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Abstract

Purpose—To identify and mathematically model molecular predictors of response to the enediyne
chemotherapeutic agent, neocarzinostatin, in nervous system cancer cell lines.

Methods—Human neuroblastoma, breast cancer, glioma, and medulloblastoma cell lines were
maintained in culture. Content of caspase-3 and Bcl-2, respectively, was determined relative to actin
content for each cell line by Western blotting and optical densitometry. For each cell line, sensitivity
to neocarzinostatin was determined. Brain tumor cell lines were stably transfected with human Bcl-2
cDNA cloned into the pcDNA3 plasmid vector.

Results—In human tumor cell lines of different tissue origins, sensitivity to neocarzinostatin is
proportional to the product of the relative contents of Bcl-2 and caspase-3 (r2 = 0.9; p < 0.01).
Neuroblastoma and brain tumor cell lines are particularly sensitive to neocarzinostatin; the sensitivity
of brain tumor lines to neocarzinostatin is enhanced by transfection with an expression construct for
Bcl-2 and is proportional in transfected cells to the product of the relative contents of Bcl-2 and
caspase-3 (r2 = 0.7).

Conclusion—These studies underscore the potential of molecular profiling in identifying effective
chemotherapeutic paradigms for cancer in general and tumors of the nervous system in particular.
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Overproduction of Bcl-2 and other antiapoptotic gene products is a common mechanism of
chemotherapeutic resistance.[1-7] We have previously reported the paradoxical potentiation
by Bcl-2 of apoptosis induction by the disulfide reduction-dependent enediyne,
neocarzinostatin (NCS). [8-11] As overproduction of Bcl-2 in PC12 pheochromocytoma cells
is associated with increased cellular reducing potential,[12] it was hypothesized that this
condition resulted in enhanced activation of NCS and consequent potentiation of apoptosis.
[8] However, Bcl-2 acts downstream of NCS activation and should block apoptosis even in
the face of enhanced enediyne activation. Further mechanistic studies revealed that, in PC12
neural crest tumor cells, NCS treatment results in caspase-3-dependent cleavage of Bcl-2 to
its proapoptotic counterpart,[13] and that this cleavage is critical for potentiation of apoptosis
by Bcl-2.[9,13] This suggests that NCS could be an effective and relatively non-toxic
chemotherapeutic agent for those tumors that overproduce Bcl-2 and express caspase-3.
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Potentiation of efficacy would be predicted to occur only in those cells for which both
conditions obtained. If this is indeed the case, it would serve as proof-of-principle for the notion
of identification of molecular markers for responsiveness of particular human cancers to
particular chemotherapeutic strategies.

To test this hypothesis and the generalizability of the prediction it suggests, we examined the
correlations between the ECsq of NCS for cell culture growth rate depression (i.e., the
concentration of NCS at which cell culture growth rate is half of that seen in vehicle-treated
cultures) and Bcl-2 expression, caspase-3 expression, and the product of Bcl-2 expression and
caspase-3 expression, respectively, in each of seven different tumor cell lines. We used the
product of Bcl-2 expression and caspase-3 expression in this model as we had predicted that,
if either fell to zero, potentiation of the effects of NCS on culture cell growth would not take
place; that is, as the product of Bcl-2 expression and caspase-3 expression go to zero, the
ECsq of NCS for cell culture growth rate depression goes to infinity. To model this inverse
relationship, we plotted [(relative Bcl-2 content)(relative caspase-3 content)] versus 1/[ECsgq
(NCS)]. As tumors of the central and peripheral nervous system represent some of the greatest
chemotherapeutic challenges and present some of the most robust drug targeting opportunities,
and given our success with this strategy in neural crest-derived PC12 cells, we initiated these
studies using human nervous system (neuroblastoma, glioma, medulloblastoma) tumor cell
lines and compared these results to those obtained using human breast cancer cell lines. We
herein demonstrate the prediction of sensitivity of tumor cell lines to NCS from the protein
content of Bcl-2 and caspase-3.

Materials and Methods

Cell Lines

SK-N-MC, SK-N-SH, and IMR-32 human neuroblastoma, MCF-7 and BT474 human breast
cancer, U87 human glioma, and DAQY human medulloblastoma cell lines were obtained from
the American Type Culture Collection (Rockville, MD) and maintained in culture as previously
described.[14,15] Note that all of these cell lines express only wild-type p53 [16-18].

Western Blotting

Cells of each line were lysed in RIPA buffer [1% Igepal-CA-630 (Sigma), 0.5% sodium
deoxycholate, 0.1% SDS in 1X PBS] and centrifuged, and the resulting supernatants were
assayed for protein content. One hundred pg of protein was loaded per lane on a 12.5%
polyacrylamide gel and Western blotting was performed as we have previously described.
[13] The same blot was stained for Bcl-2 (anti-Bcl-2 C-2 mouse monoclonal antibody SC-7382;
Santa Cruz), stripped, and then stained for caspase-3 (anti-caspase-3 H-277 rabbit polyclonal
IgG SC7148; Santa Cruz) and -actin in sequence. Relative quantitation of Bcl-2 and caspase-3
was performed by Scion imaging measurement of the optical densities of bands for Bcl-2 and
caspase-3, respectively, and normalizing these values to the optical density of the
corresponding band for B-actin.

Determination of Sensitivity to NCS

Each cell line was plated on 6-well tissue culture plates and allowed to adhere overnight at 37°
C in 5% CO,. Each line was treated with NCS [O (i.e., vehicle-treated), 5, 15, and 20 nM] for
1 h, then washed free of the drug. For each cell line, cell counts, performed as we have
previously described[8-11,14,15] 48 h after treatment at each concentration of NCS were
plotted and the concentration at which the 48 h cell count was 50% of the 48 h cell count of
vehicle-treated cells (ECsgg) was determined.
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Transfection of Cells with a bcl-2 Expression Construct

Results

Human Bcl-2 cDNA was cloned into the pcDNA3 plasmid vector (Invitrogen). DAQY, and
U87 cells were transfected using a Nucleofector electroporator (Amaxa). Stably-transfected
cells were selected using 500 pg/ml G418 (Cellgro). After selection, cultures were maintained
in standard medium supplemented with 250 pg/ml G418. Bcl-2 expression was confirmed by
Western blot. Transfection efficiency, as determined by green fluorescent protein transfection
and fluorescence, was as follows: DAQY: 41%; U87: 89%.

Bcl-2 and caspase-3 content of neuroblastoma, breast cancer, and brain tumor cell lines

Western blotting was performed on homogenates of 3 neuroblastoma, 2 breast cancer, and 2
brain tumor (glioma and medulloblastoma, respectively) cell lines. (See Fig. 1 for a
representative blot.) The optical density of the bands obtained for each was normalized to that
of the band for B-actin on the same blot. The average normalized optical density from two
independent experiments was computed for each protein in each cell line.

As is shown in Table 1, relative Bcl-2 content among the group of tumor lines as a whole
spanned a 2.4-fold range (53-126). Neuroblastoma lines as a group exhibited higher Bcl-2
content than breast or brain tumors, and the latter two tissue types were similar to one another
in Bcl-2 content (Fig. 2A).

Table 1 also demonstrates the broad range of relative caspase-3 content (0.1-75) among the
cell lines examined. Neuroblastoma and brain tumor lines exhibited similarly high caspase-3
content, while breast cancer lines exhibited low caspase-3 content (Fig. 2B).

Relationship of sensitivity to NCS-induced cell death to Bcl-2 content, caspase-3 content,
and the product of the two, respectively

Our prior studies[8-11,13] suggested that, if either caspase-3 or Bcl-2 levels fell to zero,
potentiation of NCS-induced cell death would not occur. We therefore predicted that ECsgg
(NCS) would vary inversely with the product of the relative contents of Bcl-2 and caspase-3.
That is, we predicted that 1/[ECgq (NCS)] would be directly related to [(relative Bcl-2 content)
(relative caspase-3 content)].

Fig. 3 shows the relationship between 1/[ECsy (NCS)] and the optical density of the caspase-3
band (A), the Bcl-2 band (B), and the product of the optical densities of the caspase-3 and Bcl-2
bands (C), respectively. The product of the optical densities of the caspase-3 and Bcl-2 bands
demonstrates the best correlation with 1/[ECsg (NCS)].

Given the differences observed between the tumor types origin of the cell lines tested and their
contents of Bcl-2 and caspase-3, we then sought to determine whether the rank order and mean
of the product, [(relative Bcl-2 content)(relative caspase-3 content)], for each tumor type
predicts the ECs for NCS of that tumor type. Fig. 4A demonstrates the rank order of ECgq for
NCS of the tumors to be breast cancer > brain tumors > neuroblastoma. Conversely, the rank
order of [(relative Bcl-2 content)(relative caspase-3 content)] is neuroblastoma > brain tumors
> breast cancer (Fig. 4B). Fig. 4C plots the mean (x SEM) of [ECgg (NCS)] versus the mean
(= SEM) of [(relative Bcl-2 content)(relative caspase-3 content)] for each of the three tumor
types and demonstrates that, albeit with small numbers of each type of tumor, the data for each
respective tumor type cluster tightly and uniquely from the others. Note that the ECsg for
neuroblastomas is less than that for breast cancer with p<0.001 and the ECsq for brain tumors
is less than that for breast cancer with p<0.005 (Student’s t-test). Similarly, [(relative Bcl-2
content)(relative caspase-3 content)] for neuroblastomas is greater than that for breast cancer
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with p<0.005 and [(relative Bcl-2 content)(relative caspase-3 content)] for brain tumors is
greater than that for breast cancer with p=0.05.

Effect of transfection with a bcl-2 expression construct on sensitivity to NCS of human brain
tumor cell lines

We transfected the two brain tumor cell lines with bcl-2 to verify that increasing Bcl-2 would
in fact lead to potentiation of apoptosis in central nervous system cancer. As is shown by the
Western blot in Fig. 5A. transfection of the medulloblastoma (DAOY) and glioma (U87) cell
lines with a bcl-2 expression construct resulted in overexpression of bcl-2 and consequent
overproduction of its protein product, Bcl-2. Interestingly, overexpression of bcl-2 in DAOY
and U87 cells was associated with a decrease in production of caspase 3. Although the
mechanism for this coordinate, complementary regulation of expression is not known, it has
recently been reported in Dalton’s lymphoma ascites cells treated with the chemotherapeutic
natural product, abrin [19]. Nonetheless, in bcl-2-transfected DAQY and U87 cells, increased
[(relative Bcl-2 content)(relative caspase-3 content)] is associated with increased sensitivity to
NCS (Fig. 5B).

Discussion

Chemoresistant tumors of the nervous system exact a significant toll among patients with
cancer. The American Cancer Society estimates that 20,500 malignant tumors of the brain or
spinal cord will be diagnosed during 2007 in the U.S. Approximately 12,740 people will die
from these malignant tumors. CNS cancer accounts for approximately 1.3% of all cancers and
2.2% of all cancer-related deaths.[20] Brain is the most common site for solid tumors of
childhood; the long-term survival rate for children who received radiation therapy for brain
tumors of any type is, at best, in the neighborhood of 40%.[21] Neuroblastoma is the single
most common solid tumor of childhood; 65% of children with neuroblastoma have metastatic
disease at the time of initial diagnosis, and these children have only a 5-20% 5-year survival
rate.[22,23] These statistics do not even include the enormous morbidity associated with these
diseases.

Therapeutic failures in this arena are at least in part the result of altered expression of proteins
that function to regulate apoptosis induction and/or enactment, including those in the Bcl-2
protein family. For example, altered levels of Bcl-2 and the related protein Bcl-X_ contribute
to the resistance of neuroblastomas to chemotherapy.[24,25] Similarly, medulloblastomas and
glioblastomas have all been shown to overexpress the bcl-2 and or bcl-X|_ gene, contributing
to resistance to chemotherapeutic agent-induced apoptosis.[24,26-34] The discovery and
development of strategies that overcome such drug resistance and that enhance the ability to
predict responsiveness of particular tumors to particular chemotherapeutic agents would
contribute greatly to the conquest of these common and deadly diseases.

Studies in our laboratory and those of others demonstrate that Bcl-2 exerts its effects at least
in part by a mechanism that includes a shift in the cellular capacity for glutathione turnover.
[9,11-13,35-39] Not surprisingly, other studies link both the initiating and subsequent steps
involved in the apoptotic process to exposure of the cell to reactive oxygen species [39,40] and
demonstrate release of cytochrome ¢ from the mitochondrion with a resultant breakdown in
electron transport and increased formation of endogenous reactive oxygen species.[ 39,41,
42] The caspases, enzymes critical for the enactment of apoptosis, are accordingly cysteine-
rich and redox-active.[43]

We have pursued a strategy for overcoming Bcl-2-mediated chemoresistance that takes
advantage of the increase in cellular free sulfhydryl content by using chemotherapeutic agents
that require reduction by glutathione for their activity. Our initial studies focused on the efficacy
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of a member of one such class of agents, the enediynes, in tumor cells that were genetically
engineered to overexpress bcl-2.[8]

NCS is an enediyne DNA-cleaving natural product that induces apoptosis in neural crest tumor
cells in culture.[14,44] Like many other naturally-occurring enediynes, NCS is actually a
prodrug that requires sulfhydryl activation for efficacy. As such, the cytotoxicity of NCS has
been demonstrated, within the range of physiological manipulations performed, to vary directly
with the glutathione content of the cell.[45-47] This information led to our prediction that,
contrary to the case for other chemotherapeutic agents studied, overexpression of bcl-2 and the
resulting shift in glutathione handling in the cell would potentiate the induction of apoptosis
by NCS.

We initially showed that, in PC12 rat pheochromocytoma cells that have been bcl-2-or mock-
transfected, bcl-2 overexpression does indeed potentiate the apoptosis-inducing activity of
NCS.[8,15] In this same system, bcl-2 overexpression decreases apoptosis induction by the
non-enediyne, cisplatin, and synthetic and natural enediynes that do not require reductive
activation by glutathione, indicating that glutathione is important in the potentiation of NCS-
induced apoptosis by Bcl-2. In addition, inhibition of glutathione synthesis completely
abolishes the difference in NCS sensitivity between cells that do and do not overexpress bcl-2.
The glutathione-dependent enediyne prodrugs are therefore the only class of drug that has been
demonstrated to work best in those tumor cells that have become resistant to other known
chemotherapeutic agents.

Potentiation of NCS-induced apoptosis by Bcl-2 overproduction is dependent, not only on
altered metabolism of glutathione, but also on caspase-3-mediated cleavage of Bcl-2.[9,13]
The resulting cleavage product of this anti-apoptotic protein is, in fact, pro-apoptotic.
Caspase-3 activation, like NCS activation, has been demonstrated to be sulfhydryl reduction-
dependent. [43,48]

NCS and related enediynes have previously been proposed for clinical use in a variety of human
cancers. Initial clinical trials of NCS were hampered by anaphylactic responses to its non-
covalently bound protein component, ironically a portion of the NCS structure with no
relationship to its efficacy. Our studies have taken specific advantage of the need for sulfhydryl
activation of these compounds or have proposed identification of particular subgroups of
patients and/or tumors for which these compounds might present an improved therapeutic
index. We have found that potentiation of NCS-induced apoptosis by bcl-2 overexpression
depends critically upon cellular expression of caspase-3, Bcl-2-induced enhancement of
glutathione recycling capacity, and cleavability of Bcl-2 by caspase-3,[9,13,49] potentially
allowing us to predict for which tumors NCS might be most efficacious.

The present study presents proof of principle for the prediction of efficacy of NCS by
determination of the product of caspase-3 content and Bcl-2 content. It further suggests that,
as a function of their relatively high Bcl-2 and caspase-3 content, cancers of the nervous system
are particularly sensitive to NCS and perhaps other sulfhydryl-dependent enediynes.
Verification of these results with larger numbers of cell lines and extension of these conclusions
to primary tumors will require additional studies.
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Fig. 1.

Representative Western Blot. Lysates of cultured SK-N-SH, SK-N-MC, and IMR-32
neuroblastoma cells, BT474 and MCF-7 breast cancer cells, U87 glioma cells, and DAOY
medulloblastoma cells were applied to an SDS-polyacrylamide gel and transferred to a
membrane for Western blotting as described in Materials and Methods. The same blot was
stained with antibodies to Bcl-2, caspase-3, and B-actin, respectively. Western blot bands
obtained for each cell lysate were subjected to optical densitometry and the values for Bcl-2
and caspase-3, respectively, were normalized to the value for -actin on the same blot. Results
are expressed as relative optical densities.
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Fig. 2.

Western blot bands obtained for each cell lysate in each of two independent experiments were
subjected to optical densitometry and the values for Bcl-2 and caspase-3, respectively, were
normalized to the value for B-actin on the same blot. Averages of the results of two independent
blots for each cell line were then averaged within tumor type. Results are expressed as relative
optical densities (+ SEM) for each tumor type. (a) Bcl-2; (b) caspase-3. *Greater than values
for breast cancer with p<0.05; **greater than values for breast cancer with p<0.01 (Student’s
t-test). Neither Bcl-2 nor caspase-3 content differs significantly between brain and breast
cancer.
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Fig. 3.

Plots of (a) average relative Bcl-2 content; (b) average relative caspase-3 content; and (c) the
product of average relative caspase-3 content and average relative Bcl-2 content versus 1/
[ECso (NCS)] for cell death induced by neocarzinostatin for cell lines described in Table 1.
Relative protein content was determined for caspase-3 and Bcl-2, respectively, by optical
densitometry of Western blot bands, as described in Materials and Methods, in two independent
experiments. In each panel, plots are shown for the average of the two values obtained for each
cell line. R? was determined by linear regression; p was determined by two-way ANOVA.
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Fig. 4.

ECso (NCS) (a) and the product of relative caspase-3 content and relative Bcl-2 content (b)
displayed by tumor type. (c) Mean (n = 3 for each cell line) ECsq (NCS) versus product of
relative caspase-3 content and relative Bcl-2 content (n = 2 for each cell line) for each of three
tissues of tumor origin. Error bars denote the SEM. Statistical analysis (Student’s t-test):
ECso (NCS) neuroblastomas < breast cancer, p<0.001; ECgg (NCS) brain tumors < breast
cancer, p<0.005; [(relative Bcl-2 content)(relative caspase-3 content)] neuroblastomas > breast
cancer, p<0.005; [(relative Bcl-2 content)(relative caspase-3 content)] brain tumors > breast
cancer, p=0.05.
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Fig. 5.

(a) Relationship between the product of relative caspase-3 content and relative Bcl-2 content
and ECsg (NCS) for native central nervous system cancer cell lines and bcl-2 transfectants of
the same cell lines. The Western blot on the left demonstrates the enhanced Bcl-2 content of
transfectants relative to their native counterparts. (b) Product of relative Bcl-2 content and
relative caspase-3 content versus 1/[ECsq (NCS)] for paired native and bcl-2-transfected
central nervous system cancer cell lines. Results of a representative experiment of four
performed are shown. R? was determined by linear regression.
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TABLE 1
Western Blot-determined Relative Content of Bcl-2 and Caspase-3 and Tissue Culture-determined ECsg (NCS) for

Seven Tumor Cell Lines

Cell Line Relative Bcl-2 Content Average Relative Caspase-3 Content Average EC5, (NCS) (nM) (n = 3),
(Experiment 1, Experiment 2) (Experiment 1, Experiment 2)

SK-N-SH 82 (33, 132) 69 (69, 69) 19+1
ugr 53 (7,99) 60 (47, 74) 29+6
IMR-32 126 (99, 152) 75 (67, 82) 14+1
SK-N-M(C| 106 (66, 147) 75 (83, 67) 11+1
DAQY 71 (38, 105) 34 (1, 66) 53+ 26
MCEF-7 80 (66, 93) 0.1(0.2.0) 97 +28
BT474 62 (64, 60) 28 (9. 46) 83+3
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