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Introduction

Recent advances on the molecular basis of cancer have indicated that transformation is
not solely a matter of increased cellular proliferation [60]. It has become widely ac-
cepted that more than one genetic alteration is necessary for a cell to become cancer-
ous [80]. This is due to built-in cellular mechanisms that can detect abnormalities and
activate genetic programs to remedy them, making single adverse events less likely to
cause significant problems. For example, tumor suppressor genes are best known for
their ability to halt cell cycle progression and allow time for repair and maintenance of
genomic integrity [83]. Malfunction of this system constitutes a second defect that can
lead to malignant transformation [80].

More recently, a second protective mechanism known as apoptosis has been iden-
tified as important in deleting potentially dangerous cells from an organism [28]. Pro-
grammed cell death (PCD) is a genetic program that initiates a series of events result-
ing in cell suicide. This process leads to apoptosis, a morphologically distinct form of
death with physical characteristics such as nuclear fragmentation, membrane blebbing,
and DNA degradation [86]. Apoptosis plays a vital role in the normal development of an
organism. Its many functions include regression of the tadpole tail in frogs [44] as well as
the removal of self reactive lymphocytes in the formation of mammalian immunity [72].

DNA damage and the improper expression of oncogenes have been shown to in-
duce programmed cell death [28]. This is presumably a safeguard against cancer. Ge-
netic defects that permit a cell to constitutively block apoptosis confer a selective
growth advantage to that cell. Thus, it makes sense that this is an essential step in the
progression to cancer. The discovery and characterization of several apoptosis modu-
lators have verified that this is indeed often the case. Improper regulation of these
genes can increase cell survival and provide tumor resistance to traditional forms of
cancer treatment (radiation and chemotherapy) that function by activating PCD [32].
This generally leads to poor clinical prognosis.

Fortunately, these same pathways that block cell death represent a potential target
for the rational design of new therapies. In this review, we will introduce the factors
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regulating apoptosis in cancer and discuss possible areas for intervention. We will also
provide an example of such intervention, in which an adenovirus is used to deliver a
pro-apoptotic gene, bcl-xs.

Programmed cell death

PCD is best understood in the nematode Caenorhabditis elegans, where the fate of all
1090 cells have been tracked. Of these cells 131 undergo cell death during develop-
ment, and genetic studies revealed the master controls behind this phenomenon. A gain
of a function mutant of the ced-9 (ced for cell death abnormal) gene caused all 131
cells that are normally eliminated to survive, while loss of function ced-9 mutations
caused more than the usual 131 cells to die [38]. In contrast to ced-9, the ced-3 and
ced-4 genes cause cell death [27]. In ced-4;ced-9 and ced-3;ced-9 double mutants all
cells live, which suggests that Ced-3 and Ced-4 are cell death effectors, and Ced-9,
which functions upstream, is an antagonist of these proteins. It is known that Ced-4
binds to Ced-3 resulting in activation of the caspase [42, 85]. Ced-9 binds to Ced-4,
blocking its ability to activate Ced-3 [73, 85]. This apoptosis machinery has been well
conserved throughout evolution. We now know that Bcl-2 family members are mam-
malian homologues of Ced-9 [39] and the caspases (or ICE proteases) are homologues
of Ced-3 [90]. No homologue of Ced-4 has yet been identified, but the apparent inter-
changability of these proteins between nematode and mammalian systems has facili-
tated the ordering of these genes [14, 15, 84].

Improper growth stimulation leads to apoptosis

The expression of key genes is involved in the signal to proliferate. Due to their mito-
genic properties many of these are proto-oncogenes and have been implicated in hu-
man carcinogenesis, since uncontrolled growth is one of several steps along the path
towards cancer. Recent evidence suggests that inappropriate expression of these genes
leads not only to proliferation but to activation of the PCD pathway.

Deregulated expression of the c-myc gene occurs in up to 30% of human cancers
[61]. In normal cells, expression of the c-myc proto-oncogene is rapidly up-regulated
when a cell initiates proliferation [2]. Although all of the functions of c-Myc are not
completely understood, it is a transcription factor that, when highly expressed, is able
to overcome growth arrest and to block differentiation [5, 6, 25, 62]. Interestingly, c-
Myc, whose expression is so tightly linked with cell growth, has also been shown to
induce cell death. When c-Myc is highly expressed in cells that are deprived of growth
factor, they undergo apoptosis [29]. Therefore, the consequences of c-Myc expression
depends on the context of other proliferative signals.

A similar story holds true for the c-fos/jun proto-oncogenes. Their protein products
associate to form a transcription factor called activator protein-1 (AP-1) [17]. Like c-
Myc, AP-1 is induced upon mitogenic stimulation and appears to be involved in medi-
ating cell cycle progression [1]. c-Fos and Jun expression have also been correlated
with PCD in response to unfavorable growth conditions or cell injury [10, 23]. Further
implicating c-Fos in apoptosis were experiments demonstrating that ectopic expression
of c-Fos led to cell death under conditions in which cells were normally quiescent [63].
The converse experiment (inhibition of c-Fos expression) increased cell survival under
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conditions which normally led to mass apoptosis [23]. This supports the hypothesis
that c-Fos somehow regulates apoptosis.

At first these two opposing functions of both c-Myc and AP-1 may appear to be
contradictory. However, closer scrutiny reveals that induction of apoptosis by growth
effectors may be an important safety means by which proliferation can be halted if
such factors are expressed at inappropriate times. This can selectively eliminate cells
with potentially carcinogenic alterations, which often result in proliferation regardless
of the external signals provided by their environment. The mechanism by which this
takes place is as yet unknown. It is possible that the proto-oncogenes that induce pro-
liferation also inherently produce a continuous death signal that can only be stopped
under favorable growth conditions. For example, certain growth factors apparently
function to inhibit the cell death pathway [12, 21, 34]. On the other hand, apoptosis
may be the result of conflicting growth and quiescence signals within the same cell.

In addition, some tumor suppressor genes also function by regulation of PCD. One
of the most common abnormalities in human malignancy is a mutation of the p33 tu-
mor suppressor gene [79]. Up to 50% of human cancers harbor such mutations. p53
exerts its tumor-suppressing effects in two ways: cell cycle regulation and apoptosis.
p53 controls the cell cycle through transcriptional activity. Putative p53 DNA binding
sites have been identified and can direct mRNA synthesis upon activation of p53 [43,
64]. Several genes have thus far been shown to be under the direct transcriptional con-
trol of p53. One of these, p2/ (also called wafl or cip-1) is activated by p53 in re-
sponse to cellular damage [26]. Elevated levels of p21 can cause growth arrest by
binding to cyclin-Cdk complexes and inhibiting kinase activity [51]. In addition, p53
has been implicated in the repair of radiation-induced DNA damage and transcriptional
repression [49, 70].

Perhaps more importantly, p53 has been shown to induce apoptosis under several
conditions. Sometimes the simple restoration of p53 in a transformed cell is enough to
cause cell death [§9]. In another example, mouse thymocytes lacking p53 are resistant
to apoptosis caused by radiation and various forms of chemotherapy, while p53-posi-
tive cells die when treated in the same way [18, 52]. This suggests that p53 is a major
downstream effector of current methods of cancer treatment.

The ability of p53 to induce apoptosis usually does not require transcription, and
some p53 mutants that cannot bind DNA and stimulate RNA synthesis are still able to
activate the cell death pathway [36, 82]. Therefore, in some systems the apoptotic
function of p53 can be separated from the cell cycle regulation, which does require
transcription. However, it should be noted that p53-mediated apoptosis is not always
transcription independent. Some studies indicate that p53 promotion of cell death can
be transcription dependent [67]. This is further supported by the finding that the Bel-2
family member (see below) Bax, which is pro-apoptotic, has a promoter containing
p53 binding sites and is transcriptionally activated by p53 [55].

Members of the bcl-2 family regulate apoptosis

The bcl-2 gene was discovered at the breakpoint of a t(14;18) translocation that com-
monly occurs in B cell lymphomas [20, 76]. Bcl-2 was shown in culture to suppress
apoptosis normally induced by a variety of factors including growth factor withdrawal,
Y-irradiation, and chemotherapeutic drugs [58, 69]. The protective effects of Bcl-2 are
not universal, as T cell deletion still occurs in the presence of Bcl-2 overexpression
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[69]. When constitutively expressed in transgenic mice, Bcl-2 led to an accumulation
of B cells [53]. The expansion of the B cell population was not due to enhanced cell
proliferation but to decreased cell death. The enhanced B cell life presumably allowed
secondary genetic abnormalities to accumulate, and eventually ended in lymphoma.
Further investigation demonstrated that Bel-2 knockout mice were subject to increased
apoptosis and loss of mature lymphocytes [78]. Nevertheless, these mice were able to
survive through development, implying a functional redundancy with respect to Bcl-2.

During the past few years several homologues of Bcl-2 have been identified. Mem-
bers of this family of proteins contain one or more of four Bcl-2 homology (BH) re-
gions termed BH1, BH2, BH3, and BH4. Bax, Bad, Bak and Bik negatively regulate
apoptosis, apparently by antagonizing Bcl-2 [8, 16, 31, 46, 59, 87]. Another Bcl-2 fam-
ily member, Bcl-x, can be present in one of two forms depending on how the primary
RNA transcript is spliced [7]. The larger of the two Bcl-x proteins, Bel-x; , contains all
four BH regions and exhibits the highest homology to Bcl-2. In culture Bel-x, displays
remarkable similarity to Bcl-2 in ability to block apoptotic response to a range of ex-
ternal signals. The smaller protein, Bcl-xg, contains BH3 and BH4 regions and can ac-
tually accelerate apoptosis in certain situations, such as cytokine withdrawal from in-
terleukin-3-dependent cell lines. In addition, Bcl-xg abrogates the protective functions
of both Bcl-2 and Bel-x, . The relative levels of Bel-x;, and Bcl-xg appears to be an im-
portant factor in cell survival.

The actual mechanism by which Bcl-2 family members carry out their actions is an
area of intense investigation. The carboxy terminus of Bcl-2 contains a hydrophobic
transmembrane domain that localizes Bcl-2 primarily to the outer mitochondrial mem-
brane [48]. Removal of this targeting domain from Bcl-2 and related family members
either abolishes or diminishes protective activity, which implies that membrane local-
ization is important for Bcl-2 function [57, 75]. It is likely that Bcl-2 acts by inactivat-
ing cell death effectors such as a mammalian version of Ced-4 [15, 84]. In other theo-
ries Bcl-2 has been postulated to act by controlling the cytoplasmic level of intercellu-
lar species such as p53, Cdks, cytochrome ¢, Ca?*, or reactive oxygen species [3, 41,
47, 50, 54, 66, 88]. How all of these processes relate is still poorly understood.

Apoptosis regulators — who is really in control?

So far we have discussed the c-Myc, AP-1, p53, and Bcl-2 proteins in separate con-
texts. However, it is obvious that proteins playing such critical roles in the cell must
have some degree of interdependence. It is unlikely that there would be so many au-
tonomous apoptosis pathways. A more likely scenario is the existence of multiple ways
in which apoptosis can be triggered, all of which converge upon a group of central reg-
ulators.

P53 has been shown to activate an apoptosis program not only in response to dam-
age caused by external agents, but also in response to internal cellular dysfunction.
This raises the question of whether improper expression of genes such as c-myc and
fos/jun induce apoptosis in a p33-dependent fashion. Evidence exists that this is the
case. c-Myc-induced apoptosis is not apparent in several cell lines devoid of functional
p53, but is restored upon the introduction of wild-type p53 [40, 82]. Similar experi-
ments have shown that this p53 dependence also holds true with c-Fos [63]. Therefore,
it appears that p53 acts downstream of Myc and Fos and at least in some cases is an in-
termediate through which the Myc and Fos cell death signals act.
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Bcl-2 and Bcl-x; can inhibit both c-Myc- and p53-induced apoptosis [4, 30, 33, 68,
77, 81]. This, in addition to the multitude of other death signals that can be antago-
nized by Bcl-2, suggests that the Bcl-2 family acts downstream of most apoptosis ef-
fectors and is one of the final resorts in stopping PCD. Because alteration of Bcl-2
family regulation can block most forms of apoptosis, this represents an efficient man-
ner in which cells could become transformed. Thus, it is logical that Bcl-2 family
members might play a role in many cancers. It is currently thought that in up to 60%
of all cancers, apoptosis is inhibited through overexpression of a Bcl-2 family member
[11, 13, 22, 24, 71].

Therapeutic targeting of apoptosis pathways in transformed cells

Our increased understanding of the hierarchical ordering of apoptosis regulators may
be useful in targeting treatment of transformed cells. Since it appears that the majority
of cell death pathways converge and are under the control of Bcl-2/Bcl-x;, negative
regulators of Bcl-2 and Bcel-x; would probably allow a cell to act upon apoptotic sig-
nals. The delivery of such a gene to cancerous cells would relieve the protection pro-
vided by elevated expression of an apoptosis inhibitor. High expression alone might
kill the cells, and lower expression levels could increase cellular sensitivity to radia-
tion or chemotherapy.

To test this hypothesis, our laboratory constructed a recombinant, replication-in-
competent adenovirus vector expressing the bcl-xg gene, a functional inhibitor of Bcl-
2 and Bcel-x; [19]. This vector was able to efficiently introduce the gene into a wide va-
riety of cell lines and deliver high levels of expression. As expected, virtually all ep-
ithelial-derived transformed cell lines that we have tested to date are killed by the bcl-
Xg virus via apoptosis. Cancer cells derived from patients with neuroblastoma, kaposi’s
sarcoma, and breast, colon, ovarian, and head and neck cancers all undergo apoptosis
when cells express high levels of Bel-xg protein [19]. This is true both for primary can-
cer cells and established, transformed cell lines. Low level expression of Bcl-xg sensi-
tizes cells to both chemotherapy [74] and radiation therapy. On the other hand, normal
fibroblasts and hematopoietic stem cells are relatively resistant to bcl-xg adenovirus-in-
duced apoptosis.

The use of an adenovirus to deliver bcl-xg has potential clinical utility. Results from
our laboratories indicate that resistance of hematopoietic stem cells to the virus is at
least in part due to the inability to infect such cells. High-dose chemotherapy and au-
tologous hematopoietic stem cell transplantation is increasingly being used to treat
both breast cancer and childhood neuroblastoma [35, 45]. Unfortunately, the autolo-
gous stem cells used to rescue the patient from lethal doses of chemotherapy are fre-
quently contaminated with cancer cells [9, 37, 65]. The selective killing of the cancer
cells by cytotoxic adenovirus vectors makes such agents ideal for eliminating cancer
cells contaminating the stem cells collected for re-infusion. Studies from our laborato-
ries have demonstrated the feasibility of this approach. The bcl-xg adenovirus was able
to eliminate 1.5 x 10* cancer cells contaminating 10° normal bone marrow cells,
whereas the normal human hematopoietic stem cells exposed to the virus were still ca-
pable of engrafting the bone marrow of SCID mice [19].

This virus may also be useful for the treatment of cancers in other settings. Because
non-replicating viruses will only diffuse for limited distances in solid tissues, they can
best be delivered to cells in a cavity. Two diseases in which this virus may be useful
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are bladder and ovarian cancer. Early bladder cancer arises in the bladder and ovarian
cancer initially spreads in the peritoneal cavity. Furthermore, early bladder cancers are
superficial tumors which arise focally or diffusely initially penetrating only a few cell
layers of the bladder luminal epithelium. Similarly, early in the course of ovarian can-
cer, or after initial chemotherapy, there are often microscopic foci of tumor cells re-
maining. In both of these cases, it is quite possible that all of the cells can be infected
and killed by an adenovirus vector.

One area of concern is whether normal, non-transformed cells will be adversely af-
fected by the introduction of Bcl-xg overexpression. Circumstantial evidence from our
laboratory indicates that the virus will preferentially kill transformed cells. This sug-
gests that Bel-xg itself does not cause apoptosis. Rather, Bel-xg may function by al-
lowing other stimuli to initiate an apoptotic pathway without the interference of Bcl-2
family members. Since transformed cells, by virtue of their genetic lesions, are more
likely to deliver these signals than their normal counterparts this may explain the se-
lectivity of Bcl-xg-mediated killing. This mechanism will only become clearer when
we better understand the mode of Bel-xg action and the role of the Bcl-2 family in sur-
vival of normal and transformed cells.

Summary

Transformation is a complex cellular process that requires several genetic abnormali-
ties. In many cases, one of these abnormalities is an inhibition of PCD, which provides
a selective advantage for tumor cells. This has been recently shown in an in vivo
model, where overexpression of Bcl-x; is a crucial step in the progression from hy-
perplasia to neoplasia and is accompanied by a significant decrease in tumor apoptosis
[56].

Frequently, overexpression of a member of the Bel-2 family results in a block in
cell death and appears to nullify many built-in cellular defense mechanisms against
cancer. Such a block presents a problem because radiation and chemotherapy, standard
cancer treatments, ultimately exert their effect by induction of apoptosis and would
also be made less effective. Therefore, to better treat cancer it may be necessary to de-
velop novel methods to overcome the effects of the Bel-2 family. One way to approach
this problem is to target the cause — the molecular machinery that allows a cancer cell
to survive. Advances in our understanding of apoptosis has identified the Bcl-2 family
as a mediator of most apoptosis pathways, including those initiated by oncogenes, tu-
mor suppressor genes, growth factor withdrawal, and external damaging signals.
Therefore, functional inhibition of Bcl-2 family members is lethal to many cancer
cells. Using gene transfer technology, we can now deliver genes that accomplish this
goal. Further investigation will reveal whether this translates to improved therapy in
the future.

Acknowledgements. This work was supported by grants 5 R55 CA67140-02, CA70057, and 5R01 CA61777-
04 from the National Institutes of Health; by Department of Defense grant 941407, and by a grant from the
U.S. Army Medical Research Command DAMD17-96-6019.



Targeting cancer cell death with a bel-xg adenovirus 285

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

20.

21.

22.

23.

Angel P, Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-proliferation and transfor-
mation. Biochim Biophys Acta 1072: 129

Armelin HA, Armelin MCS, Kelly K, Stewart T, Leder P, Cochran BH, Stiles CD (1984) Functional role
for c-myc in mitogenic response to platelet-derived growth factor. Nature 310: 655

. Baffy G, Miyashita T, Williamson JR, Reed JC (1993) Apoptosis induced by withdrawal of interleukin-

3 (IL-3) from an IL-3-dependent hematopoietic cell line is associated with repartitioning of intracellu-
lar calcium and is blocked by enforced Bcl-2 oncoprotein production. J Biol Chem 268: 6511

. Bissonnette RP, Echeverri F, Mahnoubi A, Green DR (1992) Apoptotic cell death induced by c-myc is

inhibited by bcl-2. Nature 359: 552

. Blackwell TK, Kretzner L, Blackwood EM, Eisenman RN, Weintraub H (1990) Sequence-specific

DNA binding by the c-myc protein. Science 250: 1149

. Blackwood EM, Eisenman RN (1991) Max: a helix-loop-helix zipper protein that forms a sequence-

specific DNA-binding complex with Myc. Science 251: 1211

. Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA, Mao X, Nunez G, Thomp-

son CB (1993) bcl-x, a bel-2 related gene that functions as a dominant regulator of apoptotic cell death.
Cell 74: 597

. Boyd JM, Gallo GJ, Elangovan B, Houghton AB, Malstrom S, Avery GJ, Ebb RG, Subramanian T, Chit-

tenden T, Lutz RJ, Chinnadurai G (1995) Bik, a novel death-inducing protein shares a distinct sequence
motif with Bcl-2 family and interacts with viral and cellular survival-promoting proteins. Oncogene 11:
1921

. Brenner MK, Rill DR, Moen RC, Krance RA, Mirro J, Anderson WE, Thle N (1993) Gene-marking to

trace origin of relapse after autologous bone-marrow transplantation. Lancet 341: 85

Buttyan R, Zakeri Z, Lockshin R, Wolgemuth D (1988) Cascade induction of ¢-fos, c-myc, and heat
shock 70 K transcripts during regression of the rat ventral prostate gland. Mol Endocrinol 2

Campos L, Rouault J-P, Sabido O, Oriol P, Roubi N, Vasselon C, Archimbaud E, Magaud J-P, Guyotat
D (1993) High expression of bcl-2 protein in acute myeloid leukemia cells is associated with poor re-
sponse to chemotherapy. Blood 81: 3091

Carson WE, Haldar S, Baiocchi RA, Croce CM, Caligiuri MA (1994) The c-kit ligand suppresses apop-
tosis of human natural killer cells through the upregulation of bcl-2. Proc Natl Acad Sci USA 91: 7553
Castle VP, Heidelberger KP, Bromberg J, Ou X, Dole M, Nunez G (1993) Expression of the apoptosis-
suppressing protein Bcl-2 in neuroblastoma is associated with poor stage disease, unfavorable histology
and N-myc amplification. Am J Pathol 143: 1543

Chinnaiyan AM, Orth K, O’Rourke K, Duan H, Poirier GG, Dixit VM (1996) Molecular ordering of the
cell death pathway. J Biol Chem 271: 4573

Chinnaiyan AM, O’Rourke K, Lane BR, Dixit VM (1997) Interaction of CED-4 with CED-4 and CED-
9: a molecular framework for cell death. Science 275: 1122

Chittenden T, Harrington EA, O’Connor R, Flemington C, Lutz RJ, Evan GI, Guild BC (1995) Induc-
tion of apoptosis by the Bcl-2 homologue Bak. Nature 374: 733

. Chiu R, Boyle WJ, Meek W, Smeal T, Hunter T, Karin M (1988) The c-Fos protein interacts with

c-Jun/AP-1 to stimulate transcription of AP-1 responsive genes. Cell 54: 541

. Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, Hooper ML, Wyllic AH (1993) Thymocyte

apoptosis induced by p53-dependent and independent pathways. Nature 362: 849

. Clarke MF, Apel IJ, Benedict MA, Eipers PG, Sumantran V, Gonzalez-Garcia M, Doedens M,

Fukanaga-Johnson N, Davidson B, Dick JE, Minn AJ, Boise LH, Thompson CB, Wicha M, Nunez G
(1995) A recombinant bcl-xg adenovirus selectively induces apoptosis in cancer cells but not in normal
bone marrow cells. Proc Natl Acad Sci USA 92: 11024

Cleary ML, Smith SD, Sklar J (1986) Cloning and structural analysis of cDNAs for bel-2 and a hybrid
bel-2/immunoglobulin transcript resulting from the t(14;18) translocation. Cell 47: 19

Collins MKL, Perkins GR, Rodriguez-Tarduchy G, Nieto MA, Lopez-Rivas A (1994) Growth factors as
survival factors: regulation of apoptosis. Bioessays 16: 133

Colombel M, Symmans F, Gil S, O’Toole KM, Chopin D, Benson M, Olsson CA, Korsmeyer SJ,
Buttyan R (1993) Detection of the apoptosis-suppressing protein bcl-2 in hormone-refractory human
prostate cancers. Am J Pathol 143: 390

Colotta F, Polentarutti N, Sironi M, Mantovani A (1992) Expression and involvement of c-fos and c-jun
protooncogenes in programmed cell death induced by growth factor deprivation in lymphoid cell lines.
J Biol Chem 267: 18278



286

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

417.

48.

49.

50.

J. S. Han et al.

Dole MG, Kasty R, Cooper MJ, Thompson CB, Nunez G, Castle VP (1995) Bcl-x; is expressed in neu-
roblastoma cells and modulates chemotherapy-induced apoptosis. Anticancer Res 55: 2576

Eilers M, Schirm S, Bishop JM (1991) The Myc protein activates transcription of the alpha-prothymosin
gene. EMBO J 10: 133

El-Deirt WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, Lin D, Mercer WE, Kinzler
KW, Vogelstein B (1993) WAF1, a potential mediator of p53 tumor suppression. Cell 75: 817

Ellis H, Horvitz HR (1986) Genetic control of programmed cell death in the nematode C. elegans. Cell
44: 817

Ellis RE, Yuan J, Horvitz HR (1991) Mechanisms and functions of cell death. Annu Rev Cell Biol 7:
663

Evan GI, Wyllie AH, Gilbert CS, Littlewood TD, Land H, Brooks M, Waters CM, Penn LZ, Hancock
DC (1992) Induction of apoptosis in fibroblasts by c-myc protein. Cell 69: 119

Fanidi A, Harrington EA, Evan GI (1992) Cooperative interaction between c-myc and bcl-2 proto-onco-
genes. Nature 359: 554

Farrow SN, White JHM, Martinou I, Raven T, Pun K, Grinham CJ, Martinou J, Brown R (1995)
Cloning of a bc/-2 homologue by interaction with adenovirus E1B 19 K. Nature 374: 731

Fisher DE (1994) Apoptosis in cancer therapy: crossing the threshold. Cell 78: 539

Fukunaga-Johnson N, Ryan JJ, Wicha M, Nunez G, Clarke MF (1995) Bcl-2 protects murine ery-
throleukemia cells from p53-dependent and -independent radiation-induced cell death. Carcinogenesis
16: 1761

Harrington EA, Bennett MR, Fanidi A, Evan GI (1994) c-Myc-induced apoptosis in fibroblasts is in-
hibited by specific cytokines. EMBO J 13: 3286

Hartmann O, Benhamou E, Beaujean F, Kalifa C, Lejars O, Patte C, Behard C, Flamant F, Thyss A,
Deville A, Vannier JP, Pautard-Muchemble B, Lemerle J (1987) Repeated high-dose chemotherapy fol-
lowed by purged autologous bone marrow transplantation as consolidation therapy in metastatic neuro-
blastoma. J Clin Oncol 5: 1205

Haupt Y, Rowan S, Shaulian E, Vousden KH, Oren M (1995) Induction of apoptosis in Hel.a cells by
trans-activation-deficient p53. Genes Dev 9: 2170

Head DR, Kennedy PS, Goyette RE (1979) Metastatic neuroblastoma in bone marrow aspirate smears.
Am J Clin Pathol 72: 1008

Hengartner M, Ellis R, Horvitz HR (1992) C. elegans gene ced-9 protects cells from programmed cell
death. Nature 356: 494

Hengartner MO, Horvitz HR (1994) C. elegans cell survival gene ced-9 encodes a functional homolog
of the mammalian proto-oncogene bci-2. Cell 76: 665

Hermeking H, Eick D (1994) Mediation of c-Myc-induced apoptosis by p53. Science 265: 2091
Hockenbery DM, Oltvai ZN, Yin X, Milliman CL, Korsmeyer SJ (1993) Bcl-2 functions in an antioxi-
dant pathway to prevent apoptosis. Cell 75: 241

Irmler M, Hofmann K, Vaux D, Tschopp J (1997) Direct physical interaction between the Caenorhab-
ditis elegans ‘death proteins’ CED-3 and CED-4. FEBS Lett 406: 189

Kern SE, Kinzler KW, Bruskin A, Jarosz D, Friedman P, Prives C, Vogelstein B (1991) Identification of
P53 as a sequence-specific DNA-binding protein. Science 252: 1708

Kerr JER, Harmon B, Searle J (1974) An electron-microscope study of cell deletion in the anuran tad-
pole tail during spontaneous metamorphosis with special reference to apoptosis in striated muscle fi-
bres. J Cell Sci 14: 571

Kessinger A, Armitage JO (1991) The evolving role of autologous peripheral stem cell transplantation
following high-dose therapy for malignancies. Blood 77: 211

Kiefer MC, Brauer MJ, Powers VC, Wu JJ, Umansky SR, Tomei LD, Barr PJ (1995) Modulation of
apoptosis by the widely distributed Bcl-2 homlogue Bak. Nature 374: 736

Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD (1997) The release of cytochrome ¢ from mito-
chondria: a primary site for Bcl-2 regulation of apoptosis. Science 275: 1132

Krajewski S, Tanaka S, Takayama S, Schibler MJ, Fenton W, Reed JC (1993) Investigation of the sub-
cellular distribution of the bc/-2 oncoprotein: residence in the nuclear envelope, endoplasmic reticulum,
and outer mitochondrial membranes. Cancer Res 53: 4701

Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB (1992) Wild-type p53 is a cell cycle checkpoint de-
terminant following radiation. Proc Natl Acad Sci USA 89: 7491

Lam M, Dubyak G, Chen L, Nunez G, Miesfeld RL, Distelhorst CW (1994) Evidence that BCL-2 re-
presses apoptosis by regulating endoplasmic reticulum-associated Ca®* fluxes. Proc Natl Acad Sci USA
91: 6569



Targeting cancer cell death with a bcl-xg adenovirus 287

51
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 88: 323

Lowe S, Schmitt EM, Smith SW, Osborne BA, Jacks T (1993) p53 is required for radiation-induced
apoptosis in mouse thymocytes. Nature 362: 847

McDonnell TJ, Deane N, Platt FM, Nunez G, Jaeger U, McKearn JP, Korsmeyer SJ (1989) bel-2 im-
munoglobulin transgenic mice demonstrate extended B cell survival and follicular lymphoproliferation.
Cell 57: 79

Meikrantz W, Gisselbrecht S, Tam SW, Schlegel R (1994) Activation of cyclin A-dependent protein ki-
nase during apoptosis. Proc Natl Acad Sci USA 91: 3754

Miyashita T, Reed JC (1995) Tumor suppressor p53 is a direct transcriptional activator of the human bax
gene. Cell 80: 293

Naik P, Karrim J, Hanahan D (1996) The rise and fall of apoptosis during multistep tumorigenesis:
down-modulation contributes to tumor progression from angiogenic progenitors. Genes Dev 10: 2105
Nguyen M, Millar DG, Yong VW, Korsmeyer SJ, Shore GC (1993) Targeting of Bcl-2 to the mitochon-
drial outer membrane by a COOH-terminal signal anchor sequence. J Biol Chem 268: 25265

Nunez G, London L, Hockenbery D, Alexander M, McKearn JP, Korsmeyer SJ (1990) Deregulated
bel-2 gene expression selectively prolongs survival of growth factor-deprived hematopoietic cell lines.
T Immunol 144: 3602

Oltvai ZN, Milliman CL, Korsmeyer SJ (1993) Bcl-2 heterodimerizes in vivo with a conserved ho-
molog, Bax, that accelerates programmed cell death. Cell 74: 609

Parodi S, Mancuso T (1996) A general overview of the process of carcinogenesis. Tumori 82: 291
Pietilainen T, Lipponen P, Aaltomaa S, Eskelinen M, Kosma V, Syrjanen K (1995) Expression of c-myc
proteins in breast cancer as related to established prognostic factors and survival. Anticancer Res 15:
959

Prendergast G, Ziff E (1991) Methylation-sensitive sequence-specific DNA binding by the c-myc basic
region. Science 251: 186

Preston GA, Lyon TT, Yin Y, Lang JE, Solomon G, Annab L, Srinivasan DG, Alcorta DA, Barret JC
(1996) Induction of apoptosis by c-Fos protein. Mol Cell Biol 16: 211

Raycroft L, Wu H, Lozano G (1990) Transcriptional activation by wild-type but not transforming mu-
tants of the p53 anti-oncogene. Science 249: 1049

Ross AA, Cooper BW, Lazarus HM, Mackay W, Moss TJ, Ciobanu N, Tallman MS, Kennedy MJ,
Davidson NE, Sweet D, Winter C, Akard L, Jansen J, Copelan E, Meagher RC, Herzig RH, Klumpp TR,
Kahn DG, Warner NE (1993) Detection and viability of tumor cells in peripheral blood stem cell col-
lections from breast cancer patients using immunocytochemical and clonogenic assay techniques. Blood
82: 2605

Ryan JJ, Prochownik E, Gottlieb CA, Apel 1J, Merino R, Nunez G, Clarke MF (1994) c-myc and bcl-2
modulate p53 function by altering p53 subcellular trafficking during the cell cycle. Proc Natl Acad Sci
USA 91: 5878

Sabbatini P, Lin J, Levine AJ, White E (1995) Essential role for p53-mediated transcription in E1A-in-
duced apoptosis. Genes Dev 9: 2184

Schott AF, Apel 1], Nunez G, Clarke MF (1995) Bcl-x; protects cancer cells from p53-mediated apop-
tosis. Oncogene 11: 1389

Sentman CL, Shutter JR, Hockenbery D, Kanagawa O, Korsmeyer SJ (1991) bc/-2 inhibits multiple
forms of apoptosis but not negative selection in thymocytes. Cell 67: 879

Seto E, Usheva A, Zambetti GP, Momand J, Horikoshi N, Weinmann R, Levine AJ, Shenk T (1992)
Wild-type p53 binds to the TATA-binding protein and represses transcription. Proc Natl Acad Sci USA
89: 12028

. Sierra A, Lloveras B, Castellsague X, Moreno L, Garcia-Ramirez M, Fabra A (1995) Bcl-2 expression

is associated with lymph node metastasis in human dutal breast carcinoma. Int J Cancer 60: 54

Smith CA, Williams GT, Kingston R, Jenkinson EJ, Owen JJT (1989) Antibodies to CD3/T-cell recep-
tor complex induce cell death by apoptosis in immature T clls in thymic cultures. Nature 337: 181
Spector MS, Desnoyers S, Hoeppner DJ, Hengartner MO (1997) Interaction between the C. elegans
cell-death regulators CED-9 and CED-4. Nature 385: 653

Sumantran V, Ealovega MW, Nunez G, Clarke MF, Wicha MS (1995) Overexpression of Bel-xg sensi-
tizes MCF-7 cells to chemotherapy induced apoptosis. Cancer Res 55: 2507

Tanaka S, Saito K, Reed JC (1993) Structure-function analysis of the Bcl-2 oncoprotein. J Biol Chem
268: 10920

Tsujimoto Y, Croce CM (1986) Analysis of the structure, transcripts, and protein products of bcl-2, the
gene involved in human follicular lymphoma. Proc Natl Acad Sci USA 83: 5214



288

7.
78.
79.
80.
81.
82.

83.
84.

85.

86.
87.

88.

89.

90.

J. S. Han et al.

Vaux DL, Cory S, Adams JM (1988) Bcl-2 gene promotes haemopoietic cell survival and cooperates
with c-myc to immortalize pre-B cells. Nature 335: 440

Veis DJ, Sorenson CM, Shutter JR, Korsmeyer SJ (1993) Bcl-2-deficient mice demonstrate fulminant
lymphoid apoptosis, polycystic kidneys, and hypopigmented hair. Cell 75: 229

Vogelstein B (1990) A deadly inheritance. Nature 348: 681

Vogelstein B, Kinzler KW (1993) The multistep nature of cancer. Trends Genet 9: 138

Wagner AJ, Small MB, Hay N (1993) Myc-mediated apoptosis is blocked by ectopic expression of bcl-
2. Mol Cell Biol 13: 2432

Wagner AJ, Kokontis JM, Hay N (1994) Myc-mediated apoptosis requires wild-type p53 in a manner
independent of cell cycle arrest and the ability of p53 to induce p21wafl/cipl. Genes Dev 8: 2817
Weinberg RA (1991) Tumor suppressor genes. Science 254: 1138

Wu D, Wallen HD, Nunez G (1997) Interaction and regulation of subceltular localization of CED-4 by
CED-9. Science 275: 1126

Wu D, Wallen HD, Inohara N, Nunez G (1997) Interaction and regulation of the Caenorhabditis elegans
death protease CED-3 by CED-4 and CED-9. J Biol Chem 272: 1

Wyllie AH, Kerr JF, Currie AR (1980) Cell death: the significance of apoptosis. Int Rev Cytol 68: 251
Yang E, Zha J, Jockel J, Boise LH, Thompson CB, Korsmeyer SJ (1995) Bad, a heterodimeric partner
for Bel-x; and Bel-2, displaces Bax and promotes cell death. Cell 80: 285

Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng T, Jones DP, Wang X (1997) Prevention of
apoptosis by Bcl-2: release of cytochrome ¢ from mitochondria blocked. Science 275: 1129
Yonish-Rouach E, Resnitzky D, Lotem J, Sachs L, Kimchi A, Oren M (1991) Wild-type p53 induces
apoptosis of myeloid leukaemic cells that is inhibited by interleukin-6. Nature 352: 345

Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR (1993) The C. elegans cell death gene ced-3 en-
codes a protein similar to mammalian interleukin-1B-converting enzyme. Cell 75: 641



