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Abstract

Strategies to sensitize human tumors that are resistant to apoptosis
have been clinically unsuccessful. We demonstrate that a structurally
modified chinimi Pseudomonas exotoxin, PEA53L/TGF-O/KDEL, with

binding specificity for the epidermal growth factor receptor, markedly
enhances sensitivity of human xenografts to radiation killing. Exposure to
PEA53L/TGF-0/KDEL decreases the apoptotic threshold through protein

synthesis inhibition and simultaneous production of ceramide in tumor
cells that lack functional p53 protein. In contrast, no increase in local or
systemic toxicity was observed with the chimeric toxin and radiation. We
conclude that biochemical targeting of the chimeric toxin and physical
targeting of ionizing radiation may increase the therapeutic ratio in the
treatment of human cancers with alterations of p53 expression. This
strategy offers a high therapeutic potential for Pseudomonas exotoxin A
chimeric proteins and irradiation.

Introduction

PE,3 a tridomain Mr 66,000 protein, is among the most potent of the

naturally occurring bacterial toxins. Domain la mediates cell binding,
domain II catalyzes the translocation of the toxin into the cytosol, and
domain III contains the ADP ribosylating activity. ADP ribosylation
inhibits protein synthesis by inactivating elongation factor 2 and,
thereby, induces cell death. PE binds to a widely distributed receptor
that is present on many normal and cancer cells (1). To increase the
specificity of PE, genetic engineering has been used to delete the
binding domain and to replace it with growth factors or Fv fragments
of antibodies (2). These agents are very active in producing regres
sions of human tumors growing in mice, and two of them have
recently undergone Phase I trials (3). However, despite much promise,
therapeutic application of these agents has been limited.

A prototype chimeric toxin, TGF-a PE40, was a first-generation
molecule in which domain la was replaced by TGF-a (2). Because
TGF-a binds to the EGFR, this strategy attempts to exploit the finding

that EGFR is overexpressed in many human cancers of the head and
neck, brain, liver, lung, bladder, ovary, endometrium, prostate, and
stomach (4-7). A second-generation chimeric protein, TP-40, was
constructed with folding properties that are better than those of TGF-a
PE40 to facilitate large-scale production for clinical applications (8).
TP-40 was tested on patients with superficial bladder cancer; several
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responses in patients with carcinomas in situ were observed, but poor
tumor penetration limited efficacy and necessitated further modifica
tion of the molecule (9). In this context, proteolytic processing is a
rate-limiting step in the action of PE when directed to tumor cells by
TGF-a. To circumvent processing, PE35/TGF-a/KDEL was synthe

sized (10), and a KDEL sequence was introduced at the COOH
terminus to increase cytotoxicity and delivery of the chimeric toxin to
the endoplasmic reticulum (11, 12). Further modification included
deletion of sequences in domain II and the introduction of a linker to
maintain the relationship between domains II and III. The resulting
molecule, PEA53L/TGF-a/KDEL (13), has been used here.

Failure to control regional and local tumors results in 20-30% of
cancer deaths and 50-60% of cancer patients die with local and

regional disease (14). Radiotherapy is an important modality for
treatment of local and regional tumors. Large tumor size, microenvi-

ronmental factors such as hypoxia, and the presence of radioresistant
tumor cells limit radiocurability (15, 16). Tumor cells develop resist
ance to programmed cell death as a result in part of genetic changes,
such as loss of p53 function (17). Importantly, a cellular apoptosis
susceptibility gene, homologous to the yeast chromosome segregation
gene (CSE1), may regulate resistance to apoptosis induced by ADP
ribosylating PE and diphtheria toxins and by TNF-a and TNF-/3 (18).
TNF-o and IR induce cell killing by activation of sphingomyelinase

and ceramide production (19, 20). Thus, we reasoned that PE may
share a common pathway in cell killing with TNF and IR that involves
the production of ceramide. We, therefore, asked whether PEA53L/
TGF-a/KDEL might offer an effective strategy to enhance radiation

destruction of tumors that overexpress the EGFR. Induction of cer
amide production by the chimeric toxin could enhance IR-mediated

tumor cell killing. We studied a radioresistant human tumor cell line
(SQ-20B) that has a homozygous mutation of p53 and is resistant to
IR-induced apoptotic killing. Herein, we report a marked synergistic

effect of combined treatment with PE and IR using in vitro and in vivo
models that is mediated in part by ceramide-induced programmed cell

death.

Materials and Methods

The chimeric toxin PEA53L/TGF-a/KDEL was designed, expressed, and

purified in the Laboratory of Molecular Biology. National Cancer Institute,
NIH (Bethesda, MD: Ref. 13). 2-[Bis(2-hydroxyethyl)amino]ethanesulfonic

acid (BES). BSA, PI, OEA. ceramides, and DAPI were purchased from Sigma
Chemical Co. (St. Louis, MO).

Cell Culture. SQ-20B human head and neck squamous cell carcinoma line

was grown in DMEM:F12 (3:1). 20% fetal bovine serum. 1% hydrocortisone,
and 1% penicillin-streptomycin (Life Technologies, Inc., Grand Island. NY), in
a humidified atmosphere at 37Â°C(17). SQ-20B/OEA cells were selected by

exposing the wild type to increasing concentrations of OEA in DMEM:F12
with 5% fetal bovine serum, in a final OEA concentration of 60 /Â¿M.

Binding Studies to Determine Receptor Numbers. The SQ-20B cells
were plated at 8 X IO3 cells per well in 1 ml of medium in 24-well plates.
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Twenty-four h later, the cells were washed twice with binding buffer [DMEM

containing 50 mM BES (pH 6.8) and l mg/ml BSA]. The plates were placed on
ice, and 20 /xl of binding buffer containing 0.037, 0.11, 0.33, 1.0, or 6.0 ng of
125I-labeled epidermal growth factor (0.1 /Â¿Ci/ng; Amersham, Arlington

Heights, IL), each with or without cold epidermal growth factor (Intergen,
Purchase, NY), were added. All combinations were performed in duplicate.
After equilibration for 2 h on a rocker at 4Â°C,the cells were washed with

binding buffer and lysed with 10 mM Tris-HCl (pH 7.4) containing 0.5% SDS
and 1 mM EDTA. The bound ligand was quantitated with a -y detector.

Receptor number was determined from a Scatchard plot (21).

Ceramide Quantification. Ceramide was quantified using the modified
diacylglycerol kinase assay (22). Briefly, the cells were scraped and trans
ferred, with the 2 ml of medium in which they were cultured, to a glass tube
and then extracted with 6.6 ml of a solution of CHCl3:methanol:l N HC1
(100:100:1, v/v/v). The lower organic phase was transferred to a fresh tube and
dried down under N2. One hundred /Â¿Iof a reaction mixture were added, which
was prepared as follows: 5 mM cardiolipin and 1 mM diethylenetriaminepen-
tacetic acid (DETAPAC) were sonicated together and mixed with 7.5% octyl-
ÃŸ-D-glucopyranoside to create micelles, and 50 mM imidazole/HCl (pH 6.6),

50 mM NaCl, 12.5 mM MgCl2, 1 mM EGTA, 5 mM ATP, diacylglycerol kinase
at a concentration of 0.7 units/ml, and 5 /Â¿Ciof [y-32P]ATP per tube (New

England Nuclear, Boston, MA) were added. After incubation at room temper
ature for 30 min, the reaction was stopped by the addition of 1 ml of the
extraction solution used above and 200 /Â¿Iof serum-free media. The organic

phase was dried down and run out on a 20 X 20 cm Whatman LK6D TLC plate

using CHC1,:CH3OH:CH3COOH (65:15:5, v/v/v) as a solvent. Ceramides
from bovine brain were phosphorylated concomitantly with the samples for a
standard curve, and after autoradiography, bands corresponding to these stand
ards were scraped and counted by liquid scintillation counting.

Nuclear Staining to Detect Apoptotic Cells. Nuclear morphology of
SQ-20B cells was assessed by staining with DAPI. In brief, cells (1 X IO6)

were plated on 60-mm Petri dishes. After 4 h, they were treated with either
chimeric toxin alone ( 1 ng/ml) or IR alone (8 Gy) or were irradiated after 24-h

pretreatment with the chimeric toxin. Radiation for all samples was delivered
using a ''"Co irradiator (Gammacell 220; Atomic Energy of Canada) at a dose

rate of 1.8 Gy/s. Cells were harvested at 36 h, briefly trypsinized and pooled
with the aspirated medium, centrifuged at 1000 rpm, washed once in PBS, and
fixed in cold 70% ethanol. Three hundred /Â¿Iof each sample were cytospun,
and the slides were washed in Tris-buffered saline for 10 min. In subdued light,

400 /il of DAPI (0.1 fig/ml in 0.1 % SDS) was added and incubated in the dark
for 10 min. The slides were washed in Tris-buffered saline and allowed to dry

in the dark. One drop of Vecta Shield was placed with a coverslip. The cells

Fig. 1. PEA531/TGF-0/KDEL induces apoptosis in SQ-20B cells. SQ-20B cells treated with IR alone, chimeric toxin alone, or chimeric toxin and IR were harvested at 36 h, fixed,
stained with DAPI. and viewed under an epitluorescent microscope. DAPI staining of nuclei reveals that the combined treatment results in increased nuclear characteristics that are
consistent with apoptosis. X500. A, control; ÃŸ.IR (8 Gy); C. toxin alone ( I ng/ml); D. toxin with IR.
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CONTROL PK PE t IR

Fig. 2. SQ-20B cells untreated or treated with IR alone, PEA53L/TGF-0/KDEL alone,
or combined treatment were harvested at 36 h as described in "Materials and Methods."

fixed in 7(>Cfethanol. and stained with DAPI. Five hundred cells were counted. Columns.
percentage apoptosis; bars, SE.

were reviewed by fluorescence microscopy using an epitluorescent micro
scope. Five hundred cells from each treatment were counted, and upoptotic

cells were scored and expressed as percentage apoptosis.
Viability Assay. SQ-20B and SQ-20B OEA cells were treated with 1 ng/ml

chimeric toxin. At 36 h. they were harvested, and 50 Â¿dof 100 /xg/ml PI were
added. Cells were analyzed by flow cytometry (fluorescence-activated cell

sorting) on a FACScan (Becton Dickinson) using Lysis II Software to detect
cell viability.

Growth and Treatment of SQ-20B Xenografts. SQ-20B (5 X 10h) tumor

cells were injected s.c. into the right hind limbs of female athymic nude mice

(Frederick Cancer Research Facility. Frederick. MD). Xenografts were grown
for 2-3 weeks to a mean volume of either 325 Â±28 or 273 Â±26 mm1, and

animals were sorted into treatment groups according to tumor volume and

body weight. At day 0. treatment was initiated. Tumors were measured

biweekly with calipers, and volumes were calculated using the formula
(length x width x height/2), which is derived from the formula of an ellipsoid
(m)'/6). The control tumors were not injected. Irradiated mice were immobi

lized in individual lucite chambers, and the body was shielded with lead except
for the tumor-bearing hind limb. Xenografts were irradiated (5 Gy/day, 4 days

per week) to a total of 50 Gy using a Maxitron generator, operating at 150

kV/30 mA. at a rate of 1.88 Gy/min. Xenografts were injected intratumorally

with the chimeric toxin at a concentration of either 30 fig/kg or 25 Mg/kg body
weight diluted in PBS containing 0.2% BSA on days 0, 1,3, 4. 7. 8, and 10.

Fig. 3. Ceramide production is altered by PEA53L/
TGF-o/KDEL in SQ-20B cells. A, ceramide levels in
SQ-20B cells at 24 h treated with IR alone (20 Gy),
with different concentrations of PEA53L/TGF-K/
KDEL alone, and with toxin and IR combined. B. in
SQ-20B cells selected with OEA, ceramide levels do

not show any increase after treatments with IR. toxin
alone, and toxin plus IR. â€¢¿�toxin alone: D. toxin plus
IR. Wild-type SQ-20B cells (O and SQ-20B/OEA

cells (D) following treatment with I ng/ml PEA53L/
TGF-o/KDEL. Cells were harvested at 36 h after brief
trypsinization and stained with PI. PEA53L/TGF-0/
KDEL induces cell killing in SQ-20B cells but not in
SQ-20B/OEA cells, as measured by PI staining and
fluorescence-activated cell sorting analysis. Ml, re

gion of dead cells. Percentage is shown in the upper
right comer of each histogram.
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A

l*

Fig. 4. SQ-20B xenografts. Mean tumor volume following com
bined trealment with PEA53L/TGF-O/KDEL and IR. The chimeric
toxin was injected intratumorally at 30 /Â¿g/kgM) or 25 Mg/kg IÃŸ)on
days 0, 1,3, 4, 7, 8, and 10. 4 h prior to IR. Tumors were irradiated
(5 Gy/day, 4 days/week) to a total dose of 50 Gy. Control tumors
were uninjected. Tumor volumes are shown following treatment
with intratumoral injection of toxin alone, radiation alone, and
combined treatment. Data points, fractional tumor volumes, calcu
lated as percentage of original (day 0) volume: bars, SE.
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Mice in the combined treatment group were irradiated 4 h after intratumoral
injection of the toxin (5 Gy/day, 4 days per week) to a total of 50 Gy. Data
were calculated as the percentage of original volume (day 0) and graphed as
fractional tumor volume Â±SE for each treatment group. For statistical anal
ysis, the tumor volumes in logarithms base two were transformed using
Cleveland's locally weighted regression scatter plot smoother (23). For each

treatment group, the zero values were subtracted from median smoothed values
of the tumors at day 28 and day 60. Statistical analysis was performed using
a one-way ANOVA (24). and the Bonferoni method was used to adjust the p

values for pairwise comparisons between groups (25).

Results

Apoptosis in SQ-20B Cells Exposed in Vitro to PEA53L/TGF-
o/KDEL and IR. The number of EGFR-binding sites, as assessed by
Scatchard analysis on SQ-20B cells, is 6 X 106/cell. For comparison,

the human epidermoid carcinoma cell line, A431, which is frequently
used as a tumor model for EGFR overproduction, expresses 3 X IO6

EGFRs/cell (12). Our data are consistent with that previously pub
lished on expression of EGFR in SQ-20B cell lines (26).

To determine whether SQ-20B cells undergo apoptosis in response

to the chimeric toxin and IR, cells were exposed to a single dose of 8
Gy alone, chimeric toxin alone, or combined treatment with both.
After 36 h of treatment, cells were fixed and stained with DAPI. Five
hundred cells were counted from each treatment to assess nuclear
morphology. Figs. 1 and 2 show that, at 36 h, 2% of the controls were
apoptotic, as compared to 6.3% with IR alone and 21% with toxin
alone. In contrast, the finding that 48% of the cells treated with both
agents were apoptotic indicated that the effects of the chimeric toxin
and IR are synergistic. These results were further confirmed by
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Fig. 5. Histopathology of SQ-20B xenografts. The combination of PEA53L/TGF-O/KDEL and IR induces apoplosis in vivo. Tumors were excised at 7 days following treatment with
intratumoral injection of toxin 2 /xg/day for 2 days or 10 Gy/day for 2 days or combination of toxin and IR. Paraffin-embedded sections were stained with H&EÃŒ.Representative sections
from each treatment group (two mice per group) were counted. Ten high-power fields were counted for apoptotic bodies (X400). A. untreated controls; B. IR alone; C. toxin alone;

D. toxin plus IR.

assessment of apoptosis with PI staining and flow cytometric analysis
(data not shown). The results obtained with the combined treatment
provided support for a potentially useful antitumor strategy in vivo.

Induction of Apoptosis in Vitro by PEA53L/TGF-0/KDEL and

IR Treatment Is Mediated by Ceramide. We have previously shown
that apoptosis in SQ-20B cells is induced by the production of ceramide

(27). Ceramide levels are increased at 24 h in response to either the
chimeric toxin or ionizing radiation alone. Ceramide was also increased
by the combination of chimeric toxin and IR [188 Â±35% (n = 6) of

control] at 24 h upon initiation of apoptosis, peaked at 247 Â± 11%
(n = 3) of control at 30 h, and then declined with progression of cell

death. Cells pretreated for 4 h with the chimeric toxin and then exposed
to IR in a single dose of 20 Gy show that, at 24 h post-IR, the rise in

ceramide at the lowest dose of chimeric toxin is additive with the effect
of IR (Fig. 3.4).

We have demonstrated that selecting WEHI-231 B-cells with the

ceramidase inhibitor OEA (28) results in a cell line that is resistant to
IR-induced apoptosis (29). Wild-type SQ-20B cells selected in 60 H.M
OEA (SQ-20B/OEA) failed to accumulate ceramide early or late in
response to IR alone, PEA53L/TGF-0/KDEL alone, or the combined
treatment (Fig. 3ÃŸ).SQ-20B/OEA cells were also resistant to apoptosis
induced by PEA53L/TGF-0/KDEL. as assessed by PI staining and anal

ysis by flow cytometry (Fig. 3. C and D). These findings provided further

support for the involvement of chimeric toxin-induced ceramide produc
tion in enhanced radiation killing of SQ-20B cells.

PEA53L/TGF-0/KDEL and Fractionated IR as an Antitumor

Strategy. To evaluate the interaction between the chimeric toxin and
therapeutic doses of IR in vivo, SQ-20B xenografts were grown to mean
volumes of 325 mm3 and 275 mm\ Data from the two experiments are

shown in Fig. 4. The mice were injected intratumorally on days 0. 1,3,
4,7,8, and 10 with either 30 Â¿ig/kg(Fig. 44) or 25 ^.g/kg (Fig. 4ÃŸ)of the
chimeric toxin alone, treated with a fractionated dose of 5 Gy for 10 days
to a total dose of 50 Gy, or treated with chimeric toxin and irradiated 4 h
after toxin injection (Fig. 4). Control tumors were uninjected. Mice were
sacrificed at day 60 or when tumor volumes exceeded 2(XX)mm\
Tumors were measured twice weekly through the entire period of study.
Untreated controls were sacrificed at day 28 due to tumor burden (Fig.
4B). No spontaneous regressions were observed. Data for each treatment
group were calculated as the percentage of initial tumor volume at day 0
and graphed as mean tumor volume Â±SE. The mean tumor volume for
the control group (n = 7), was significantly higher than that obtained for
each of the other three groups [P = 0.005 for chimeric toxin, P < 0.001
for IR alone (n = 11). and P < 0.001 for combined treatment (n = 11)].

By day 28. a significant difference in mean log relative volume between
the groups was observed (P < 0.001; ANOVA). At day 60, tumors
treated with IR alone showed an increase of 25% over their initial
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volumes as compared to 379% with toxin alone. In contrast, a decrease of
73% in tumor volume was observed with the combination of two treat
ments (Fig. 4B). These results supported a statistically significant differ
ence between the groups (P < 0.001), as determined by pairwise com
parisons. Importantly, growth delay was observed in tumors treated with
chimeric toxin and IR alone, whereas tumors in the combined treatment
group demonstrated regression. No difference in local desquamation or
evidence of other toxicity was apparent in the groups receiving the
combination of the chimeric toxin and IR. Also, normal activity and no
weight loss were observed in the treated mice.

To determine whether the increase in tumor regression observed with
the chimeric toxin and IR was due to increased apoptosis, two mice from
each treatment group were sacrificed on days 4, 7, 11, and 14. Tumor
sections were analyzed by histopathology. Fig. 5, A, B, C, and D, show
representative sections from untreated control, chimeric toxin alone. IR
alone, and the combined treatment at day 7, respectively. Apoptotic
bodies in 10 fields (X400) were counted. The average numbers of
apoptotic nuclei were 1.8, 6.0, 6.3, and 12.3 per field for control, IR,
PEA53L/TGF-0/KDEL, and the combined treatment, respectively
(P < 0.001). Thus, the combination of PEA53L/TGF-0/KDEL and IR

significantly increased the number of apoptotic bodies in tumors com
pared to those treated with IR or chimeric toxin alone.

Discussion

These studies provide the first demonstration of an interaction
between PE chimeric toxin and ionizing radiation. We have shown
that the chimeric toxin PEA53L/TGF-a/KDEL overcomes radioresis-
tance of SQ-20B epidermoid carcinoma cells by inducing apoptosis.

The results indicate that, in addition to protein synthesis inhibition, PE
also kills target cells by other mechanisms. Recently, it has been
reported that toxins such as PE, diphtheria toxin, and cholera toxin are
capable of inducing apoptosis, although the underlying mechanism is
not known (18, 30, 31).

Morimoto et al. (32) reported a synergistic interaction between PE
and TNF-a in the induction of apoptosis. Whereas the chimeric toxin
and TNF-a both induce ceramide production, these data suggested

that the production of ceramide might also be involved in the inter
action between PE and ionizing radiation. In this context, we have
previously reported that IR-induced ceramide production induces ap

optosis independent of p53, through the activation of caspases (27).
SQ-20B cells defective in ceramide production failed to respond to

the chimeric toxin and IR with induction of apoptosis. These findings,
taken together with the results presented here, suggest that a p53-

independent apoptotic pathway mediated by ceramide production is
responsible for the synergistic interaction between PEA53L/TGF-a/

KDEL and IR. Human tumors that overexpress EGFR, such as those
of brain, head and neck, and prostate, have a frequent pattern of local
failure. These sites are currently treated with radiation therapy and are
amenable to direct injection of chimeric toxin. Our data thus support
a novel therapeutic approach that increases cures of localized tumors.
Our study further demonstrates a conceptual advance in therapeutic
application of PE chimeric proteins and IR.
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