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INTRODUCTION:

The clonal evolution of tumor cells in hypoxic microenvironments ultimately selects subpopulations that not only
resist apoptosis, but also promote angiogenesis. The transcriptional regulators of the normal hypoxic response,
Hypoxia Tnducible Factor-1 (HIF-1) and NF-xB, are responsible for induction of genes that promote anaecrobic
metabolism, cell survival, vasodilatation, and angiogenesis. We hypothesize that cancer cells subvert these normal
hypoxia-dependent mechanisms to enable their own deregulated survival, neovasculogenesis, and growth. We
propose that inhibition of HIF-1 and/or NF-kB can abrogate the angiogenic and apoptosis-resistant phenotype of
breast tumors, thereby curtailing their growth and metastases. We aim to elucidate the molecular mechanisms by
which the p53 tumor suppressor regulates HIF-1and NF-kB activity and examine the effect of inhibiting HIF-I
and/or NF-kB on the growth, neovascularization, and metastatic potential of breast cancers in vifro and in vivo.
These studies will provide insights into the molecular mechanisims governing the response to hypoxic stress and wili
determine whether their subversion by breast cancers is responsible for their apoptosis-resistant and angiogenic
phenotype. These key transcription factors could provide targets for innovative interventions for the treatment and
prevention of breast cancer.

BODY:

09/01/99 — 08/31/00:

The first annual report (September 2000) covered the first year (0-12 months) of the research project and was
devoted to the successful compietion of Specific Aim 1 (Tasks 1 and 2 of the statement of work).
Specific Aim 1. Investigate the mechanism(s) of p33-mediated repression HIF-1 and its role in regulation of
hypoxia-induced angiogenesis.
A Elicidate the molecunlar mechanism{s) responsible for n33-mediated renrassion of HIF-1 activity.
B. Define the rofe of HIF-1 in the angiogenic phenotype conferred by p53-deficiency
Statement of Work (1-12 months)
Task 1: Elucidate the molecular mechanism{s) responsible tor p53-mediated repression of HIF-1 activity.
Task 2: Define the role of HIF-1 in the angiogenic phenotype conferred by p53-deficiency

We completed the studies proposed in specific aim 1 (Tasks 1, 2a,b} and published the results and conclusions in:

Ravi, R., Mookerjee, B., Bhujwalla, Z.M., Sutter, C.H., Artemov, D., Zeng, Q., Dillehay, L.E., Madan, A., Semenza,
G.L., Bedi, A. Regulation of tumor angiogenesis by p53-induced degradation of hypoxia-inducible factor 1o. Genes
& Development 14:34-44,2000. (Reprint of publication enclosed-Appendix I).

Abstract: The switch to an angiogenic phenotype is a fundamental determinant of neoplastic growth and tumor
progression. We demonstrate that homozygous deletion of the p33 tumor suppressor gene via homologous
recombination in a human cancer cell line promoties the neovascularization and growth of tumor xenografts in nude
mice. We find that p53 promotes Mdm2-mediated ubiquitination and proteasomal degradation of the HIF-la
subunit of hypoxia-inducible factor 1 {HIF-1), a heterodimeric transcription factor that regulates cellular energy
metabolism and angiogenesis in response to oxygen deprivation. Loss of p53 in tumor cells enhances HIF-1a levels
and augments HiF-1-dependeni franscriptional activation of the vascular endothelial growth factor (VEGF) gene in
response to hypoxia. Forced expression of HIF-1¢ in p53-expressing tumor cells increases hypoxia-induced VEGF
expression and augments neovascularization and growth of tumor xenografts. These results indicate that
amplification of normal HIF-[-dependent responses to hypoxia via foss of p33 function contributes to the angiogenic
switch during tumorigenesis.

09/01/00 — 08/31/01:
The second annual report (Sepfember 2001) covered the period 12-24 ynonths of the research project, and was
devoted to Specific Aim 2 and part of Specific Aim 3 (Tasks 2 and 3 of the statement of work).

Specific Aim 2, Define the role of NF-kB RelA in the angiogenic phenotype conferred by p53 deficiency and the
molecular determinants of kB-dependent angtogenesis

A. Investigate whether repression of RelA by a transdominant mutant IBo (IkBaM) can inhibit the
angiogenic phenotype conferred by p53- deficiency.
B. Investigate the molecular determinants of NF-kB-mediated angiogenesis.



Specific Aim 3. Examine the effect of inhibiting HIF-1 or RelA on growth, neovascularization, and metastatic
potential of breast cancers.

Statement of Work (12-24 months):

Task 2: Define the role of NF-xB in the angiogenic phenotype conterred by p53-deficiency
Task 3: Define the role of NF-kB on growth and neovascularization of breast cancers.

We completed the studies proposed in specific aim 2 (Task 2) and part of specific aim 3 (Task 3a) and presented ihe
results and conclusions in the following publication:

Ravi, R., Bedi, G.C., Engstrom, L., Zeng, ., Mookerjee, B., Gelinas, C., Fuchs, E.J., & Bedi, A. Regulation of
death receptor expression and TRAIL/Apo2L-induced apoptosis by NF-«B. Narure Cell Biology 3:409-416, (2001).
(Reprint of publication enclosed-Appendix 2)

Abstract:  While NF-kB promotes expression of death receptors {(TRAIL-R1/R2, CD95/Fas}), we have demonstrated
that HER-2/neu-mediated activation of NF-xB (RelA) also induces expression of Bcl-x; which protects breast
cancer cells from Apo2L/TRAIL. Activation of NF-kB requires phosphorylation and ubiquitin-mediated
degradation of IkBa via the activity of the IxB-kinase (IKK) complex containing two kinases (IKK-o and IKK-f3)
and the regulatory protein NEMO (NF-«xB essential modifier; IKK-y). A cell permeable peptide [NEMO binding
domain (NBD) peptide] that blocks the interaction of NEMO with the IKK complex inhibits cytokine-induced NT-
kB activation. Acetyl salicyclic acid (aspirin; ASA}, also specifically inhibits the activity of IKK-P. Inhibition of
NF-xB by blocking activation of the IxB-kinase complex with either a peptide that disrupts the interaction of IKKf3
with NEMO or by acetyl salicylic acid (aspirin;ASA) reduces expression of Bel-x; and sensitizes breast cancer cells
to Apo2l/TRAIL-induced death. The efficacy of Apo2L/TRAIL in the treatment of breast cancers may be improved
by antibody-mediated inhibition of growth factor receptors (HER2/neu or IGF-1R} and/or peptidomimetic drugs that
disrupt the IKK-NEMO complex.

Ravi, R. and Bedi, A. Sensitization of breast cancer cells to hypoxia-induced apoptosis by inhibition of NF-xB,
(Unpublished Data- Please refer to Appendix 3).

Abstract: Electrophoretic mobility shift assays demonstrated that hypoxia induces NF-«B DNA-binding activity in
3T3 fibroblasts (Figure la). To examine the role of NF-kB in hypoxia-induced expression of VEGF, RelA'"" and
RelA™ 3T3 fibroblasts were analyzed for expression of HIF-Ta protein and VEGF mRNA under tissue culture
conditions simulating the hypoxic tumor microenvironment. Following exposure to 0.1% O,, RelA™ and RelA™
cells exhibited equivalent induction of HIF-1a protein and VEGF mRNA (Figure tb and ¢). However, expression of
the anti-apoptotic Bel-2 family member, Bel-x,, was markedly reduced in RelA™ ceils compared to their RelA™"
counterparts (Figure le). Although RelA was not required for hypoxia-induced expression of VEGFE, RelA™ cells
exhibited greater levels of hypoxia-induced apoptosis than their RelA"™™ counterparts (Figure 1d). Activation of NF-
kB requires phosphorylation and degradation of IxBuo via the activity of the IxB-kinase (1IKK) complex. Inhibition
of the IKK complex by the non-steroidal anti-inflammatory drug, aspirin (ASA) reduced hypoxia-induced
expression of Bel-x, and sensitized cells to hypoxia-induced apoptosis (Figure 1d and ¢). Together, these results
indicate that NF-xB promotes Bel-x), expression and protects tumor cells from hypoxia-induced apoptosis.

09/01/01 - 08/31/02 and 09/01/03 — 08/31/03:

The third annual report (September 2002; 24-36 monthsy and final report (September 2003; 36-48 months) was
devoted to Specific Aim 3 (Task 3 of the statement of work).

We completed the following studies and presented the resuits in the following publication and manuscript:

Ravi, R. and Bedi, A. Sensitization of Tumor Cells to Apo2l/TRAIL-induced Apoptosis by Inhibition of Casein
Kinase Il (CK2). Cancer Research 62: 4180-4185, 2002. (Appendix 4)

Absiract: Tumor cell death can be triggered by engagement of specific death receptors with Apo2L/TRAIL (tumor
necrosis factor-related apoptosis-inducing ligand). Apo2l/TRAIL-induced apoptosis involves caspase-§-mediated
cleavage of BID. The active truncated form of BID (tBID) triggers the mitochondrial activation of caspase-9 by
inducing the activation of BAK or BAX. Although breast cancer cell lines express death receptors for
ApoZL/TRAIL, many remain resistant to TRAIL/Apo2L-induced death. Breast cancers frequently exhibit increased
activity of casein kinase H {(CK2). Here we demonstrate that CK2 is at the nexus of two signaling pathways that



protect tumor cells from Apo2L/TRAIL-induced apoptosis. We find that CK2 inhibits Apo2l./TRAIL-induced
caspase-8-mediated cleavage of BID, thereby reducing the formation of tBID. In addition, CK2 promotes NF-xB-
mediated expression of Bel-x,, which sequesters tBID and curtails its ability to activate BAX, Tumor cells with
constitutive activation of CK2 exhibit a high Bcl-x; ABID ratio and fail to activate caspase-9 or undergo apoptosis in
response to Apo2L/TRAIL. Conversely, reduction of the Bel-x /tBID ratio by inhibition of CK2 renders such cancer
cells sensitive to Apo2L/TRAIL-induced activation of caspase-9 and apoptosis. Using isogenic cancer cell lines that
differ only in the presence or absence of either the p33 tmor suppressor or the B4AYX gene, we show that the
enhancement of Apo2l/TRAIL-induced tumor cell death by CK2 inhibitors requires BAX, but not p53. The
identification of CK2 as a key survival signal that protects tumor cells from death receptor-induced apoptosis could
aid the design of Apo2L/TRAIL-based combination regimens for treatment of diverse cancers.

Sensitization of breast cancer cells to death receptor-induced apoptosis by inhibition of NF-xB: Synergistic action of
Apo2L/TRAIL, Interferon-y, Aspirin and Apigenin, (Abstract presented at Era of Hope, 2002)(Appendix 5).

Abstract: Although Apo2L/TRAIL is a promising anticancer agent, several breast cancer cell lines remain resistant
to Apo2L/TRAIL even though they express death receptors, TRAIL-R1/DR4 and TRAIL-R2/DRS. Our findings
demonstrate that cancer cells can be sensitized to Apo2L/TRAlL-induced death by interferon-y-mediated
upregulation of BAK, caspase-8, and caspase-7. The elevation of procaspase-8§ potentiates Apo2L/TRAlL-mediated
formation of tBID, which then interacts with the more abundant BAK to implement mitochondrial oufer membrane
permeabilization (MOMP) and caspase-9 activation even in the absence of BAX. Interferon-y also facilitates
caspase-3-mediated apoptotic signaling downstream of MOMP by increasing the amount of procaspase-7. While
interferon-y potentiates death receptor-induced apoptosis, Ape?L/TRAIL death signaling is counteracted by
expression of NF-kB-inducible survival proteins, such as Bel-x; and IAPs (clAP-2 and XIAP). Many breast cancers
exhibit constitutively high NF-kB activity resuiting from phosphorylation of kB by IkB kinase (IKK) and/or casein
kinase TI {CK2). Our findings demonstrare that simnltaneons inhibition of IKKR (with acety! salicylc acid, ASAY,
and CKZ (with the plant flavonoid, apigenin), results in loss of NF-xB-dependent expression of Bel-xp and 1APs,
thereby potentiating activation of caspases-9 and -7, and promoting tumor cell apoptosis in response to
Apo2L/TRAIL. We also show that the reduction of NF-xB-induced survival proteins by ASA and apigenin
synergizes with interferon-y—mediated elevation of death signaling proteins to augment Apo2L/TRAIL-induced
apoptosis of breast cancer cells. Further studies are required to evaluate and optimize the therapeutic ratio of the

combinatorial regimen of Apo2L/TRAIL, interferon-y, aspirin, and apigenin for treatment of breast cancers.

Research Accomplished (Period 24-48 months):

Sensitization of Tumor Cells_to Apo2L/TRAIL-induced Apoptosis by Inhibition of Casein Kinase 1. Ravi, R. and
Bedi, A. Cancer Research 62: 4180-4185, 2002, (Appendix 4)

Sensitization of breast cancer cells to death receptor-induced apoptosts_ by inhibition of NF-kB; Synergistic action of
Apo2L/TRAIL, Interferon-y, Aspirin and Apigenin. Ravi, R. and Bedi, A. Abstract presented at Era of Hope, 2002
{Appendix 5).

Iniroduction

Genetic aberrations that render cells incapable of executing apoptosis underlie the observed resistance of
human breast cancers to anticancer agents. Unraveling mechantsms to unteash the apoptotic program in tumor cells
could provide effective therapeutic interventions against breast cancers.

Tumor cell death can be triggered by engagement of specific death receptors belonging to the tumor
necrosis factor receptor gene superfamily with the “death ligand”, Apo2L/TRAIL (tumor necrosis factor-related
apoptosis-inducing ligand). Apo2L/TRAIL-induced cell death involves caspase-8-mediated cleavage of BID to form
truncated BID (tBIE}). tBID induces activatton of BAX or BAK leading to mitochondrial outer membrane
permeabilization (MOMP) and release of a cocktail of pro-death cofactors (such as cytochrome ¢, Smac/DIABLO)
into the cytoplasm. The interaction of cytochrome ¢ with Apaf-1 results in a nucleotide-dependent conformational
change that allows binding and transactivation of caspase-9, which in turn, activates downstream caspases such as
caspase-3 and caspase-7. The activation of caspases 9, 3, and 7, is further potentiated by Smac/DIABLO (second
mitochondria-derived activator of caspase), a protein which binds and antagonizes the [APs,



Apo2L/TRAIL induces apoptosis of many cancer cell lines im vitro, and its tumoricidal activity and safety
in vivo has been confirmed in preclinical animal models of human breast cancer xenografts. However, many breast
cancer cell lines express death receptors for Apo2L/TRAIL, yet remain relatively resistant to Apo2L/TRAIL-
induced apoptosis. The identification of the molecular determinants of Apo2L/TRAIL-induced death and key
survival proteins that interrupt death receptor-induced signaling in tumor cells could aid the design of
Apo2L/TRAIL-based combination regimens against breast cancers.

Results

Tumor cell resistance fto Apo2L/TRAIL-mediated apoptosis via loss of BAX, but noi p33.

HCT116 cells have wild type p33 (p53™") and an intact BAX allele (BAX™), and express functional pS3
and BAX proteins, [sogenic p53-deficient (p53”) or BAX-deficient (BAX™") derivatives of HCT116 cells were
generated by targeted inactivation of either both p53 alleles or the wild-type BAX allele in a BAX heterozygote (8,
9). Exposure of both BAX-proficient (p53"f' and p53"") and BAX" HCTH16 cells to Apo2L/TRAIL resulted in
activation of caspase-8 and caspase-8-mediated proteoltysis of BID (Fig. 1, 2). The formation of truncated BID
(tBID}) by ApoZL/TRAIL triggered the mitochondrial dctlvatl()n of caspase-9 and resulted in CIeavage of caspase -7
and PARP in BAX-proficient HCT116 cells (p53"" or p53™ YFig. 1, Fig. 2). In contrast, isogenic BAX™ HCT!16
cells failed to activate caspase-9 or caspase-7, and were resistant to Apo2L/TRAIL-induced apoptosis (Fig. 1, 2, 4).
Therefore, Apo2L/TRAIL-induced apoptosis of cancer cells is independent of p33, but requires BAX,

2. Interferon-y augments the Apo2 L/TRAIL-induced death signaling pathway.

We examined the effect of mterferon-y on cxpressmn of the molecular components of the Apo2L/TRAIL-
induced death signaling pathway in BAX™ or BAX™ isogenic tumor cells. Immunoblot analyses demonstrated that
treatment with interferon-y increased expression of the zymogens, caspase-8 and caspase-7, in both BAX'" and
BAXcells, but did not change expression of caspase-9 (Fig. 2). Treatment with interferon-y also increased
expression of BAK, without altering ievels of BAX (Fig. Z). Since interferon-y augmented expression of sequentiai
determinants of the Apo2L/TRAIL-induced death signaling pathway (caspase-8, BAK, and caspase-7), we
investigated whether interferon-y can overcome the resistance of BAX™ tumor cells to Apo2L/TRAIL. Pre-
incubation of either BAX'" or BAX™ tumor cells with interferon-y for 16h (and continued exposure for 48h in the
presence of Apo2l./TRAIL) promoted formation of tBID, activation of caspase-9 and caspase-7, efficient cleavage
of PARP, and induction of tumor cell death in response to Apo2L/TRAIL (Fig. 2, 4).

3 Inhibition of Apo2 L/TRAIL-induced apoptosis of tumor cells by Bel-x;,

tBID triggers mitochondrial outer membrane permeabilization (MOMP) by inducing the allosteric
activation of BAK or BAX. To investigate whether the induction of apoptosis by the combination of ApoZL/TRAIL
and interferon-v is hindered by Bcl-x;, we introduced a retroviral vector encoding Bcel-x;, info BAX-proficient
HCT116 cells [Bel-x (BAX'™)]. Although Apo2L/TRAIL (with or without interferon-y) induced formation of tBID,
it could not activate caspases-9 or -7, and failed to induce apoptosis in BAX-proficient tumor cells overexpressing
exogenous Bel-x; [Bel-x (BAX™] (Fig. 2, 4). Therefore, the ability of (BID to activate BAX or BAK is curtailed
via its sequestration by Bel-x,.

4. Apo2 L/TRAI ~induced apoptosis is augmented by inhibiting NF-xB-dependent expression of Bel-x; and

TAPs with acenl salicylic acid and apigenin.

The human bcl-x promoter containg a kB DNA site (TTTACTGCCC; 298/+22) responsible for its Rel-
dependent induction. In addition to Bcl-x;, members of the inhibitor of apoptosis family [cIAP-2 and X-
chromosome linked TAP (XIAP)] are also NF-kB-induced proteins which inhibit caspases (-9, -7, -3). Activation of
NF-kB requires phosphorylation of the inhibitory proteins, the IkBs, by either the kB kinase (IKK) complex or
casein kinase 1l (CK2). The IKKS catalytic subunit of IKK is inhibited by non-steroidal anti-inflammatory drugs
(NSAIDs), such as acetyl salicylic acid (aspirin} or sulindac sulfide, whereas CK2 is inhibited by the plant flavone,
apigenin (Fig. 3). The combination of ASA (1 mM) with apigenin (10 pM) resulted in a greater repression of NF-
kB DNA-binding activity and endogenous Bel-xy and TAPs {ciAP-2 and XIAP) than either agent alone (Fig. 3).
Consistent with the reduced levels of Bcl-x; and IAPs, treatment with the combination of ASA with apigenin
potentiated activation of caspases-9 and -7, and induction of tumor cell apoptosis in response to Apo2L/TRAIL (Fig,
2,4).

5. Sensitization of breast cancer cells to Apo2L/TRAIL-induced apoptosis by the synergistic effects of [FN-y
and NF-xB inhibitors (aspirin and apigenin)



Our results indicate that interferon-y enhances expression of members of the Apo2L/TRAIL-death
signaling pathway (caspase-8, BAK, and caspase-7), while the expression of NF-kB-induced survival proteins (Bcl-
x. and [APs) is reduced by the combination of ASA and apigenin (Fig 2, 3). To investigate whether interferon-
v-mediated elevation of death signaling proteins can synergize with the reduction of NF-kB-induced survival
proteins to augment Apo2Ll/TRAIL-induced apoptosis, we examined the effect of a combinatorial regimen of
interferon-y, ASA, and apigenin, on the sensitivity of human breast cancer cell lines (MCF-7, SKBr-3, Hs378) to
Apo2L/TRAIL -induced death. All three cell lines were sensitized to Apo2L/TRAIL-induced apoptosis by the
synergistic effects of interferon-y and NF-xB inhibitors (ASA, and apigenin}(Fig. 4).

Discussion:

Human breast cancer cell lines exhibit a wide heterogeneity in their sensitivity to TRAIL/Apo2L. in vitre,
and many remain resistant to Apo2L/TRAIL-induced apoptosis. These data suggest that successful treatment of
breast cancers with TRAIL/ApoZL may require its combination with agents that inhibit survival signals responsible
for protecting tumor cells from death receptor-induced apoptosis.

Apo2L/TRAIL-induced cell death involves caspase-8-mediated cleavage of BID to form truncated BID
(tBID). tBID induces activation of BAX or BAK leading to mitochondrial outer membrane permeabilization
{MOMP) and release of a cockiail of pro-death cofaciors (such as cytochrome ¢, Smac/DIABLO) into the
cytoplasm. Since many breast cancer cells exhibit decreased expression of BAX (unpublished observations), our
data suggest that BAX-deficiency may render breast cancer cells resistant to ApoZL/TRAIL-induced apoptosis. In
addition, amplification and consequent overexpression c-erbB2 (HER-2/neu) or IGF-1 receptor (IGF-1R) is
observed in a significant proportion of human breast cancers. Both HER-2/neu and IGF-1R promote PI3 kinase
(P13-K)-mediated phosphorylation and activation of Akt, a serine-threonine kinase that, in turn, activates the IxkB
kinase {IKK) compiex. The activated IKK complex induces phosphorylation-mediated degradation of ikB, thereby
promoting activation of NF-kB. In addition to aberrant activation of the IKK complex, breast cancers frequently
exhibit increased activity of casein kinase Il (CK2). The activation of either IKK or CK2 results in constitutive NF-
kB activity in breast cancer cells. Our results indicate that NF-xB protects breast cancer cells from Apo2l/TRAIL-
indaced apoptosis by promoting expression of Bel-xp, a Bel-2 family member that sequesters tBID and inhibits
activation of BAX. In addition to Bel-x;, NF-xB also protects tumor cells from Apo2L/TRAIL-induced apoptosis
by inducing expression of members of the inhibitor of apoptosis family [clAP-2 and X-chromosome linked AP
(XIAP)].

Our findings demonstrate that cancer cells can be sensitized to Apo2L/TRAIL-induced death by interferon-
y-mediated upregulation of BAK, caspase-8, and caspase-7. The elevation of procaspase-8 potentiates
ApoZL/TRAIL-mediated tormation of tBID, which then interacts with the more abundant BAK to implement
mitochondrial outer membrane permeabilization (MOMP) and caspase-9 activation even in the absence of BAX,
Interferon-y also facilitates caspase-9-mediated apoptotic signaling downstream of MOMP by increasing the amount
of procaspase-7. While interferon-y potentiates death receptor-induced apoptosis, Apo2L/TRAIL death signaling is
counteracted by expression of NF-kB-inducible survival proteins, such as Bel-x; and IAPs (clAP-2 and XIAP). Our
findings demonstrate that simultaneous inhibition of IKKP (with acetyl salicylic acid, ASA), and CK2 (with the
plant flavonoid, apigenin), results in loss of NF-xB-dependent expression of Bel-x;, and IAPs, thereby potentiating
activation of caspases-9 and -7, and promoting tanor cell apopiosis in response fo Apo2L/TRAIL. We also show
that the reduction of NF-kB-induced survival proteins by ASA and apigenin synergizes with interferon-y—mediated
clevation of death signaling proteins to augment Apo2L/TRAIL-induced apoptosis of breast cancer cells,

Our results suggest that the following Apo2L/TRAIL-based combination regimens may be useful for the
treatment of human breast cancers:

1. Apo2L/TRAIL + Interferon-y + inhibitors of growth factor receptor tyrosine kinases (HER-2/neu)
{(trastuzumab).

2. Apo2/TRAIL + interferon-y + aspirin + apigenin

3. Apo2L/TRAIL + interferon-g + NE-«B inhibitors (P8-341 or parthentolide)

Further studies are required to evaluate and optimize the therapeutic ratio of these combinatorial regimens.



KEY RESEARCH ACCOMPLISHMENTS:

. Our observations indicate that oss of p53 function, via somatic mutations or expression of viral
oncoproteins, contributes to activation of the angiogenic switch and promotes tumor growth,

. Our studies define a novel mechanism by which p53 regulates the angiogenic switch; p33 inhibits hypoxia-
induced expression of HIF-1et by facilitating its ubiquitination and subsequent degradation.

e Our findings suggest that amplification of FIIF-1 activity resulting from loss of p53 function may contribute
to the overexpression of VEGF that is observed in a wide variety of human cancers.

. Our results indicate that NF-xB/RelA is required for hypoxia-induced expression of Bel-x, and protection
of cells from hypoxia- and death receptor-induced apoptosis.

. Our findings indicate that activation of NF-«kB by HER-2/ncu or insulin-like growth factor-1 (IGF-1)
renders breast cancer cells relatively resistant to ApoZL/TRAIL-induced apoptosis. Conversely, breast
cancer cells can be sensitized to Apo2L/TRAIL-induced death by antibody-mediated inhibition of growth
factor receptors (HER2/neu or IGF-1R) and/or inhibitors of the IKK complex.

. Our findings have identified casein kinase-I} (CK2) as a key survival signal that activates NF-«B and
protects tumor cells from Apo2l/TRAIL-induced apoptosis. Conversely, breast cancer cells can be
sensitized to Apo2L/TRAIL-induced death by inhibition of CK2 with the plant flavone, apigenin,

. Our findings demonstrate that breast cancer cells can be sensitized to Apo2l/TRAIL-induced death by
interferon-y-mediated upregulation of death signaling proteins (caspase-8, BAK, and caspase-7).
Interferon-y—mediated elevation of death sigpaling proteins synergizes with the reduction of NF-xB-
induced survival proteins by aspirin and apigenin to augment Apo2L/TRAIL-induced apoptosis of breast
cancer cells. The combination of Apo2L/TRAIL, interferon-y, aspirin, and apigenin may be an effective
regimen for treatment of breast cancers.

REPORTABLE OUTCOMES:
Manuscripts/ Abstracts/ Presentations:

We have completed the studies proposed in specific aims 1, 2, and 3 (Tasks 1,2, and 3) and have reported the results
and conclusions in;

Ravi, R., Mookerjee, B., Bhyywalla, Z. M., Sutter, C.H., Artemov, D., Zeng, Q., Dillehay, L.I3., Madan, A., Semenza,
G.L., Bedi, A. Regulation of tumor angiogenesis by p33-induced degradation of hypoxia-inducible factor 1o. Genes
& Development 14:34-44, 2000. (Appendix I-Reprint of publication enclosed).

These findings were presented (abstract & poster) at the AACR-NCI-EORTC Meeting in Washington, D.C., 1999

Ravi, R., Mookerjee, B., Bhujwalla, Z.M., Sutter, C.H., Artemov, D., Zeng, Q., Dillehay, L.E., Madan, A., Semenza,
G.L., Bedi, A. Regulation of tumor angiogenesis by pS33-induced degradation of hypoxia-inducible factor

Lo Abstract & Presentation at AACR-NCI-BORTC Meeting, Washington, D.C., Nov. 1999

Ravi, R., Bedi, G.C,, Engstrom, L., Zeng, ()., Mookerjee, B., Gelinas, C., Fuchs, E.J., & Bedi, A. Regulation of
death receptor expression and TRAIL/Apo2L-induced apoptosis by NF-kB. Nature Cell Binlogy 3:409-416, (2001).
{(Appendix 2-Reprint of publication enclosed)

Ravi, R. and Bedi, A, Sensitization of Tumor Cells to Apo2L/TRAIL-induced Apoptosis by Inhibition of Casein
Kinase 1. Cancer Research 62: 4180-4185, 2602. (Appendix 4)

Ravi, R., Prouser, T and Bedi, A. Sensitization of breast cancer cells to death receptor-induced apoptosis by

inhibition of NF-xB: Synergistic action of Apo2L/TRAIL, Interferon-y, Aspirin and Apigenin. Abstract presented at
Era of Hope, Orlando, FL, September 2002 (Appendix 5).

Ravi, R and Bedi, A. Role of Death Receptors in Apoptosis, (Genetics of Apoptosis. BIOS Scientific Publishers,
Oxford, U.K.. Editor - Grimm, S., 2002 (4dppendix 6}

Ravi, R and Bedi, A. NF-k3 in cancer — a friend turned foe. Drug Resistance Updates 7: 53-67, 2004, (Appendix 7-



CONCLUSIONS:
Importance of completed research;

There are two major impediments to the successful treatment of breast cancer. First, surgical extirpation of
the primary neoplasm is often followed by the occurrence of metastatic tumors. Second, overt metastases are
resistant to conventional chemo- or radio-therapy. Therefore, successful treatment is contingent upon identifying
strategies to prevent metastases or eliminate tumor cells that have acquired genetic aberrations that confer resistance
to cytotoxic agents. Our results indicate that amplification of HIF-1 activity resulting from loss of p33 function may
contribute to the angiogenic phenotype of human cancers. Conversely, inhibition of HIF-1 may provide a therapeutic
strategy to curtail the tumor growth and progression. We have also determined that activation of NF-xB promotes
expression of Bel-x| protects cells from hypoxia-induced apoptosis. Our findings provide a scientific foundation for
targeting HIF-1 and NF-kB to overcome the hypoxia-resistant angiogenic phenotype of breast cancers,

Apo2L/TRAIL induces apoptosis of many cancer cell lines in vitro, and its tumoricidal activity and safety
in vivo has been confirmed in preclinical animal models of human breast cancer xenografts. However, many breast
cancer cell lines express death receptors for Apo2L/TRAIL, yet remain relatively resistant to Apo2L/TRAIL-
induced apoptosis. Our data suggest that breast cancer cells may be rendered resistant to Apo2L/TRAIL-induced
apoptosis by deficiency of BAX, a pro-apoptotic member of the Bel-2 family. Our findings demonstrate that BAX-
deficient cancer cells can be sensitized to Apo2L/TRAIL-induced death by interferon-y-mediated upregulation of
BAK, caspase-8, and caspase-7.

While interferon-y potentiates death receptor-induced apoptosis, Apo2L/TRAIL death signaling is
counteracted by expression of NF-kB-inducible survival proteins, such as Bel-x;, and TAPs (cIAP-2 and XIAP),
Amplification and consequent overexpression c-erbB2 (HER-2/neu} or IGF-1 receptor (IGF-1R) is observed in a
significant proportion of human breast cancers. Both HER-2/neu and 1GF-1R promote PI3 kinase (P13-K)-mediated
phosphorylation and activation of Akt, a serine-threonine kinase that, in turn, activates the IkB kinase (IKK)
complex. The activated IKK complex induces phosphorylation-mediated degradation of 1xB, thereby promoting
activation of NF-xB. In addition to aberrant activation of the IKK complex, breast cancers frequently exhibit
increased activity of casein kinase Il (CK2). Many breast cancers exhibit constitutively high NF-xB activity
resulting from phosphorylation of IkB by IkB kinase (IKK) and/or casein kinase II (CK2). OQur findings
demonstrate that simultaneous inhibition of IKKpB (with acetyl salicylic acid, ASA), and CK2 (with the plant
flavonoid, apigenin), results in loss of NF-kB-dependent expression of Bei-x. and 1APs, thereby promoting tumor
cell apoptosis in response to Apo2L/TRAIL. We also show that the reduction of NF-xB-induced survival proteins by
ASA and apigenin synergizes with interferon-y—mediated elevation of death signaling proteins to augment
Apo2l/TRAIL-induced apoptosis of breast cancer cells. The identification of the molecular determinants of
Apo2L/TRAIL-induced death and key survival proteins that interrupt death receptor-induced signaling in tumor
cells could aid the design of Apo2LL/TRAIL-based combination regimens against breast cancers.

Implications and praciicai appiications of compieted research:

Strategies to inhibit angiogenesis have hitherto focused upon inhibition of individual angiogenic factors/receptors or
suppression of endothelial cell proliferation. Unlike these approaches which target downstream mediators of
angiogenesis, strategies that target the proximal transcriptional mediators of angiogenesis and cell survival (HIF-|
or NF-xB) would be expected to inhibit an entire panel of synergizing factors. As such, it may be more potent and
less susceptible to evasion by genetically pliable tumor cells that could evolve mechanisms of resistance against any
individual factor. By demonstrating that deregulation of HIF-1 contributes to the increased expression of VEGF in
p33-deficient cancers, our data provide further support for the hypothesis that inhibition of HIF-1 may abrogate the
ability of such tumors to establish an adequate vascular supply and adapt their cellular metabolism to hypoxia,
thereby curtailing their growth and metastasis. By identifying NF-kB3 as a key determinant of tumor cell survival,
our studies suggest that inhibition of NF-xB by drugs that target the IKK complex and inhibit casein kinase I may
be used to potentiate Apo2l/TRAIL-induced death of breast cancer cells. Our results suggest that the following
ApoZL/TRAIL-based combination regimens may be useful for the treatment of human breast cancers:

1. Apo2L/TRAIL + Interferon-y + inhibitors of growth factor receptors (HER-2/neu) (trastuzumab).

2. Apo2l/TRAIL + interferon-y + NF-kB inhibitors

Future Studies:

We have initiated studies to evaluate and optimize the therapeutic ratio of the above combinatorial regimens.
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The switch to an angiogenic phenotype is a fundamental determinant of neoplastic growth and tnmor
progression. We demonstrate that homozygous deletion of the p53 tamor suppressor gene via homologous
recombination in a human cancer cell line promotes the neovascularization and growth of tumor xenografts in
tnde mice. We find that p53 promotes Mdm2-mediated ubiguitination and proteasomal degradation of the
HIF-1a subunit of hypoxia-inducible factor 1 (HIF-1), a heterodimeric transcription factor that regulates
cellular energy metabolism and angingenesis in response to oxygen deprivation. Loss of p532 in tomor cells
enhances HIF-1w levels and augments HIF-1- depcndent transcriptional activation of the vascular endothelial
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BEOW th factor {‘VLUL) B in Tespioiise {0 uypukld Forced t)&pft‘bbl()ll of Hif-1w in [J*)‘) LKP}’LSSII‘I” tumor ceiis
increases hypoxia-induced VEGF expression and angments neovascularization and growth of tumor xenografts.
These results indicate that amplification of normal HIF-1-dependent responses to hypoxia via loss of p53
function contributes to the angiogenic switch during tumorigenesis.

[Key Words: p53; hypoxia-inducible factor-1 {HIF-1}; angiogenesis; vascular endothelial growth factor [VEGF);

hypoxia; cancer]

Received August 2, 1999, revised version accepted November 19, 1999,

Regions of vascular deficiency ot defective microcireu-
lation in growing tumors are deprived of O, giucose, and
other nutrients. Apoptosis induced by nutrient deti-
ciency counterbalances cell proliferation and limits tu-
mor growth {Holmgren et al. 1995; O'Reilly et al. 1994,
Parangi ot al. 1996). Clonal evolution of tumor ceils in
this hypoxie microenvironment results from sclection of
subpopulations that not only resist apoptosis {Gracher et
1996) but also promote the formation of new blood
vessels [for review, see Hanahan and Folkman 1996,
Tollkman 1997} Tn addition to promoeting further growth
of the primary tumor, cellular adaptation to hypoxia and
tumor neovascularization strongly correlate with the
risk of invasion and metastasis (Brown and Giaccla 1998;
Dang and Semenza 1999, tor review, see Folkman 1997).
The switch to an angicgenic phenotype is considered to
be a fundamental determinant of neoplastic progression
IGimbrone ¢t al. 1972; Folkman et al, 1989; Bergers et al.
1999, This rcalization has, in turn, fucled an intense
search for the moleeular mechanisms by which the an-
giogenic switch is activated during tumorigencsis.

5Corresponding auchor,
E-MAIL gsemenza@jhmiedu; FAX (410} 9550484,
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Hypoxia-inducible factor 1 {HIF-1) is a heterodimeric
transcription factor that regulates O, homeostasis and
physiologic responses to O, deprivation {for review, sec
Guillemin and Krasnow 1997, Scmenza 1999} HIF-1
consists of two subunits, HIF- 1« and HIT-18, that belong
to a subfamily of basic helix-loop-helix (bBHLH) transcrip-
tion factors containing a PAS [Per-ARNT-Sim| motif
(Wang et al. 1995]. A decrease in cellular O, tengion
Icads to elevation of HIT-1 activity via stabilization of
the HIF-1a protein; conversely, ubiquitin-mediated pro-
teolysis of HIF-lw on reexposure to a normoxic environ-
ment results in rapid decay of HIF-1 activity (Semenza
and Wang 1992, Wang ct al. 1995, Salceda and Caro 1997,
Huang ot al. 1998; Kailio et al. 1999], The binding of
HIF-1a, in conjunction with its dimerization partner
HIT-18, to DNA [consensus binding sequence, 5'-RC-
GTG-37) leads to the transcriptional activation of genes
that mediate anaerobic metabolism [glucose transporters
and glycoelytic enzymes), O,-carrying capacity [erythro-
poietin, transferrin}, and vasodilatation {inducible nitric
oxide synthase and heme oxygenase-1} [for review, see
Guillemin and Krasnow 1997; Semenza 1999). HIE-1 also
binds tor the 5 flanking seguence of the vascular endo-
thelial growth factor {VEGF) gene and is required for
transactivation of VEGF in response to hypoxia [Forsythe

aboratory Press 1SSN 08943-9369/99 §5.00; www.gonesdev.nrg
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et al. 1996; Carmeliet et al. 1998; Iyer ct al. 1998; Ryan et
al. 1998). The binding of VEGF to the receptor tyrosine
kinases flk1/KDR, flt-1, and flt-4 {VEGFR-1-VEGFR-3}
on vascular endothelial cells promotes their proliferation
and leads to vessel formation {for review, see Ferrara
1923, Risau and Flamme 1995; Brown ct al. 1996} In
contrast to wild-type cells, VEGF gene expression is not
induced by hypoxia in HIF- la-deficient embryonic stem
cells, and dramatic vascular regression occars in HIF-|o-
null mouse embryos {Iyer et al. 1998; Kotch et al. 1999},
Therefore, HIF-1 is a key transcriptional mediator of
metabolic adaptation and VEGF-mediated angiogenesis
in response to hypoxia. Although these responses scrve
to maintain O, homeostasis m normal tissues, they are
also co-opted by tumors to facilitate neovascularization
and growth. Akin to their role in vascular development
and remodeling in normal tissues, FIF-ta (Maxwell et al.
1997, Carmeliet et al. 1998; Ryan ct al, 1998} and VEGF
(Plate et al. 1992; Shweiki et al. 1992; Kim ¢t al. 1993;
Millauer et al. 1994] facilitate tumor angiogenesis, and
hath HIF-la {(Zhong et al. 1999} and VEGF {for rcview,
see Folkman 1997} are overexpressed in a wide variety of
human cancers.

The genetic alterations that are responsible for onco-
genesis and tumor progression may also underlie the
ability of tumors to switch o an angiogenic phenotype.
The human p53 tumor suppressor gene encodes a mul-
tifunctional transcription factor that mediates cellular
responses to diverse stimuli, including DNA damage and
hypoxia (for review, sce Giaceia and Kastan 1998). In
addition to being an integral companent of the surveil-
lance mechanisms that arrest cell cycle progression un-
der adverse conditions, p53 1s also involved in mediating
hiypoxia-induced apoptosis [Graeber et al. 1996 and in-
ducing inhibitors of angiogenesis such as thrombospon-
din-1 {Dameran et al. 1994; Van Meir et al. 1994} Evi-
dence also suggests that p53 negatively regulates VEGF
expression [Mukhopadhyay et al. 1995; Bouvet et al.
1998, TFontanini et al. 1998]. Somatic mutations of the
pPA3 gene represent one of the most common genetic al-
terations in human cancers, and the acquisition of such
defects is strongly associated with tumor progression
and metastasis {for review, see Levine 1997),

In this study, we demonstrate that genctic inactiva-
tion of p53 in cancer cells provides a potent stimulus for
tumor angiogenesis and identify a novel mechanism by
which loss ofp53 function contributes to activation of
the angiogenic switch in tumors. We find that homozy-
gous deletion of pb3 via homologous recombination in
human colon cancer cells promotes the neovasculariza-
tion and growth of tumor xcnografts in nude mice. We
show that p53 inhibits HIF-1 activity by targeting the
HIF-1a subunit for Mdm2-mediated ubiquitination and
proteasomal degradation. Conversely, the loss of pb3 en-
hances hypoxia-induced HIF-1o levels and augments
HIF-1-dependent expression of VEGE in tumor cells. We
further demonstrate that forced expression of HIF-lea in
ph3-expressing tumor cells promotes VEGF expression
and neovascularization of tumor xenografts. These find-
ings indicate that inactivation of p53 in tumor cells con-

Role of p33 and HIF-1 in tumor angiogenesis

tributes to activation of the angiogenic switch via am-
plification of normal HIF-1.dependent responses to hyp-
oxia.

Results
Inhibition of tumor angiogenesis and growth by p53

The effect of p53 on tumor cell growth and angiogencsis
was examined by comparing an isogenic set of human
colon adenocarcinoma cell lines differing only in their
ph3 status [Bunz ct al. 1998). The parental HCT116 line,
containing wild-type p53 (p53*7*), and a p53-deficient de-
rivative (p537/~), generated by homologous recombina-
tion, demonstrated eguivalent growth kinetics in tissue
culture, with doubling times of 29 and 32 hr, respec-
tively (Fig. 1A). However, xenografts (2.5 x 10%-2.5 « 107
cells)of p53~/~ HCT116 cells in athymic BALB/¢ [nu/nu
mice exhihited a significantly shorter latency and
marked increase in tumor growth kinetics compared
with their p533*/* counterparts {Fig. 1B,C). Whercas 12/
12 animals inoculated with 2.5 « 10 p53~7 cells devel-
oped tumors within 3 weeks, only 1/12 mice receiving
the same number of p53 7" cells was able to establish a
wmor during the entire 8-week observation period. To
cxamine whether the observed differences in growth ki-
netics in vivo were associated with variation in tumor
vascularity, tumors established from ps3''* and p53~"
cells were subjected to histologic analysis and nuclear
magnetic resonance [NMR] imaging, Immunochisto-
chemical analyses of tumeor sections using an antibody
against von Willebrand Factor [vWF] demonstratcd sig-
nificantly increased bloed vessel density in p53~7 tu-
mors compared with their p53*/" counterparts [Fig.
1D E}. Analyses of neovascularization by NMR imaging
showed that compared with p53*/* tumers, p53-/~ tu-
mors had a higher vascular volume {14 + 2.6 pl/g vs.
8.4 x 2.4 pl/g in highly permeable regionsl, as well as a
threcfold greater vascular permeahbility {04 + 0,18 ul/g/
min vs. (.13 = 0.04 pl/g/min in highly vascular zones}
{Fig. 1F). Thus, loss of p53 function hag a profound effect
on the neovascularization and growth of human colarec-
tal cancer xenografts in nude mice.

Effect of p53 genotype on hypoxia-induced VEGE
expression and HIF-1 ectivity

Hypoxia-induced, HIF-1-mediated expression of VEGE
stimulates angiogenesis and vascular permeability in
neoplastic tissucs (Plate et al. 1992; Shweili et al. 1992,
Forsythe et al. 1996; Maxwell et al, 1997; Carmeliet et al,
1998}, p53+* and p53~" HCT116 cells were analyzed for
expression of VEGF mRNA and protein under tissue cul-
ture conditions simulating the hypoxic tumor microen
vironment, Following exposure to 1% O,, p53™/ cells
exhibited a greater induction of VEGF mRNA and pro-
tein compared with their p33'7" counterparts {Fig. 24, B).
Transcriptional activation of the VEGF gene in response
to hypoxia is mediated by binding of HIF-1 to a 47-bp
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Figure 1. Effcer of p53 genotype on timor growth and an(\jing,unui
in DMEM supplemented with 10% fotal calf serum at 37°C and 95%air/5%CO,. (B, C) Growth of p{-‘ﬂ‘r-+ hluc) and p33-—

[A] Groweth of p53'7* {blue) and p53~ {rod) HCT116 cells cultured

jred) HICT116

xenografts [2.5 < 1O* (&) or 2.5 x 107 (W) cells} injected subcutancously into right (p53'47) or left (p5377") hind legs of athymic BALB/c
inu/nu} mice. Values exprossed represent mean + $.E of 12 xenografts of cach coll type. {0 Histologie analysis of blood vesscls in ps3*7

and pas /o

FCT 116 xenografe tumors by staining with HAE or it'ﬂlﬂllllf,)p(.l()xidel\(, stthiOu of (.ndmh(_hal cdls uqing an anti-vWF

of the frequency of vessel hits among 300 random sampling pm'nts. from L‘dLh Uf Lhru. mumza (Jf LIT]R‘.I ‘gulm.ypu [I] }\(_}_m;.st.nmtwn,
NMR analysis of m vivo vascular volume [right) and permeability (Jeft) of p5s3™™ and p53/~ (bortom} HCT116 xenografts.

hypoxia-response clement in the 57 flanking region, and
a reporter plasmid contzining this sequence (VEGE-
piiw] is transactivated by cotransfection of an expres-
sion vector encoding HIF-1a (pCEP4/HIT-12) [Forsythe
et al. 19958). To examine whether p53 infiuences HIF-1-
mediated transcriptional activation of VEGF, p53*/* and
p537" cells were cotransfected with the VEGFE-pllw re-
porter and CMVBs_al lencoding B-galactosidase {B-galj].
Analyses of luciferase and B-gal activity in response to
hypum,.] (1% O,) revealed a fourfold greater increase in
VEGF-pllw transcription {relative to B-gal) in p533~/~
cells compared with p53'/* cells (Fig. 2C). These differ-
ences were not seen when the reporter contained a 3-bp
substitution in the hypoxia response element that climi-

nated FITF-1 hinding (VEGF-plIm), suggesting that HIF-1
was a target for psS3-mediated inhibition. Coexpression
of pCEP4/HIF-la in p53°" cells increased hypoxia-
induced activation of VEGEpllw to levels that ap-
proached the reporter activity exhibited by hypoxic
P53~ ceils in the absence of exogenous HIF-1a [Fig, 2C)
Conversely, cotransfection of an expression vector en-
coding wild-type human ph3 inte pa3 " cells com-
pletely repressed hypoxia-induced VEGF-pilw expros-
sion {Fig. 2C). Electrophoretic mobility shift assays dem-
onstrated that hypoxia-induced HIF-1 DNA-hinding
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activity was reduced in p53'Y° cells compared with
p537/ cells [Fig. 2D)). The specificity of binding of HIF.-1
to DNA was confirmed by competing hypoxia-induced
DNA-protein complexes with excess unlabeled wild-
type probe but not with an unlabeled mutant probe con-
taining the same 3-bp substitution in the HIF-T binding
site as in reporter VEGF-pllim. Thus, p53 inhibits HIT 1

activity and VECF expression in response to hypo

Effect of p53 on oxveen-regulated expression
and stability of HIF-Ta

Hypoxia-induced HIT-1 DNA-binding and transerip-
tional activity are dependent on increased levels of HIF-
la protein and its heterodimerization with HIF-18
(Wang and Semenza 1993; Wang ct al. 1995; Jiang et al.
1996; Huang et al. 1998). To investigate whether p53
influences HIF-1 activity by altering cxpression of HIF-
la, the levels of HIF-1a protein and mRINA were as-
sessed in p53*7* and ps3~e cells exposed to either 20%
or 1% (. In response to hypexia, pa3~" HCT116 eclls
or mousc embryonic fibroblasts {MEFs) expressed higher
levels of HIF-le protein compared with their p53+/*
counterparts [Fig. 3A,BL In contrast to HIF-la protein
levels, FIF-io mRNA was expressed at equivalent levels
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Figure 2. Effect of p53 genotype on hypoxia-induced VEGF ex-
pression and HIF-1 activity. {A) Northern blot analysis of VEGF
mBNA cxpression in p53™* and p537 HCT1L6 cells incubated
for 16 hr in cither 20%o0r 1%0,. {B] ELISA of VEGF protcin
conceneration in supcrnatmt medium of ph3* [bluc Af or
P53 (red W HCT116 cells incubated for 16-32 hr in 1% O,
(€} Hypoxta-induced and HIF-1-dependent activation of VEGE-
reporter activity in p53°Y° [shaded bars) and p5377 {solid bars!
HCT116 ceils. Wild-type (pllw) and mutant {(p11m) copics of
the hypoxia response element from the VEGF gene were in-
serted 57 to a SV40 promoter—luciferase transcription unit. Cells
were cotransfected with cither VEGF-pliw or YVEGF—plim and
CMVBegal, with or without pCEP4/HIF-Ta or pCMV-p53, cx-
posed to 1% O, for 20 hr, and harvested for luciferase assays.
The data represent the mean + s.£. luciferase activity [normal-
ized for Bogal activity] from three independent experimoents, (I
Electrophoretic mobility shift assays of HIF-1 DNA-binding ac-
tivity in nuclear extracts from p53°/° and p53~* HCTI 16 cells
cxposed to 20% {lanes ! and 3] or 1% (lanes 2 and 4-6) O, HIF-1
DINA binding was confirmed by competition assays using either
unlabeled wild-type oligonuelcotide (W] or a mutant oligo-
nucleotide (M} containing the same 3-bp substitution as in
plim. Complexes containing HIF-1, constiturive (), and non-
specific (NS) DNA-binding activities |Semenza and Wang 1992)
are indicated.

in hypoxic p53+/* and p53~/~ cells (Fig. 3CJ, suggesting an
feci of p53 on HIF-1w protein expression, To confirm
this effect, p53-/" cells were cotranslected with pCEP4-
HIF-1e and either pCMV-p53 [encoding wild-type hu-
man ph3} or empty vector [(pCMVO) and exposed to 1%
O, for 8 hr. Immunohlot analysis showed that p53~"
cells cotransfected with pCMV-p53 exhibited reduced
levels of HIF-1a compared with cells receiving the con-
trol vector {Fig. 3D).

The steady state level of HIF- 1w protein is regulated by
an oxygen-dependent and iron-sensitive mechanism of
ubiquitin-mediated proteasomal degradation (Salceda
and Caro 1997, Huang et al. 1998; Kallio et al. 1999}. The
208 protcasome is the core catalytic subunit of the 265
proteasome complex that mediates degradation of ubig-
uitin-tagged proteins {for review, see Hershko and
Cicchanover 1998). HIF-la expression is induced by ex-
posure to hypoxia or treatment with cobalt chloride

Role of p53 and HIE-1 in tumer angiogenesis

(Wang et al. 1995). To examine whether p53 influences
the stability of HIF-1« protein, HIF-le expression was
analyzed in lysates of cobalt-trcated p53*"* and p53~—"~
cells at serial time intervals following addition of cyclo-
heximide, HIF-1a protein decayed with a half-life of <20
min in p53*/° cells, compared with =40 min in p53~"~
cells {Fig. 3E).

HPV-E6 augments HIF- 1o stability and VEGFE
expressiom in response to hypoxia

The human papilloma virus (HPV 16} E6 oncoprotein pro-
maotes ubiquitin-dependent conjugation and degradation
of p53 (Scheffner er al. 1990} To investigate whether
E6-induced degradation of endogenous p53 promotes ex-
pression of HIF-1e and induction of VEGF, the PA-1
ovarian teratocarcinoma cell line was stably transfected
with an cxpression vector encoding HPV-16 E6 (PA-T F6)
or empty vector {PA-1 Neo! [Ravi et al. 1998). Under
hypoxic conditions, PA-1 E6 cells expressed higher levels
of HIF-1a protein compared with PA-1 Neo cells (Fig.
4A}. Analyses of HIF-1a protein stability in cyclohexi-
mide-treated cells showed that HIF-1« protein decayed
with a half-life of ~15 min in PA-1 cells, comparcd with
=30 min in PA-1 Bo cells {Fig. 4B). FPA-1 Neo or PA-1 E6
cells were cotransfected with either VEGF-pllw or
VEGF-pl lm reporter and CMVBgal. Analyses of lucifer-
asc and B-gal activity in response to hypoxia 1% O,)
revealed a twofold greater increase in VEGP-pl 1w tran-
scription (relative to B-gall in PA-1 E6 cells compared

HIF-Form
mRNA
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Fignre 3. Bffcet of p53 on oxygen-regulated oxpression and sta-
hility of HIE- 1. (A} Immunoblot analysis of HIT- Ly expression
in p53*" and p53 HCTH16 cells ewltured for § o in 20%0r
190, The blot was analyzed sequentially with monoclonal
antibodies against FIF-lu (H1e67), p53 (DO-1), and B-actin. (B)
Immunoblot analysis of HIF- e cxpression in pa3™ " and p53~/
MEFs culturcd for 8 hr in 20% or 1% O,. [C] Northern blot
analysis of HIF-la mRNA cxpression in ps3* and p53--
HCT116 cells cultured as in Al (DL Immumoblot analysis of
HIF-le protein in pa3~" HCTH16 cells cultured in 1% O, &
8 hr following cotransfection with pCEP4-HIF 1a and cither
pCMV-pa3 or empty vector. The blor was analyzed sequentially
with anti-HIF- Lo and anti-p53 moneclonal antibodics. (E) Half-
life of HIF Ly protein in p5377 and p33™" cells exposed to 100
n eohalt chloride fellowing addition of 100 um ¢ycloheximide,
Lysates of cells harvested at the indicared time intervals were
subject to Immunoeblot analysis of HIF-la and p53 expression.
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Figure 4. HPV E6 increases expression of HIF-1a and VEGF in
response to hypoxia. (A mmunoblot analysis of HIF- 1w expres-
sion in PA-1 Neco or PA-T E6 cells cultured for 8 hrin 20% or 1%
Q. {B) Half-life of HIT la protein in PA-T Nee or PA-T E6 cells
exposed to 100 ua cobalt chloride following addition of 100 um
cycloheximide. Lysates of cells harvested at the indicated time
intervals were subjeet to immunchlot analysis of HIE- 1w cxpres:
sion. (¢} Hypoxia-induced and HIF-T-dependent activation of
VECGF-reporter activity in PA-1 Neo {open bars) and PA-1 E6
{solid bars] cells, Cells were cotransfected with cither VEGE-
pllw or VEGF-plim and CMVBgal, exposed to 1% O, for 20 hr,
and harvested for uciferase assays. The data represent the mean
luciferase activity (normalized for p-gal activity) from three in-
dependent experiments. (D] ELISA of VEGF protein concentra-
tion in supernatant medium of PA-T Neo {open bax} or PA-1 E6
[solid bar] cells incubated for 16 hrin 1% O,

with PA-1 Nea cells (Fig, 40} Neither cell Bne exhibited
significant transcription of the VEGF-pllm reporter.
Consistent with the promotion of HIF-1-dependent
VEGF transcription by E6 expression, exposurc to 1% O,
resulted in greater induction of VEGF protein expression
in PA-1 BE6 cells compared with PA-T Neo cells [Fig. 4D).

pa3 promotes ubigquitin-dependent of HIF-Ta

To determine whether p53 intcracts with HIF-la in
HCT116 cells, as previously demonstrated in MCE-7
cells {An et al, 1998), protein lysates from hypoxic pa3*/~
and p53~~ eells were immunaoprecipitated with an anti-
ph3 or isotype control antibody, and the resulting im-
mune complexes were subjected to immunoblot assays
using an antibody against HIF-le, FIF-1a was detected
in immunoprecipitates derived from ps3*/* cells but not
P53~ cells or immune complexes precipitated with the
control antibody [Fig. 5A)

To determine whether p53 promotes ubiquitination of
HIF-la, p537/" and p53~/" cells were cotransfected with
an HIP-lo expression vector {pCEP4/HIP-To) and a vec-
tor encoding hexahistidine-tagged ubiquitin (His,-Ub) or
the empty control vectors. Transfected cells were ex
posed to 1% O, for 4 hr in the presence of M(G132, a
peptide aldehyde inhibitor of the 208 protcasome. Ali-
quots of whole-cell extracts or His-tagged proteins iso-
lated by affinity purification from cell Tysates were sub.
jeceted to immunoblot assavs using an anti-HiF-la mono-
clonal antibody {Fig. 3B} Iimmunoblot analysis of whole
cell extracts of p53*7* cells deteeted a 120-kD protein
corresponding to the apparent molecular mass of HIF-1o
(Wang et al. 1995), as well as an additional series of
slower migrating complexes. The higher molecular
weight complexes represented polyubiquitinated forms
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of HIF-1¢ as they were also detected by immunoblot
analysis of His-tagged proteins with an anti-HIF-la
monoclonal antibody. Compared with p53*/* cells,
p537 cells transfected with vectors encoding HIP- 1o
and His,-Ub demonstrated a higher level of unconju-
gated HIF- 1w and a reciprocal reduction in polyubiquiti-
natcd HIF-1la (Fig. 5B). Introduction of a p53 expression
vector (pCMV-p53] into pb3™/~ cells increased the pro-
portion of HIP-la that was ubicquitinated under hypoxic
conditions {Fig. 5B).

Conjugation of Ub to proteing destined for degradation
involves conversion of Ub to a high-encrgy thiof ester by
the E1 Ub-activating enzyme followed by the transfer of
activated Ub to the substrate via the activity of an E2
Ub-conjugating enzyme and an E3 Ub-protein ligase (for
review, sce Hershko and Ciechanover 1998). To confirm
the requirement of the Ub-proteasome system for ps3-
mediated degradation of HIF-1e, we examined the effect
of p533 on hypoxia-induced HIF-Ia cxpression in the
BALB/c 3T3-derived ts20TG" cell line, which harbors a
thermolabile El, or a derivative cell line [H38-5), in
which the temperature-scnsitive defect was corrected by
introduction of the human E1 ¢DNA [Chowdary et al.
1994). ts20TGH and H38.5 cells were transtected with
either an expression vector encoding human p53 or a
control vector and transferred to hypoxic chambers (1%
0,) at cither the permissive temperature [35°C) or the
restrictive temperature {39°C). Transfection of p53 into
ts20TGH cells resulted in reduced HIT- 1o levels at 35°C
but not at 39°C [Fig. 5C). However, El-cxpressing H38-5
cells exhibited pa3-mediated reduction of HIT-1a levels
at hoth temperaturcs. Taken together, the data indicatce
that p53 limits hypoxia-induced expression of HIF-1a by
promoting its uhiguitination and proteascmal degrada-
tion.

Whereas a single E1 is responsible for activation of
ubiquitin, multiple E3 enzymes arc responsible for spe-
cific selection of proteins destined for degradation. Be-
cause p53 tnduces the Mdm?2 E3 Ub-protein ligase and is
itself a target for Ub-mediated degradation via its inter-
action with Mdm?2 [Momand et al. 1992, Barak ct al.
1993; Wu et al. 1993; Haupt et al. 1997, Honda et al.
1997; Kubbutat et al. 1997}, this raised the possibility
that HIF-le is recruited to Mdm?2 via its interaction with
p53. Te test this hypothesis, protein lysates of p53~/-
HCT116 cells that were transfected with either pCMV-
P53 or empty vector and transferved 1o 1%0, for 6 hr
were immunoprecipitated with anti-Mdm2 or isotype
control antibody, and the resulting immune complexes
were subjected to immunoblot assays using an antibody
against HIF- le. Anti-Mdm?2 immuneprecipitates derived
from cells transfected with p53 displaved significantly
higher levels of coprecipitated HIF-1o protein compared
to immune complexes derived from p53+"~ HCT116 cells
with the empty vector (Fig. 51,

Amino acid residucs Phe-19, Lew-22, and Trp-23 in the
amino-terminal transactivation domain of p53 are criti-
cal for its interaction with Mdm2 (Lin et al. 1994}, A p53
double mutant at residues 22 and 23 {ph3 Gln22, Ser23)
fails to interact with Mdm?2 and is also transactivation
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TRAIL {tumour-necrosis factor-related apoptosis ligand or Apo2l) triggers apoptosis through engagement of the
death receptors TRAIL-R1 (also known as DR4} and TRAIL-R2 {DR5). Here we show that the c-Rel subunit of the tran-
scription factor NF-xB induces expression of TRAIL-R1 and TRAIL-R2; conversely, a transdominant mutant of the
inhibitory protein lkBo or a transactivation-deficient mutant of c-Rel reduces expression of either death receptor.
Whereas NF-xB promotes death receptor expression, cytokine-mediated activation of the RelA subunit of NF-xB also
increases expression of the apoptosis inhibitor, Bel-x,, and protects cells from TRAIL. Inhibition of NF-xB by blocking
activation of the IxB kinase complex reduces Bcl-x, expression and sensitizes turnour cells to TRAIL-induced apopto-
sis. The ability to induce death receptors or Bel-x, may explain the dual roles of NF-«B as a mediator or inhibitor of

cell death during immune and stress responses.

poptosis has an essential role in embryogenesis, adult tissue
homeostasis and the cellular response to stressful stimuli,
uch as DNA damage, hypoxia or aberrations in cell-cycle
progression'. Increased apoptosis is involved in the pathagenesis of
diverse ischaemic, degenerative and mmune disorders™
Conversely, genetic aberrations that render cells incapable of exe-
cuting their suicide program promote tumorigenesis and underlie
the observed resistance of human cancers to genotoxic anticancer
agents®, Unravelling mechanisms to unleash the apoptotic program
in tumeur cells might aid the design of effective therapeutic inter-
ventions against resistant human cancers,

The molecular machinery of cell death comprises an evolution-
arily conserved family of cysteine aspartate proteases {caspases)’.
Caspases can be activated by the engagement of death receptors
belonging to the tumour-necrosis factor (TNF) receptor gene
superfamily®, such as TNFRL, CD95 (Fas), TRAIL-R1 {DR4)* and
TRAIL-R2Z (DR5, TRICK2, KILLERF ", by their respective cognate
“death ligands, TNE-o. CD95L {ApolL) and TRAIL (also known as
Apo2L )", TRAIL induces apoptosis in several tumour cell lines,
including those that resist chemotherapeutic agents or ionizing
radiation because of inactivating mutations of the p53 tumour
suppressor gene™

TRAIL-R1 and TRAIL-R2 are type! transmembrane proteins con-
taining cytoplasmic sequences, termed ‘death domains, that recruit
adaptor proteins and activate caspases'®, Two other TRAIL receptors,
TRAIL-R3 {TRID/DcR1} and TRAIL-R4 {TRUNDD/DcR2), have
extracellular domains simijar to TRAIT-R1 and TRAIL-R2, but lack a
functional cytoplasmic death domain’®-#, TRAIL-R3 and TRAIL
R4 may serve as ‘decoys’ that compete with TRAIL-R1I/TRAIL-R2 for
binding to TRAIL, and overexpression of either protein confers pro-
tection against TRAIL-induced death™,

The NF-xB family of dimeric transcription factors is important
in modulating cell survival during stress and immune responses®™.
NF-kB protects cells from apoptosis™ by promoting expression
of survival factors, such as members of the inhibitor of apoptosis
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{1AP) family {c-TAP1, ¢-1AP2, XIAP}™ and the Bcl-2 homologues,
BA-1/AT (refs 33, 34) and Bel-x, (ref. 35}, In contrast, much evi-
dence highlights an apparently paradoxical pro-apoptotic role for
NF-kK[*, These observations raise the possibility that kI3 sites in
pro- or anti-apaptotic genes may exhibit different preferences for
particular subunits comprising the NF-xB dimer, and that NF-kB
may have signal-specific effects on cell survival,

Here we show that the RelA and ¢-Rel subunits of NF-xB are
critical determinants of the expression of death receptors and sur-
vival genes that modulate TRAIL-induced apoptosis, The signal-
specific activation of dimers that induce expression of either death
receptors or survival genes might explain how NF-xB adopts either
of its dual personalities as a mediator or inhibitor af cell death dur-
mg immune and cellufar stress responses. The identification of NF-
KB as a key determinant of cellular susceptibility to TRAIL may
have important implications for anticancer therapy,

Results
Subunit-specific effects of NF-KB on death receptor expression
and on sensitivity to TRAIL. NF-kB exists in almost all cell types in
an [nactive cytoplasmic complex with an inhibitory protein, [kB.
Signat-dependent phosphorylation and ublquitin-mediated degra-
dation of I3 by IkB kinases (IKKs) releases the active complex,
which functions in transcriptional regulation of target genes after
nuclear translocation®, Trimerization of TNER] by TNF-¢ leads to
degradation of Ikl and activation of NF-kB. Mouse embryonic
fibroblasts (MEFs) stably transduced with a retvovirus carrving a
combined amino- (residues 32 and 36) and carboxy-terminal PIST
sequence phosphorylation mutant of kB (IxBaM)* show
reduced basal and TNF-c-inducible kB DNA-binding activity and
lower expression of TRAIL-R2 messenger RNA compared with
wild-type MEFs carrying a control vector {Fig, 1a, b,

The subunits of NF-kB are known ta exhibit different prefer-
ences for variations of the 10-base-pair (bp) consensus sequence
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Figure 1 Subunit-spocific effects of NF-«xB on death receptor expression and
sensitivity to TRAIL, a, Inhibition of NF-«B by a transdominant mutant ieBex
{lxBoM). MEFs stably fransduced with a plasmid encoding [«Ba and the empty
vactor pLXSN™ (contrall were incubated with TNFa (100 ng ml !, 1 h or left
untreated. Nuclear extracts were anaysed for NFaB DNADinding activity by EMSA.
b, Basat and TNF-o-inducible expression of TRAIL-RZ mRNA in RelA-, o-Rel
IxBoM-expressing, and witd-type mouse fibroblasts carrying an emply vecior {con-
trol). e, o, Effect of deficiency of either RelA or cRef an TNF-a- ar TRAILAnduced
cell death, Rela~, c-Rel¥ and wild-type mouse fibroblasts were exposad to either
TNF-w (100 ng ml") ar recombinant human TRAIL (200 ng mi-!; with enhancor ante

(5"-GGGGYNNCCY-37) in particular targel genes™, We thercfore
analvsed the role of specific subunit(s) of NF-kB on expression of
TRAIL-R2 mRNA levels in RelA-deficient (RelA)*, c-Rel-defi-
cient {¢-Rel*)* and wild-type mouse fibroblasts. Whereas TNF-c-
inducible expression of TRAIL-R2 mRNA was evident in RefA~
fibroblasts, this induction was muarkedly diminished in c-Rei-
fibroblasts (Fig. 1b).

We distinguished the effects of RelA and c-Rel on cell survival by
examining the response of RelA, c-Rel” or wild-type moeuse
fibroblasts w either TNF-¢i or TRAIL. RelA fibroblasts were highly
sensitive to TNF-gi-mediated cell death, but c-Rel™ fibroblasts, akin
to their wild-type counterparts, remained relatively resistant to such
treatment (Fig. le, d). Whereas RelA and wild-type fibroblasts were
both susceptible to TRAIL-induced apoptosis, ¢-Rel”™ fibroblasts
were almost completely resistant to TRAIL (¥ig, Le, d). o-Rel™ cells
were resistant to TRATIL, but they failed to vield any viable clones
after transfection with an expression vector encoding TRAIL-R2
{pCEP4/DR5}" (Kig. le, ). The resistance of c-Rel™ cells to TRAI.-
induced death seems therefore to result from their deficiency in
death receptor expression rather than inhibition of intracellular
deatl signalling. These results suggest that, in contrast to the protec-
tion conferred by RelA against TNF-o-induced death, - Rel mediates
the inducible expression of death receptors for TRAIL.

NE-kB ¢ Rel contains an N-terminal 300-residue conserved
region known as the Rel homology domain {RHD), which mediates
dimerization and nuclear localization, and a variable C-terminal
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body) for 24 h, Data (imean = 5.¢.} shown in ¢ are the percentage of apoptotic
meclel among total nuclel counted (n = 31, Representative photormicragraphs flus-
trating the cytotoxicity of TRAIL are shown in d. e, Expression of TRAILRZ in
cRel mouse fibrobfasts transfected with either pCEP4-DRS ar enpty pCEPA vec
tor, T, Susceptibifity of c-Reldeficient cells to TRAIL-R2-nduced death.
Photomicrographs depict crystaivioletstained colonies of cRef mouse fibroblasts
selected for growth in hygromycin B after transtection with either pCEP4-DRYS or
empty pLEPA vector. Cells from an untransfected control population were main-
tained in hygromytin{ree media (control). Similar observations were made in RelA~
and wild type mouse fibrablasts (data not shown).

domain, which is responsible for transactivation. To examine
directly the effect of ¢-Rel or RefA on death receptor expression and
sensitivity to TRATL, c-Ref (CCR), a c-Rel truncation mutant lack-
ing the C-terminal transactivation domnain {Ac Rely CCR-H) or
Reld were conditionally expressed in Hela cells using a tetracy-
cline-regulated system™"' (Fig. 2a}. The c-Rel, truncated c-Rel or
RelA genes were expressed under control of the tTA fusion activa-
tor, comprising the Fseherichia colt tetracycline repressor and the
activation domain of the VP16 protein of herpes simplex virus.
Stable cell clones carrying either o-Rel (CCR43) or Ac-Rel (CCR-
H5} were subjected to immunoblot analysis using an antibody
against the RHD of chicken ¢-Rel. Removing tetracycline from the
culture medium for 48 h resuited in induction of either ¢-Rel in
CCR43 cells or the faster migrating Ac-Rel mutant in CCR-H3 cells
(Fig. 2b).

Electrophoretic mobility shift assays with double-stranded
oligonucleotides containing a palindromic kB site were performed
using nuclear protein derived fram CCR43 or COR-HS5 cells main-
tained in the presence or absence of tetracycline for 48 h. CCR43
cells showed tnereased kB DNA-binding activity in response to
withdrawal of tetracycline, and the DNA-bound complex was
supershifted with an anti-c-Rel antibody but not with an antibody
against RelA (Fig. 2c). Although the inducible ¢-Rel is active in
binding c-Rel-responsive kKB motifs, the transactivation- deficient
mutant Ac-Rel competes with endogenous ¢-Rel for «I5 binding,
thereby behaving in a dominant-negative mannper (Fig. 2¢)*1,
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Figure 2 Effect of inducible exnression of o-Rol, ARs &iA on deatht
receptor expression and sensitivity te TRAIL. a, Representation of fulldength ¢.
Rel {CCR) and ac-Rel (CCR-H), a oRel mutant that contains a step codon at the
urigua Hincll site of ¢-Rel. b, Immunoblot analyses of expression of cRel and Ac-Ral
in Hel.a (HtTA-1) cell clones stabiy transfected with c-Rel {CCRA3) or Ac-Rel {CCR-
H5), respectively {in the presence or absence of tefracychine for 48 kil ¢, EMSA of
c-Ralspecific DNAbinding activity in nuciear extracts of CCR43 and CCRHS cells
maintained in the presence or absence of tetracyciine (Tet) for 48 h. Supershift (SS)
analysis of DNA-protein complexes was performed with anti-c-Rel and anti-Reld ant-
hodies. Competition of the Ac-Rekinducad DNA-protein complex with unfabebed c-
Ret-specific oligonucleotides is shown (iane o). d, Northern blot analyses of TRAIL:
R1 and TRAILR2 mRNA in cells maintained in the presence {uninduced, -} or
absence [induced, +) of tetracycline for 48 h. e, Western biot analyses of the effeci
of induced expression of c-Ret or Ac-Rel on expression of TRAIL-R] and TRAILRZ

Northern blot analysis showed that c-Rel promotes the expres-
sion af death receptors at a transcriptional level, bur Ac-Rel inter-
feres with this induction {Fig. 2d). Induction of ¢-Rel in CCR43
cells resulted in increased protein expression of both TRAIL-RL
(2.2-fold induction relative o an actin contrsl) and TRADL-R2
{2.6-fold induction) (Fig. Ze). In contrast, induction of the domi-
nant-negative transactivation mutant Ac-Rel in CCR-H3 cells
inhibited protein expression of either TRAIL-R1 (2.4-fold repres-
sion} or TRAIL-R2 {3.2-fold repression) (Fig. 2¢). Flow cytometric
analyses confinmed that inducible expression of cell-surface
TRATL-R2 was greater in cells expressing - Rel compared with cells
expressing Ac-Rel (Fig. 2f). Confocal microscopy showed relatively
greater immunofluorescent labelling of TRAIL-R2 in the cytoplasm
of cells induced to express ¢-Rel compared with cells forced o
express Ac-Rel (Fig, 2g).

Induction of ¢-Rel by removing tetracycline resulted in a dose-
dependent increase in the sensitivity of CCUR43 cells to TRAIL-
induced death (Fig. 2h, i). By contrast, expression of Ac-Rel by
removing tetracycline in CCR-HS5 cells rendered these cells refative-
Iy reststant to TRAIL (Fig, 2h, 1). Consistent with s induction of
survival factors, nduced expression of RelA reduced sensiiivity 1o
TRAILL (Fig. 2h}.
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protein. f, Flow cytometric analysis of the effact of induced expression of c-Rel or
Ac-Rel on Randuced cell surface expression of TRAIL-RZ in Mela cefls, {Unstained
controls received secondary antibody alone; untreatad controls received no IR E,
Comfocal micrascopic examination of TRAL-R2 immunoflugrescence in Hela cells
induced to express either c-Rel or Ac-Rel for 48 h. h, Hela (HEITA-1) cell clones sta-
bly transfected with either ¢-Rel {CCRA3), acRel (CCR-HAL, or RelA were maintained
in the absence of tetracycline for 48 h {to induce gene expression) and then
exposed to TRAIL {10-100 ng mP'; enhancer antbody 2 ug ml ') or left ontreated
for another 24 h. Data represent the percentage survival (viable/Tapoptotic 4
viablel} in each cell population (mean + s.4.) from three independent expertments, 1,
Representative photomicrographs illustrating the cytotoxic offects of TRAIL

{3100 ng ml ') on cRef (CCR43] cells maintained in the presence of tetracycline
(contral), or in cRet (CCRA3) and acRel [CCRHB) cells induced to express c-Rel or
ac-Rel, respactively, by culture in tetracyclinefree medum tor 418 b,

NF-kB-induces expression of TRAIF-RZ and TRAIL-mediated
tumour cell radiosensitization independently of p53. The cellular
response ty DNA damage inflicted by genatoxic anticancer agents
is modnlated by the product of the p53 tumour suppressor gene-—
a transcription factor that promotes expression of TRAIL-R2/DRS
(ref. 10). As NF-kB has been implicated in p533-mediated cell
death®, we thought that p53 might be required for NF-kB-induccd
expression of TRAIL-R2. We therefore examined the effect of p53
genotype on the basal, TNF-o- and DNA-damage-induced activa-
tion of NF-xB and expression of death receptors in isogenic cell
lines that differ only in p33 status.

The effect of TNF-& on expression of TRAIL-RZ/DR5 was
examined in MEFs of wild-type and p53~" genotypes. Expression of
TRAIL-R2/DRS was impaired in ¢-Rel-™ cells (Fig. 1b), but p53-+
cells exhibited normal basal and TNF-gi-inducible expression of
TRAIL-R2 mRNA (Fig, 3a), indicating that NF-xB mediates TNE-
o-induced expression of TRAIL-R2 in a pa3-independent fashion.
The parental HCTT16 ling, containing wild-lype p53 (ps3), and
a pS3-deficient derivative { p537), created by homozygous deletion
of endogenous p53 genes through hemologous recombination®,
also showed equivalent basal levels of TRALIL-R2 mRNA (Fig. 3d).
poS3 or ps3 HOT116 cells showed an equivalent reduction in
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Figure 3 NF-xB-induced expression of TRAIL-R2 and TRAIL-mediated
radiosensitization independent of p53. a, Northers biot anatyses of the effect
of TNF-¢: on TRAIL-HZ mRNA levels in wildtype (WY} and p53 -~ MEFs. b, Western
blat analyses of IkBe expression in p33+~ ar ph 37 HCTLLG cells exposed to
irradiation (10 Gy) in the presence or absence of TRAIL (100 ng mi* + enhancer
antibody 2 pg mi!'L €, EMSA of xB-specific DNA-binding activity i nuclear
axtracts of p53++ or P53+ HOT11G cells exposed to irradiation (10 Gy) in the
prasence ar absence of TRAIL {100 ng ml"t + enhancer antibody 2 ug m-'l.

IkBo. levels and clevation in kB/c-Rel DNA-binding activity in
response to irradiation, and iradiation-induced kB DNA-binding
was augmented by exposure to TRALL in both cell types (Fig, 3b, ¢).
Exposure to ionizing radiation {IR) and TRAIL resulted in an
equivalent elevation of TRAIL-R2 mRNA in both p33*" and p53+
HCTil6 cells (Fig. 3d); therefore, TR-induced expression of
TRAIL-R2 in cells exposed to TRAIL was analogous o its p53-inde-
pendent expression after treatment with TNE-cL.

1o examine whether the combination of TR with TRAIL can
override the radioresistance of HCT L6 cells, we exposed p53* or
p33t HCT16 cells wo IR (10 Gy), TRAIL {100 ng ml7) or both,
Although both p53++ and p53% HCT116 cells were vesistant to [R-
induced apoptosis, exposure to TR resulted in augmentation of
TRAIE sensitivity in bath cell types, such that either cell population
was eliminated within 48 h of treatment (Fig, 3¢, {). Together, these
data indicate that IR can induce NF-xB-mediated expression of
death receptors and augment TRAIL-induced death of hoth p53#
and p53* tumour cells. These data have potentially important
implications for the treatment of p53-deficient human cancers by
TRAIL-mediated radiosensitization.

The RelA subunit of NF-kB induces Bel-x, and protects cells
from TRAIL/death-receptor-induced apoptosis, We investigated
whether the differential activation of c-Rel- and/or RelA-contain-
ing dimers of NF-KB in response to physiological signals (immune
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Supershift {3S) analysis of DNA-protein complexes was performed an anticRel
specific antibody. d, Western et analyses of TRAIL-R2 expressian in irradiated
pH3 7 or ph3¥~ HCT116 cells exposed to TRAIL {100 ng ml + enhancer antr-
body 2 pg mli-i. e, f, Represeniative pholomicragraphs ifustrating the effects of
either IR (10 Gy), TRAIL (100 ng mi* + enhancer antibody 2 wg mi ), and IR +
TRAN. on survival of pb3+/= ar pB3~ HCT116 cells. Data in f represent the per-
centage sorvival (viable/[apaptotic o+ visblel} in each ceall population {mean + 5.d.)
from three independent experiments

activation by hgation of CI240) or stressful stimuli {DNA damage)
influences the expression of death receptors and sensitivity to
TRAIL.

Irradiation of B cells activated kB DNA-binding activity in elec-
trophoretic mobility shift assays (EMSAs), using a ¢ Rel consensus
binding site as an olisonucleotide probe, and the Renduced
DINA~protein complex was supershifted with an anti-c-Rel anti-
body (Fig. 4a). Although irradiation of wild-type B lymphocytes
resulted in induction of TRAIL-R2 mRNA, IR-inducible levels of
TRAIL-R2 were diminished in B cells from ¢-Rel”" mice (Fig. 4h,
c). Ligation of IR-induced TRAIL-R2 with TRAIL resufted in apop-
tosis of Bel-2Z-overexpressing B lymphocytes (from TgN{Bdl-2]
mice), which are otherwise relatively resistant to TR* (Fig,. 4d).

Stimulation of resting meuse B lymphocytes with a monoclon-
al antibody against CD40 also resulted in activation of kB DNA-
binding activity in EMSAs (Fig. 4a). The slower migrating
DNA-protein complex was supershifted by an anti-c-Rel antibody
that does not recognize RelA (Fig 4a, lane 4), whereas a faster
migrating complex was supershifted with an anti-RelA-specific
antibody (Fig. 4, lane 3). CD40-mediated activation of c-Rel also
induced TRAIL-R2 expression (Fig, 4b}, but (unlike IR) it protect-
ed lymphocytes from TRAIL-induced death (Fig. 4d). Lither CI340
ligation or TR activated c-Rel, but RelA-induced transcriptional
activation of a HIV-CAT reporter (driven by two KB sites contained
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Figure 4 The RelA subunit of NF-<B induces Bcl-x, and protects cells from
TRAIL /death receptor-induced apoptesis, a, N-«B DNAhinding activity m
nuclear extracts of primary mouse B lymphocytes exposed to either anti-CD40 anti-
body (10ug ml for 16 hl or ionizing radiation {IR; 5 Cy). Supershift (5S) analysis
of BNA-protein complexes was performad with anti-c-Rel or antiRelA-specific anti-
bodies. b, Northers biot analysis of TRAIL-R2/DRS axpression in primary mouse B
cells exposed to aither anti-CDAQ antibody or IR (5 Gyl. ¢, Northern btot analysis of
{H-induced expression of TRAIL-RZ in primary mouse B cells from wildtype (W1) or
c-Rel mice. d, Effect of IR (5 Gy), TRAIL (100 ng ml"" -+ enhancer antibody 2 ug
mi), IR + TRAIL, or anti-CDA% antibody + TRAIL on survival of mouse B lympho-
cytes from WT or TgN(Bck2) mice. Data (mean = 5.d.) are the percentage apopto-
sis relative to unireated controls {n = 3). e, RelAmediated HIV-CAT expression in

in the long-terminal repeat) was increased by anti-CD40 treatment
but not by exposure to IR (Fig, 4e}. This suggested that co-activa-
tion of RelA by CD40 ligation might inhibit TRAHL-induced apop-
tosis through RelA-induced expression of survival factor(s).

Compared with RelA*" cells, RelA™ cells exhibited reduced
rasal and TNE-g-inducible expression of the apoptosis inhibitor,
Bel-x, (Fig, 41). As Bel-x, expression in resting B cells was increased
markedly n response to anti-CDA0 (Fig, 4g), we investigated
whether Bel-x, could inhibit TRAIL-induced death. Exposure of
HIL-60 cells (expressing wild-type Bcl-2; relative molecular mass
(M) 26,000 (26K)) to TRAIL (100 ng mI"'} resulted in the death of
more than 80+ 5% of the population within 24 h of treatment.
"This was associated with the appearance of a caspase-3-dependent
23K Bel-2 cleavage product (Fig. 4h), previously identified as a C-
terminal fragment {AN34; cleaved at Asp34) thal lacks the loop
domain and functions as a Bax-like death effector?!, Stable trans-
fection of a vector encoding Bel-x inte HL-60 cells inhibired cas-
pase-3-dependent cleavage of Bel-2 (Fig. 4h) and reduced TRAIL-
induced apoptosis (27 £ 39% death of the total population at 24 h),
Therefore, the reduction of TRATL-induced apoptosis of B cells in
the presence of anti-CD40 {despite c-Rel-mediated expression of
TRAJT-R2} reflects the dominant protective effect of Bel-x,
induced through the co-activation of RelA in activated B cells.

Together, these results jllustrate the biological significance of
NE-KB activity in regulating expression of bath the death receptors
and surviva! factors that determine cellular sensitivity to TRAIL.
Our observations suggest that TR-induced NF-xB-mediated induc-
tion of death receptors can synergize with TRAIL to eliminate B
cells overexpressing Bel-2--a tinding that may have implications
for the treatment of vesistant tumours, such as human foflicular
lymphomas, Our studies alse indicate that RelA-mediated expres-
sion of Bcl-x, may be responsible for the resistance of CD40-acti
vated or tzansformed B cells to apoptotic signals transduced by
death receptors.
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actvated B lymphocytes in response to CB4G or IR, §, Immunoblot analyses of
basal or TNF-o-dnduced expression of Beky, in RelA- or RefA fibroblasts. g,
Expression of Beiw, in mouse B cells in respanse to CL40 ligation or IR, HL-60-Neo
(Contral} or Belx,-overexpressing HL-60 {Bclx, ) cells were used as condrals. h,
Inhibition of caspase-3-mediated cleavage of BekZ and TRAILinduced death by
expression of Belx, . HL-60-Neo (Centrol) or HL-60-Bokx_ {Belx:) cells were exposed
o TRAIL (100 ng mi Y} with or without pretreatment with AcDEVD-CHO (300 uM)
and analysed for expression of Bolx, and Bel-2 12 h fater. The fulldength Bel2
(2EK) and the Bel-2 cleavage product [23K; AN34) are indicated. Parcentage of
each celf popuiation that underwent apoptosis after 24 b BLE0-Neo, 80 = 5%; HL-
60-Bekx, cells, 27 + 3%.

Inhibition of NF-kB by blacking activation of the IKK complex sen-
sitizes tumour cells to TRALL. [ determine the physiological signif
icance of NF-kB in hoth the regufation ot death receptor signalling
and the sensitivity of tumour cells to TRAIL, we examined the effect
of recombinant heregulin 31 (HRG B1), a ligand that induces HER-
2/nen {c-erbB2)-mediated activation of NF-xB*. Exposure of MCF-
7 hwman breast cancer cells to HRG P increased kI3 DNA-binding
activity in EMSAs {(Fig. 52}, end increased expression of TRAIL-R
{4.2-fald induction relative to an actin control) and TRAIL-R2 {3.0-
fold induction) (¥ig. 5b). However, expasure of MCF-7 cells to HRG
31 also promoted the expression of Bel-x, (3.4-fold induction}, and
renderad them relatively resistanl to TRAIL (Fig, 5d, e}.

Activation of N¥-kB requires the phosphorylation and ubiqui-
tin-mediated degradation of [kBo by the IKK complex, which con-
tains (wo kinases (IKK-cz and TKK-P}, and the regulatory protein
NEMO (NF-kB essential modifier}, A cell-permeable peptide
(NEMO-binding domain (NBE) peptide) that blocks the nterac-
tion of NEMO with the TKK complex inhibits cytokine-induced
NF-kB activation®™. The anti-inflammatory agent, acetyl salicylic
acid {aspiring ASA}, also specifically inhibits the activity of IKK-B%.

Inhibiting activation of the IKK complex by either ASA ar the
wild-type NBL peptide prevented HRG B! -induced loss of TkBot or
activation of NE-kB (Fig. 5a, b}. Exposure of MF-7 cells to either
ASA or wild-type NBD (hut not a mutant NBD peptide) prevented
HRG 1 from either inducing expression of TRAIL-R1, TRAIL-R2
or Bel-x, (Fig. 3b, ¢}. Exposure to either ASA or wild-type NBD
{but not mutant NBD}Y inhibited HRG Bl-mediated protection of
MCEF-7 cells from TRATL-induced apoptosis (Fig. 5d, ¢). These data
indicate that NF-xB promotes expression of bath death receptors
for TRAIL and Bcl-x,, a protein that blocks death signals trans-
duced by TRAIL. The dominant anti-apoptotic effect of Bel-x,
allows NF-kB-activating cytokines, such as HRG 1, to confer pro-
tection against TRALL. Conversely, inhibition of NF-kB afler death
receptar ligation can sensitize rumour cells to TRAIL,
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Figure 5 Inhibition of NF-xB by blecking activation of the IKK complex sensi-
tizes tumour cells to TRAIL. a, EMSA of NF-«B DNAbinding activity in nuclear
extracts of MCF-7 celis exposed fo recombinant heregulin §1 HRG) in the absence
ar presence of either aspirin (ASA; 3 mM), a cellpermeable peptide spanning the
(KK NEMO-hinding domain {wild-type (Wt NBL) ar mutam (Mu NBD); 250 pdd;.
Untreated MCF-7 cells were used as cantrols (Controll. b, ¢, Immunabfot analyses
of TRAIL-RT, TRAIL-RZ, ixBa and Bokx proten expression in MCF-7 cells after expo-
sure to HRG for 12 b (in the absence or presence of either ASA, Wt NB[ or Mu

Discussion

NF-kB has apparently conflicting roles in the regulation of cell sur-
vival in several well-defined physiological systems and pathological
states’™ ¥, Targeted disruption of the RelA subunit of NE-kB results
in massive hepatic apoptosis and the embryonic death of mice™.
RelA deficiency or NE-xB inbibition by phospherylation mutants
of IkBu sensitizes cells to TNF-ct-induced death™. Activation of
NE-%B by co-stimulation of lymphocytes mediates cell survival and
clonal proliferation, and inhibition of NF-KB by TkB mutants pro-
motes activation-induced apoptosis of T cells, and loss of CD8* T
cells in the thymus*,

In contrast to its demonstrated protective role in these studies, NE-
kB can adopt a pro-apoptotic function in other circumstances.
Constitutive activation of NF-kB in mouse embryos through targeted
disruption of IxBot results in a lethal phenotype manifesting thymic
and splenic atrophy™, and high levels of the c-Rel subunit of NIF-xB
arc observed during apoptosis in the developing avian embryo™. NF-
KB has akso been reported to be essential in p33-mediated apoptosis™,
NF-kB exhibits contrasting cffects on neuronal cell survival; while it
protects neurons from [-amyloid-induced death, it promotes cell
death in cerebral ischaemic and neurodegenerative disorders™.
Activation of NF-kB by ischaemic or stress-induced signals, such as
liypoxia or DNA damage, may be protective in some situations and

detrimental in others. These observations raise a fundamental issue of

how NE-xB can have divergent effects on cell survival depending on
the cefl type and the specific activating signal.

Here we have shown that NF-kB induces the expression of both
death receptors (TRAIL-RLTRAIL-R2) and survival genes such as
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NBD), Untreated MOF 7 cells served as controls. d, e, Ualreated ar BRGtreated
MCF-7 cells were exposed to TRAIL {100 ng mit 4+ enhancer antibody 2 mg mi4 in
the absence or presence of either ASA (3 mMj, Wt NBD (250 ni) or Mu NBD (250
oM for 24 1. Representative phatornicragraphs ilustrating the: survival/apoptasis of
MGCF-7 celis in each group are shown in d. Data in e represent the percentage suar-
vival (viable/fapoptotic + viablal) in each cell population (mean) from three inde
pendent pxperimerts.

Bel-x s however, the kB motifs in pro- or anti-apoptotic genes seeim
to exhibit selective affinity for activation by dimers composed of
specific subunits of NF-xB. The varying phenotypes of knockaut
mice lacking individual Rel proteins reveal that the different sub-
units share certain functions, but also perform unique roles that
cahnot he complernented and may even be oppased by other fam-
ity members. As kB sites on certain survival or pro-apoptolic genes
exhibit specific preferences for RelA and ¢-Rel, the balance between
different NI-kB dimers may determine the susceptibility of cells to
diverse stressful stimuli that activate NF-kR,

Although our results suggest that subunit-specific regulation of
death-modulating genes provides & mechanism that may underlie
the scemingly paradoxical effects of NF-kB on cell survival, it is also
conceivable that dimers composed of cither subuntt could have dif-
ferent effects depending on the cell type and the circumstances or
duration of activation. For example, RelA seems able to stimulate
expression of Fas/CD95 (ref. 48), and ¢ Rel can induce expression
of genes such as inducible nitric oxide synthase (INOS), inter-
leukin-2 ov Bfl-1/A1 {refs 33, 34}, which may serve anti-apoptotic
functions. In situations where activity of a particular subunit is
deregulated, it may also adopt a promiscucus abiiity to induce
‘deatl’ or ‘survival’ genes that are not the normal transcriptional
targets, As such, the final celtular response to apoptotic signals may
be determined by the relative activity of different dimers compris-
ing specific subunits, as well as by the duration and leve] of activi-
ty of the particular duners involved.

Identifving approaches that sensitize cancer cells to apoptosis
while concurrently protecting normal tissues might improve the
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Figure & Representation of the molecular determinants of the contrasting
effects of NF-xB on cell survival. TNFinduced aggregation of the death darnains
of TNFR1 enabies recruitment of the adapter protein TRADD (TNFR1-associated
death domain). The death domain of TRADD recruits FADD (Fas-associating protein
with death domain)/Mortl which, in turn, binds and actvates caspase-8, the proxi-
mal member of a cascaile of effector caspases that execute celf death, The
TNFR1-TRADD complex also recruits proteins (TRAFZ and RIP) which signal the
activation of NF-kB. Activation of NF«B protects celfls against TNF-o- or TRAL-
induzed death through induction of pro-survival genes, such as members of the |AP
famity {c-IAPT, c1AP2, XIAP) or the Bel-2 homologues, BfFLAA-1 and Belx, . NF-xB
may also function as a pro-death factor by inducing expression of death receptars
[CD95/Tas, TRAIL-RL/MRA, TRAIL-R2/0R5] which trigger aspase activation and
2poptosis

therapeutic ratio of anticancer agents. Although the activation of
TRAIL-RE/TRAIL-R2 signalling by TRAIL offers a potential mech-
anism of inducing apoptosis in tumours that resist conventional
genotoxic therapy, the therapeutic ratio of this approach depends
on the differential basal expression of death ov decoy receptors and
pro-sirvival proteins i tumour cells and normal tissues™.

Our studies indicate that the composition and activity of NIE-kB
in tumour cells is a key determinant of the expression of TRAIL
receptors or survival proteins and their susceptibility to apoptosis
after ligation with TRAIL. Out data also indicate that TRALL can syn-
ergize with genotoxic agents to eliminate p33-deficient or Bel-2-
overexpressing tumour cells that are otherwise resistant to DNA-
damage-induced apoptosis. However, endogenous or cytokine-

induced activation of the RelA subunit induces Bel-x, and protects
tumour cells from TRALL. Most significantly, our findings indicate
that inhibiting NF-kB after the ligation of death receptors can reduce
Bcl-x,

expression and sensitize tumour cells to TRAIL-induced
The identified roles of NF-kB in death receplor expression
and signalling may aid the rational design of regimens using TRAIL
to climinate tumour cells while sparing normal tissues. [
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RNA extraction and northern blot hybridization.
Total KNA was extracted using ' sanples (200 W) were anabised i ],2%
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Confocal microscopy.
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Appendix 3 - Figure
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