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Abstract
Impaired apoptosis is often a key element in tumor development. Therefore, drugs mimicking prosurvival

antagonists offer promise as cancer therapeutics. When ABT-737, a BH3-only mimetic, was added to KB3-1

human cervical adenocarcinoma cells,we noted an induction of an endoplasmic reticulum (ER) stress response

and the dislocation of ER luminal proteins, including chaperones, to the cell cytosol. Furthermore, when

immunotoxin (antibody–toxin chimeric molecule) and ABT-737 combinations were added to cells, there was

enhanced toxin-mediated inhibition of protein synthesis, consistentwith enhanced translocation of toxin to the

cytosol. A similar enhancement was not seen with thapsigargin, suggesting that ER stress alone was not

responsible for enhanced translocation. Cytosol preparations from ABT-737–treated but not from thapsigar-

gin-treated cells revealed the presence of greater amounts of processed 37-kDa toxin fragment comparedwith

the addition of immunotoxin alone. As early as 4 hours after the addition of ABT-737 and immunotoxin, there

was release of mitochondrial cytochrome c and activation of caspase-3/7 indicating that the combination

caused apoptotic cell death. These results were reflected in decreased cellular ATP levels that were noted with

combinations of ABT-737 and immunotoxin but not with either agent alone or with combinations of

thapsigargin and immunotoxin. We conclude that ABT-737 increases ER permeability, promoting the

dislocation of toxin from the ER to the cytosol resulting in early apoptotic cell death. These mechanistic

insights suggest why this class of BH3-only mimetic synergizes in a particular way with Pseudomonas

exotoxin–based immunotoxins. Mol Cancer Ther; 13(6); 1655–63. �2014 AACR.

Introduction
Antibody–toxin fusion proteins (immunotoxins) target

antigens of the surface of cancer cells causing cytotoxic
damage when the toxin is internalized (1, 2). Immunotox-
ins derived from Pseudomonas exotoxin (PE) are cyto-
toxic for mammalian cells via their ADP-ribosylation of
elongation factor 2 (EF2) leading to cessation of protein
synthesis (1–3). Native PE or PE-derived immunotoxins
are taken into cells via endocytosis, are proteolytically
processed by the cellular protease furin, and are then
routed to the cell cytosol via the endoplasmic reticulum
(ER). The involvement of the ER was established many
years ago with the discovery that PE had a KDEL-like
sequence (REDLK) at its C-terminus that was required for
cellular toxicity (4). Likewise, this KDEL-like sequence is
needed for immunotoxin-mediated killing of cancer cells

(5).While the need for aKDEL sequence implicates the ER
in the toxin pathway, it does not provide information
regarding the molecular pathway of toxin translocation
from the ER to the cytosol. One candidate transporter,
Sec61, was suggested several years ago (6). In this model,
toxin unfolding in the ER led to retrotranslocation via the
pathway usually taken by newly synthesized secreted
proteins. And then, presumably, upon arrival in the
cytosol, the toxin’s ADP-ribosylating domain would
refold and begin the process of enzymatically modifying
EF2. Furthermore, it has been established that the toxicity
of PE is directly related to its ADP-ribosylating action. A
toxin mutant lacking a key amino acid (glutamic acid
553—using the numbering system corresponding to the
amino acids of mature PE) in the NAD-binding pocket
also reaches the cytosol but is nontoxic for cells (7, 8).

PE-based immunotoxins are currently being evaluated
in clinical trials targeting B- and T-cell malignancies and a
variety of epithelial tumors (9, 10). Only in patients with
hairy cell leukemia has there been a high complete
response rate following immunotoxin treatment (11). In
patients with other cancers, responses have been less
encouraging (12, 13). Evidence of immunotoxin resistance
therefore has spurred the testing of combination treat-
ments to increase the killing efficacy of target cells (14, 15).
Impaired apoptosis is often a critical step in tumor devel-
opment (16). The key regulators of apoptosis are the
proteins of the Bcl-2 family (17). In many tumors, one or
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more of its prosurvival members, Bcl-2, Bcl-xL, Bcl-w,
Mcl-1, and A1, are overexpressed promoting tumor for-
mation, survival, and resistance to chemotherapy (18).
Therefore, drugs mimicking prosurvival antagonists, the
Bcl-2 homology 3 (BH3)-only proteins, offer promise as
anticancer agents. ABT-737, a BH3-only peptide mimetic,
was developed as a therapeutic cancer agent because it
neutralizes the prosurvival proteins: Bcl-2, Bcl-xl and Bcl-
w (19). However, ABT-737 does not interact with Mcl-1
and cells with sufficient levels of Mcl-1 can resist ABT-
737–mediated apoptosis. Because Mcl-1 has a short half-
life (�30 minutes), agents that inhibit protein synthesis
can promote the loss of Mcl-1; yet, in the case of the PE-
based immunotoxins, in several instances, the loss ofMcl-
1wasnot enough tokill cells (15, 20).Hence,weandothers
have reported on combination treatments with ABT-737
and PE-based immunotoxins leading to increased apo-
ptotic deathwith strong evidence of synergistic cell killing
(20, 21). Similar results were also shown for ABT-263 (14),
the orally available clinical version of ABT-737. Enhanced
killing was attributed to an increase in toxin-mediated
inhibition of protein synthesis leading to apoptosis. How-
ever, no mechanistic insights were uncovered.

Here, we focus on the translocation of the immunotoxin
from theERmembrane system, attempting to explainhow
ABT-737–immunotoxin combinations produce strong
synergistic cell killing. Because different cell types and
surface targets can make comparisons difficult, we have
chosen to characterize the effects of ABT-737 on the
activity of a model immunotoxin directed to the transfer-
rin receptor. The transferrin receptor is expressed on
essentially all growing cells and this will allow results
obtained in the current KB3-1 cell system to be tested in
other human cell lines, including cancer cells of different
tissue types. Here, we report on a new function for the
BH3 mimetic, ABT-737, namely, it can increase the per-
meability of ER membranes, which we argue aids in the
translocation of the toxic portion of PE-based immuno-
toxins from the ER to the cytosol.

Materials and Methods
Reagents

Two immunotoxins, HB21scFv-PE40 (HB21PE40,
enzymatically active) and HB21scFv-PE40D553
(HB21PE40D553, enzymatically inactive), were pro-
duced recombinantly in Escherichia coli as described
previously (22). ABT-737 was purchased from Selleck
Chemicals LLC, dissolved in dimethyl sulphoxide
(DMSO) at 10 mmol/L stock concentration, and stored
frozen at �20�C. Thapsigargin was purchased from Life
Technology. MG132 was purchased from Sigma-Aldrich.

Cell lines and transfection
The cervical adenocarcinoma cell line KB3-1 (here

called KB cells) was obtained from Michael Gottesman
(National Cancer Institute, Bethesda, MD). No authenti-
cation was done by the authors. The cells were grown in
Dulbecco’s Modified Eagle’sMedium (DMEM; Life Tech-

nology) plus 10% FBS. For transfection studies, KB cells
were incubated with Effectene (Qiagen) according to the
manufacturer’s instructions and a plasmid encoding full
length but enzymatically inactive PE (23). Transfections
were for 16 hours followed by the addition of various
chemical agents for an additional 4 hours.

Cytotoxicity assays
Viability was determined with the CellTiter-Glo Lumi-

nescent Cell Viability Assay Kit (Promega). This assay
quantifies the amount of ATP present, which signals the
presence of metabolically active cells. ATP wasmeasured
as luminescence produced by the mono-oxygenation of
luciferin catalyzed by the Ultra-Glo-luciferase. Caspase-
3/7 protease activity was measured using the Caspase-
Glo 3/7 Assay Kit (Promega) that quantifies the cleavage
of the substrate, Ac-DEVD-pNA. Following the addition
of immunotoxin for 1, 2, or 3 hours, protein synthesis
inhibition was quantified by incubating cells in a 96-well
formatwith 2mCi/mL 3H-leucine (PerkinElmer) and then
counting samples on a filter mat using aWallac Beta plate
reader (Perkin Elmer).

Subcellular fractionation and immunoblot analysis
Treated or control cells were collected, washed with

PBS solution, and solubilized in RIPA buffer (Thermo
Scientific Pierce) with protease and phosphatase inhibi-
tors (Roche Applied Science). Protein concentrations
were determined using the Nanodrop2000c Spectropho-
tometer (Thermo Scientific). Equal amounts of protein
were loaded onto NuPAGE 4%–12% Bis–Tris gels (Life
Technology Invitrogen) and transferred to nitrocellulose
membranes (Life Technology Invitrogen). The following
primary antibodieswereused: eIF2a (Cell SignalingTech-
nology); peIF2a (Epitomics); CREB-2/ATF-4 (Santa Cruz
Biotechnology); Mcl-1, Bcl-xL, and Bcl-2 (Cell Signaling
Technology); and tubulin (Sigma-Aldrich). Primary anti-
bodies were routinely detected with donkey anti-mouse
horseradish peroxidase or donkey anti-rabbit horseradish
peroxidase (Jackson ImmunoResearch) using the Super-
Signal West Pico Chemiluminescent Substrate Kit
(Thermo Scientific Pierce).

For the subcellular fractionation, treated or control cells
were harvested and washed once with a glycine "strip-
ping" buffer (glycine 50 mmol/L, NaCl 150 mmol/L, pH
3). Cells were resuspended in cellular fractionation buffer
[20 mmol/L HEPES/KOH, pH 7.5, 10 mmol/L KCl, 1
mmol/LMgCl2, 1mmol/LEDTA, 1.5mmol/LEGTA, 250
mmol/L sucrose, 1 mmol/L dithiothreitol (DTT)], passed
througha25-gaugeneedle 10 times, andcentrifuged for 10
minutes at 600 � g to remove unbroken cells and nuclei
and to gain post-nuclear supernatant. The post-nuclear
supernatant was centrifuged at 7,000� g for 10minutes to
pellet mitochondrion-enriched heavy membranes and
heavy membrane supernatants. Heavy membrane super-
natants were centrifuged in a fixed angle S100AT4-542
rotor at 100,000 � g for 1.30 hours to separate the ER-
containing light membrane fraction from the cytosol. The
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heavy and the light membranes were then solubilized
with RIPA buffer containing 1 mmol/L DTT and both
protease and phosphatase inhibitors. Equal amounts of
protein from the cytosol and membranes were analyzed
by Western blotting using the primary antibodies for
calnexin (Stressgen); actin, cytochrome c (BDBiosciences);
and TOMM20 (Santa Cruz Biotechnology). The anti-PE
monoclonal antibody, M40-1, was described previously
from this laboratory (24). Measurement of protein band
intensities was performed using ImageJ software (NIH).

Results
Kinetics of ABT-737 and immunotoxin-mediated ER
stress response
Previously, it was reported that the BH3-only mimetic,

ABT-737, overcame resistance to PE immunotoxin–medi-
ated apoptosis causing ER stress and inducing an unfold-
ed protein response (UPR), as evidenced by the expres-
sion of ATF4 (20, 21). Therefore, we sought to understand
whether theUPRwas involved in the synergybetween the
immunotoxin and ABT-737. To address this, we carried
out a time course of treatments with this compound either
alone or in combination with an immunotoxin directed to
the human transferrin receptor. For comparisons with a
classic ER stress–producing agent, thapsigargin was
included in many parallel experiments. When assayed
alone on KB cells, ABT-737 provoked an increase in
phosphorylated eIF2a and expression of ATF4 at 2 and
4 hours, that peaked at 8 hours postaddition and then
declined (Fig. 1). However, these early increases were less
pronounced than the response seen with thapsigargin
(Fig. 1). The active immunotoxin induces eIF2aphosphor-
ylation at 8 hours and later times. In contrast to ABT-737
alone, ABT-737 in combination with an active immuno-
toxin produced very different results. The phosphoryla-
tion of eIF2a by the combination was greater than with
either ABT-737 or immunotoxin alone, confirming a high
level of ER stress. Despite the high level of phospho-eIF2a
in the combination, therewasno evidence ofATF4 expres-
sion, mostly likely due to toxin-mediated inhibition
of protein synthesis. Thus, in combination treatments,
the ER stress program is thwarted because ATF4 is not

expressed. ABT-737 plus the inactive immunotoxin pro-
duced responses that were essentially identical to ABT-
737 alone, confirming that the absence of ATF4 in com-
bination treatments depended on theADP-ribosylation of
EF2 leading to the inhibition of protein synthesis.

When we performed a time course of the immuno-
toxin and ABT-737 action, we found that the immuno-
toxin alone produced a modest increase in caspase-3/7
activity after 16 hours (Fig. 2A), which increased slight-
ly after 24 hours with 40% cell survival (Fig. 2B). ABT-
737 alone did not stimulate apoptosis and, after 24
hours, reduced cell viability by approximately 50%. In
contrast, a combination of the 2 agents increased cas-
pase-3/7 activity starting at 2 hours with a major peak
at 4 hours (Fig. 2A). The peak in apoptosis was followed
by substantial cell death at 8 hours (Fig. 2B). In contrast,
when cells were treated with thapsigargin in combina-
tion with the immunotoxin, we noticed only a modest
increase in caspase-3/7 activity at 4 hours, which
was much less than the ABT-737-immunotoxin combi-
nation. Furthermore, the thapsigargin–immunotoxin
combination resulted in relatively poor cell killing
with near-complete cell survival at 8 hours. Thus, even
though thapsigargin produced a more robust ER
stress response compared with ABT-737, this was not
associated with either rapid caspase activation or
increased cell death. In fact, only prolonged (24 hours)
treatments of immunotoxin and thapsigargin resulted
in reduced cell proliferation and any cell death (Fig. 2A
and B). From these results, we conclude that, by itself,
ER stress is not sufficient to enhance immunotoxin
killing. It also suggests that ABT-737 harbors additional
properties beyond the ability to provoke an ER stress
response.

Immunotoxin-mediated inhibition of protein
synthesis was enhanced in the presence of ABT-737

Previously, we showed that ABT-737 in combination
with PE-based immunotoxins reduced cellular protein
synthesis to a greater extent than either agent alone
(20). One interpretation of that result postulated that
ABT-737 enhanced toxin translocation from the ER to the

2 hours

4 hours

8 hours

16 hours

24 hours

eIF2α p-eIF2α ATF4 Tubulin

Ctr
HBPE40

HBPE40+ABT

ABT
TG HBPE40Δ533+ABT

Ctr
HBPE40

HBPE40+ABT

ABT
TG HBPE40Δ533+ABT

Ctr
HBPE40

HBPE40+ABT

ABT
TG HBPE40Δ533+ABT

Ctr
HBPE40

HBPE40+ABT

ABT
TG HBPE40Δ533+ABT

Figure 1. Time course of ER stress
induced by ABT-737 and
immunotoxin treatment. KB cells
were exposed for various times to
the 10 ng/mL immunotoxin, 10
mmol/L ABT-737, a combination of
the immunotoxin and ABT-737, 5
mmol/L thapsigargin, and a
combination with the nontoxic
immunotoxin and ABT-737. The
level and the posttranslational
modifications of the ER stress
proteins were visualized by
Western blotting with the indicated
antibodies.
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cytosol. However, other interpretations are possible,
including that ABT-737 provoked greater toxicity (i.e., an
ER stress response leading to reduction in protein trans-
lation rates) because of its activity at the level of ER. If the
latter were the case, then thapsigargin treatment would
also result in increased reductions in protein synthesis. To
address this issue, we measured immunotoxin-mediated
inhibition of protein synthesis kinetically in the presence
and absence of ABT-737 and compared results using
similar treatments with thapsigargin. The results clearly
show that immunotoxin-mediated inhibition of protein
synthesis was enhanced in the presence of ABT-737,
suggesting that ABT-737 treatment resulted in the deliv-
ery of more toxin molecules to the cytosol (Fig. 3). In this
assay, combination effects could be seen as early as 2
hours after the addition of both agents. However, similar
results were not achieved when combinations of thapsi-
gargin and immunotoxin were added to cells (Fig. 3).
From this, we conclude that ER stress alone is not respon-
sible for enhanced immunotoxin delivery to the cytosol.

ABT-737 increases ER membrane permeability to
luminal proteins

Next,we addressed themechanism of enhanced immu-
notoxin translocation in the presence of ABT-737. Previ-
ous reports indicated that ER stress, induced by thapsi-
gargin or tunicamycin, could increase ER membrane
permeability allowing ER luminal proteins to be released
into the cytosol with no loss of ER membrane integrity
(25). To determine whether the permeability of the ER
changed in the presence of ABT-737 alone, immunotoxin
alone, or both agents together,weprobedmicrosomal and
cytosolic fractions for evidence of dislocation of 2 ER
luminal proteins, protein disulfide isomerase (PDI) and
the 78-kDa glucose-regulated protein (GRP78/BiP). We
chose a 4-hour time point because this coincided with the
maximum activation of caspase produced by combina-
tions of ABT-737 and immunotoxin. When cytosolic pre-
parations were probed for ER luminal proteins, the
amounts of PDI and GRP78 were notably higher in the
cytosol of ABT-treated cells than in those of untreated or
thapsigargin-treated cells (Fig. 4A). This suggested that
ABT-737 increased ERmembrane permeability to luminal
proteins, possibly including any toxin that was present.
However, the mechanisms of permeabilization induced
byABT-737 and thapsigargin are clearly different because
thapsigargin does not enhance immunotoxin action.
Moreover, ER permeability could be considered a feature
of ERstress–induced apoptosis, andGRP78 andPDI could
be considered markers of this effect.

In the same cytosolic preparations, there was little or no
evidence of ER membrane proteins, as determined by
blots detecting calnexin, confirming selective release of
soluble components and not ER destruction. Of interest
were cytosolic samples from combination treatments.
When these were analyzed, we noticed reduced amounts
of PDI and GRP78 in the combination with ABT-737
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Figure 2. Apoptosis and cell death following ABT-737 and the
immunotoxin treatment. KB cellswere treated for 2, 4, 8, 16, and 24 hours
with the 10 ng/mL immunotoxin, 10 mmol/L ABT-737, a combination of
the immunotoxin and ABT-737, 5 mmol/L thapsigargin, and a
combination of the immunotoxin and thapsigargin. A, caspase-3/7
activity was determined by adding Ac-DEVD-pNA to each well and
incubating the plate for 1 hour at room temperature. B, cell viability was
determined as quantitation of the ATP present in metabolically active
cells using a thermostable mutant of Photuris pennsylvanica luciferase
(LucPpe2m), which improves performance in ATP assays. The
luminescenceof eachwellwasmeasuredand thevalues arepresentedas
a percentage relative to PBS-treated cells. The mean values were
determined from 3 different experiments where each point in each
experiment was derived from triplicate plates. The error bars represent
the SD of the mean.
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Figure 3. ABT-737 increases the rate of toxin-mediated inhibition of
protein synthesis. KB cells were treated for 1, 2, and 3 hours with the 10
ng/mL immunotoxin, 10 mmol/L ABT-737, a combination of the
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the immunotoxin and the thapsigargin. Inhibition of protein synthesiswas
determined by measuring the incorporation of 3H-leucine into cells.
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compared with ABT-737 alone. While experiments aimed
at understanding the nature of the dislocation process are
undergoing, as we were monitoring a cytotoxic combina-
tion of immunotoxin and a BH3-mimetic at the peak of
apoptotic induction andprotein synthesis inhibition (Figs.
2 and 3), we speculate that the channels or pores opened
byABT-737 change their conformation or are deregulated
resulting in reduced translocation of chaperones. Similar
accumulations of PDI and GRP78 were seen with combi-
nations of immunotoxin and thapsigargin comparedwith
thapsigargin alone. Minor reductions in protein synthesis
levels and/or a small amount of apoptosis apparently did

not alter the changes in permeability caused by thapsi-
gargin. Another possible explanation could involve chan-
nels or pores with the immunotoxin competing for the
same channels as those specifically regulated byABT-737.

Our results show that there is a unique connection
between ABT-737 treatment and the selective dislocation
of luminal proteins. When membrane fractions were ana-
lyzed at 4 hours, there was evidence of chaperone upre-
gulation in cells treated with ABT-737 or thapsigargin.
However, as noted already, a similar level of chaperone
upregulation (with ABT-737 and thapsigargin) did not
produce the same amount of protein dislocation to the
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Figure 4. Cytochrome c release and dislocation of ER chaperones and toxin following treatment with ABT-737. A, cells were treated for 4 hours with 10 ng/mL
immunotoxin, 10 mmol/L ABT-737, or immunotoxin plus ABT-737. In addition, control cells were treated with either thapsigargin alone or in combination with
immunotoxin at 10 ng/mL. After subcellular fractionation of lysed cells, cytosol and membranes were probed for the following ER chaperones, GRP78,
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values are determined from 3 different experiments and the error bars represent the SD of the mean.
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cytosol. In that regard, ABT-737was far superior, suggest-
ing that the increased levels of ER luminal proteins in the
cytosol were due to increased dislocation rather than
increased expression.

To confirm that the contents of the cytosol were
derived from apoptotic cells, we assessed samples from
combination treatments for the release of cytochrome c
(Fig. 4B). As shown, cytochrome c is recovered in the
cytosol only in samples from the combination treatment
with ABT-737 and not with immunotoxin alone or
immunotoxin plus thapsigargin. Activation of caspase
and release of cytochrome c provide 2 independent
markers that apoptosis begins within 4 hours of adding
ABT-737 and immunotoxin.

The potency of PE-based immunotoxins depends on
the presence of a functional ADP-ribosylating domain,
leading to cessation of protein synthesis. However, only
small amounts of immunotoxin (below the detection
level of Western blot analysis) are needed to completely
inhibit cellular protein synthesis. Enhanced ABT-medi-
ated dislocation of the immunotoxin might be con-
firmed by immunoblotting if higher amounts of toxin
protein could be detected in the cytosol. Therefore, we
generated an enzymatically inactive mutant of the
immunotoxin. The mutant HB21PE40 differs from the
wild-type version by one amino acid: it lacks glutamic
acid (critical for NAD binding) at position 553 (and is
here called "ntIT" for nontoxic immunotoxin). To quan-
tify toxin translocation, relatively high concentrations
(250 ng/mL) of ntIT were added to cells in the presence
and absence of ABT-737; and after 4 hours, cytosol was
prepared from treated and control cells. We measured
the intensity of the ntPE band in the cytosol and in the
membrane fraction for each treatment and then com-
pared this ratio with the ratio of ntPE in the cytosol and
membranes of the "ntPE-only" treated cells. We deter-
mined that ABT-737 treatment resulted in 4-fold more
immunotoxin in the cytosol (Fig. 4B, Supplementary
Fig. S1). The presence of the 37 kDa in the cytosol
indicated that the immunotoxin was correctly processed
and only this form of the toxin was selectively translo-
cated from the ER.

To show that the enhanced dislocation of the toxin
predominantly occurred from the ER compartment, we
transfected KB cells with a plasmid encoding full-length
PE. Similar to the experiments with the immunotoxin, we
used an active site mutant of PE lacking glutamic acid 553
(ntPE). Because we use a mammalian secretion sequence,
ntPE is delivered directly into the ER where a small
fraction of the protein retrotranslocates to the cytosol
whereas the remainder is mostly secreted. Transfected
cells were allowed to express ntPE for 16 hours at which
time ABT-737 or no treatment was applied for a further 4
hours. Cytosol preparations from these cells were then
probed with antibodies to PE. From these, we confirmed
that ABT-737 treatment resulted in the same fold increase
of ntPE in the cytosol that we had seen with the ntIT-
treated cells (Fig. 5A).

Net accumulation of toxin could be due to enhanced
delivery or interference with the normal degradation
process. To investigate proteasome-mediated toxin deg-
radation, we incubated cells with the inhibitor MG132.
There was no change in toxin accumulation in the cytosol,
nor did MG132 influence the action of ABT-737, confirm-
ing that ABT-737 action was via enhanced delivery of
toxin to the cytosol (Fig. 5A). Furthermore, treatments
with thapsigargin in either system, at concentrations that
cause ER stress, did not result in toxin accumulation in the
cytosol (Figs. 4B and 5B), again confirming that the action
of ABT-737 is specific for enhanced toxin translocation.
From these results, we conclude that ABT-737 alters the
permeability of the ER, allowing more toxin molecules to
reach the cytosol.

Regulation of the Bcl-2 prosurvival proteins
Several studies have reported that the PE-based immu-

notoxin treatment leads to a rapid andmarkeddecrease in
the levels of the anti-apoptotic protein, Mcl-1 (14, 20, 26),
suggesting that immunotoxin-induced apoptosis may be
triggered by degradation ofMcl-1 that cannot be replaced
because of inhibition of protein synthesis.However,when
we monitored Mcl-1 levels following combination treat-
ments of immunotoxin andABT-737, therewasno loss at 4
hours indicating that apoptosis did not depend on loss of
this prosurvival protein (Fig. 6). In combination treat-
ments, complete loss of Mcl-1 was not noted until 8 hours
post treatment whereas cells treated with the immuno-
toxin alone did not lose Mcl-1 until 16 hours posttreat-
ment. The earlier loss ofMcl-1, seen with the combination
treatment compared with the immunotoxin alone, was
consistent with ABT-737–mediated increase of toxin
delivery to the cytosol inducing a faster shutdown of
protein synthesis.

Discussion
A significant obstacle to the efficacy of PE-based immu-

notoxins is the inability of these agents to induce apoptosis
despite causing inhibitionof protein synthesis and the loss
of the prosurvival protein, Mcl-1 (15, 20). However, here
we show that immunotoxin combinations with the BH3
mimetic ABT-737 caused a rapidly lethal synergism, with
strong caspase activation being evident as early as 4 hours
posttreatment and complete loss of viability as early as 8
hours. We reported previously an enhanced inhibition of
protein synthesis in the presence of ABT-737 that was not
seen with diphtheria toxin, suggesting a possible effect of
ABT-737 on the ER that could help the PE-based toxins
translocate into the cytosol (14, 20). Here, we report on a
new feature of ABT-737 activity, namely, the capacity to
increase the permeability of soluble ERproteins leading to
dislocation to the cell cytosol, including also PE and PE-
derived immunotoxins. Dislocation was noted with both
PDI and GRP78 and the increased retrotranslocation of
those soluble proteins was not associated with the
destruction of the ER membranes. Previously, it was
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reported that ER stress inducers, such as thapsigargin and
tunicamycin, could provoke the release of endogenous ER
luminal proteins to the cytosol during apoptosis in a
process that was dependent on the proapoptotic Bcl-2
membersBax andBak (25). Furthermore, luminal proteins
released into the cytosol were accompanied by the trans-
location and anchorage of Bax to the ER membrane (27).
ABT-737 seems to have a similar effect on ER membranes
confirming its action asER stress inducer, but it seems also
to trigger a specific permeabilization for immunotoxins,
as thapsigargin did not produce the same rapid or exten-
sive translocation of the toxin into the cytosol. ABT-737
bindswith high affinity to Bcl-xL andBcl-2,which are also
localized on the ER membranes, and as a BH3 mimetic, it
causes apoptosis, priming the intrinsic pathway charac-
terized by Bax translocation to mitochondrial and ER
membranes (27). The evidence that ER permeabilization
seems to be very specific for PE-based immunotoxins

opens the hypothesis that there could be an interaction
between the Bcl-2 proteins on the ER and the toxin. This
interaction could interfere with the suggested exit path-
way from the ER to the cytosol through the Sec61p ER
translocation pore (28), as the immunotoxin alone is able
to kill the cells but the process is much slower than in the
presence ofABT-737.Moreover, considering that there are
similarities between the structure of the translocation
domain of bacterial toxins and the transmembrane
domain of the prosurvival members of the Bcl-2 family
(29), the analysis of the possible protein interactions of the
immunotoxin at the level of the ER compartment will be
the next rational step in our study on the mechanisms of
the PE-based immunotoxins action.

The addition of ABT-737 causes ER stress activating the
unfolded protein response. We extended the study on the
ER stress induced by ABT-737, including also the immu-
notoxin alone and the combination with the ABT. We
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focused on the activation of the PERK because this branch
of the unfolded protein response is strictly correlated to
the regulation of the protein synthesis in the cell (30). As
mentioned above under ER stress conditions, PERK is
activated andphosphorylates eIF2a causing a translation-
al arrest. This rapid response normally operates as an
important prosurvival mechanism. Indeed, the deficiency
of PERKor the expressionof anon-phosphorylatable form
of eIF2a results in cells that are hypersensitive to ER stress
(31) or hypoxic conditions during tumor growth (32, 33),
supporting the idea of a physiologic role of translational
attenuation on supporting cell survival via decreasing the
unfolded protein load. Under prolonged ER stress, PERK
signaling can trigger cell death. In fact, the artificial
sustained activation of PERK, but not IRE1a, induces
proliferation arrest and cell death. One major event
responsible for this switch between prosurvival and proa-
poptotic responses is the induction ofC/EBPhomologous
protein (CHOP: also named growth arrest and DNA-
damage-inducible 153 GADD153) byATF4 (34). Themost
studied mechanism of cell death induced by CHOP is the
regulation of several Bcl-2 members; the best-known
effect is the downregulation of Bcl-2, sensitizing cells to
apoptosis (35). When we treated the cells with the immu-
notoxin alone and in combination, we noticed a clear
phosphorylation of eIF2a but no expression of ATF4. In
the presence of the immunotoxin, the persistent phos-
phorylation of eIF2a and the consequent absence of ATF4
can delay the cytotoxic effect of the protein synthesis
inhibition; however, eventually the cells will overcome
this protection and die. In the presence of ABT-737, there
is at least 4-fold more toxin in the cytosol and protein
synthesis inhibition is robust and the protective effect of
eIF2a phosphorylation is null. Moreover, ABT-737, as
BH3 mimetic, can sensitize the cells to apoptosis. Thus,
no adaptive UPR is possible and cells succumb rapidly to
apoptotic cell death. Finally, considering the outcome of
combination treatments, it is noteworthy to point out that

the degradation ofMcl-1 followed the strong activation of
caspase and release of cytochrome c at 4 hours and
probably amplified the induction apoptosis leading to
complete cell death at 8 hours.

Fromour study,we conclude that the key to the synergy
seenwith the co-treatments of the immunotoxin andABT-
737 is a new feature attributed to ABT-737 action, namely,
the ability to permeabilize ER membranes. This causes a
rapid and substantial delivery of toxin in the cytosol. As a
consequence, the strong inhibition of protein synthesis in
the first few hours of treatment annuls the temporary
survival response due to the phosphorylation of eIF2a
and lack of ATF4. Moreover, loss of Mcl-1 complements
ABT-737 action. Thus, in cells treated with both immu-
notoxin and ABT-737, prominent prosuvival proteins are
either absent or neutralized, leading to enhanced
apoptosis.
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