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ABSTRACT: Deregulation of PI3K/Akt and Raf/Mek/Erk signal transduction cascades is one of the principal
causes of neoplastic transformation. The inactivation of the proapoptotic protein Bad, upon phosphorylation
by different kinases of these two pathways, may play an important role in different human malignancies.
Therefore, we have expressed and purified a new chimeric protein, hGM-CSF-Bad, linking the human
granulocyte-macrophage colony-stimulating factor to the N-terminus of the proapoptotic protein human
Bad, to deliver Bad into tumor cells and induce apoptosis. Indeed, the human GM-CSF receptor is a good
target because it is overexpressed on many leukemias and solid tumors and is not detectable on stem
cells. We found that the chimeric protein binds the human GM-CSF receptor, is endocytosed, and appears
to reach the cytosol via retrograde ER transport. After entering cells, the protein is able to induce apoptosis
of human leukemia cells and human colon and gastric carcinoma cell lines (IC50 values as low as 1µM).
We conclude that GM-CSF-Bad can overcome the inappropriate survival stimuli in transformed cells
and restore the apoptotic pathway. The completely human sequence and the elevated selectivity for cancer
cells could prevent immunogenicity and the nonspecific toxicity of targeted toxins in future clinical
application of this fusion protein.

As apoptosis is a mechanism used by cells to regulate
tissue homeostasis through the elimination of redundant or
potentially deleterious cells (1, 2), insufficient apoptosis
underlies many diseases, including cancer. The Bcl-2 family
of proteins, classified by sequence homology of fourR-helix
segments, called BH1-BH4, governs commitment to
apoptosis in response to diverse physiological clues (3). The
antiapoptotic members (Bcl-2, Bcl-XL, Mcl1, and A1)
contain all four BH domains (4-6). The proapoptotic
proteins can be subdivided into two groups. Bax, Bak, and
Bok (7, 8) are multidomain proteins with the BH1-BH3
domains, whereas the BH3-only members (Bid, Bad, Noxa,
and Puma) contain only the BH3 minimal death domain and
do not exhibit sequence conservation outside this domain.
The NMR and the crystal structure of Bcl-XL bound to Bak,
Bad, or a Bim peptide reveal that the pro-survival protein
forms a pocket capable of binding the BH3 domains of the
other family members (9-12).

Bax and Bak molecules constitute requisite gateways to
the mitochondria, as well as the endoplasmic reticulum, for
the control of apoptosis (13, 14). BH3-only molecules operate
upstream, connecting proximal death signals to the activation
of Bax and Bak (15). That leads to a cascade of events,
including a collapse of mitochondrial membrane potential,
release of cytochromec and SMAC, and activation of
caspases (16-21).

Results from three different systems, Bad knockout and
knockin mice and Bad BH3 peptides (22-24), support a
model where this proapoptotic BH3-only protein has been
implicated in coordinating survival signals with the mito-
chondrial cell death machinery. In the presence of growth
factors promoting cell survival, Bad is phosphorylated and
sequestered in the cytosol by binding to 14-3-3 proteins, a
large family of proteins that interact with phosphoserine- and
phosphothreonine-containing ligands that are thought to act
as molecular chaperones (25). A number of different protein
Ser/Thr protein kinases are known to phosphorylate Bad at
different serine residues. The most well characterized phos-
phorylation sites occur at serine 112, 136, and 155 in the
mouse protein (22, 26, 27), which correspond to serine 75,
99, and 118, respectively, in human Bad (28). Phosphorylated
Ser112 and -136 are responsible for binding 14-3-3, whereas
the phosphorylation of Ser155 prevents the interaction of
Bad with the antiapoptotic proteins. Apoptotic signals cause
Bad dephosphorylation and release from 14-3-3. At this
point, Bad binds Bcl-XL, triggering its translocation to
mitochondria and resulting in mitochondrial dysfunction,
cytochromec release, caspase activation, and apoptosis
(22-29).

Impaired apoptosis is a crucial step in tumorigenesis as a
defective cell death program endows nascent neoplastic cells
with multiple selective advantages. The cells can persist in
hostile environments (for example, where cytokines or
oxygen is limiting), escape from death imposed by tumor
suppressive fail-safe mechanisms, ignore restraining signals
from neighbors, and survive detachment from the extra-
cellular matrix leading to metastasis. A high level of
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expression of death antagonists, such as Bcl-2 and Bcl-XL,
is found in a wide variety of human cancers and mediates
the resistance of cancers to a wide spectrum of chemothera-
peutic drugs which act by inducing apoptosis in tumor cells
(30).

Delivery of proapoptotic members of the Bcl-2 family to
tumor cells could be a strategy for restoring the defective
apoptotic process. The first prototype chimeric protein, IL2-
Bax, specifically targeted cells expressing the IL-2 receptor
(T-cell lymphoma) and induced cell specific apoptosis in the
absence of any additional death stimulus (31). Bik, Bax, and
Bak fused to the gonadotroph-releasing hormone (GnRH)
target and kill adenocarcinoma cells via the apoptotic
pathway (32). Bad is also a good candidate for killing tumor
cells as it has been demonstrated to bind and antagonize pro-
survival Bcl-XL (33).

Human granulocyte-macrophage colony-stimulating factor
(GM-CSF)1 is a 127-amino acid cytokine that triggers the
growth, differentiation, and functional enhancement of both
granulocytes and macrophages from myeloid progenitor cells
(34). The aberrant expression of GM-CSF and its high-
affinity receptor have been postulated to play a central role
in drug resistance AML leukemogenesis, the most common
type of leukemia. Autonomous growth related to GM-CSF
autocrine or paracrine production and secretion has been
identified in blast samples from a majority of patients with
AML and has been associated with the therapy-refractory
disease and inferior survival (35). The GM-CSF receptor is
also expressed on solid tumors, including lung, breast, and
gastrointestinal carcinomas (36). Because GM-CSF receptors
cannot be detected on early normal hematopoietic stem cells,
it is a useful ligand for delivering proteins able to induce
cell death, as the proapoptotic members of the Bcl-2 protein
family, to myelogenous tumor cells. Different groups have
found that immunotoxins with the translocation and catalytic
domains of the diphtheria toxin orPseudomonas aeruginosa
exotoxin linked to human GM-CSF were cytotoxic in vitro
to chemotherapy-resistant cell lines and therapy-refractory
AML patient progenitor cells but were nontoxic to normal
human myeloid progenitors (35, 37-39). Dramatic antileu-
kemic effects were observed also in vivo in mice with human
leukemia (39, 40). The immunotoxin can produce complete
and partial remissions in patients with relapsed or refractory
AML, but liver injuries and the presence of antibodies against
DT portions of the immunotoxin were observed (41).

To investigate whether human GM-CSF can be used to
deliver proapoptotic proteins to tumor cells, we fused human
Bad to human GM-CSF (GM-CSF-Bad) and tested the
cytotoxicity to leukemia cells and human gastrointestinal
carcinomas. We also tested a mutant of hGM-CSF-Bad
(GM-CSF-Bad AA) in which serine 75 and serine 99
(homologous to the phosphorylation sites in mouse Bad) were
substituted with alanine, to prevent Bad inactivation by
kinases and to enhance the ability to induce apoptosis.

EXPERIMENTAL PROCEDURES

Constructions of the Fusion Proteins.The polymerase
chain reaction (PCR) was performed using the Platinum Pfx

DNA polymerase kit (Invitrogen). The denaturation temper-
ature was 94°C for 1 min and 55°C for 1 min, and
polymerization was carried out at 68°C for 1 min.

To assemble GM-CSF-Bad and GM-CSF-Bad AA, the
cDNA of human GM-CSF was amplified from the pRKDT-
GM plasmid, containing the cDNA of a recombinant fusion
toxin with the first 388 residues of diphtheria toxin with an
H-M linker fused to human GM-CSF, using primers that
introduced a NdeI site 5′ of the cDNA of GM-CSF
(5′-GAAATTCCATATGGCACCAGCACGATCGCC-3′) and
a BamHI site 3′ (5′-CGCGGATCCTTCCTGTACTGGCTC-
CCAGCA-3′). The cDNA of human Bad, cloned in the
plasmid pCDNA3, was amplified by introducing a BamHI
site at the 5′ end (5′-CGCGGATCCTTCCAGATCCCA-
GAGTTTGAG-3′) and a HindIII site at the 3′ (5′-C-
CCAAGCTTTCACTGGGAGGGGGCGGAGCT-3′).

The fragments were digested with the respective restriction
enzymes (New England Biolabs), and purified from gels with
the QIAquick Gel Extraction Kit (Qiagen). GM-CSF digested
with NdeI and BamHI and Bad digested with BamHI and
HindIII were incubated for 1 h a 25°C in the presence of
T4 ligase (Promega), and then ligated by T4 DNA ligase to
the expression plasmid, pET22b(+) (Novagen), digested with
NdeI and HindIII, by incubation for 1 h at 25 °C and
overnight at 16°C. The BamHI site in the recombinant
cDNA introduces a glycine-serine linker between the two
proteins.

For GM-CSF-Bad AA, pET22b(+)-GM-CSF-Bad was
the template for introducing the substitutions of serine with
alanine at serine 75 and 99 of human Bad in both expression
plasmids, by the PCR-based overlap extension method.
Mutagenic primers were oligonucleotides 5′-GGAGTCGC-
CACAGCGCCTACCCCGCGGGG-3′ and 5′-CCCCGCGGG-
GTAGGCGCTGTGGCGACTCC-3′ for the S75A mutation
and 5′-CGGGGCCGCTCGCGCTCGCGCGCGGCGCCCC-
CCAAC-3′ and 5′-GGTTGGGGGGCGCCGCGCGAGC-
GCGGCCCCG-3′ for the S99A mutation. The outmost
amplification primers were the primers used to amplify hBad
introducing the BamHI and HindIII sites.

To construct Bad-GM-CSF, the cDNA for human Bad
was amplified introducing a NdeI site at the 5′ end (5′-
GGGATTCCATATGTTCCAGATCCCAGAGTT-3′) and a
BamHI site at the 3′ end (5′-CGCGGATCCCTGGGAGG-
GGGCGGAGCTTCC-3′). The cDNA of human GM-CSF
was amplified introducing a BamHI site 5′ of the gene (5′-
CGCGGATCCGCACCAGCACGATCGCCAAGC-3′) and a
HindIII site 3′ (5′-CCCAAGCTTTCATTCCTGTACTG-
GCTCCCA-3′). To insert the mutations in positions 75 and
99, the same mutagenic primers of GM-CSF-Bad were used;
the outmost amplification primers were the primers used to
amplify GM-CSF introducing the BamHI and HindIII sites.

The four expression gene constructions were verified by
DNA sequencing (National Institute of Neurological Dis-
orders and Stroke DNA Facility).

Protein Expression and Purification. Escherichia coli
BL21 DE3 (Invitrogen) was used to express GM-CSF-Bad,
GM-CSF-Bad AA, Bad-GM-CSF, and Bad AA-GM-
CSF. Recombinant bacteria were grown in 1 L of Super
Broth (KD Medical, Columbia, MD) containing 50µg/mL
ampicillin (Sigma Chemical Co., St. Louis, MO) in 2 L flasks
at 37 °C. Protein expression was induced by addition of 1
mM IPTG (Sigma) when the OD600 reached 0.8-1. After

1 Abbreviations: AML, acute myeloid leukemia; GM-CSF, granu-
locyte-macrophage colony-stimulating factor; MTS, 3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium, inner salt; ER, endoplasmic reticulum.
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incubation for 3 h, cells were harvested by centrifugation at
5000g, and after resuspension in lysis buffer [0.1 M Tris-
HCl (pH 8) and 10 mM EDTA], pellets were lysed with a
French press. The inclusion bodies were collected by
centrifugation at 20000g and washed four times with lysis
buffer containing 2% Triton-100 and 2 mM urea and twice
with lysis buffer alone. The inclusion bodies were dissolved
in 0.1 M Tris-HCl (pH 8) containing 6 M guanidine, 10 mM
EDTA, a protease inhibitor cocktail, and 25 mM DTT at 4
°C overnight. The proteins were refolded by dilution in a
100-fold volume of the refolding buffer [0.1 M Tris-HCl
(pH 8), 0.5 M arginine, and 0.9 mM oxidized glutathione]
followed by incubation at 25°C for 48-72 h. Ion exchange
chromatography was performed on an HiPrep 16/10 DEAE
column and a subsequent gel filtration on a HiPrep 16/60
Sephacryl S-200 column (FPLC apparatus, Pharmacia). The
fractions, eluted in PBS, were pooled and stored at 4°C.
The quality of purified proteins was analyzed by 10-20%
SDS-PAGE stained with Brilliant Blue R, and Western
blotting using primary antibodies against human Bad (Cell
Signaling, Beverly, MA) and GM-CSF (Sigma).

Stock concentrations of GM-CSF-Bad and GM-CSF-
Bad AA were determined by a colorimetric assay (BCA kit,
Pierce). Final yields of GM-CSF-Bad and GM-CSF-Bad
AA were between 2 and 6 mg/L of culture.

Cytotoxicity Assay.Cell lines HL-60, U937, LS-174,
HTB103, HeLa, and A-431 were purchased from the
American Type Culture Collection (ATCC). To access the
cytotoxicity of the recombinant proteins, two kinds of assays
were performed: cellular protein synthesis inhibition and
apoptotic cell counting. Cellular protein synthesis inhibition
was assessed as described previously (33) with slight
modifications. Briefly, cells in 100µL were incubated at
concentrations of 1× 105 cells/mL in 96-well microtiter
plates overnight and treated with various concentrations of
purified proteins for 48 h in leucine-free RPMI 1640 followed
by a 1 hpulse with 0.1 mCi of [14C]leucine. Then, cells were
harvested onto glass fiber filters using a PHD cell harvester
(Cambridge Technology, Watertown, MA), and the radio-
activity was counted by liquid scintillation counting. The
results were expressed as a percentage of radiolabeled leucine
incorporation in PBS-treated control cells. Cell viability was
also determined with the Celltiter 96 Aqueous One Solution
Cell Proliferation Assay kit (Promega, Madison, WI). Values
represent the mean of triplicate samples with a<10%
standard error of the mean.

Calculation of the levels of apoptotic cells was performed
as previously described (42), and the caspase 3/7 protease
activity was measured using the ApoOne Homogeneous
Caspase 3/7 Assay kit (Promega).

RESULTS

Construction and Expression of GM-CSF-Bad.To target
Bad selectively to leukemia cells, the gene for GM-CSF was
fused to the 5′ end of the Bad gene using cDNAs as templates
for the construction of two chimeric proteins (Figure 1a).
To prevent Bad inactivation by kinases and thereby poten-
tially enhance the ability to induce apoptosis, we created a
second construct with the same domain orientation, GM-
CSF-Bad AA, with mutations to alanine in the sequence of
human Bad at serine 75 and serine 99. These serines are

homologous to the principal phosphorylation sites, Ser112
and Ser136, in mouse Bad (Figure 1a).

To explore different possibilities for refolding the recom-
binant fusion protein expressed inE. coli, we assembled two
additional constructs, Bad-GM-CSF and Bad AA-GM-
CSF, with the GM-CSF domain C-terminal to the Bad
domain. All four constructs were cloned into the pET22b-
(+) expression plasmid. DNA sequencing confirmed that no
errors had been introduced during the cloning and, in
addition, that the recombinant proteins were inserted with
the correct reading frame in the vector.

The recombinant proteins were expressed inE. coli, and
although after induction with IPTG more than 90% of the
expressed proteins were found in inclusion bodies, we were
not able to purify the two recombinant proteins with Bad at
the N-terminus because they were completely degraded
proteolytically during purification. After denaturation and

FIGURE 1: Construction and expression of the Bad and GM-CSF
fusion proteins. (a) Schematic diagram of the GM-CSF fusion
proteins. The cDNA for the human GM-CSF, digested with NdeI
and BamHI, was fused with the cDNA of human Bad (wild-type
or mutant), digested with BamHI and HindIII. The fused genes,
GM-CSF-Bad and GM-CSF-Bad AA, were cloned into vector
pET22b(+). The presence of the BamHI restriction site, required
for the ligation of the two cDNAs, introduces a glycine and a serine
as a linker between the two proteins. (b) Coomassie and Western
blot analysis of GM-CSF-Bad (lane 1) and GM-CSF-Bad AA
(lane 2). Purified proteins were subjected to SDS-PAGE (10-
20%) and visualized by Coomassie brilliant blue staining. Western
blot analysis was conducted using either anti-Bad or anti-GM-CSF
antibodies.
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refolding of the GM-CSF-Bad proteins, two consecutive
steps of purification, ion exchange and gel filtration chro-
matography, were necessary to obtain homogeneous proteins.
The purified products migrated on SDS gels at the expected
size of∼33 kDa (Figure 1b), and the theoreticalMr of the
wild-type Bad fusion protein of 32 983.49 was verified by
mass spectrometry. Western blot analysis, performed with
the anti-hGM-CSF and anti-hBad antibodies, confirmed the
cloning and production of the in-frame full-length chimeric
protein and also the absence of proteolytic degradation
products (Figure 1b).

Cytotoxic ActiVity of the GM-CSF-Bad Fusion Proteins
on Different Tumor Cell Lines.We evaluated the effect of
GM-CSF-Bad on four tumor cell lines expressing the human
GM-CSF receptor: two leukemia (HL-60 and U937) and
two gastrointestinal carcinoma (LS-174T and HTB-103) cell
lines. The cells were incubated for 48 h in the presence of
different concentrations of fusion proteins, and after a pulse
with [14C]leucine, the percent of protein synthesis was

calculated (Figure 2a). GM-CSF-Bad and GM-CSF-Bad
AA inhibited protein synthesis in a dose-dependent manner
(Figure 2), with an IC50 value between 1 and 2µM (Table
1). Surprisingly, GM-CSF-Bad AA was not substantially
different in cytostatic activity than the wild-type human Bad
when fused to GM-CSF (Figure 2b). This contrasts with
results reported with mouse Bad fusion proteins (33).

We confirmed that, despite the different numbers of GM-
CSF receptors on their plasma membranes, the leukemia and
gastric intestinal cell lines were not differentially susceptible
to the GM-CSF proteins (Table 1).

There was a slight activation of protein synthesis at low
concentrations of the fusion proteins (Figure 2a) that may
result from the GM-CSF portion of the protein binding the
GM-CSF receptor and activating the Jak-Stat pathway.
However, an increasing concentration allows the proapoptotic
Bad portion of the chimera to effect cell death.

These results show that GM-CSF-Bad and GM-CSF-
Bad AA are cytotoxic for GM-CSF receptor-expressing cells

FIGURE 2: Toxicity of GM-CSF chimeric proteins to target cells. (a) The human leukemia lines, U937 and HL-60, the human gastric
carcinoma line, HTB-103, and the human colon carcinoma cell line, LS174T, were incubated in the presence of GM-CSF-Bad (9) and
GM-CSF-Bad AA (2), at different concentrations, for 48 h. The cells were pulsed with [14C]leucine for 1 h and harvested. The extent of
leucine incorporation was measured and presented as a percentage relative to PBS-treated cells. The mean values determined from triplicate
measurements are plotted vs the concentration of fusion proteins. The error bars represent the standard error of the mean. (b) Time course
of GM-CSF-Bad (1µM) and GM-CSF-Bad AA (1µM) toxicity to human leukemia HL60, measured by the incorporation of radioactivity,
after a pulse with [14C]leucine, by HL-60 cells. The extent of leucine incorporation was measured and presented as a percentage relative
to PBS-treated cells ([). The error bars represent the standard error of the mean.
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and suggest that the GM-CSF receptor binding mediates the
internalization of Bad into cells.

Specificity of the Fusion Protein.To determine if the
internalization of the two fusion proteins required binding
to the GM-CSF receptor, we examined the inhibition of
protein synthesis in the presence of a concentration of GM-
CSF-Bad and GM-CSF-Bad AA that causes the maximum
cytotoxic effect on the cells in the presence or absence of
an excess of free GM-CSF (5µg/mL). Excess hGM-CSF
largely blocked the cytotoxicity of both GM-CSF-Bad and
GM-CSF-Bad AA (Figure 3a), indicating that the binding
to the GM-CSF receptor is required for cytotoxicity.

To confirm the specificity of the proteins for the human
GM-CSF receptor, we tested the biological activity also on
two tumor cell lines that do not express the GM-CSF
receptor. When Bad protein fused to hGM-CSF was added
to the media of cells, no effect of GM-CSF-Bad was
detected on proliferation of the human cervical adenocarci-
noma cell line (HeLa) and epidermoid carcinoma cell line
(A431) in contrast to the human monocytic cell line, HL-60
(Figure 3b).

GM-CSF-Bad Induces Apoptosis in the HL-60 Leukemia
Cell Line. We examined if GM-CSF-Bad induced target
cell apoptosis. Using Hoechst 333242 to assess apoptotic
cells and propidium iodide to assess necrotic cells, we found
that GM-CSF-Bad induced nuclear fragmentation (early
apoptotic cells) during the first 24 h of incubation. After 48
h, the percent of apoptosis was∼65% (Figure 4a). The
apparent necrosis that was detected may only represent the
final stage of apoptosis, and does not imply that there are
two death mechanisms involved.

Induction of apoptosis was confirmed by assessing the
caspase activation in GM-CSF-Bad-treated cells. Caspase
3 and 7 are effector caspases, and their actions lead to the
characteristic apoptotic morphological changes such as
membrane blebbing, nuclear condensation, and DNA frag-
mentation. After 48 h, GM-CSF-Bad exposure induces an
increase in caspase activity in HL-60 cells with no detectable
effect on the A431 or HeLa cells (Figure 4b). These results
demonstrate that the chimera induces apoptosis, consistent
with the known bioactivity of Bad, and validates the
specificity of this effect for GM-CSF receptor-expressing
cells.

Intracellular Transport of GM-CSF-Bad.To investigate
the role of internalization of the fusion proteins after binding
of the GM-CSF receptor, we examined the effect of
monensin, NH4Cl, and brefeldin A on the chimera cytotoxic
activity. NH4Cl and monensin increase the endosomal pH
in cells, reducing the proton gradient across the membranes
and causing a block in the action of toxins such as diphtheria
toxin that translocate, directly, from the endosomes to the
cytosol. Brefeldin A blocks the vesicular transport from the

ER to the cis Golgi apparatus and causes a termination of
the retrograde vesicular transport from the cis Golgi to the
ER.

When GM-CSF-Bad was tested in the presence of these
three compounds, only brefeldin A dramatically reduced the
cytotoxic activity (Figure 5). These data show that GM-
CSF-Bad enters through the GM-CSF receptor and suggest
that it does not translocate from the endosomes in the cytosol
but that retrograde transport to the ER may be the intra-
cellular route of the protein to the cytosol. This would
represent a pathway similar to that of ricin, cholera, and
pseudomonas toxin and in contrast to that of diphtheria toxin.

DISCUSSION

The PI3K/Akt signal transduction cascade that controls
Bad phosphorylation is deregulated in cancer, and mutations
in this pathway have been linked to a variety of human
tumors, including breast cancer, lung cancer, and leukemia
(43). A multitude of extracellular growth factors bind to
receptor tyrosine kinases and activate the phosphatidylinositol
3-kinase (PI3K) signaling pathway. PI3K is a heterodimeric
kinase that phosphorylates the lipid phosphatidylinositol 4,5-
biphosphate (PIP2) at the 3′ position to generate phosphati-
dylinositol 3,4,5-triphosphate (PIP3). Akt and phosphoinositide-
dependent kinase 1 (PDK1) are serine/threonine kinases that
are recruited to the membrane through binding of their
pleckstrin homology domain to PIP3. Following recruitment
to the membrane, AKT is activated by phosphorylation and
thereupon phosphorylates several targets to promote cell
survival and progression that may contribute to malignant
transformation. The activity of the PI3K/Akt pathway is
negatively regulated by the phosphatase PTEN that dephos-
phorylates PIP3 and thereby directly counteracts PI3K signals
(44). Mutations in PTEN that eliminate its phosphatase
activity can lead to tumor progression (45). One of the targets
of Akt identified with direct implications for regulating cell
survival was the proapoptotic protein Bad, and several others
kinases that have been implicated in survival signaling have
been proposed to mediate Bad phosphorylation, including
Rsk, PAK, and PKA (46-50). Bad represents an important
stage at which activation of the Raf/MEK/ERK and the PI3K/
Akt pathways can synergize to induce cell survival and
cellular transformation.

We have produced a chimeric protein to deliver human
Bad to tumor cells via the GM-CSF receptor to prevent
uncontrolled cellular proliferation. The purified recombinant
protein is cytotoxic to different types of tumor cells by
directly inducing apoptosis, in the absence of other apoptotic
stimuli.

We compared the toxicity of GM-CSF-Bad with that of
GM-CSF-Bad AA (with the Ser75A and Ser99A mutations

Table 1: Cytotoxicity of the GM-CSF Fusion Proteins

IC50
a (µM)

cell type no. of sites per cellb tumor type GM-CSF-Bad GM-CSF-Bad AA

HL-60 540( 50 promyelocytic 1.12( 0.79 1.37( 0.15
U937 3500( 350 monocytic 1.28( 0.25 1.77( 0.35
HTB-103 500( 200 gastric 1.47( 0.16 1.62( 0.19
LS174T 900( 700 colon 1.9( 0.31 1.99( 0.56

a Values are the mean( standard error of the mean.b From ref38.
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in the sequence of human Bad). Both recombinant proteins
have the same cytotoxic activity. As shown by Datta et al.
(51), the phosphorylation of serine 112 and 136 enhances
the binding of 14-3-3 protein to mouse Bad that weakens
the effective interaction of Bad and Bcl-XL and improves
the access of Ser 155 kinases to Bad Ser 155. The folding
of GM-CSF-Bad could hide phosphorylation sites Ser 75

and Ser 99 on Bad without altering the conformation of the
BH3 domain. In this way, the protein could preserve the
functionality (binding of pro-survival members of the Bcl-2
protein family) but become insensitive to phosphorylation.
An alternative hypothesis is that steric hindrance by the GM-
CSF moiety may inhibit the sequestration of the fusion
protein to 14-3-3 so that even if the Bad is phosphorylated
it cannot be inactivated. As demonstrated by Ichinose et al.
(33), it was necessary to mutate Ser112 and Ser136 in murine
Bad to enhance the feable toxicity of Bad. In contrast with
GM-CSF-Bad, the “wild-type” fusion protein has consider-
ably more cytotoxicity than the murine Bad fusion protein
prior to mutation, consistent with the above hyphotheses.

Excess GM-CSF competed for cytotoxicity, and cell lines
that do not express the GM-CSF receptor were insensitive
to the chimera, showing specificity for the GM-CSF receptor.

FIGURE 3: Specificity of GM-CSF fusion proteins for the human
GM-CSF receptor. (a) Leukemia cell lines were incubated with GM-
CSF-Bad (3µM) (white and dark gray columns) and GM-CSF-
Bad AA (3 µM) (black and light gray columns) in the presence or
absence of 5µg/mL human GM-CSF for 48 h. The cells were
pulsed with [14C]leucine for 1 h and harvested. The extent of leucine
incorporation was measured and presented as a percentage relative
to PBS-treated cells. The mean values determined from triplicate
measurements are plotted vs the concentration of fusion proteins.
The error bars represent the standard error of the mean. (b)
Proliferation activity was measured on a human cervical adeno-
carcinoma (HeLa) (9), on a skin epidermoid carcinoma (A-431)
(b), and on a human leukemia cell line (HL-60) (2). The cells
were incubated in the presence of GM-CSF-Bad at different
concentrations, for 48 h. MTS was added to each well, and the
plate was incubated for 1 h at 37°C. The absorbance at 490 nm
was measured using an EIA Multiwell Reader (Sigma Diagnostics)
and presented as a percentage relative to PBS-treated cells. The
mean values determined from triplicate measurements are plotted
vs the concentration of the fusion protein. The error bars represent
the standard error of the mean.

FIGURE 4: Quantitation of the type of GM-CSF-Bad cell death.
HL-60 cells were treated for 24 or 48 h in the presence of 3µM
GM-CSF-Bad or for 6 h with 100µM etoposide. The data
represent the results of three separate experiments. The calculation
of the different cell death types was performed as described in
Experimental Procedures. Viable cell percent is indicated in white,
necrotic cell percent in black, and the apoptotic percent in gray.
(b) Caspase 3/7 activity was measured on a human cervical
adenocarcinoma (HeLa) (9), on a skin epidermoid carcinoma (A-
431) (b), and on a human leukemia cell line (HL-60) (2). The
cells were incubated in the presence of GM-CSF-Bad at different
concentrations, for 48 h. Z-DEVD-R110 (1×) was added to each
well, and the plate was incubated for 1 h atroom temperature. The
fluorescence of each well was measured at an excitation wavelength
of 485 nm and an emission wavelength of 535 nm using a Wallack
Victor2 1420 Multilabel Counter.
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All the tumor cell lines positive for the GM-CSF receptor
have the same sensitivity to GM-CSF-Bad despite the
different numbers of receptors. As shown by Kreitman et
al. (38), in addition to the number and affinity of receptors
present on the plasma membrane, how the various cells route
the protein intracellularly also appears to be important. GM-
CSF-Bad appears to be internalized through a retrograde
transport to the ER that may vary among tumor cells. This
parameter could explain the discrepancy in the correlation
between the calculated IC50 and the number of GM-CSF
receptors on the different tumor cells and represent interesting
aspects for future investigation.

Over the past 15 years, many different chimeric proteins
have been produced to bind selectively to cancer cells,
internalize, and kill the cells (52), in particular, for the
treatment of hematological malignancies (53). These mol-
ecules are usually molecules which contain a plant or
bacterial toxin connected to a targeting antibody or growth
factor. The toxin part of the immunotoxin is extremely potent
in killing cells since it acts enzymatically within the
cytoplasm, and the resulting immunotoxins are much more
potently toxic than GM-CSF-Bad. For example, the IC50

of immunotoxins containing GM-CSF and the diphtheria
toxin as the catalytic domain, calculated on leukemia cells,
is in the picomolar range (37, 38) as well as the IC50 of the
immutoxin containing GM-CSF and the catalytic domain of
P. aeruginosa, measured on the gastric carcinoma cell lines
(38). A major barrier to the clinical utility of classical
immunotoxins is the immunogenicity associated mainly
toward the bacterial or plant portion of the protein. GM-
CSF-Bad is a completely human recombinant protein so it
is expected to elicit a minimal immunogenic response. GM-
CSF-Bad is one of few human chimeric proteins, compared
to the large number of immunotoxins, produced thus far and
offers another potential tool against tumor cells (31, 32, 54-
56). The presence of GM-CSF receptors on both leukemia
and solid tumors extends the opportunity to use this protein
in vivo in comparison to other human chimeric proteins. In

addition, the strategy described here introduces Bad, the
actual protein that may be inactivated in cancer, into tumor
cells to reconstitute the apoptosis pathway inducing perhaps
less nonspecific toxicity that foreign and even human
cytotoxic proteins.
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