are capable of inducing histone hyperacety-
lation and apoptosis in Ep.-myc lymphoma cells in vivo.

To determine whether the apoptosis-inducing effects of LBH589
and LAQ824 translated into a therapeutic response, C57BL/6 mice
were given transplants of an Ep-myc lymphoma and treatment with
LAQS824, LBH589, or vehicle commenced when WBC counts
reached a pathologic threshold (> 13 X 10° cells/pL). Mice were
administered intravenously with LAQ824 or LBH589, and the
treated mice showed a statistically significant increase in median
survival time compared with those mice injected with vehicle
(Figure 1E, median survival vehicle = 22 days; median survival
LAQS824 = 28 days, P = .001; median survival LBH589 = 34 days,
P < .001). Consistent with the increase in survival seen after
treatment of lymphoma-bearing mice with LAQ824 and LBH589,
both agents caused a statistically significant decrease in WBC
counts when assessed 3 days after the first injection of drug, with
WBC numbers restored to near-normal levels by LBH589 (Figure
1F). To ensure that the observed in vivo effects of LAQ824 and
LBHS589 administration were not restricted to a single tumor,
similar studies yielding comparable results were performed with an

Figure 1. The HDACi LAQ824 and LBH589 induce cell death in Epn-myc lymphomas both in vitro and in vivo. (A) Ep-myc lymphoma cells were incubated for 24 hours
with the indicated concentrations of LAQ824 or LBH589. Cell viability was determined by the uptake of Pl and FACS analysis. (B) Whole cell lysates were prepared from
Ep-myc lymphoma cells that had been treated for 2 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM). Western blot analysis was performed with antibodies specific for
acetylated histone H3. Equivalent protein loading was confirmed by probing for B-actin. (C) En-myc lymphomas were treated with LAQ824 (25 nM) or LBH589 (4 nM) for the
indicated times, and apoptosis was assessed by flow cytometric analysis of Aym, caspase activation, presence of cells with < 2n DNA content (sub G1), and surface exposure
of phosphotidylserine (annexin V staining). Each dose or time point represents the mean value of 3 individual experiments + SE. (D) C57BL/6 mice bearing palpable Ep-myc
lymphoma cells were treated intravenously with LAQ824 (75 mg/kg) or LBH589 (80 mg/kg), and lymph nodes were harvested at the indicated times. Histologic sections were
assessed by hematoxylin and eosin staining (top panel), immunohistochemistry using antibodies to acetyl histone H3 (middle panel), and TUNEL staining (bottom panel). Each
time point is representative of an individual mouse. (E) C57BL/6 mice bearing an E.-myclymphoma were treated with vehicle (200 pL 10% lactic acid/D5W; n = 10), LAQ824
(75 mg/kg; n = 10), or LBH589 (80 mg/kg; n = 10). Kaplan-Meier survival curves of mice treated with vehicle (black line), LAQ824 (blue line), or LBH589 (red line) are shown.
(F) WBC counts of mice bearing an Ep.-myc lymphoma were taken 3 days after treatment with vehicle, LAQ824, or LBH589. Each point represents the mean value of
3individual mice + SE (*P = .01; #P = .004).
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Figure 2. LAQ824- and LBH589-induced apoptosis and therapeutic efficacy do not require the death receptor pathway. (A) Ep-myc/CrmA and Ew-mycltrail~/~
lymphoma cells were incubated for 24 hours with the indicated concentrations of LAQ824 or LBH589. Cell viability was determined by staining with Pl and FACS analysis.
(B) Whole cell lysates were prepared from Ep.-myc/CrmA lymphomas that had been treated for 2 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM). Western blot analysis
was performed with antibodies specific to acetylated histone H3. Equivalent protein loading was confirmed by probing for -actin. (C) En-myc/CrmA and Ep-myc/trail~'~
lymphomas were treated in vitro for 24 hours with vehicle (), LAQ824 (25 nM; [J), or LBH589 (4 nM; (). The extent of apoptosis was measured by flow cytometric analysis
of the loss of Aym and exposure of phosphatidylserine on the cell surface (annexin V staining). Each dose or time point represents the mean value of 3 individual
experiments = SE. (D) Ep-myc/CrmA and Ep-myc/trail~’~ lymphoma cells were treated in vitro for 24 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM), and cell-cycle
analysis was performed by FACS after staining fixed/permeabilized cells with PI. The percentages of cells residing in the Go/G1, S, and Go/M phases of the cell cycle and those
cells with less than 2n DNA content (sub-G+) are indicated. Cells treated with vehicle are represented by the gray histograms in the middle and bottom panels. (E) C57BL/6 mice
bearing palpable Ep.-myc/CrmA lymphomas were injected intravenously with LAQ824 (75 mg/kg) or LBH589 (80 mg/kg), and lymph nodes were harvested at the indicated
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additional independently derived Ew-myc lymphoma (Epw-myc#2;
Table 1; supplemental Figure 1, available on the Blood website; see
the Supplemental Materials link at the top of the online article).

LAQ824 and LBH589 do not require TRAIL or the death
receptor apoptotic pathway for killing of Epn-myc lymphoma
cells

It has been reported that transcriptional induction of TRAIL and its
cognate receptor DRS, resulting in enhanced cell surface expres-
sion of this death ligand/death receptor pair, is critical for
HDAC:i-induced killing of primary acute myeloid leukemia (AML)
cells.?*? To assess the requirement of TRAIL and the importance
of signaling through the death receptor pathway for apoptosis of
Ew-myc lymphoma cells induced by treatment with LAQ824 and
LBHS589, we generated Ep-myc lymphomas lacking TRAIL (Ep-
mycltrail =) or overexpressing the viral serpin CrmA (Ep-myc/
CrmA; supplemental Figure 2). CrmA blocks death receptor
signaling by inhibiting the enzymatic activity of caspase-8.2° As
shown in Figure 2A, Ep-myc/CrmA and Ep-myc/trail ™'~ lympho-
mas were as sensitive to LAQ824- and LBH589-mediated apopto-
sis as control Ep-myc lymphomas, and both agents induced robust
acetylation of histone H3 within 2 hours of incubation (Figure 2B).
Loss of expression of TRAIL or overexpression of CrmA had no
significant effect on the ability of these 2 HDACi to induce
apoptosis, as measured by loss of mitochondrial membrane poten-
tial, surface exposure of phosphatidylserine as visualized by
staining with annexin V (Figure 2C), or increased DNA fragmenta-
tion (Figure 2D).

To determine whether loss of death receptor signaling perturbed
the therapeutic effects of LAQ824 or LBH589, C57BL/6 mice
bearing an Ep-myc/CrmA lymphoma were treated with vehicle,
LAQS824, or LBH589. Inhibition of death receptor signaling by
CrmA had little or no effect on the ability of LAQ824 or LBH589
to induce histone hyperacetylation or TUNEL staining in vivo
(Figure 2E). Consistent with these findings, mice bearing Ew-myc/
CrmA lymphomas showed enhanced survival (Figure 2F, median
survival vehicle = 17 days; median survival LAQ824 = 27.5 days,
P = .001; median survival LBH589 = 25.5 days, P = .05) and
decreased WBC counts (Figure 2G) after treatment with LAQ824
or LBH589. Similar results were obtained when using an inde-
pendently derived Epw-myc/CrmA lymphoma (Ew-myc/CrmA#2;
Table 1; supplemental Figure 2). Taken together, these results
indicate that death receptor signaling is dispensable for LAQ824-
and LBH589-induced apoptosis of Ew-myc lymphoma cells in vitro
or in vivo and for therapeutic efficacy in the treatment of these
tumors in mice.

Overexpression of prosurvival Bcl-2 proteins suppresses the in
vitro and in vivo apoptotic activities of LAQ824 and LBH589

Given that death receptor signaling was not critical for HDACi-
mediated killing of Ep-myc lymphomas, it appeared probable that
the Bcl-2—-regulated intrinsic apoptotic pathway would be engaged.
To examine this, we generated Ep-myc lymphomas overexpressing
Bcl-2 or Bcel-Xp, by retroviral gene transduction of established
Ep-myc lymphomas (Ew-myc/bcl-2 and Epw-myc/bcl-x; lympho-
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mas; supplemental Figure 3) and examined their sensitivity to
LAQ824 and LBH589 in vitro and in vivo. As shown in Figure 3A,
lymphomas overexpressing Bcl-2 or Bcl-X; were completely
resistant to LAQ824- and LBH589-induced apoptosis after 24-hour
exposure to the compounds. Hyperacetylation of histone H3 still
occurred in these cells in response to treatment with LAQ824 and
LBHS589 (Figure 3B), demonstrating that the compounds were
active in these cells. To ensure that overexpression of Bcl-2 or
Bcel-X;. did not merely delay apoptosis mediated by LAQS824
or LBH589, En-myc/bcl-2 and Ep-myc/bcl-x; lymphomas were
treated with these agents continuously over 3 days. Lymphomas
overexpressing Bcl-2 or Bcel-X| were able to survive extended
exposure to LAQ824 or LBH589 (Figure 3C-D). Interestingly,
although overexpression of Bcl-2 or Bel-X; suppressed LAQ824-
and LBH589-induced apoptosis, both HDAC:i inhibited cell-cycle
progression, evident by a decrease in cells in S phase and a
concomitant increase of cells in the Go/G; phases (Figure 3D) and
induction of the cell-cycle inhibitor p21WAFI/CIPL (supplemental
Figure 4). This demonstrates that overexpression of Bcl-2 and
Bcl-X; inhibits only the proapoptotic activity of HDACi but not
other activities, such as induction of HDACi-responsive genes such
as cdknla and cell-cycle arrest. Similar results were obtained with
lymphomas engineered to overexpress Bcl-w (data not shown).
Consistent with the in vitro data, overexpression of Bcl-2
suppressed the apoptotic activities of LAQ824 and LBH589 in vivo
(Figure 3E). Importantly, treatment with LAQ824 and LBH589 did
not significantly extend the survival of mice bearing an Ew-myc/
bcl-2 lymphoma (Figure 3F, median survival vehicle = 15 days;
median survival LAQ824 = 15 days, P = .12; median survival
LBHS589 = 15 days, P = .47), nor did these agents significantly
decrease the WBC counts (Figure 3G). Similar in vivo data were
obtained using an additional Ep.-myc/Bcl-2 lymphoma (Ew-myc/bcl-
2#2; Table 1; supplemental Figure 3) and with Ew-myc/bcl-x; and
Ep-myc/bcl-w lymphomas (data not shown). Collectively, these
data demonstrate that activation of the intrinsic apoptotic pathway
is necessary for LAQ824- and LBH589-induced killing of Ep-myc
lymphoma cells and the therapeutic efficacy of these drugs.

Activity of LAQ824 and LBH589 in tumors devoid of a
functional p53 pathway

An intact pS3 pathway is important for optimal activity of a number
of chemotherapeutic drugs,?” and p53 has been proposed to play a
role in the anticancer activities of HDACi.?® We therefore exam-
ined the HDACi sensitivity of Ep-myc/p53~/~ lymphomas and
Ew-myclarf~'~ lymphomas, which retain wild-type p53 but have an
attenuated oncogene-induced p53 response.?* LAQ824 and LBH589
induced apoptosis of Ep-myc/p53~'~ and Ep-myc/arf =/~ lympho-
mas at a rate comparable with that observed with control Ep-myc
lymphomas (Figure 4A-D). Treatment of C57BL/6 mice bearing an
Ep-myc/p53~'~ lymphoma with LAQ824 or LBH589 resulted in
rapid histone hyperacetylation and TUNEL staining (Figure 4E),
a reduction in the WBC count (Figure 4G), and a concomitant
increase in mouse survival (Figure 4F, median survival ve-
hicle = 20 days; median survival LAQ824 = 26 days, P = .001;
median survival LBH589 = 33 days, P = .001). Similar results

times. Histologic sections were assessed by hematoxylin and eosin staining (top panel), immunohistochemistry using antibodies to acetyl histone H3 (middle panel), and
TUNEL staining (bottom panel). Each time point is of an individual mouse. (F) C57BL/6 mice bearing an Ew.-myc/CrmA lymphoma were injected with vehicle (200 pL 10% lactic
acid/D5W; n = 10), LAQ824 (75 mg/kg; n = 10), or LBH589 (80 mg/kg; n = 10). Kaplan-Meier survival curves of mice treated with vehicle (black line), LAQ824 (blue line), or
LBH589 (red line) are shown. (G) WBC counts of mice bearing an Ep.-myc/CrmA lymphoma (n = 3) were taken 3 days after treatment with vehicle, LAQ824, or LBH589. Each

point represents the mean value of 3 individual mice = SE (*P = .03; #P = .02).

20z aunr g0 uo 3sanb Aq Jpd08£000608208UZ/0ZE0ZE |/08E/Z/¥ | L/Pd-8]o11e/poo|gAeU sUOKEDIIqNdysE//:d)y WOl papeojumoq



386 ELLISetal BLOOD, 9 JULY 2009 - VOLUME 114, NUMBER 2

Ep-myc/Bcl-2 Ep-myc/Bcl-XL Ey-myc/ Ep-myc/
Bcl-2 Bcl-XL
100 +E|l 100
(V) e o —+ Ep-myc O ¥ o Q¥ o
80 80 — -
= = EirmycRel2 5 -+ Ep-myc/Bel-XL v 83 I I
.5. 60 E. 60 _a:, (¢} b % (¢} T
S5 4 . D> 4 ) M > S 3 > S 3
:\5 20 ¢ d i & 20 ¢ .
0+ 04
01 1 10 100 01 1 10 100 Ac-H3 | eme = ==
LAQ824 [nM] LAQ824 [nM]
100 100 @ PR -
..g- 60 ..g. 60
D> 40 D> 4 . ¢ 1.2 3 1 2 3
n_‘-’ = i n_; ? ,
[ # T
B : L3 i
01 1 10 100 01 1 10 100
LBH589 [nM] LBH589 [nM]
C Ep-myc/Bcl-2 Ep-myc/Bcl-XL
100 m24hr 11 m24hr
§ 80 048hr g &0 | C148hr
2. o72hr 2 oz
S . Ed
< q @
R 2 i R o _
ol Tl e mem Ll B o B
Vehicle LAQ824 LBH589 Vehicle LAQ824 LBH589
™1 m24nr ) maanr
E 80 | [J48hr 2 81 O48hr
£ o o7 £ o/ O720r
o o
c c
[ c
< < L
d - S Cd
I ™ I == M S o oy e
Vehicle LAQ824 LBH589 Vehicle LAQ824 LBH589
D Ep-myc/Bcel-2 Ep-myc/Bcel-XL
24hrs 48hrs 72hrs 24hrs 48hrs 72hrs
SubG1[ G1 [subG[ 61 ‘ SubG1] G1 i SubG1 G1 'subG1[ G1
14.46 | 43.87 12.76 | 5244 14.74 | 48.21 873 |43m 4134772
Vehicle frass |sees 510 |Soee Tass [ss17 Bocz |50 |
SubG1[G1 | [SubG1[ G1 lsuG1[G1 | SubG1[ G1
foss | se0r 1024 | 015 a0 | 701 1239 |6o7o
LAQS824 fosr |54 loer |G G |7 | B [5%
4 | |
[subG1[G1 [subG1[GT 'SubG1[ G1 | SubG1| G1
289 |04 6 |cass 778|625 oo |ore
LBH589 oz | %% ) Fo [S] R[]
| ——
SubG1 szm SubG1 szm T subG1 i) |
s N s
100
uw —_
2 B of
80
=
o 3
[} o L
2 S
e3 g
o 'qa; 8 af
20§ =
To 4
E 200 Vehicle
o 5 —— 1AQGS824
] 2 ——— LBH589
S ot i !
0 5 10 15 20
Time (days)
w
g : 180 — 1
160 . ¥
c ~ 140
™ ~
T2 = 120
g§ = 100
x
% 8 o 80
£ o ; 60
40
= 20
N
= 0
2

Vehicle  LAQ824 LBH589

20z aunr g0 uo 3sanb Aq Jpd08£000608208UZ/0ZE0ZE |/08E/Z/¥ | L/Pd-8]o11e/poo|gAeU sUOKEDIIqNdysE//:d)y WOl papeojumoq



BLOOD, 9 JULY 2009 - VOLUME 114, NUMBER 2

were observed in an independently derived Ew-myc/p53~/~ lym-
phoma (Ep-myc/p53~/~#2; Table 1; supplemental Figure 5). Taken
together, these data demonstrate that a functional p53 pathway is
not required for the apoptosis-inducing or therapeutic activities of
LAQ824 or LBH589.

LAQ824 and LBH589 retain therapeutic activity in the absence
of apoptosome formation

Because our data demonstrated that activation of the intrinsic
apoptotic pathway was necessary for HDACi-induced killing of
Ep-myc lymphomas and the consequent therapeutic activity of the
compounds, we examined the requirements of the apoptosome
components caspase-9 and its activator Apaf-1 for this process.
This was assessed by measuring the sensitivity of Ew-myc/
apaf-1-'~ and Ep-myc/caspase-9~'~ lymphomas to LAQ824 and
LBHS589. Deletion of Apaf-1 or caspase-9 reduced the extent of
LAQ824- and LBH589-induced apoptosis of Ew-myc lymphoma
cells at 24 hours (Figure 5A), although the hyperacetylation of
histone H3 mediated by these agents was unaffected (Figure 5B).
Consistent with the data shown in Figure SA, treatment with
LAQ824 or LBH589 for 24 hours elicited little or no phosphatidyl-
serine exposure, caspase activation, or DNA fragmentation (Figure
5C-D) in Ep-myclapaf-1-'~ and Ep-myc/caspase-9~'~ lymphomas
compared with control Ep-myc lymphomas. However, LAQ824
and LBHS589 still caused a substantial decrease in TMRE staining,
indicating that the mitochondrial outer membrane was being
perturbed (Figure 5C). We additionally demonstrated perturbation
of the mitochondrial membrane in Ew-myc/apaf-1~'~ lymphomas
treated with LBH589 and LAQS824 by assaying for release of
cytochrome ¢ from the mitochondria (supplemental Figure 6).
A time course experiment revealed that, although LAQ824 and
LBHS589 induced maximal mitochondrial outer membrane perme-
abilization in an Ep-myc/apaf-1~'~ lymphoma over time, there
were only moderate or no increases in other apoptotic readouts,
such as caspase activity, annexin V staining, and DNA frag-
mentation (Figure 5C-D). To determine the ultimate fate of
Ew-myclapaf-1='~ lymphomas after treatment with LAQ824 and
LBHS589, we performed clonogenic assays. As shown in Figure SE,
clonogenic survival of Ep-myc and Ep-myc/apaf-1~'~ lymphomas
was suppressed after treatment with LAQ824 and LBH589. In
contrast, overexpression of Bcl-2, which also suppressed LAQ824-
and LBH589-induced apoptosis, caused a substantial increase in
clonogenic survival (Figure SE). These data demonstrate that, even
in the absence of well-established hallmarks of apoptosis, such as
caspase activation, exposure of phosphatidylserine on the cell surface,
and DNA fragmentation, LAQ824 and LBH589 can cause loss of
mitochondrial membrane potential and loss of clonogenic survival.
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The activities of LAQ824 and LBHS589 against an Ew-myc/
apaf-1~'~ lymphoma within whole animals are documented in
Figure 5F through H. Consistent with the finding that caspase
activity and DNA fragmentation were suppressed in Epw-myc/
apaf-1='~ lymphoma cells treated with LAQ824 or LBH589 in
vitro, treatment with LAQ824 or LBHS589 failed to cause an
appreciable increase in TUNEL staining in Ew-myc/apaf-1-'~
lymphoma-burdened mice. The drugs were, however, clearly active
in these experiments, as evidenced by the hyperacetylation of
histone H3 (Figure S5F). Remarkably, although they failed to induce
many of the biochemical and morphologic hallmarks of apoptosis,
both HDACi significantly enhanced the survival of mice bearing
an Ewp-myc/apaf-1='~ lymphoma (Figure 5G, median survival
vehicle = 24 days, median survival LAQ824 = 40 days; P = .001,
median survival LBH589 = 41 days; P = .001) and decreased
WBC counts below the pathologic threshold (Figure 5H). Simi-
lar results were observed in an independently derived Ep-myc/
apaf-1-'~ lymphoma (Ew-myc/apaf-1—'-#2; Table 1; supplemental
Figure 7). These results indicate that caspase activation down-
stream of mitochondrial perturbation and apoptosome formation
are not essential for LAQ824 and LBH589 to kill Ep-myc
lymphomas and mediate a therapeutic response.

LAQ824 and LBH589 induce morphologic changes associated
with autophagy

Our data indicate that Ep-myc lymphomas with an inactive
apoptosome through knockout of apaf-1 or caspase-9 lose viability
in response to treatment with LBH589 or LAQ824 in vitro and in
vivo without displaying classic morphologic and biochemical
features of apoptosis. It has recently been demonstrated that a range
of anticancer agents, including HDACi, may induce death of tumor
cells that have disrupted apoptotic machinery and that this can be
associated with hallmarks of autophagy.?>3° Biochemical and
morphologic features of autophagy include intracellular vacuola-
tion and the formation of double-membrane autophagosomes that
correlates with an increase in LC3-II that can be detected by
Western blotting.?%3! We therefore treated Ep-myc and Ep-myc/
apaf-1-'~ lymphomas with LBH589 and LAQ824 in vitro and
examined the cells for morphologic changes consistent with
autophagy using TEM and Western blot analysis. As shown in
Figure 6A, treatment of Ep-myc lymphomas with HDACi resulted
in cell shrinkage and chromatin condensation, typical features of
apoptosis. In contrast, Epw-myc/apaf-1~'~ lymphomas treated with
LBH589 and LAQ824 did not shrink to the same extent, showed
little or no chromatin condensation, but contained vacuoles and
numerous double-membrane vesicles (Figure 6B). Western blot
analysis showed that exposure of Ew-myc/apaf-1~/~ lymphoma

Figure 3. Overexpression of Bcl-2 suppresses LAQ824- and LBH589-mediated apoptosis and therapeutic efficacy. (A) Epn-myc, Epn-myc/bel-2, and Ep-myc/bel-x,
lymphoma cells were incubated for 24 hours with the indicated concentrations of LAQ824 or LBH589. Cell viability was determined by staining with Pl and FACS analysis.
(B) Whole cell lysates were prepared from Ew-myc/bcl-2 and Ep-myc/bel-x, lymphoma cells that had been treated for 2 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM).
Western blot analysis was performed with antibodies specific for acetylated histone H3. Equivalent protein loading was confirmed by probing for -actin. (C) Ep-myc/bcl-2 and
Ep-myc/bel-x, lymphoma cells were treated with vehicle, LAQ824 (25 nM), or LBH589 (4 nM) for 24, 48, or 72 hours. The extent of apoptosis was measured by flow cytometric
analysis of Aym and exposure of phosphatidylserine on the cell surface (annexin V staining). Each dose or time point represents the mean value of 3 individual experiments
+ SE. (D) Ep-myc/bcl-2 and Ep-myc/bel-X, lymphoma cells were treated for 24 to 72 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM), and cell-cycle analysis was
performed by FACS after staining fixed/permeabilized cells with PI. The percentages of cells residing in the Go/G1, S, and Go/M phases of the cell cycle and those cells with less
than 2n DNA content (sub-Gy) are indicated. Cells treated with vehicle are represented by the gray histograms in the middle and bottom panels. (E) C57BL/6 mice bearing
palpable Ew-myc/bcl-2 lymphomas were injected intravenously with LAQ824 (75 mg/kg) or LBH589 (80 mg/kg), and lymph nodes were harvested at the indicated times.
Histologic sections were assessed by hematoxylin and eosin staining (top panel), immunohistochemistry using antibodies to acetyl histone H3 (middle panel), and TUNEL
staining (bottom panel). Each time point is of an individual mouse. (F) C57BL/6 mice bearing an En-myc/bcl-2 lymphoma were treated with vehicle (200 wL 10% lactic
acid/D5W; n = 10), LAQ824 (75 mg/kg; n = 10), or LBH589 (80 mg/kg; n = 10). Kaplan-Meier survival curves of mice treated with vehicle (black line), LAQ824 (blue line), or
LBH589 (red line) are shown. (G) WBC counts of mice bearing an Ew.-myc/bcl-2lymphoma (n = 3) were taken 3 days after treatment with vehicle, LAQ824, or LBH589I. Each
point represents the mean value of 3 individual mice + SE (*P = .1; #P = .3).
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Figure 4. LAQ824- and LBH589-mediated apoptosis and therapeutic efficacy are independent of the p53 pathway. (A) Ep-myc/p53~'~ and Eu-myc/arf-'~ lymphoma
cells were incubated for 24 hours with the indicated concentrations of LAQ824 or LBH589. Cell viability was determined by staining with Pl and FACS analysis. (B) Whole cell
lysates were prepared from En-myc/p53~'~ and En-myc/arf-'~ lymphomas that had been treated for 2 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM). Western blot
analysis was performed with antibodies specific to acetylated histone H3. Equivalent protein loading was confirmed by probing for g-actin. (C-D) Ep.-myc/p53~/~ and
Ew-myc/arf-'~ lymphomas were treated for 24 hours with vehicle (l), LAQ824 (25 nM; [J), or LBH589 (4 nM; (). The extent of apoptosis was measured by flow cytometric
analysis of Aym, exposure of phosphatidylserine on the cell surface (annexin V staining), and presence of cells with less than 2n DNA content (Pl staining of
fixed/permeabilized cells). Each dose or time point represents the mean value of 3 individual experiments + SE. (E) C57BL/6 mice bearing palpable Ew-myc/p53~/~
lymphomas were treated intravenously with LAQ824 (75 mg/kg) or LBH589 (80 mg/kg), and lymph nodes were harvested at the indicated times. Histologic sections were
assessed by hematoxylin and eosin staining (top panel), immunohistochemistry using antibodies to acetyl histone H3 (middle panel), and TUNEL staining (bottom panel). Each
time point is of an individual mouse. (F) C57BL/6 mice bearing an Ep-myc/p53~/~ lymphoma were treated with vehicle (200 pL 10% lactic acid/D5W; n = 10), LAQ824
(75 mg/kg; n = 10), or LBH589 (80 mg/kg; n = 10). Kaplan-Meier survival curves of mice treated with vehicle (black line), LAQ824 (blue line), and LBH589 (red line) are
shown. (G) WBC counts of mice bearing an Ep-myc/p53~/~ lymphoma (n = 3) were taken 3 days after treatment with vehicle, LAQ824, or LBH589. Each point represents the
mean value of 3 individual mice + SE (*P = .06, #P = .002).

cells to LBH589 and LAQ824 caused an increase in the levels of  treated with LAQ824 or LBH589 showed little change in the ratio
LC3-II and a concomitant decrease in the amount of LC3-I (Figure = of LC3-I to LC3-II (Figure 6C). These biochemical and morpho-
6C). Importantly, Ep-myc/bcl-2 and Ep-myc/bcl-X; lymphomas  logic changes are consistent with Ep-myc/apaf-1='~ lymphoma
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cells undergoing autophagy after treatment with LAQ824 or
LBHS589. Although this autophagy correlates with a loss of
clonogenicity of the cells in vitro and therapeutic efficacy in vivo,
at present it is not clear whether autophagy kills these cells or is
activated as an emergency prosurvival response.

Discussion

HDACIi are promising new chemotherapeutic compounds with
pleiotropic molecular and biologic effects.> LBH589 and LAQ824
are hydroxamic acid-type HDACi that have both entered clinical
trials.> In phase 1 clinical trials, LBH589 was well tolerated when
administered either intravenously?? or orally.® Moreover, we dem-
onstrated that treatment of patients with cutaneous T-cell lym-
phoma with LBHS589 resulted in a 60% partial or complete
response rate.® These agents are capable of mediating a variety of
antitumor effects, such as induction of apoptosis,”!! cell-cycle
arrest,'>!3 and inhibition of angiogenesis.'*!> Although LBH589
and LAQS824 have proven therapeutic effects in preclinical mod-
els7$121415 and in human patients,>>9 it is not clear which of their
biologic action(s) account(s) for their antitumor efficacy in vivo.

Herein we have used the Ep-myc transgenic mouse model of
pre-B/B-cell lymphoma to assess the link between induction of
tumor cell death by the LBH589 and LAQ824 in vitro and in vivo
and therapeutic efficacy. This tractable transgenic mouse model
enabled us to identify the apoptotic pathways that were required for
LBHS589 and LAQS824 to kill Ep-myc lymphoma cells. Consistent
with previous reports showing that treatment of human tumor-
derived cell lines with LBH589'3 or LAQ824!8 resulted in mitochon-
drial membrane perturbation, cytochrome c release, and activation
of caspase-9, we showed that these agents selectively activated the
intrinsic apoptotic pathway (but not the death receptor pathway) to
kill Ep-myc lymphomas in vitro and in vivo. Importantly, we
demonstrated that inhibition of the intrinsic apoptotic pathway,
including blockade of mitochondrial membrane permeabilization,
through overexpression of Bcl-2 or Bel-X; abrogated the ability of
LBH589 and LAQS824 to kill Ep-myc lymphoma cells and
rendered these agents ineffective in vivo even though they still
induced expression of the cell-cycle inhibitor p21WAFI/CIPL and a
transient cell-cycle arrest at the G;/S boundary. Our studies
therefore show a clear link between induction of the intrinsic
apoptotic pathway by LBHS589 and LAQS824 and therapeutic
efficacy that supports our previous studies using vorinostat.?!

It has previously been reported that the HDACi VPA, TSA, and
MS-275 engage the death receptor pathway, particularly that
mediated by the interaction of TRAIL with its cognate death-
inducing receptors DR4 and/or DRS, to kill human and mouse
AML cells.>*? However, consistent with previous studies by us
and others using a variety of primary tumor-derived cells and cell
lines and structurally diverse HDAC;,?'33-30 LAQ824 and LBH589
did not require activation of the death receptor pathway to trigger
apoptosis of Ep-myc lymphoma cells in vitro or in vivo. Moreover,
inhibition of death receptor—-mediated apoptosis through overexpres-
sion of the viral serpin CrmA, which inhibits the enzymatic activity
of the death receptor pathway—associated caspase-8 and caspase-
10,7 had no significant effect on the therapeutic efficacy of
LBHS589 or LAQ824. Whether use of the death receptor pathway
by HDAC: is specific to AML cells remains to be determined.

Having established that perturbation of mitochondrial mem-
brane potential and activation of the intrinsic apoptotic pathway
correlated with the therapeutic effects of LBH589 and LAQ824, we
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initiated studies to identify key molecules upstream and down-
stream of the mitochondria that were required for HDACi-induced
killing of Ep-myc lymphomas. Chemotherapeutic drugs commonly
engage the p53 pathway to activate the intrinsic apoptotic path-
way.”” HDACi have been reported to mediate p53-dependent
apoptosis?®, and indeed, LBH589 has been shown to up-regulate
p53.13 Conversely, our previous studies in the Ep-myc lymphoma
system with the HDACI, vorinostat revealed that p53 was not
required for drug efficacy either in vitro or in vivo.?’ Using Ep-myc
lymphomas deficient for p33 or its activator pl19ARF, we demon-
strated that a functional p53 pathway was not necessary for the
apoptosis-inducing and therapeutic effects of LBH589 and LAQ824.

Loss of apoptosome (consisting of Apaf-1, caspase-9, and
cytochrome ¢) function has been proposed to play a role in
tumorigenesis and/or chemoresistance.?® This is based on findings
indicating that APAF-1 1is silenced or inactivated in various
hematologic and solid tumors, which often correlates with hyper-
methylation of the APAF-1 promoter3®% (and references therein).
Moreover, melanoma cells with loss of Apaf-1 expression resulting
from promoter methylation demonstrated chemoresistance that
could be reversed after restoration of Apaf-1 expression.*® How-
ever, the importance of a functional apoptosome in tumor onset and
sensitivity to anticancer drugs may be context dependent. Some
studies support the notion that loss of apoptosome function may
suppress the activity of chemotherapeutic drugs.*!"*3 However, loss
of Apaf-1 or caspase-9 had no effect on Ep-myc—induced lym-
phoma development and Ep-myc/apaf-1~"~ cells remained sensi-
tive to dexamethasone and etoposide, although a delay in the
kinetics of drug-induced apoptosis was observed.?> Moreover,
normal levels of Apaf-1 expression were found in melanoma
samples and cell lines in 2 later studies.*+

We tested whether activation of the apoptosome downstream of
mitochondrial membrane perturbation was essential for the death-
inducing and therapeutic activities of LAQ824 and LBHS589.
Although common hallmarks of apoptosis, such as annexin V
staining, caspase activation, and DNA fragmentation, were se-
verely attenuated or even abrogated in Ep-myc lymphomas lacking
Apaf-1 or caspase-9 after treatment with LAQ824 or LBHS589,
mitochondrial membrane potential and clonogenic capacity were
still lost. These results were similar to those reported using
IL-3—dependent immortalized promyelocytic cell lines derived
from apaf-1 or caspase-9 knockout mice that lost clonogenic
potential after withdrawal of IL-3 in the absence of plasma
membrane permeabilization or phosphatidylserine exposure.*® Simi-
larly, mast cells with knockout of apaf-1 or caspase-9 lost their
clonogenic potential after cytokine withdrawal without disruption
of plasma membrane integrity or exposure of phosphatidylserine.*’
In contrast, primary mouse T lymphocytes lacking Apaf-1 or
caspase-9 displayed characteristics of apoptosis, including phospha-
tidylserine exposure and DNA fragmentation after treatment with
y-irradiation or cytokine withdrawal.*® These contrasting results
might reflect differences in cell type or the effects of Myc-induced
transformation. Importantly, we found that Ep-myc/apaf-1~/'~ and
Ep-myc/caspase-9~'~ lymphomas were normally responsive to the
therapeutic effects of LAQ824 or LBH589 in vivo, demonstrating
that late events in apoptosis signaling (downstream of outer
mitochondrial membrane permeabilization) are not required for
killing these lymphoma cells and therapeutic efficacy. Interestingly,
Ew-myclapaf-1~'~ lymphomas treated with LAQ824 or LBH589
displayed morphologic and biochemical features characteristic of
autophagy, and similar changes were previously observed in
vorinostat-treated Apaf-1—deficient mouse embryonic fibroblasts.
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Figure 6. HDACi induce morphologic and biochemical changes associated with autophagy. (A) Ep-myc lymphoma cells were treated for 24 hours with vehicle
or LAQ824 (25nM) and assessed by TEM. —» indicates an apoptotic shrunken cell with condensed nuclei; —>, a cell with a disrupted outer cell membrane.
(B) Ep-myclapaf-1-/~ lymphomas were left untreated or treated for 24 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM) and assessed by TEM. Treatment of
Ep-myc/apaf-1~/~ lymphoma cells with LAQ824 or LBH589 for 24 hours resulted in the formation of autophagic vacuoles. Higher magnification shows autophagic vacuoles
(—») containing a double membrane. Scale bars represent 5 um. (C) Ew-myc/bcl-2, Ep-myc/bel-X,, and Ew-myc/apaf-1-/~ lymphomas were left untreated (U) or treated with
(i) 4 nM LBH589 (L) or vehicle (V) or (ii) 25 nM LAQ824 (L) or vehicle (V) for 24 hours and analyzed for endogenous LC3 by Western blot (top panels). — indicate positions
of LC3-1 and LC3-II. The ratio of LC3-Il to LC3-| was assessed by densitometry and is displayed above each lane. Membranes were stripped and reprobed for p42 as loading
control (bottom panels).

These findings raise the intriguing possibility that, in the absence  was observed represents a survival-promoting response of the
of an intact intrinsic apoptotic cascade, HDACi can induce tumor cells.*’ Interestingly, treatment of tumor cells with chloro-
autophagy resulting in loss of tumor cell viability and ultimately — quine or 3-methyladenine that can inhibit autophagy can augment
therapeutic efficacy, but it is also possible that the autophagy that  vorinostat-mediated caspase activation and apoptosis in cells that

Figure 5. LAQ824 and LBH589 do not require a functional apoptosome for the killing of Epn-myc lymphoma cells and therapeutic efficacy. (A) Ep-myc,
Ep-myclapaf-1~/-, and Ep-myc/caspase-9~/~ lymphoma cells were incubated for 24 hours with the indicated concentrations of LAQ824 or LBH589. Cell viability was
determined by staining with Pl and FACS analysis. (B) Whole cell lysates were prepared from Ep.-myc/apaf-1~/~ and Ep-myc/caspase-9~/~ lymphoma cells that had been
treated for 2 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM). Western blot analysis was performed with antibodies specific to acetylated histone H3. Equivalent protein
loading was confirmed by probing for g-actin. (C) Ep-myc/apaf-1~/~ and Ep.-myc/caspase-9~/~ lymphoma cells were treated for 24 to 72 hours with vehicle, LAQ824 (25 nM),
or LBH589 (4 nM). The extent of apoptosis was measured by flow cytometric analysis of Aym, exposure of phosphatidylserine on the cell surface (annexin V staining) and
caspase activation. Each dose or time point represents the mean value of 3 individual experiments = SE. (D) Ep-myc/apaf-1~/~ and Ep-myc/caspase-9~/~ lymphoma cells
were treated for 24 to 72 hours with vehicle, LAQ824 (25 nM), or LBH589 (4 nM), and cell-cycle analysis was performed by FACS after staining fixed/permeabilized cells with
PI. The percentages of cells residing in the Go/G+, S, and G,/M phases of the cell cycle and those cells with less than 2N DNA content (sub-G1) are indicated. Cells treated with
vehicle are represented by the gray histograms in the middle and bottom panels. (E) The clonogenic potential of En-myc, En-myc/bcl-2, and En-myc/apaf-1~/~ lymphoma cells
treated for 24 hours with vehicle, LAQ824, or LBH589 was assessed by plating treated cells in soft agar and counting colonies after 10 days in culture. Results shown represent
the mean = SE of 3 separate experiments. (F) C57BL/6 mice bearing palpable Ew-myc/apaf-1~/~ lymphomas were treated intravenously with LAQ824 (75 mg/kg) or LBH58
(80 mg/kg), and lymph nodes were harvested at the indicated times. Histologic sections were assessed by hematoxylin and eosin staining (top panel), immunohistochemistry
using antibodies to acetyl histone H3 (middle panel), and TUNEL staining (bottom panel). Each time point is of an individual mouse. (G) C57BL/6 mice bearing an
Ep-myc/apaf-1~/~ lymphoma were treated with vehicle (200 pL 10% lactic acid/D5W; n = 10), LAQ824 (75 mg/kg; n = 10), or LBH589 (80 mg/kg; n = 10). Kaplan-Meier
survival curves of mice treated with vehicle (black line), LAQ824 (blue line), or LBH589 (red line) are shown. (H) WBC counts of mice bearing an En-myc/apaf-1-/~ lymphoma
(n = 3) were taken 3 days after treatment with vehicle, LAQ824, or LBH589. Each point represents the mean value of 3 individual mice + SE (*P = .19; #P = .09).
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have an intact intrinsic apoptotic pathway.® In our system,
chloroquine and 3-methyladenine were toxic to lymphoma cells,
and we were therefore unable to determine whether these agents
could enhance or suppress death of Ep-myc/apaf-1='~ or Ep-myc/
caspase-9~'~ lymphomas after HDACI treatment. Future planned
experiments using Ew-myc/apaf-1~'~ and Ew-myc/caspase-9~'~
lymphomas with knockout or knockdown of key autophagy genes,
such as ATGS5, ATG6, and ATG7,>" should allow us to determine
whether autophagy plays an active role in regulating HDACi-
induced death of tumor cells that have defective apoptosis path-
ways because of the absence of a functional apoptosome. The
clinical benefit of inducing autophagy in tumor cells has recently
been proposed,?>>33 and HDACi may therefore join a select group
of agents, such tamoxifen,”* mTOR inhibitors (eg, rapamycin),>
and suppressors of Bcl-2 function (eg, ABT-737)3° that can induce
autophagy, which could play a role in mediating clinical responses
in cells with defective apoptosis mechanisms.

In conclusion, we have shown that the HDACi LAQ824 and
LBH589 induce apoptosis of Ep-myc lymphomas via the intrinsic
apoptotic pathway with no evidence for a significant role of the
death receptor pathway. Induction of lymphoma cell death in vitro
and in vivo by LAQ824 and LBH589 directly correlated with the
therapeutic efficacy of these HDAC inhibitors. Interestingly, inhibi-
tion of later stages of apoptosis signaling through functional
inactivation of the apoptosome (through knockout of apaf-1 or
caspase-9) suppressed many of the morphologic features of
apoptosis but did not diminish the effects of LAQ824 and LBH589
on mitochondrial membrane permeabilization, clonogenic survival,
or therapeutic efficacy. Cells deficient in apoptosome function and
treated with LAQ824 or LBH589 displayed morphologic features
of autophagy. Whether induction of autophagy is a mediator of
lymphoma cell death after treatment with these agents or reflects a
prosurvival response of these cells to loss of mitochondrial
function as has been suggested’’ remains to be determined.
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