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ABSTRACT

HA 14-1 is a small-molecule Bcl-2 antagonist that promotes
apoptosis in malignant cells, but its mechanism of action is not
well defined. We recently reported that HA 14-1 has a half-life
of only 15 min in vitro, which led us to develop a stable analog
of HA 14-1 (sHA 14-1). The current study characterizes its
mode of action. Because of the antiapoptotic function of Bcl-2
family proteins on the endoplasmic reticulum (ER) and mito-
chondria, the effect of sHA 14-1 on both organelles was
evaluated. sHA 14-1 induced ER calcium release in human
leukemic cells within 1 min, followed by induction of the ER
stress-inducible transcription factor ATF4. Similar kinetics and
stronger intensity of ER calcium release were induced by the
sarcoendoplasmic reticulum Ca®*-ATPase (SERCA) inhibitor
thapsigargin, accompanied by similar kinetics and intensity of
ATF4 induction. sHA 14-1 directly inhibited SERCA enzymatic

activity but had no effect on the inositol triphosphate receptor.
Evaluation of the mitochondrial pathway showed that sHA 14-1
triggered a loss of mitochondrial transmembrane potential
(Aym) and weak caspase-9 activation, whereas thapsigargin
had no effect. (R)-4-(3-Dimethylamino-1-phenylsulfanylmethyl-
propylamino)-N-{4-[4-(4"-chloro-biphenyl-2-yImethyl)-pipera-
zin-1-yl]-benzoyl}-3-nitrobenzenesulfonamide (ABT-737), a
well established small-molecule Bcl-2 antagonist, rapidly in-
duced loss of Aym and caspase-9 activation but had no effect
on the ER. The pan-caspase inhibitor N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone had some protective effect on
sHA 14-1-induced cell death. These collective results suggest
a unique dual targeting mechanism of sHA 14-1 on the apo-
ptotic resistance machinery of tumor cells that includes anti-
apoptotic Bcl-2 family proteins and SERCA proteins.

Drug resistance is a major challenge in the treatment of
cancer. At the molecular level, one major mode of acquiring
drug resistance is through the overexpression of antiapop-
totic Bcl-2 family proteins (Reed, 2003; Adams and Cory,
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2007), which leads to the suppression of apoptosis. Because
inducing apoptosis is a key mechanism by which most anti-
cancer drugs eliminate tumor cells, antagonizing antiapop-
totic Bel-2 family proteins is a promising approach in over-
coming drug resistance.

Antiapoptotic Bel-2 family proteins can localize to various
organelles, including mitochondria, endoplasmic reticulum
(ER), and nucleus (Krajewski et al., 1993; Rong and Distel-
horst, 2008). Although the function of nuclear Bcl-2 proteins
is uncertain, the functions and mechanisms of these proteins
localized to mitochondria and ER in apoptotic regulation are
better understood. The mitochondria-localized antiapoptotic

ABBREVIATIONS: ER, endoplasmic reticulum; IP4R, inositol phosphate 3 receptor; SERCA, sarcoendoplasmic reticulum Ca?*-ATPase; HA 14-1,
ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate; sHA 14-1, ethyl-2-amino-6-phenyl-4-(2-ethoxy-2-oxo-
ethyl)-4H-chromene-3-carboxylate; isHA 14-1, ethyl-2-amino-6-phenyl-4-(2-morpholino-2-oxoethyl)-4H-chromene-3-carboxylate; ABT-737, (R)-
4-(3-dimethylamino-1-phenylsulfanylmethyl-propylamino)-N-{4-[4-(4'-chloro-biphenyl-2-ylmethyl)-piperazin-1-yl]-benzoyl}-3-nitrobenzenesulfonamide;
AM, acetoxymethyl ester; ATF4, activating transcription factor 4; FCCP, carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone; PIPES, pipera-
zine-N,N’-bis(2-ethanesulfonic acid); DMSO, dimethyl sulfoxide; SR, sarcoplasmic reticulum; PIl, propidium iodide; Aym, mitochondrial trans-
membrane potential; TMRE, tetramethylrhodamine; Z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone; TG, thapsigargin; ROS,

reactive oxygen species.
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Bcl-2 family proteins antagonize proapoptotic stimuli, pre-
vent mitochondrial depolarization, and suppress the release
of proapoptotic molecules critical for apoptosis, such as cyto-
chrome ¢ (Ow et al., 2008). The ER-localized antiapoptotic
Bcl-2 family proteins suppress apoptosis through regulating
calcium homeostasis and preventing sustained cytosolic cal-
cium increases, although the exact mechanism is unsettled
(Breckenridge et al., 2003; Xu et al., 2005; Giorgi et al., 2008;
Rong and Distelhorst, 2008). Recent studies suggest that
ER-localized antiapoptotic Bcl-2 family proteins may regu-
late calcium homeostasis through modulating ER-localized
calcium transporters, including inositol phosphate 3 receptor
(IP;R) (Li et al., 2002; Chen et al., 2004; White et al., 2005; Li
et al., 2007; Hanson et al., 2008) and sarcoendoplasmic retic-
ulum Ca%"-ATPase (SERCA) (Kuo et al., 1998; Dremina et
al., 2004; Dremina et al., 2006), both of which have been
reported to be responsible for drug resistance against certain
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types of cancer therapies (Denmeade and Isaacs, 2005;
O’Neill et al., 2006; Bollig et al., 2007; Lee et al., 2007; Liu et
al., 2008).

During the past few years, dozens of small-molecule Bcl-2
protein antagonists have been discovered, and several have
entered clinical trials for treatment of hematopoietic malig-
nancies and solid tumors (Letai, 2005; Doshi and Xing, 2008;
Reed, 2008). HA 14-1 (Fig. 1) was the first small-molecule
Bcl-2 antagonist reported (Wang et al., 2000), and this com-
pound demonstrated selective cytotoxicity against drug-re-
sistant cancer cells that overexpress antiapoptotic Bel-2 fam-
ily proteins (Lickliter et al., 2003; Dai et al., 2004).
Furthermore, numerous studies have reported synergism of
HA 14-1 with cancer therapies of diverse mechanisms of ac-
tion (Milella et al., 2002, 2004; Nimmanapalli et al., 2003; Pei
et al., 2003, 2004; Sinicrope et al., 2004; Sinicrope and Pen-
ington, 2005; Manero et al., 2006; Niizuma et al., 2006; An et

)

isHA 14-1

Fig. 1. Structure of the compounds used in the
present study and IC,, data for sHA 14-1. A, chem-
ical structures of sHA 14-1, isHA 14-1, ABT-737,
thapsigargin, and HA 14-1. As described under Ma-
terials and Methods, isHA 14-1 is an inactive vari-
ant of sHA 14-1. B, RS4;11, BLIN-1, and NALM-6
were incubated with various concentrations of
sHA 14-1 for 18 h, and Annexin V/PI~ viable cells
were quantified by flow cytometry. Each condition
represents the mean = S.D. of triplicate values. The
results are representative of multiple experiments.
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al., 2007; Lickliter et al., 2007), suggesting the potential
utility of HA 14-1 in combination therapy for cancer treat-
ment. However, HA 14-1 is highly unstable and rapidly de-
composes to inactive species with a half-life of only 15 min in
cell culture medium (Doshi et al., 2007). Because of this
highly undesirable instability, we synthesized a stable ana-
log of HA 14-1, designated sHA 14-1, that also exhibits syn-
ergism and selective toxicity against Bcl-2-overexpressing
drug-resistant cancer cells (Tian et al., 2008). The goal of the
present study was to elucidate the molecular mechanism of
sHA 14-1 in inducing apoptosis. We show that sHA 14-1 has
a dual mode of action that involves antagonizing mitochon-
drial Bcl-2 proteins and inhibits SERCA proteins and in-
duces ER stress.

Materials and Methods

Chemicals and Reagents. The stable analog of HA 14-1,
sHA 14-1 (Fig. 1), was synthesized and characterized by NMR and
mass spectrometry as described previously (Tian et al., 2008). An
inactive variant of sHA 14-1, designated isHA 14-1, was synthesized
and characterized following a similar procedure (Fig. 1). isHA 14-1is
different from sHA 14-1 in that the 4’-ethyl is replaced by a mor-
pholinyl group (Fig. 1). ABT-737 (Fig. 1) was synthesized according
to published procedures (Oltersdorf et al., 2005). Fura-2AM was from
Invitrogen (Carlsbad, CA). Thapsigargin (Fig. 1) was obtained from
Acros Organics (Geel, Belgium). EGTA-AM was from VWR Scientific
(Batavia, IL). Carbonylcyanide-4-(trifluoromethoxy)-phenylhydra-
zone (FCCP) and probenecid were from Sigma-Aldrich (St Louis,
MO). 5Ca®* (27 mCi/ml) was from PerkinElmer Life and Analytical
Sciences (Waltham, MA). CellTiter Blue Assay Kit was from Pro-
mega (Madison, WI). The anti-activating transcription factor-4
(ATF4) antibody was from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA) and was used at a final dilution of 1:500. The anti-Bcl-2
antibody was from Sigma-Aldrich and was used at a final dilution of
1:1000. The anti-caspase-9 antibody was from Cell Signaling Tech-
nology (Danvers, MA) and was used at a final dilution of 1:1000.

Cell Culture and Treatment. JURKAT and U937 human leu-
kemic cell lines were obtained from the American Type Culture
Collection (Manassas, VA). The human B-lineage acute lymphoblas-
tic leukemia cell lines BLIN-1 (Woérmann et al., 1989), RS4;11 (Stong
et al., 1985), and NALM-6 (Hurwitz et al., 1979) were either origi-
nally established or originally characterized at the University of
Minnesota. All human leukemic cell lines were maintained in RPMI-
1640 medium + L-glutamine supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. The chicken DT-40 B lym-
phoma cell line and IP;R-null DT-40 cell line (Sugawara et al., 1997)
were kindly provided by Dr. Chi Li (University of Louisville, Louis-
ville, KY). Both DT-40 cell lines were cultured in RPMI-1640 me-
dium + L-glutamine supplemented with 10% fetal bovine serum, 1%
chicken serum, and 1% penicillin/streptomycin. All cell lines were
incubated at 37°C with 5% CO, in air atmosphere.

Evaluation of Cell Viability. Leukemic cells were plated at a
density of 10* cells/well in a 96-well round-bottomed plate. Test
compounds were added at varying concentrations in 1% DMSO, and
cells were treated with medium containing 1% DMSO served as a
control. After a 24-h treatment, relative cell viability in each well
was determined using the CellTiter-Blue Cell Viability Assay. The
ICj, of each compound was determined by fitting the relative viabil-
ity of the cells to the drug concentration, using a dose-response model
in Prism software (GraphPad Software, San Diego, CA).

Determination of Cytosolic Calcium Concentration. Cells at
a density of 10° cells/ml were incubated in medium containing 5 uM
Fura-2AM and 2.5 mM probenecid at room temperature in the dark
for 30 min. The cells were then washed once with ice-cold phosphate-
buffered saline and re-suspended to a concentration of 2 X 10°¢
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cells/ml in medium containing 2.5 mM probenecid. To a cuvette with
735 wl of media containing 100 mM EGTA and 2.5 mM probenecid
was added 750 pl of the cell suspension. The cell suspension was
mixed by a slow stirring magnetic bar. Under these conditions, the
cell medium contained a negligible amount of free calcium. There-
fore, the cells had no extracellular calcium source. Fluorescence
emission was measured for 1 min followed by addition of 15 ul of
medium containing sHA14-1, and readings were continued for an-
other 9 min. Readings were obtained on a dual-wavelength fluorom-
eter (Cary Eclipse; Varian, Palo Alto, CA) with excitation wave-
lengths alternating between 340 and 380 nm and an emission
wavelength of 510 nm.

The effelct of sHA 14-1 on Thapsigargin-Induced ER Cal-
cium Release. This experiment followed the same procedures as
those described under Determination of Cytosolic Calcium Concen-
tration, except that extracellular calcium was not chelated by EGTA
in this assay.

45Ca2* Assays. NALM-6 cells (10%cells/ml) were suspended in 25
ml of calcium-free medium (140 mM KCl, 20 mM NaCl, 2 mM MgCl,,
1 mM EGTA, and 20 mM PIPES, pH 7 at 37°C). The cells were
incubated in a gyratory waterbath and permeabilized by adding 5-ul
increments of 10 ug/ml saponin, and membrane permeability was
monitored by trypan blue staining. Permeabilized cells were centri-
fuged and resuspended in 6 ml of cytosol-like medium [140 mM KClI,
20 mM NaCl, 2 mM MgCl,, 1 mM EGTA, 300 uM CaCl, (free [Ca®*],
~200 nM), and 20 mM PIPES, pH 7 at 37°C]. For loading experi-
ments, cells were separated into two tubes, one containing DMSO
and the other containing sHA 14-1 (50 uM), and were then incubated
with #°Ca2?* (~5 wCi/ml) in the presence of FCCP (10 uM). A cell
sample containing 10 uM thapsigargin (TG) was used as the back-
ground control. At appropriate times, 200-ul aliquots were trans-
ferred to separate tubes with the addition of 5 mM ATP. Incubations
were terminated by filtration over GF/C filters, washed with sucrose/
citrate solution [310 mM sucrose, 1 mM trisodium citrate]. The filter
discs were collected, soaked in scintillation liquid overnight, and the
radioactive counts were quantified the following day. Ca®" uptake
was then plotted in the absence and presence of sHA 14-1 with the
use of GraphPad Prism 4; thapsigargin-treated samples were used as
the background radioactive counts. For Ca?" release assays,
NALM-6 or U937 cells (108 cells/ml) were permeabilized as described
above and resuspended in 6 ml of cytosol-like medium containing 10
uM FCCP, 5 mM ATP, and 6 ul of *°Ca®*. After loading to steady
state (~10 min), samples (200 ul) were transferred into tubes con-
taining different concentrations of either IP; or sHA 14-1. After a
5-min incubation, the cells were filtered over GF/C filter paper and
processed as described above.

Measurement of SERCA Enzymatic Activity. Rabbit skeletal
muscle sarcoplasmic reticulum (SR) Ca®" ATPase was used as a
source of SERCA 1A, and enzymatic activity was measured using a
coupled enzymatic assay as described previously (Michelangeli and
Munkonge, 1991). Pig brain microsome Ca®>* ATPase (Bilmen and
Michelangeli, 2002) was used as a source of SERCA2B, and enzy-
matic activity was measured using a phosphate liberation assay as
described previously (Wootton and Michelangeli, 2006). To prepare
highly purified SERCA samples, SR vesicles prepared from fast-
twitch skeletal muscle of New Zealand White rabbits (Fernandez et
al., 1980) was purified on a discontinuous sucrose gradient (Birma-
chu et al., 1989) to remove junction SR-containing calcium release
channels. The resulting SR was further purified on a reactive red
column to produce a preparation in which at least 99% of the protein
was SERCA (Reddy et al., 2003).

Flow Cytometric Detection of Apoptotic Cells, Mitochon-
drial Membrane Depolarization, and Cytochrome ¢ Release.
Apoptotic cells were detected by staining with Annexin V and pro-
pidium iodide (PI). The loss of mitochondrial transmembrane poten-
tial (Aym) was detected by staining cells with the cationic lipophilic
fluorescent dye tetramethylrhodamine (TMRE), using a FACSCali-
bur (BD Biosciences, San Jose, CA). Detection of cytochrome ¢ was
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accomplished using the Innocyte Flow Cytometric Cytochrome c
Release Kit (Calbiochem, San Diego, CA) according to the manufac-
turer’s instructions. All procedures were conducted as described
previously (Shah et al., 2004).

Western Blotting. Western blotting was conducted using stan-
dard chemiluminescent techniques as described previously (Shah et
al., 2004). After a 2- to 4-h incubation in primary antibody at room
temperature, the blot was washed, and secondary staining was ac-
complished using the corresponding IgG conjugated to horseradish
perioxidase. Protein loading was assessed using anti-B-tubulin or
anti-AKT.

Statistics. All biological experiments, including in vitro cytotox-
icity assays and calcium assays, were performed at least three times.
Flow cytometry and Western Blot analyses are representative of
many experiments. Data are presented as means = S.D., and com-
parisons were made using Student’s ¢ test. A probability of 0.05 or
less was considered statistically significant.

Results

Characterization of Apoptotic Induction by sHA 14-1
and isHA 14-1. Before conducting studies on the mechanism

A B

of action of sHA 14-1, we examined its capacity to induce
apoptosis in several widely used B-lineage acute lymphoblas-
tic leukemia cell lines. Overnight incubation with sHA 14-1
(6100 uM) showed that NALM-6, BLIN-1, and RS4;11 had
similar sensitivities, with an IC;, of ~50 uM (Fig. 1B). It is
noteworthy that the inactive variant isHA 14-1 had abso-
lutely no proapoptotic effect when tested between 6 and 100
pM for up to 24 h (data not shown).

Effect of sHA 14-1 on Cellular Ca®>* Homeostasis. Al-
though ER-localized antiapoptotic Bel-2 family proteins have
been demonstrated to inhibit apoptosis by modulating ER
calcium storage and release (Kuo et al., 1998; Pinton and
Rizzuto, 2006; Giorgi et al., 2008), the effect of Bcl-2 antag-
onists on intracellular calcium regulation has been mini-
mally studied (An et al., 2004). Analysis of human leukemia
cells revealed that sHA 14-1 induced a dose-dependent re-
lease of calcium in NALM-6 (Fig. 2A) and JURKAT (Fig. 2B).
The well studied SERCA inhibitor thapsigargin rapidly in-
creased cytosolic calcium through the release of ER calcium
in NALM-6 (Fig. 2C) and JURKAT (Fig. 2D). The kinetics of
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increased cytosolic calcium induced by sHA 14-1 was similar
to that induced by thapsigargin (Fig. 2, E and F). Further-
more, addition of thapsigargin after sHA 14-1 resulted in no
significant cytosolic calcium increase beyond that induced by
sHA 14-1 alone (Fig. 2, E and F). This lack of additivity
implied that both compounds were emptying the same pool of
intracellular Ca®*: namely the ER calcium store. isHA 14-1,
the inactive analog of sHA 14-1, induced no cytosolic calcium
increase (Fig. 2, G and H). The well known Bcl-2 antagonist
ABT-737 did not induce significant ER calcium release under
the same experimental conditions (data not shown).
Because cytosolic calcium can mediate apoptosis (Szalai et
al., 1999; Pinton et al., 2001), and because ER-localized Bcl-2
proteins inhibit apoptosis through control of ER calcium re-
lease (Scorrano et al., 2003; Thomenius and Distelhorst,
2003; Zong et al., 2003), the cytotoxic effect of sHA 14-1
might be mediated by ER calcium release. To test this pos-
sibility, NALM-6 cells were pretreated with EGTA-AM, a
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cell-permeable ester form of EGTA that chelated cytosolic
calcium induced by sHA 14-1. Evaluation of cytotoxicity dem-
onstrated that EGTA-AM pretreatment decreased the cyto-
toxicity of sHA 14-1 to NALM-6 (Fig. 3A). Considering that
EGTA is good for short-term buffering of calcium, it is not
surprising that the protective effects of EGTA were small;
nevertheless, these results suggest that ER-released calcium
is at least partially responsible for the cytotoxicity induced by
sHA 14-1.

Targeting the ER to Induce Calcium Release. To de-
termine whether sHA 14-1 directly interacts with ER to in-
duce Ca®" release, we examined *°Ca®" fluxes in permeabil-
ized NALM-6 cells. These experiments were conducted in the
presence of FCCP, a mitochondrial uncoupler (Hutson et al.,
1976), to prevent Ca®* uptake into mitochondria. In cells
pretreated with sHA 14-1, the extent of ER-localized “*Ca®*
accumulation was lower than that in control cells (Fig. 3B).
Furthermore, in cells loaded to steady state with *°Ca®",
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sHA 14-1-induced cytotoxicity and sHA 14-1 di-
rectly targets the ER. A, untreated NALM-6 cells
(black solid bar) or cells pretreated for 30 min with
5 uM EGTA-AM (gray bar) were incubated with the
indicated concentrations of sHA 14-1. Relative cell
viability was determined at 24 h by the Cell Titer-
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2-min sHA 14-1 treatment resulted in a loss of ER Ca®" in a
dose-dependent manner (EC;, of 4.1 uM; Fig. 3C). As a
control, IP; effected a more potent depletion (EC;, of 106 nM;
Fig. 3D). Similar results were obtained using U937 cells
(data not shown). Therefore, both experiments implied that
sHA 14-1 caused a dose-dependent loss of Ca®* from the ER
via directly targeting ER-localized biomolecule(s).
Inhibition of SERCAs by sHA 14-1. Because IP;Rs and
SERCAs are two major ER-localized calcium regulatory
transporters that interact with ER-localized Bcl-2 family pro-
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1998; Li et al., 2002, 2007; Chen et al., 2004; Dremina et al.,
2004, 2006; Oakes et al., 2005; White et al., 2005; Hanson et
al., 2008), sHA 14-1 may induce ER calcium release by mod-
ulating either or both of these targets. To determine whether
perturbation of the IP;Rs was responsible for sHA 14-1-
induced ER calcium release, we tested the effect of sHA 14-1
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based on cytotoxicity and extent of calcium release. As shown
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Fig. 5. sHA 14-1 inhibits SERCA enzymatic activity. NALM-6 (A) and JURKAT (B) cells were preloaded with Fura-2AM for 30 min. The cells were
then incubated with 100 nM thapsigargin (+), the minimal concentration to induce full Ca®?* release, and increasing concentrations of sHA 14-1, as
shown in the grid below the figures. Calcium release was quantified using fluorescent changes at excitation wavelengths of 340 and 380 nm monitored
on a dual-wavelength fluorometer. Data are mean + S.D. (n = 3 for each conditions). *, p < 0.05; **, p < 0.01; *+*, p < 0.0001 compared with the
quantity of calcium released by TG alone. C, increasing concentrations of sHA 14-1 were incubated for 10 min at 37°C with SR membrane fractions
purified from rabbit skeletal muscle. Rabbit skeletal muscle Ca®>" ATPase activity (corresponding to SERCA 1A) was measured using the phosphate
liberation assay, as described previously (Wootton and Michelangeli, 2006). Data are mean = S.D. (n = 3 for each conditions). D, increasing
concentrations of sHA 14-1 were incubated for 10 min at 37°C with pig brain microsomes. Ca®>" ATPase activity in these membranes (corresponding
to SERCA 2B) was measured using a phosphate liberation assay, as described previously. Data are mean + S.D. (n = 3 for each conditions). E, a
SERCA sample (99%, 20 ug) was analyzed for the presence of Bcl-2 protein by Western blot with NALM-6 protein lysate (0.2, 1, and 5 ug) as a positive

control. The results are representative of three separate experiments.



sHA 14-1 Inhibits SERCAs and Antagonizes Bcl-2 Family Proteins

in Fig. 4A, sHA 14-1 demonstrated similar cytotoxicity in
both cell lines, with the IP;R-null line being slightly more
sensitive (IP;R-null DT-40 was found to be moderately more
sensitive to other standard anticancer agents as well; data
not shown). Figure 4B shows that sHA 14-1 induced the same
degree of calcium release in both cell lines. Together, these
data suggest that IP;Rs are unlikely to be the molecular
targets responsible for sHA 14-1-induced ER calcium
release.

We then explored whether SERCAs might be a target
responsible for sHA 14-1-induced ER calcium release. We
first tested whether sHA 14-1 may interfere with thapsigar-
gin in ER-calcium release. NALM-6 and JURKAT leukemic
cells were cotreated with 100 nM thapsigargin, the minimal
concentration to induce full Ca®" release, and increasing
concentrations of sHA 14-1. sHA 14-1 indeed antagonized
thapsigargin-induced calcium release in a dose-dependent
manner (Fig. 5, A and B), suggesting that sHA 14-1 may
compete with thapsigargin to interact with SERCAs. We next
examined the effect of sHA 14-1 on SERCA enzymatic activ-
ity using SR membranes purified from rabbit skeletal muscle
for SERCA 1A (Fig. 5C) and from pig brain for SERCA 2B
(Fig. 5D). The results show that sHA 14-1 demonstrated
moderate inhibition of SERCA 1A and 2B with IC;, values of
29.2 = 4.9 and 23.5 + 4.2 uM, respectively. Finally, because
SERCA has been reported to be regulated by Bcl-2 (Kuo et
al., 1998; Dremina et al., 2004, 2006), we considered it pos-
sible that sHA 14-1 might modulate SERCA function
through antagonizing Bcl-2 protein. Because only 75% of the
proteins from the samples used in Fig. 5, A to D, were
SERCAs, we prepared samples in which >99% proteins were
SERCAs, and sHA 14-1 demonstrated similar inhibitory ac-
tivity (data not shown). Figure 5E shows a Coomassie Blue
stain and Western blot of this 99%-purified SERCA sample,
which detected no Bcl-2 proteins (no Bel-X;, or MCL-1 pro-
teins as well, based on Western analyses; data not shown). As
a control, we electrophoresed decreasing concentrations of
NALMS-6 total protein lysate, and Bcl-2 was easily detected
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when as little as 0.2 ug of protein was blotted (Fig. 5E). These
results suggest that SERCAs are likely to be directly antag-
onized by sHA 14-1, resulting in an increase in cytosolic
calcium and depletion of ER calcium storage.

sHA 14-1 Induced ER and Mitochondrial Stress.
Given the effect of sHA 14-1 on ER calcium release (Fig. 2),
we next examined whether it would induce ER stress. Ex-
pression of the ER stress-associated transcription factor
ATF4/CREB-2, one of the characteristics of an ER stress
response, was therefore evaluated by Western blotting. Ex-
posure of NALM-6 to 50 uM sHA 14-1 led to induction of
ATF4 between 30 and 60 min (Fig. 6A), and a dose response
analysis indicated increasing induction from 25 to 100 uM
sHA 14-1 (Fig. 6B). Incubation of NALM-6 with thapsigargin
served as a positive control. To compare the mechanism of
action of sHA 14-1 with that of ABT-737, we used the RS4;11
human leukemic cell line, which has been shown previously
to be highly sensitive to ABT-737 (Del Gaizo Moore et al.,
2008). As shown in Fig. 6C, ATF4 was induced by sHA 14-1
but not ABT-737. Thapsigargin served as a positive control
and isHA 14-1 served as a negative control for ATF4 induc-
tion (Fig. 6C).

The effects of sSHA 14-1 on Aym and cytochrome c release
were evaluated by flow cytometry. Preliminary experiments
revealed that loss of Aym was not detected until 6 h after
addition of sHA 14-1 to NALM-6 (data not shown). As shown
in Fig. 7A, exposure of NALM-6 to 50 and 100 uM sHA 14-1
for 8 h induced a loss of Aym based on reduction in TMRE
staining intensity. Cells treated with identical concentra-
tions of the inactive variant isHA 14-1 did not undergo
changes in Aym. ABT-737 also induced a loss of Aym (Fig.
7A) that was detectable as early as 2 h (data not shown). As
expected based on its well characterized mechanism of action
as a BH3 mimetic (Oltersdorf et al., 2005; Del Gaizo Moore et
al., 2008), ABT-737 rapidly induced cytochrome ¢ release.
However, incubation of NALM-6 for 8 h with sHA 14-1 did
not induce detectable cytochrome ¢ release (Fig. 7A). The
different effects of sHA 14-1 and ABT-737 on cytochrome ¢

e
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Fig. 6. sHA 14-1 induces ER stress. NALM-6 cells
were incubated with 1 uM TG or 50 uM sHA 14-1 for
the indicated times (A) or with 1 uM thapsigargin
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compounds and concentrations for 2 h (C). DMSO (2
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ATF4 and cleaved caspase-9 (Casp-9) as described
under Materials and Methods. B-Tubulin (A and B),
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release was not unique to NALM-6, because analysis of
RS4;11 yielded comparable results (Fig. 7B). The failure of
sHA 14-1 to induce a loss of cytochrome ¢ could not be ex-
plained by kinetics, because analysis at earlier (2—4 h) and
later (10-14 h) time points gave the same results (data not
shown).

A NALM-6 (8 h)

SHA% sHAiA ABT-737

TMRE >
sHA 14-1 |5H% ABT-73

Cyt-c _ >
B RS4;11

sHA 14-1 ABT-737,

1t h:m (2 h) f! ‘

TMRE >

sHA 14-1 ABT-7.

8 hJM (2 h)

Cyt-c >
(o] NALM-6 RS4;11

TG TG TG TG

6h) (24 h) 6 h) (24 h)
TMRE

Fig. 7. sHA 14-1 induces loss of Aym but no detectable cytochrome ¢
release by flow cytometry. A, NALM-6 cells were incubated with
sHA 14-1 or isHA 14-1 at 50 uM (dashed line) or 100 uM (solid line) or
ABT-737 at 5 uM (dashed line) or 10 uM (solid line) for 8 h. B, RS4;11
cells were incubated for 8 h with 50 uM (dashed line) or 100 uM (solid
line) sHA 14-1 or for 2 h with 0.3 uM (dashed line) or 1 uM (solid line)
ABT-737. C, NALM-6 and RS4;11 cells were incubated with 0.1 uM
(dashed line) or 1 uM (solid line) thapsigargin for 6 or 24 h. Cells were
stained with TMRE or anti-cytochrome ¢ and analyzed by flow cytometry.
The gray-shaded histograms show TMRE staining intensity or cyto-
chrome c detection in untreated cells. Results are representative of three
separate experiments.

Because thapsigargin and sHA 14-1 exerted similar effects
on ER calcium release (Fig. 2) and ER stress (Fig. 6), we
assessed whether thapsigargin would induce a loss of Aym
similar to that induced by sHA 14-1. The results in Fig. 7C
show that 0.1 and 1 uM thapsigargin had no effect on Aym
after 6-h incubation with NALM-6 or RS4;11 and only a very
subtle effect on RS4;11 (< 10% of cells) at 24 h. Other exper-
iments tested thapsigargin at concentrations ranging from
0.1 nM to 1 uM for 2 to 48 h. At no time and at no concen-
tration did we detect a reduction in Aym similar to that
exerted by sHA 14-1 and ABT-737 (data not shown). Thus,
despite their similar capacity to induce ER calcium release
and ATF4, sHA 14-1 and thapsigargin exert different effects
on Aym.

Although we could not detect sHA 14-1-induced cyto-
chrome c release by flow cytometry (Fig. 7A), this may have
been the result of assay sensitivity (Tian et al., 2008). We
therefore assessed caspase-9 activation as a surrogate out-
come of mitochondrial damage and cytochrome c¢ release.
Figure 6C shows that incubation of RS4;11 with sHA 14-1 for
2 h resulted in a detectable caspase-9 cleavage product at 100
pM. In contrast, thapsigargin and isHA 14-1 did not induce
cleavage of caspase-9. As expected, ABT-737 induced robust
cleavage of caspase-9, as did HA 14-1. These collective re-
sults suggest a primary targeting effect of ABT-737 and
thapsigargin on the mitochondria and ER, respectively, and a
dual mode of action of sHA 14-1.

Given the minimal effect of sHA 14-1 on loss of mitochon-
drial cytochrome ¢ (Fig. 7) and activation of caspase-9 (Fig.
6C), we assessed the relative degree of caspase dependence
using the pan-caspase inhibitor Z-VAD-fmk. RS4;11 cells
were incubated overnight with sHA 14-1 in the absence or
presence of Z-VAD-fmk, and cell survival/apoptosis was as-
sessed by PI/Annexin V staining. The results show that in-
cubation with DMSO, the inactive compound isHA 14-1, Z-
VAD-fmk by itself, or TG had no effect on RS4;11 cells based
on light scatter characteristics and PI/Annexin V staining
(Fig. 8). Incubation with ABT-737 gave the expected increase
in Annexin V*/PI” and Annexin V*/PI* events compared
with the DMSO control. Also evident is that the majority of
ABT-737-treated cells underwent a uniform decrease in cell
size, as shown by a decrease in forward light scatter charac-
teristics (Fig. 8; note events circled by dashed line). This is
the prototypical change that occurs in cells undergoing apo-
ptosis through the mitochondrial pathway. As expected, in-
clusion of Z-VAD-fmk reduced the frequency of Annexin V*/
PI™ events in ABT-737-treated cells from 31 to 11%, and a
concomitant increase (18 to 66%) in cells with viable light
scatter characteristics. In contrast, inclusion of Z-VAD-fmk
in sHA 14-1-treated cells had no effect on the percentage of
Annexin V'/PI™ events and a modest effect on the percent-

Fig. 8. sHA 14-1-induced cell death is largely caspase-independent.
RS4;11 cells were incubated with DMSO, 50 uM Z-VAD-fmk alone, 100
uM isHA 14-1, 1 uM TG, 100 uM sHA 14-1, 100 M sHA 14-1 + 50 pM
Z-VAD-fmk, 100 nM ABT-737, or 100 nM ABT-737 + 50 uM Z-VAD-fmk.
After 18 h, cells were stained with PI and Annexin V. The data are shown
as the light-scatter characteristics on the left side of each condition tested
and the PI/Annexin V (ANV) staining as contour plots on the right side of
each condition tested. PI/Annexin V analysis was conducted on the cells
outlined by the solid line in the light scatter dot plots. The events within
the dashed circles in the sHA 14-1- and ABT-737-treated cells are shown
to distinguish the difference in light scatter characteristics between the
two treated populations. FSC, forward scatter; SSC, side scatter.
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age of cells with viable light scatter characteristics (11 to
21%). Of note is the profound difference in the overall light
scatter characteristics of sHA 14-1- and ABT-737-treated
cells, the former exhibiting a much greater degree of side-
scatter heterogeneity than the latter.

Discussion

Rational drug design that targets antiapoptotic Bcl-2 fam-
ily members is a promising approach to treating cancer (Le-
tai, 2008). Despite the proven efficacy of compromising Bcl-2
function and unleashing the proapoptotic activity of BAX/
BAK and BH-3-only proteins, the intracellular events that
culminate in the demise of tumor cells may differ depending
on the antagonist. HA 14-1 is an organic compound originally
discovered by computer modeling that predicted binding to
Bcl-2 (Wang et al., 2000). It has been reported to synergize
with a variety of anticancer agents to promote apoptosis in
hematopoietic and solid tumors (Milella et al., 2002, 2004;
Nimmanapalli et al., 2003; Pei et al., 2003, 2004; Sinicrope et
al., 2004; Sinicrope and Penington, 2005; Manero et al., 2006;
Niizuma et al., 2006; An et al., 2007; Lickliter et al., 2007).
However, we have demonstrated previously that HA 14-1 is
highly unstable when incubated in standard tissue culture
conditions and has a half-life of ~15 min (Doshi et al., 2007).
Of additional concern was the observation that HA 14-1 de-
composes to generate reactive oxygen species (ROS), which
have potent proapoptotic activity (Doshi et al., 2007). Thus,
many prior published studies of HA 14-1 activity may have
been measuring the consequences of ROS on cell viability/
apoptotic fate, in lieu of or in addition to its effect of antag-
onizing antiapoptotic Bcl-2 family proteins. Synthesis of the
more stable analog sHA 14-1 alleviated the decomposition
problem, and generation of ROS was negligible (Tian et al.,
2008). The goal of the current study was to elucidate the
mechanism(s) underlying the proapoptotic activity of
sHA 14-1.

Because antiapoptotic Bcl-2 family proteins can localize to
the ER and regulate apoptosis through calcium homeostasis,
small-molecule antagonists can potentially affect cellular cal-
cium homeostasis. We found that sHA 14-1 rapidly induced
an increase in cytosolic calcium through release of ER cal-
cium storage in a dose-dependent manner (Fig. 2, A and B).
We further demonstrated that sHA 14-1 induced the release
of an ER calcium storage pool indistinguishable from the
potent SERCA inhibitor thapsigargin, because addition of
thapsigargin after sHA 14-1 treatment induced no further
calcium release (Fig. 2, E and F). Although the intensity of
calcium release induced by sHA 14-1 was not as pronounced
as thapsigargin, the kinetics was similar (Fig. 2, C-F). The
cytosolic calcium increase was at least partially responsible
for the cytotoxicity of sHA 14-1, because its chelation re-
sulted in protection of cells against sHA 14-1 (Fig. 3A). The
partial protection through chelation is probably due to the
incomplete suppression of cytosolic calcium increase. In ad-
dition, ER calcium depletion may function as a cytotoxic
signal that can not be affected by cytosolic calcium chelation
(Boelens et al., 2007).

The results in Figs. 2 and 3A did not clarify whether the
cellular target of sHA 14-1 responsible for ER calcium re-
lease localized to the ER. However, disruption of mitochon-
drial function using FCCP, a mitochondria uncoupling agent,

revealed that sHA 14-1 was still capable of reducing ER
calcium storage in permeabilized NALM-6 and U937 leuke-
mic cells (Fig. 3, B-D). These results suggest that at least one
of the molecular targets of sHA 14-1 localizes to the ER.

Several transporters control ER calcium homeostasis, in-
cluding IP;Rs and SERCAs. Both have been reported to be
regulated by Bcl-2 family proteins (Kuo et al., 1998; Li et al.,
2002, 2007; Chen et al., 2004; Dremina et al., 2004, 2006;
Oakes et al., 2005; White et al., 2005; Hanson et al., 2008).
We used DT-40 and IP;R-null DT-40 cells to determine the
potential role of IP;Rs in sHA 14-1-induced calcium release.
The results in Fig. 4 showed that an absence of IP;Rs did not
alter the sensitivity of DT-40 cells to the cytotoxic effect of
sHA 14-1 and sHA 14-1-induced ER calcium release. These
results suggest that IP;Rs are unlikely to be directly targeted
by sHA 14-1.

Despite the fact that sHA 14-1 is an antagonist of Bcl-2 and
Bel-X;, with increased binding potency compared with
HA 14-1 (Tian et al., 2008), we were surprised to discover
that sHA 14-1 partially blocked thapsigargin-induced ER cal-
cium release in a dose-dependent manner (Fig. 5, A and B).
This result suggests that sHA 14-1 may induce ER calcium
release through the SERCA pathway. This was confirmed by
showing that sHA 14-1 inhibited the activity of both SERCA
1A and 2B (Fig. 5, C and D). Although Bcl-2 has been re-
ported to regulate the function of SERCAs (Kuo et al., 1998;
Dremina et al., 2004, 2006), our studies suggest that
sHA 14-1 probably directly antagonizes SERCAs to induce
ER calcium release, because no Bcl-2 protein was detected in
the SERCA samples (Fig. 5E). The paradoxical capability of
sHA 14-1 to suppress thapsigargin-induced ER calcium re-
lease (Fig. 5, A and B) probably exists because thapsigargin
has a higher intrinsic activity to induce ER calcium release
through SERCAs, whereas sHA 14-1 has a lower intrinsic
activity. In addition to the effects on ER calcium and SERCA
activity, sHA 14-1 treatment led to induction of ATF4 (Fig.
6). Thus, sHA 14-1 has a functional effect on the ER similar
to thapsigargin, with a rapid release of ER calcium followed
by subsequent ATF4 induction.

sHA 14-1 induced a loss of Aym (Fig. 7A) and caspase-9
activation (Fig. 6C) in leukemic cell lines 2 to 6 h after
treatment. Its inactive counterpart, isHA 14-1, failed to in-
duce a loss of Aym and caspase-9 activation under the same
conditions, whereas ABT-737 induced a much more promi-
nent loss of Aym (Fig. 7A) and caspase-9 activation (Fig. 6C).
It remains to be determined whether there are ER/mitochon-
drial communications in response to sHA 14-1-induced
stress or whether these are two independent processes.

The parent compound HA 14-1 has been reported to affect
ER and mitochondrial function (An et al., 2004). However,
those results might be attributable to the production of ROS
after the rapid decomposition of HA 14-1 (Zhang et al., 2006;
Doshi et al., 2007). In our own studies of HA 14-1, we noted
effects on Aym and caspase-9 activation within 1 to 2 h after
treatment (data not shown), whereas comparable effects by
sHA 14-1 required 6 to 8 h (Fig. 7). The slower kinetics of cell
death, the paucity of mitochondrial outer membrane perme-
abilization, the weak caspase-9 activation, and the relative
insensitivity to the pan-caspase inhibitor Z-VAD-fmk are all
consistent with a caspase-independent mechanism of cell
death induced by sHA 14-1 (Tait and Green, 2008). The
prominent change in the light scatter characteristics of
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sHA 14-1 treated cells (Fig. 8) is suggestive of subcellular
vacuole accumulation, and we are currently investigating
whether this includes an autophagic component.

In conclusion, the current study shows that sHA 14-1, a
small-molecule antagonist of antiapoptotic Bcl-2 family pro-
teins, can exhibit subcellular targeting effects that encom-
pass two vulnerable sites for initiation of apoptosis. Our
collective data suggest a model wherein sHA 14-1 targets
SERCAs in ER with a higher potency than the antiapoptotic
Bcl-2 family proteins in the mitochondria. This model is
supported by the rapid induction of ER calcium loss (Fig. 2)
and the subsequent induction of ATF4 (Fig. 6). An effect on
mitochondrial function is not detectable until 6 to 8 h after
sHA 14-1 treatment (Fig. 7). The mechanism of the proapop-
totic effect of sHA 14-1 is therefore distinct from ABT-737,
which primarily initiates apoptosis by targeting the mito-
chondria, and thapsigargin, which acts specifically at the ER.
The capacity of a small molecule such as sHA 14-1 to bind
multiple intracellular targets may be an attractive strategy
to overcome drug resistance that emerges as a consequence of
multigene mutations (Frantz, 2005).
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