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Abstract
Anthrax lethal toxin (LeTx) shows potent mitogen-
activated protein kinase pathway inhibition and apopto-
sis in melanoma cells that harbor the activating V600E
B-RAF mutation. LeTx is composed of two proteins,
protective antigen and lethal factor. Uptake of the toxin
into cells is dependent on proteolytic activation of
protective antigen by the ubiquitously expressed furin
or furin-like proteases. To circumvent nonspecific LeTx
activation, a substrate preferably cleaved by gelatinases
was substituted for the furin LeTx activation site. Here,
we have shown that the toxicity of this matrix metal-
loproteinase (MMP)–activated LeTx is dependent on
host cell surface MMP-2 and MMP-9 activity as well as
the presence of the activating V600E B-RAF mutation,
making this toxin dual specific. This additional layer of
tumor cell specificity would potentially decrease sys-
temic toxicity from the reduction of nonspecific toxin
activation while retaining antitumor efficacy in patients
with V600E B-RAF melanomas. Moreover, our results
indicate that cell surface-associated gelatinase expres-
sion can be used to predict sensitivity among V600E

B-RAF melanomas. This finding will aid in the better
selection of patients that will potentially respond to
MMP-activated LeTx therapy. [Mol Cancer Ther
2008;7(5):1218–26]

Introduction
Chemotherapeutic regimens have limited activity in meta-
static melanoma patients. Response rates are currently
between 10% and 25% with median survival of 8 months
for single agent dacarbazine and no apparent benefit can be
seen with polychemotherapy or biochemotherapy (1).
Furthermore, interleukin-2 and IFN-a addition to chemo-
therapy improves response rate and progression-free
survival only in a select few patients (1). The poor clinical
performance of these traditional treatments has lead to the
development of agents that specifically target protein
components of molecular pathways that drive melanoma
proliferation and dissemination. Mutations leading to the
constitutive activation of the mitogen-activated protein
kinase (MAPK) pathway are common in melanoma. A
specific valine-to-glutamic acid substitution at amino acid
position 600 of the B-RAF protein component constitutively
activates this pathway, resulting in loss of cell proliferation
control (2). Enzymes implicated in melanoma metastasis
are matrix metalloproteinases (MMP). The extracellular
matrix degrading function of these enzymes positively
correlates with poor prognosis in melanoma patients (3).
Further, activation of MAPK in melanomas causes in-
creased MMP expression (4). Small molecular weight
inhibitors, which separately target these two pathways,
have been tested in melanomas but have yielded little
clinical benefit (2, 4). We therefore sought a more potent
agent that targets these tumor systems.
We examined recombinant toxin compounds for mela-

noma therapy based on their extreme catalytic potency and
the prior experience of our laboratories. Anthrax lethal
toxin (LeTx), secreted from the Gram-positive Bacillus
anthracis , shows potent MAPK pathway inhibition (5).
LeTx is composed of two proteins, the 83-kDa protective
antigen (PA) and the 90-kDa lethal factor (LF). Toxin
uptake into cells is dependent on proteolytic activation of
PA by ubiquitously expressed furin or furin-like proteases
after PA binding to one of two widely expressed receptors,
capillary morphogenesis gene 2 and tumor endothelial
marker 8 (6). The activated PA subsequently heptamerizes,
binds three LF molecules, and migrates into lipid rafts
where subsequent internalization occurs. Progressive acid-
ification of the early endosome induces PA heptamer pore
formation and subsequent LF escape into the cytosol (7).
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The catalytic activity of LF causes the cleavage and
inactivation of the MEKs, with the exception of MEK5,
and thus the complete inhibition of all three branches of the
MAPK pathway (8). LeTx induces cell cycle arrest and
triggers apoptosis in human melanoma cells (9, 10).
However, specificity in both tissue culture and animal
models was limited due to the presence of receptors on
many normal tissues and the ubiquitous expression of
furin. Hence, we needed to provide an additional layer of
specificity to LeTx to improve the melanoma therapeutic
index in vivo . Efforts have recently been taken to enhance
the specificity of LeTx (11, 12). Liu et al. modified LeTx by
changing the furin cleavage sequence of PA, 164RKKR167,
to a gelatinase (MMP-2/9) selective cleavage sequence,
164GPLGMLSQ171. The engineered PA, PA-L1, when
combined with LF retained melanoma cell cytotoxicity
(11). In addition, it was 3-fold less toxic to mice and had
a 20-fold longer circulating half-life (11). At maximal
tolerated doses, human C32 melanoma xenografts showed
90% tumor growth inhibition and 30% complete regres-
sions with PA-L1/LF but no tumor growth inhibition with
LeTx. The theoretical dual specificity of PA-L1/LF should
provide a safe and effective melanoma therapeutic for a
specific subset of patients. To confirm the molecular
mechanism of the drug and identify biomarkers for patient
identification, we undertook this study to examine the
potency of PA-L1/LF in a series of human melanoma cell
lines. Cell sensitivities to PA-L1/LF were correlated with
the MMP-2/9 activity levels as well as the presence of the
B-RAF V600E mutation.

Materials andMethods
Reagents
PA, PA-L1, LF, FP59, and LF-h-Lac were produced as

described previously (13–15). FP59 consists of the first 254
amino acids of LF (the PA/PA-L1 binding domain) fused to
the catalytic portion of Pseudomonas exotoxin A (amino
acids 362-613; ref. 15). FP59 when internalized in a PA/PA-
L1-dependent mechanism inhibits protein synthesis and
thus is toxic to all cells (15). The fusion protein LF-h-Lac
consists of the PA binding domain of LF genetically fused
to the h-lactamase enzyme (13).

Cell Lines and Cell Culture
The melanoma cell lines WM793B, WM46, WM983A,

WM51, WM902B, WM1158, WM239A, WM3211, WM852,
and WM1361A are from the Wistar Institute collection and
were maintained in 2% tumor medium (4:1 MCDB153 with
1.5 g/L sodium bicarbonate and Leibovitz’s L-15 medium
with 2 mmol/L L-glutamine, 0.005 mg/mL bovine insulin,
1.68 mmol/L CaCl2, 2% fetal bovine serum). Cell lines C32,
SK-MEL-24, WM115, Malme-3M, HT-144, WM-266-4,
A2058, A375, 1205Lu, 451Lu, G361, A101D, SK-MEL-28,
and SK-MEL-2 were purchased from the American Type
Culture Collection and grown as recommended. The cell
line SK-MEL-173 was provided by Dr. Alan Houghton
(Sloan Kettering) and cultured in RPMI 1640 plus 10% FBS.
All cells were maintained at 37jC in a 5% CO2 environment.

CytotoxicityAssay
The [3H]thymidine incorporation inhibition assay was

used as described previously (10). Briefly, cell lines were
progressively weaned from serum-containing medium to
AIMV serum-free medium (Invitrogen) as recommended
by the manufacturer. Ten thousand cells per well were
plated in 25% recommended medium/75% AIMV in Costar
96-well flat-bottomed plates. Cells were allowed to adhere
to the plate, and the medium was exchanged for 100%
AIMV containing 1 nmol/L LF/FP59. Serially diluted PA/
PA-L1 ranging from a final concentration of 0 to 10,000
pmol/L was added. After 48 h at 37jC, 5% CO2, 1 ACi
[3H]thymidine (NEN DuPont) in 50 AL/well AIMV was
added and incubated at 37jC, 5% CO2 for an additional
18 h. The cells were then harvested with a Skatron Cell
Harvestor (Skatron Instruments) onto glass fiber mats, and
counts/min of incorporated [3H]thymidine were quantified
using a LKB liquid scintillation countergated for 3H
(Perkin-Elmer). Concentration of toxin that inhibited
[3H]thymidine incorporation by 50% compared with
control wells defined the IC50. The percent maximal
[3H]thymidine incorporation was plotted versus the log of
the toxin concentrations, and nonlinear regression with a
variable slope sigmoidal dose-response curve was gener-
ated along with IC50 using GraphPad Prism software
(GraphPad Software). Assays were done in triplicate with
IC50 variability between assays of <30%.

PA-L1/LF-B-Lac Fluorescence Resonance Energy
Transfer Flow Cytometry
Cells (250,000 per well) were plated in a Costar 12-well

plates in 25% recommended medium/75% AIMV. Cells
were allowed to adhere to the plate at 37jC, 5% CO2 and
washed once with AIMV, and fresh AIMV medium was
added. Cells were then incubated overnight at 37jC, 5%
CO2. LF-h-Lac alone (90 nmol/L) or PA-L1 (26 nmol/L)/
LF-h-Lac (90 nmol/L) was added to the conditioned
medium and incubated for 5 h at 37jC, 5% CO2. Cells were
then washed twice with AIMV and loaded with
CCF-2/AM (Invitrogen) for 1 h at room temperature in
the dark using the alternative loading protocol as described
by the manufacturer. After four washes with AIMV/2
mmol/L Probencid (Sigma), the culture medium was
replaced with AIMV/2 mmol/L Probencid, which was
incubated at room temperature in the dark for an additional
75 min to allow for fluorescence resonance energy transfer
(FRET) disruption. Cells were then trypsinized using 0.25%
trypsin/EDTA (Invitrogen), washed twice with ice-cold
HBSS (Invitrogen) containing 2 mmol/L Probencid, and
resuspended in HBSS/2 mmol/L Probencid at a concen-
tration of 500,000 cells/mL. Analysis was done using BD
FACSAria flow cytometer (BD Biosciences) and data were
analyzed by Diva (BD Biosciences). Cell lines were
compared by using the mean blue fluorescence intensity
of the PA-L1/LF-h-Lac-treated cells, which was adjusted
for nonspecific CCF-2/AM cleavage using the mean blue
fluorescence of the LF-h-Lac-treated negative controls and
subsequently divided by the mean green fluorescence of the
LF-h-Lac-negative controls adjusted for autofluorescence of
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unstained, untreated controls times 100 to generate percent
control mean blue fluorescence.

PA-L1/LF-B-Lac FRETMicroscopy
The PA-L1/LF-h-Lac FRET disruption assay was visual-

ized via fluorescent microscopy. Two hundred thousand
cells were plated in eight-well chamber slides (Lab-tek) in
25% recommended medium/75% AIMV. The cells were
allowed to adhere and washed once with AIMV, and
culture medium was replaced with AIMV. Cells were
incubated overnight at 37jC, 5% CO2 and 26 nmol/L
PAL1/90 nmol/L LF-h-Lac was subsequently added to the
conditioned medium. Cells were incubated at 37jC, 5%
CO2 for 5 h. Cells were washed twice with AIMV and
loaded with CCF-2/AM using the alternative loading
protocol as recommended by the manufacturer for 1 h at
room temperature. Cells were then washed four times with
AIMV/2 mmol/L Probencid and incubated at room
temperature for an additional 75 min to allow for FRET
disruption in fresh AIMV/2 mmol/L Probencid. The
culture medium was removed and the cells were visualized
with a BX51 fluorescent microscope (Olympus) fitted with
excitation filter HQ405/20 nm band-pass, dichroic
425DCXR, emission filter HQ460/40 nm (Chroma Technol-
ogy) for blue fluorescence acquisition. For green image
acquisition, excitation filter HQ405/20 nm band-pass,
dichroic 425DCXR, emission filter HQ530/30 nm (Chroma
Technology) using a �10 objective for a total magnification
of �100. Images were obtained with a DP71 digital camera
(Olympus) using the same exposure time for each cell line
and subsequently analyzed using DP manager (Olympus).

Gelatin Zymography
Gelatin zymography was done as described previously

(14). Briefly, for cell lysate analysis of MMP-2/9 levels, 80%
to 100% confluent T-150 flasks of cells were progressively
weaned to 100% AIMV. Cells were lysed on ice for 10 min
using 1.5 mL lysis buffer per flask [0.5% (v/v) Triton X-100
in 0.1 mol/L Tris-HCl (pH 8.1)] and removed with a rubber
scrapper. Cell lysates were spun at 10,000 rpm using an
Allegra 2502 centrifuge fitted with TA-10-250 rotor (Beck-
man Coulter). Cell lysate protein concentration was
equilibrated to 0.65 mg/mL using the BCA procedure
(Pierce). The lysate fraction contained plasma membrane
sheets and vesicles; therefore, MMP-2/9 activities in the cell
lysate were considered as cell surface gelatinase activities.
For conditioned medium zymography, 4 million cells were
incubated in 5 mL AIMV for 20 h at 37jC, 5% CO2. The
culture medium was harvested and spun at 10,000 rpm at
4jC using an Allegra 2502 centrifuge fitted with TA-10-250
rotor (Beckman Coulter). For concentration of gelatinases,
conditioned medium/1 mg cell lysate protein was incu-
bated with 50 AL gelatin Sepharose beads (GE) in
equilibration buffer [50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 5 mmol/L CaCl2, 0.02% (v/v) Tween 20, 10 mmol/L
EDTA (pH 7.6)] for 1 h at 4jC on an end-over-end mixer.
Cell lysates/conditioned medium were spun at 500 RCF

for 10 min at 4jC using a Microfuge 18 centrifuge (Beckman
Coulter) and resuspended in 500 ALwash buffer [50mmol/L
Tris-HCl, 200 mmol/L NaCl, 5 mmol/L CaCl2, 0.02% (v/v)

Tween 20, 10 mmol/L EDTA (pH 7.6)]. After four washes
with wash buffer, beads were resuspended in 30 AL of 2�
Tris-glycine sample buffer (Invitrogen) and loaded in 10%
gelatin zymogram gel (Invitrogen). Gels were run at 125 mV
for 90 min and developed according to Invitrogen. Positive
controls consisted of recombinant 68-kDa proform (Milli-
pore) and 62-kDa active form (Calbiochem) of MMP-2 and
the 92-kDa proform (Millipore) and 83-kDa active form
(Calbiochem) MMP-9. MMP-2/9 band density was deter-
mined with the Fluorchem SP densitometer (Alpha Inno-
tech) and calculated as a percent of the intensity of the
recombinant gelatinase. Total gelatinase activity was calcu-
lated as the average of the percent control standard MMP-2
and MMP-9 of each cell line.

Western Blot
Cells were seated in T-75 flasks and weaned to 100%

AIMV. Cells were lysed in RIPA lysis buffer [0.5 mol/L Tris
(pH 7.4), 0.25% Triton X-100, 0.02 mol/L sodium deoxy-
cholate, 0.15 mol/L NaCl, 1 mmol/L EDTA] plus complete
protease inhibitors (Roche). Cell lysates were equilibrated
using the BCA procedure (Pierce) to 2 mg/mL. Westerns
were done as described previously using primary anti-
bodies for PTEN (Cell Signaling Technology), MMP-1, and
MT1-MMP (Abcam; ref. 10). Band intensity was deter-
mined by the Fluorchem SP densitometer (Alpha Innotech).
Verification of equal loading was done using an anti-h-
actin monoclonal antibody (Sigma).

MelanomaMAPKMutational Status
Melanoma cells were grown to f80% confluence, trypsi-

nized, and incubated at 55jC for 3 h in DNA extraction
buffer [400 mmol/L NaCl, 10 mmol/L Tris-HCl (pH 7.4),
10 mmol/L EDTA] containing 50 Ag/mL RNase A, 2% SDS,
and 50 Ag/mL proteinase K. Cells were then sheared using
an 18 G needle, extracted twice in phenol/chloroform/
isoamyl alcohol (25:25:1), and chloroform was extracted.
DNA concentrations were determined by spectrophotom-
etry at 260 nm after ethanol precipitation.
For B-RAF mutation analysis of both exons 11 and 15,

PCR on total DNA was carried out in the presence of
1 Amol/L of both B-RAF forward primer Braf11F
(5¶-CTCTCAGGCATAAGGTAATGTAC-3¶) and B-RAF re-
verse primer Braf11R (5¶-GAGTCCCGACTGCTGTGAAC-
3¶) for exon 11. Exon 15 primers were forward primer
Braf15F (5¶-TCATAATGCTTGCTCTGATAGGA-3¶) and re-
verse primer Braf15R (5 ¶-GGCCAAAAATTTAAT-
CAGTGGA-3¶). Reactions were done in 50 AL volumes
consisting of 5 AL of 10� PCR buffer, 300 nmol/L of each
nucleotide, 10 AL of 5� Q solution, and 1.25 units
Proofstart Taq (Qiagen). Exon 11 amplification was done
by 95jC for 12 min followed by 35 cycles of 95jC for 45 s,
54jC for 90 s, and 72jC for 90 s and a final extension cycle
of 72jC 3 min. Exon 15 amplification was done by 95jC
for 12 min followed by 40 cycles of 95jC for 45 s, 56jC for
90 s, and 72jC for 90 s and a final extension cycle of 72jC
for 3 min.
For NRAS mutation analysis, 1 Amol/L of the NrasX3F

(5¶-CACACCCCCAGGATTCTTAC-3¶) and NrasX3R (5¶-
GTTCCAAGTCATTCCCAGTAG-3¶) were used to amplify
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exon 3. Reaction mixtures were identical to B-RAF gene
amplification and subjected to 94jC for 12 min followed
by 8 cycles of 94jC for 45 s. Annealing temperature was
decreased from 65jC by 2jC every 2 cycles to 59jC for
90 s followed by 72jC for 90 s, 25 cycles of 94jC for 45 s,
57jC for 90 s, 72jC for 90 s, and a final extension cycle
of 72jC for 3 min. Correct PCR product size (403 bp for
B-RAF exon 11, 233 bp for B-RAF exon 15, and 438 bp
for NRAS exon 3) was verified by agarose gel electro-
phoresis. Sequences were verified using the ABI 3700
capillary electrophoresis DNA sequencer (Applied Bio-
systems).

Statistical Analysis
Significance of correlations was done using GraphPad

Prism software (GraphPad Software). All analyses were
done assuming Gaussian populations with a 95% confi-
dence interval.

Results
PA-L1/LFCytotoxicity toMelanoma Cells
We tested a panel of 25 melanoma cell lines for sensitivity

to PA-L1/LF, PA/LF, and PA/FP59 (Table 1). FP59 consists
of the PA binding domain of LF (amino acids 1-254)
genetically fused to the ADP-ribosylation domain of
Pseudomonas exotoxin A (amino acids 362-613) and is toxic
to all cells in which it becomes internalized (15). Sensitivity
to PA/FP59 indicated adequate LeTx receptor expression,
whereas PA/LF sensitivity confirmed MAPK dependence
of the target cell. Cytotoxicity analysis revealed that 12 of 25
cell lines were sensitive to PA-L1/LF. From our experience
in clinical application of immunotoxins, we arbitrarily set
sensitivity at an IC50 <200 pmol/L with <10% of
control [3H]thymidine incorporation at 10 nmol/L PA-L1/
1 nmol/L LF (Table 1A; ref. 16). In determining the cause
of PA-L1/LF resistance in the remaining 13 insensitive cell

Table 1. PA-L1/LF, PA/LF, and PA/FP59 induced proliferation inhibition and cytotoxicity of human melanoma cell lines

Cell line PA-L1/LF
([3H]thymidine, pmol/L)

PA/LF IC50

([3H]thymidine, pmol/L)
PA/FP59 IC50

([3H]thymidine, pmol/L)
MAPK pathway
mutational status

Reference

(A) PA-L1/LF-sensitive melanoma cell lines
SK-MEL-24 7 2 2 V600E B-RAF (10)
WM793B 11 7 1 V600E B-RAF (29)
C32 11 8 1 V600E B-RAF (10)
WM115 19 8.7 0.65 V600E B-RAF (25)
WM46 55 12 7.8 V600E B-RAF
Malme-3M 64 54 25 V600E B-RAF (10)
HT-144 104 25 2 V600E B-RAF (10)
WM983A 109 16 5.1 V600E B-RAF (10)
WM-266-4 119 58 5 V600E B-RAF (10)
1205Lu 147 14 2 V600E B-RAF (29)
WM852 159 14 0.7 Q61R NRAS
WM51 177 54 15 V600E B-RAF

(B) PA-L1/LF-resistant, PA/LF-sensitive melanoma cell lines
G361 225 44 9 V600E B-RAF (10)
A375 247 93 4 V600E B-RAF (10)
A101D 335 30 3 V600E B-RAF
SK-MEL-28 359 15 2 V600E B-RAF (10)
451Lu 841 57 5.7 V600E B-RAF (30)
WM902B 1,010 33 10 V600E B-RAF

(C) PA/LF-resistant melanoma cell lines
SK-MEL-2 407 319 130 Q61K NRAS (10)
WM1361A 419 248 4.7 Q61R NRAS (29)
SK-MEL-173 757 286 6.4 Wild-type B-RAF
A2058 >10,000 >10,000 1.9 Heterozygous

V600E B-RAF
WM1158 >10,000 >10,000 0.5 V600E B-RAF
WM239A >10,000 >10,000 0.4 Wild-type B-RAF
WM3211 >10,000 >10,000 1 Wild-type B-RAF/NRAS

NOTE: PA-L1/LF, PA/LF, and PA/FP59 cytotoxicity to human melanoma cells. Twenty-five melanoma cell lines were tested for PA-L1/LF sensitivity as
described in Materials and Methods. Assays were done in triplicate with IC50 variability between assays of <30% and the IC50 values were subsequently
tabulated. (A) Twelve cell lines were sensitive to PA-L1/LF as well as PA/LF (IC50 <200 pmol/L with <10% of control [3H]thymidine incorporation at
10 nmol/L PA-L1/1 nmol/L LF), whereas 13 melanomas were resistant to PA-L1/LF. (B) The PA-L1/LF-resistant cell lines G361, A375, A101D, SK-MEL-28,
451Lu, and WM902B were sensitive to PA/LF (IC50 <200 pmol/L with <10% of control [3H]thymidine incorporation at 10 nmol/L PA/1 nmol/L) LF and thus
exhibited MAPK dependency. (C) The PA-L1-resistant SK-MEL-2 showed resistance to PA/FP59, which suggested low LeTx receptor expression. The PA/
FP59-sensitive WM1361A, SK-MEL-173, A2058, WM1158, WM239A, and WM3211 were not sensitive to PA/LF, which indicated tolerance for LF-mediated
MAPK inhibition.
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lines (Table 1B and C), both PA/FP59 and PA/LF cyto-
toxicity were compared. With the exception of SK-MEL-2
(PA/FP59 IC50, 130 pmol/L), all cell lines exhibited adequate
receptor expression for FP59 intoxication (Table 1C).
PA/LF cytotoxicity analysis revealed that 18 cell lines

were sensitive to LF-mediated MEK cleavage, including the
12 PA-L1/LF-sensitive melanomas (IC50 < 200 pmol/L with
<10% of control [3H]thymidine incorporation at 10 nmol/L
PA/1 nmol/L LF; Table 1A and B). These results are in
agreement with previously published data from our
laboratory and others in that the majority of the PA/LF-
sensitive cells are positive for the signature B-RAF V600E
mutation (10, 11). More importantly, 6 cell lines that were
sensitive to PA/LF were resistant to PA-L1/LF (Table 1B).
In addition, 6 cell lines were resistant to PA/LF as well as
PA-L1/LF (Table 1C). Representative melanoma cell lines
are shown from each group of cell lines in Supplementary
Fig. S1.7

PA-L1/LF-Sensitive Melanomas Show High PA-L1
Activation
Because PA-L1 activation is required for its oligomeriza-

tion and LF binding, decreased PA-L1 activation may lead
to reduced LF internalization. Therefore, to determine
whether PA-L1/LF-resistant cell lines are deficient in their
ability to activate PA-L1, we used a FRET disruption-based
assay (13). Cells were treated with PA-L1 and LF-h-Lac, a
h-lactamase enzyme genetically fused to the PA binding
domain of LF, and subsequently loaded with the fluores-
cent h-lactamase substrate CCF-2/AM (13). Melanomas
that had activated PA-L1 and internalized LF-h-Lac
fluoresced blue from LF-h-Lac mediated substrate cleav-
age, whereas cells that did not activate PA-L1 fluoresced
green (13). PA-L1/LF-h-Lac flow cytometry analysis
indicated that the 12 PA-L1/LF-sensitive melanomas all
had elevated LF-h-Lac activity (Fig. 1A). Cell lines that
were extremely sensitive to PA-L1/LF (IC50 < 20 pmol/L)
all showed between 70% and 100% mean blue fluorescence,
whereas cells that had an IC50 between 55 and 177 pmol/L
showed an intermediate percent mean blue fluorescence.
The 6 PA/LF-sensitive, PA-L1/LF-resistant cell lines all
exhibited negligible LF-h-Lac activity (Fig. 1B). Moreover,
the 7 cell lines that were resistant to both PA/LF and PA-
L1/LF, including the low receptor-expressing SK-MEL-2,
exhibited variable (low to high) levels of LF-h-Lac activity
that were often comparable with the PA-L1/LF-sensitive
cell lines (Fig. 1C).

PA-L1/LF-Sensitive Melanomas Exhibit Elevated Cell
Surface GelatinaseActivity
To test whether the melanomas that failed to activate

PA-L1 expressed low levels of gelatinases, we used gelatin
zymography to measure MMP-2 and MMP-9 activity in
both melanoma cell conditioned medium and lysates.
Conditioned medium zymography analysis determined
that neither MMP-2 nor MMP-9 activity correlated with

PA-L1/LF sensitivity (Pearson r = 0.19, P = 0.44 for MMP-2
and Pearson r = �0.24, P = 0.32 for MMP-9, respectively;
data not shown). Likewise, average conditioned medium
gelatinase activity, which was obtained by averaging MMP-
2 and MMP-9 percent control values, failed to significantly
correlate with melanoma PA-L1/LF sensitivity (Pearson
r = 0.021, P = 0.93). To further support this observation, the
addition of 2 ng/well recombinant MMP-2 or MMP-9 to
the culture medium did not enhance PA-L1/LF toxicity in
the PA/LF-sensitive, PA-L1/LF-resistant cell lines. Fur-
thermore, the addition of both gelatinases to yield an
additional 4 ng/well gelatinases in the culture medium did
not produce any significant improvement in PA-L1/LF
cytotoxicity in these cell lines (data not shown).
Gelatin zymography of cell lysate MMP-2 produced a

significant correlation with PA-L1/LF sensitivity (Pearson
r = �0.66, P = 0.003; Fig. 2A), whereas MMP-9 activity did
not (Pearson r = �0.16, P = 0.51; Fig. 2B). Like MMP-2,
PA-L1/LF sensitivity showed a significant correlation with
average cell lysate gelatinase activity (Pearson r = �0.61,
P = 0.006; Fig. 2C). Representative melanoma cell lines are
shown from each group of cell lines in Supplementary
Fig. S2.7 We also analyzed levels of MT1-MMP (MMP-14)
via Western blot because it has been shown previously that
MT1-MMP is capable of activating PA-L1 and thus plays a
role in PA-L1/LF intoxication (14). However, we found that
melanoma cell line MT1-MMP expression did not correlate
with PA-L1/LF sensitivity (Pearson r = �0.019) (data not
shown). MMP-1 has also been shown to be significant in
melanoma progression, although expression levels of these
MMPs failed to correlate with PA-L1/LF sensitivity
(Pearson r = 0.1528, P = 0.5451; data not shown; ref. 3).

B-RAF Mutational Status in PA/LF-Resistant
Melanomas
To explain the cause of the 6 PA/LF-resistant melanoma

cell lines, we first determined the B-RAF status of the PA/
LF-resistant cell lines by PCR sequencing of exons 11 and
15 of the B-RAF gene, producing the data tabulated in the
right-hand column of Table 1. We found that SK-MEL-173,
WM239A, and WM3211 did not carry any mutations in
either exon 11 or 15. We also found that WM1361A carried
the Q61R NRAS mutation. Therefore, these cell lines did
not carry the sensitizing V600E B-RAF mutation and thus
were not sensitive to LF-mediated MEK cleavage. Further-
more, A2058 was heterozygous for the V600E B-RAF
mutation. WM1158, although resistant to PA/LF, was
positive for the V600E B-RAF mutation.

Discussion
In this study, 48% of the human melanoma cell lines tested
were sensitive to PA-L1/LF. Although our studies indicat-
ed that modification of the furin cleavage site did slightly
reduce PA potency, we have successfully showed the
enhanced selectivity of PA-L1/LF. We were able to show
that all PA-L1/LF-sensitive melanoma cell lines exhibited
high PA-L1 activation as determined by a FRET disruption-
based assay (13). Subsequently, we showed that these cell

7 Supplementary materials for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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Figure 1. PA-L1 activation by melanoma cells. Melanomas were first treated with either 90 nmol/L LF-h-Lac or 26 nmol/L PA-L1/90 nmol/L LF-h-Lac and
then loaded with the h-lactamase enzyme substrate, the membrane-permeable fluorogenic dye CCF-2/AM. Intact CCF-2/AM emits fluorescence at 520 nm
(green ) due to intramolecular fluorescence resonance transfer between 7-hydroxycoumarin and fluorescin, whereas LF-h-Lac-mediated CCF-2/AM
hydrolysis will cause an emission at 447 nm (blue) from the liberated donor coumarin. Melanoma PA-L1 activation and LF-h-Lac internalization will result in
blue light emission, whereas cells that did not activate PA-L1 will emit green fluorescence. A, PA-L1/LF-h-Lac flow cytometry indicated that PA-L1/LF-
sensitive melanomas exhibited high LF-h-Lac activity. B, all of the PA/LF-sensitive, PA-L1/LF-resistant cell lines showed negligible LF-h-Lac activity. C, PA/
LF-resistant cell lines showed varying levels of LF-h-Lac activity, with some being comparable with the PA-L1/LF-sensitive cell lines. D, PA-L1/LF-sensitive
cell line WM793B (PA-L1/LF IC50, 11 pmol/L) and the resistant WM902B (PA-L1/LF IC50, 1,010 pmol/L) were treated with either 90 nmol/L LF-h-Lac alone
or 26 nmol/L PA-L1/90 nmol/L LF-h-Lac, loaded with CCF-2/AM, and visualized as described in Materials and Methods. WM793B showed high LF-h-Lac
activity, whereas LF-h-Lac activity in WM902B was negligible.
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Figure 2. Gelatinase activity in melanoma cell
lines. Gelatin zymography was done using recom-
binant proforms of MMP-2 and MMP-9 (68 and
92 kDa, respectively) and active forms of MMP-2
and MMP-9 (62 and 83 kDa, respectively) as
standard controls. Melanoma lysate gelatinase
activity was identified as the proform of MMP-2
and MMP-9. Zymography determined that PA-L1-
sensitive cells (blue columns ) overexpressed
either (A) MMP-2 (B) MMP-9 when compared with
the PA/LF-sensitive, PA-L1/LF-resistant cell lines
(red columns ). Cell lines that were resistant to PA/
LF (gray columns ) exhibited MMP expression that
was comparable with PA-L1/LF-sensitive cell lines.
C, total gelatinase activity was determined by
averaging the percent control standard MMP-2 and
MMP-9 activity of each cell line. Representative of
two separate experiments.
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lines exhibited high cell lysate MMP-2 and/or MMP-9
activity. Furthermore, we showed that 11 of 12 PA-L1/LF-
sensitive melanoma cell lines carried the B-RAF V600E
mutation. In a study including nonmelanoma human
tumors, cells carrying this specific mutation were similarly
highly susceptible to LF-mediated MAPK inhibition (11).
These results show that the B-RAF V600E is closely
associated with sensitivity to LF-mediated cell death.
Furthermore, small molecular weight inhibitors of MEK1
show similar B-RAF V600E-dependent melanoma cell
cytotoxicity (17). Pathway dependency of tumors has been
similarly described with malignancies bearing the Bcr-Abl
oncogene and epidermal growth factor receptor mutations
(18, 19). Thus, the dual specific recombinant toxin PA-L1/
LF requires both the overexpression of MMP-2/9 and the
MAPK dependency for antimelanoma efficacy in vitro .
Of the 13 PA-L1/LF-resistant melanomas, 6 were

dependent on the MAPK pathway for survival as indicated
by sensitivity to PA/LF as well as the presence of the
V600E B-RAF mutation. These findings suggested that
these cells were sensitive to LF-mediated MAPK inhibition
but failed to activate PA-L1 and thus did not internalize LF.
This PA-L1 activation deficiency was confirmed by the PA-
L1 activation assay, which showed that these cells fail to
cleave PA-L1. In addition, these melanomas expressed low
and sometimes undetectable quantities of cell surface
associated MMP-2/9 as determined by lysate zymography.
Taken together, these findings strongly suggest that PA-

L1/LF sensitivity is mediated by PA-L1 activation in V600E
B-RAF melanomas. Our results indicate that membrane-
associated MMP-2/9, but not free gelatinases, MT1-MMP,
or membrane-associated MMP-1 and MMP-7 appear to be
the primary enzymes involved in PA-L1 cleavage. Proteo-
lytically active MMPs can localize to the cell surface via
high affinity binding sites to better direct extracellular
matrix degradation (20). MMP-2, aside from being activat-
ed on the cell surface via TIMP-2/MT1-MMP complexes,
can bind to avh3 integrins (20, 21). Likewise, CD44 has been
shown to serve as a cell surface docking molecule for the
localization of MMP-9 (22).
Although lysate MMP-9 activity alone failed to correlate

with sensitivity, expression was mostly seen in PA-L1/LF-
sensitive and PA/LF-resistant cells. In addition, a select
few of the PA-L1/LF-sensitive cells that expressed low
levels of MMP-2 overexpressed MMP-9, such as the case
with WM983A and WM51. Because initial in vitro PA-L1
cleavage studies showed that MMP-9-mediated PA-L1
cleavage efficiency was almost indistinguishable from
MMP-2, we could not exclude the significance of this
gelatinase in PA-L1 activation (14). Therefore, we reasoned
that the activity of MMP-2 and MMP-9 averaged, which did
significantly correlate with PA-L1/LF sensitivity, would
serve as a more dependable figure for the comparison of
gelatinase activity between cell lines. Therefore, V600E
melanoma cell lines that have elevated levels of cell
surface-associated MMP-2/9 will activate adequate PA-L1
and consequently internalize sufficient quantities of LF for
complete MAPK inhibition.

We also found that the remaining 7 melanoma cell lines
were resistant to both PA-L1/LF and PA/LF. With the
exception of SK-MEL-2, these cells were extremely sensitive
to PA/FP59, which indicated adequate LeTx receptor
expression for FP59 intoxication. In addition, these cell
lines exhibited PA-L1 activation and cell surface associated
MMP-2/9 activity that was comparable with that of PA-
L1/LF-sensitive melanomas. Taken together, these results
indicated that the resistance exhibited by these 6 cell lines
was independent of PA-L1 activation and LF internaliza-
tion. In an attempt to determine the cause of resistance in
this group of cell lines, we determined whether the
sensitizing V600E B-RAF mutation was present. Our results
indicated that 3 of the PA/LF-resistant melanomas did not
carry any mutations in exon 11 or 15 in the B-RAF gene and
1 melanoma carried a mutation in the upstream NRAS. In
addition, 1 cell line harbored a heterozygous mutation in
the B-RAF gene. Therefore, these cells do not express, or
only partially express, the constitutively active B-RAF
protein. As a result, these cell lines are not sensitive to
MAPK inhibition.
However, we found that WM1158 was positive for the

V600E B-RAF mutation. We determined whether the
phosphatidylinositol 3-kinase/PTEN/Akt/GSK3h path-
way had a role in the observed PA/LF resistance. It has
recently been shown that the activation of Akt causes the
inhibition of GSK3h-mediated cyclin D1 degradation and
consequential G0-G1 cell cycle arrest (23). This activation is
critical for recovery from LeTx-mediated cell cycle arrest
and resistance to subsequent toxin challenge in human
macrophages (23). Furthermore, Akt overactivation can
result from the loss of the lipid phosphatase PTEN in
melanomas (24). Therefore, we reasoned that the activation
of Akt, possibly through the deletion of PTEN, could
potentially provide WM1158 cells a LF-mediated MEK
cleavage bypass mechanism (24, 25). We found that
although WM1158 PTEN expression was not detectable
via Western blot, the pretreatment of WM1158 cells with
either phosphatidylinositol 3-kinase or Akt inhibitors failed
to enhance PA/LF cytotoxicity. Furthermore, the inhibition
of GSK3h did not increase the resistance in PA/LF-
sensitive 451Lu cells. Thus, resistance mechanisms to PA/
LF in B-RAF V600E/MMP-2/9-overexpressing melanoma
cells are currently not defined. As noted in previous work
from our laboratory, the presence of the V600E B-RAF
mutation does not always translate to sensitivity to LF-
mediated MEK cleavage (10). However, only 1 of 19 V600E
B-RAF melanomas was resistant to LF-mediated MAPK
inhibition, which makes this type of resistance rare.
In conclusion, we have showed that both adequate cell

surface-associated MMP-2/9 and the MAPK-activating
V600E B-RAF mutation are needed in order for PA-L1/LF
to be active. This dual specificity has already showed a
3-fold higher LD10 in addition to a 20-fold greater circulating
half-life when compared with LeTx (11). As a result, in vivo
antitumor efficacy was dramatically improved by an
elevated area under the curve from a higher dose and
longer half-life (11). Moreover, we have shown that cell
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surface-associatedMMP-2/9 activity significantly correlates
with PA-L1/LF sensitivity and therefore is the primary
mediator in sensitivity among V600E B-RAF melanomas in
vitro . The contribution of this mechanism to the overall
antitumor mechanism of PA-L1/LF in vivo remains unclear,
because PA-L1/LF has been shown to induce endothelial
dysfunction during angiogenesis (11, 26). However, this
correlation of in vitro cytotoxicity to MMP-2/9 expression
permits the application of simple biomarker assays on tumor
samples for prediction of patient response to PA-L1/LF.
Therefore, we propose tumor tissue PCR and sequencing for
B-RAF V600E status and immunohistochemistry for expres-
sion of MMP-2 and MMP-9 (27–29). Taken together, these
findings will ultimately aid in the selection of metastatic
melanoma patients for systemic MMP-activated LeTx
therapy.
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