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Abstract of the Dissertation

Studies on p53: From Discovery of Novel Functions to Improving p53-Based Therapies
by
Angelina Vasileva Vaseva
Doctor of Philosophy
in
Molecular and Cellular Biology
(Biochemistry and Cellular Biology)
Stony Brook University
2011

p53 is one of the most important and most frequently mutated tumor suppressors in human
cancers and as such has been intensively studied for a long time. p53, which also has roles
beyond cancer in normal tissues, is a major orchestrator of the cellular response to a broad array
of stress types by regulating apoptosis, cell cycle arrest, senescence, DNA repair and genetic
stability. These diverse actions of p53 rely on its function as a transcription factor, as well as on
its transcription independent cytosolic functions. An example of transcription independent p53
function is the direct mitochondrial p53 pathway where p53 regulates the intrinsic apoptotic
machinery by several direct interactions with members of the Bcl-2 family. Today, an exciting
venue in p53 research is the development of p53-reactivating compounds such as Nutlin for the
treatment of human cancers that retained wtp53. Although Nutlin-type compounds hold great
promise, improvements are still necessary before they can be established in the clinic.

During my dissertation research | conducted three studies related to p53. The first shows
a critical role of the direct mitochondrial p53 pathway during Nutlin-induced apoptosis in wild-
type p53 retaining cancer cells, therefore establishing this pathway as a therapeutically relevant
mechanism in p53-based therapies. My second project identifies the Hsp90 inhibitor 17AAG as a
potent synthetic lethal synergistic partner of Nutlin for treatment of difficult-to kill solid human
tumors. My third project describes a completely novel and exiting function of mitochondrial p53
in inducing tissue necrosis during oxidative stress. Upon such stress, p53 translocates to the
mitochondrial matrix and regulates (induces opening of) the mitochondrial Permeability
Transition Pore by direct interaction with the pore’s essential regulatory protein Cyclophilin D.
This unsuspected new function of p53 impacts brain ischemia-reperfusion injury during stroke in
Vivo.
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A. Domain organization of the p53 protein

The structure of the p53 protein reflects its functional complexity. p53 consists of 393
residues and is active as a homo-tetramer when binding DNA. The N-terminal region includes a
transactivation domain (TAD) followed by a proline-rich region and the central DNA-binding
core domain that is responsible for sequence-specific DNA binding. The DNA-binding domain is
connected to a short tetramerization domain that regulates the oligomerization state of p53. At its
C-terminus p53 contains the so-called regulatory domain, which is rich in basic amino acids

(mainly lysines) and binds DNA nonspecifically.

The N-terminal region of p53 is unfolded and consists of an acidic TAD (residues 1-61)
and a proline-rich region (residues 64-92). The TAD is a binding site for interacting proteins,
such as components of the transcriptional machinery, transcriptional coactivators p300/CBP
(CREB-binding protein), and the negative regulators MDM2 and MDMX (1-3). Since p300 and
MDM2 compete for the same binding site, binding of the negative regulators MDM2 and
MDMX occludes TAD and prevents the coactivator p300 or components of the transcriptional
machinery from binding, thereby regulating the transcriptional activity of p53. The TAD is a site
for multiple posttranslational modifications by several kinases, which also determine the

activation state of p53 (4).



The proline-rich region that links the TAD to the DNA-binding domain in human p53
contains five PXXP motifs. Such motifs bind to SH3 domains (Src homology 3 domains) and
mediate numerous protein-protein interactions in signal transduction. The exact role of the
proline-rich region is not well understood. Mutational studies have determined that this region is
dispensable for tumor suppression, and instead may function as a spacer between the TAD and

DNA-binding domains (5).

The DNA binding domain-DBD (also called core domain) consists of an
immunoglobulin-like B-sandwich. Besides binding to DNA, this domain also participates in
interaction with other proteins through the loops that separate the B-sandwiches in the fold (6).
Most of the cancer-associated naturally occurring p53 mutations are found in DBD and disturb
the interaction of p53 with DNA, therefore impairing its ability to activate target genes and exert
tumor suppressive functions. Of note, these mutations also disturb interactions with Bcl-2 family
members. Thus, DBD mutations appear to be double hit mutations simultaneously inactivating

both the nuclear and the mitochondrial tumor suppressive activities of p53 (6).

The tetramerization domain of p53 is located in the C-terminal region and spans residues
325-356. It consists of a short B-strand and a-helix and is followed by the extreme C-terminus.
The C-terminal region of p53 is subject to extensive posttranslational modifications, including
acetylation, ubiquitination, phosphorylation, sumoylation, and methylation that regulate p53
function and cellular levels (4). The extreme C-terminus binds to DNA nonspecifically, which

inhibits specific DNA binding of the core domain, thereby creating a negative autoregulation.



B. p53 as a transcription factor

Numerous genes have been discovered as transcriptional targets of p53, regulating
multiple cellular processes such as cell death, cell cycle, senescence, DNA repair etc. Most of
these genes have been considered to mediate the tumor suppressive functions of p53. However,
recently it was recognized that p53 is also important for normal biological events in unstressed
tissues, such as metabolism, reproduction, and various aspects of differentiation and

development.

1. Regulation of apoptosis

Many models consider that apoptosis induction is an essential function of p53 as a tumor
suppressor. Loss of p53-dependent apoptosis accelerates brain tumorigenesis in mice (7) and
promotes lymphomagenesis in Eyu-Myc mice (8) without the need to inactivate p53 itself. Several
Bcl-2 family proteins were discovered as critical mediators of p53-dependent apoptosis. The first
identified was BAX, a crucial mediator of the mitochondrial apoptotic machinery, which upon
stimuli forms dynamic lipid pores on the outer mitochondrial membrane that enable the release
of apoptogenic factors (9). In a brain tumor model, loss of BAX causes accelerated tumor growth

due to loss of p53 (10). BAX mediates p53-dependent apoptosis induced by 5-FU in colorectal
4



cancer cells (11). However, BAX is dispensable for apoptosis induced by y-irradiation in
thymocytes and intestinal epithelial cells and in many tissues BAX induction is not strictly
dependent on p53 (12). The BH3-only proteins PUMA and Noxa that belong to the Bcl-2 family
have also been described as critical mediators of p53 pro-apoptotic functions. Both proteins are
activated in a p53-dependent manner following DNA damage (13-15) but are also induced by
other pathways. Induction of PUMA by p53 is necessary for the apoptotic response in many
tissues (16) and PUMA knockout mice recapitulate the acute apoptosis deficiencies observed in
p53 knockout mice (17, 18). Noxa knockout mice also exhibit impaired apoptosis, albeit to a

much lower extent (18).

At the same time, studies have also suggested that besides induction of apoptosis, other
functions of p53 may be equally important to prevent cancer development. For example, despite
the fact that in many tissues p53-mediated induction of PUMA is necessary for the acute
apoptotic DNA damage response to p53 activation, PUMA null mice do not develop tumors (16,
19). Furthermore, mice harboring a specific p53 mutant (R175P) which is devoid of apoptotic
functions are still protected from tumor development compared to p53 null littermates (20).
Thus, p53 can retain tumor suppressive functions even in the absence of a robust apoptotic

response.

2. Regulation of cell proliferation and growth

Other targets of p53 that were shown to contribute to tumor suppressive functions are
genes that participate in regulation of cell proliferation and growth. Indeed, the most sensitive

p53 transcriptional target is the cyclin-dependent kinase inhibitor p21, which blocks cell



proliferation by causing cell cycle arrest at the G1/S transition of the cell cycle. The induction of
p21 expression is extremely sensitive to even low levels of p53 protein, and a temporary G1
block, induced by mild damage or stress might allow cells to survive until the damage has been
resolved or the stress removed, therefore preventing accumulation of oncogenic lesions (21, 22).
However, it was proposed that this might be a risky strategy, since a cell with oncogenic damage
that cannot be repaired would be allowed to survive and resume proliferation. Other p53 targets
that also contribute to cell cycle arrest especially at the G2/M border are 14-3-3 sigma and

GADD45 (23).

Another p53-mediated cellular response to stress is senescence, an irreversible cell cycle
arrest. Irreversible senescence induced by DNA damage and oncogene activation could be a
more desirable outcome of p53 activation for inhibition of tumor initiation and/or progression
than reversible cell cycle arrest. Studies have demonstrated that senescence is an important
response to p53 activation, even in established tumors (24, 25). In mouse models, senescence
induced by reactivation of p53 and subsequent engagement of the immune system can result in
tumor clearance (24). Although not yet well established, several genes regulated by p53 are
thought to mediate the senescence response. Some candidate genes include plasminogen

activator inhibitor 1 (PAI-1) (26) and p21 (27).

3. Regulation of ROS

In addition to eliminating damaged cells, p53 can also contribute to cell survival. These
functions of p53 are also associated with its tumor suppressor activity. For example, many

antioxidant genes are activated by p53 to suppress endogenous ROS production. Among those



are Sestrins, Catalase, Manganese Super Oxide Dismutase, TIGAR etc (28). The activity of these
genes is critical for protection from lower levels of oxidative stress, transformation and genomic
instability. Conversely, upon severe stress p53 target genes such as the quinone oxidoreductase
homolog TP5313 (also known as PIG3) are involved in the generation of ROS to promote
induction of cell death (28). Therefore, depending on the conditions p53 can activate seemingly
opposing cellular processes, which in both cases would mediate its tumor suppressive activities
either by preventing the accumulation of oncogenic lesions or by eliminating damaged cells

through cell death or senescence.

4. Regulation of metabolism

Changes in cell metabolism also play a vital role in supporting tumor development.
Cancer cells engage in reprogramming metabolic pathways that provides them with many
benefits, including the ability to survive under unfavorable conditions (such as low oxygen and
starvation), the ability to utilize anabolic pathways necessary for growth, and the ability to limit

oxidative damage.

Starvation causes p53 stabilization. This in turn activates a set of genes which negatively
regulate the kinase mTOR (mammalian target of rapamycin), which has a central positive role in
the control of protein synthesis (28). Additionally, upon starvation p53 target genes such as the
lysosomal protein DRAM (damage-regulated autophagy modulator) can promote autophagy, a
process during which damaged proteins and organelles are eliminated, thereby promoting short-
term cell survival under starvation conditions (29). Autophagy can also be regulated through

negative regulation of mTOR signaling.



Additionally, several studies have shown that p53 has a role in the regulation of both
glycolysis and oxidative phosphorylation. p53 can slow glycolysis and therefore counteract the
increase in glycolysis that is characteristic of cancer cells. These functions of p53 are the result
of its ability to inhibit the expression of the glucose transporters GLUT1 and GLUT4 and
decrease the levels of phosphoglycerate mutase (PGM), while increase the expression of TIGAR
(30), all of which result in suppressing glycolysis at various steps of the glycolytic pathway.
While not yet clear exactly how, p53 can also indirectly inhibit glycolysis through modulating

NFkB pathway (31).

5. Inhibition of angiogenesis

p53 also exerts tumor suppressor effects through inhibition of new blood vessel
development (angiogenesis). p53 has been shown to limit angiogenesis by at least three
mechanisms: (1) by modulating regulators of hypoxia that mediate angiogenesis. p53 promotes
Mdm2-mediated ubiquitination and proteasomal degradation of the HIF-1o subunit of hypoxia-
inducible factor 1 (HIF-1), a heterodimeric transcription factor that regulates cellular energy
metabolism and angiogenesis in response to hypoxia (lack or low levels of oxygen). (2) By
inhibiting production of angiogenic factors, such as negatively regulating the expression of
vascular endothelial growth factor/vascular permeability factor (VEGF/VPF), a factor that
stimulates the proliferation of endothelial cells. (3) by directly increasing the production of
endogenous angiogenesis inhibitors. For example, p53 can stimulate the expression of
thrombospondin-1 (TSP-1) gene trough positive regulation of TSP-1 promoter sequences. TSP-1

is a large, multifunctional matrix glycoprotein, which is a potent inhibitor of neovascularization



(32). The combination of these effects allows p53 to efficiently inhibit the angiogenic potential
of cancer cells. This is evident in tumors carrying inactivating p53 mutations, which appear more

vascularized and are often more aggressive.

6. Regulation of DNA repair

Besides reducing endogenous ROS, which can reduce DNA lesions and therefore
maintain genomic stability and prevent tumorigenicity, p53 was shown to directly regulate DNA
repair. A gene target of p53 called p53-inducible ribonucleotide reductase small subunit 2
(p53R2) encodes a protein similar to the R2 subunit of an enzyme that catalyzes the production
of deoxyribonucleotide triphosphates (ANTPs). Therefore, p53 is able to regulate the synthesis of

dNTPs, necessary during DNA-repair (33).

7. Functions of p53 not associated with tumor suppression

It is increasingly recognized that p53 also possess functions distinctive from its tumor
suppressor functions. A role of p53 in negatively regulating stem cell renewal has been described
by several studies. For example, p53 can limit the self-renewal of adult neural stem cells most
likely through regulation of p21 expression (34, 35). Also, p53 can modulate quiescence in
hematopoietic stem cells through direct targeting of the Gfi-1 and Necdin genes, which are

important for regulation of cell cycle progression in hematopoietic stem cells (35).

p53 also represses the expression of CD44 cell surface proteins involved in regulating

cell migration and survival (36). Because basal levels of p53 control CD44, this function of p53



most likely does not contribute to tumor suppression, but rather suggests that p53 would be
involved in regulating normal functions of CD44, such as epithelial development or stem cell
renewal. In other studies, p53 has been shown to contribute to maternal reproduction in mice by
directly regulating the expression of leukemia inhibitory factor (LIF), a protein required for

blastocyst implantation (37).

10



C. Regulation of p53 cellular levels and activity

Normally, p53 protein is maintained at very low levels due to constant degradation via
ubiquitin-mediated proteolysis, a process where several copies of the small protein ubiquitin are
attached to the protein that is destined for degradation, a process called poly-ubiquitination. The
attached ubiquitin chain acts as a signal, enabling p53 to be detected by the proteasome, where
protein digestion occurs. The MDM2 (mouse double minute 2) protein is the major ubiquitin E3
ligase involved in tagging p53 with ubiquitin. Disruption of the interaction between MDM2 and
p53 or deletion of MDM2 results in rapid p53 stabilization and dramatic increase in p53 protein
levels. Stabilized p53 translocates to the nucleus where it activates target genes. This process is
subject to a negative feedback loop, since one of the genes whose transcription is activated by
p53 is MDM2 itself. MMDM2 also directly inhibits p53 binding to targeted DNA sequences,

thereby directly inhibiting p53’s transcriptional function (38).

Another important regulator of p53 levels and activity is the protein MDMX. MDMX
shows high similarity to MDM2; however it does not possess its own ubiquitin ligase activity.
The most widely accepted model suggests that MDMX plays a major role in inhibiting the

transcriptional activities of p53, as it has been detected at p53-responsive promoter elements. It

11



has been also suggested that MDMX plays a role in promoting MDM2 E3 ligase activity toward

p53 via MDM2 hetero-oligomerization, thereby indirectly controlling p53 levels as well (38).

Several pathways lead to p53 stabilization. One pathway is activated upon DNA damage
following ionizing irradiation. Two protein kinases play central roles: ATM (ataxia telangiectasia
mutated) and Chk2. ATM activity is stimulated by double-strand breaks, and Chk2 is in turn
stimulated by activated ATM. They phosphorylate p53 at amino-terminal sites that are close to
the MDMZ2-binding region, thereby blocking its interactions with MDM2 and leading to
stabilization of p53 (39). The second pathway activating p53 involves the expression of
oncogenes such as Ras and Myc in the absence of DNA damage. These oncogenes stimulate the
transcription of the p14ARF gene or stabilization of the p14ARF protein, which then binds to
and inhibits MDM2. A third classical pathway is activated during UV-exposure, where ATR
(ataxia telangiectasia related) plays a central role. Many other kinases can also modify p53,
MDM2 or MDMX (for example AKT, PI3K, p38 MAPK, ERK MAPK, c-Abl etc.), providing
additional pathways for activation of p53 signaling in the absence of DNA damage or oncogene
activation, such as during starvation, hypoxia, oxidative stress, response to chemotherapeutic
drugs, kinase inhibitors etc. (38). Numerous other modifications such as acetylation, sumoylation
and monoubiquitination of lysine residues on p53, MDM2 and MDMX have also been described
as important determinants for their activities and add tremendous complexity to the tight

regulation of the p53 signaling pathway.
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D. Mitochondria mediated cell death

Two modes of cell death can be mediated via mitochondria. The first is the intrinsic
apoptotic cell death pathway that is regulated by Bcl-2 family members and induced by various
stimuli. The second, regulated by the so-called mitochondrial permeability transition pore (PTP),

is a regulated necrotic pathway and is activated upon Ca** overload or ROS.

1. Regulation of the intrinsic apoptotic pathway by Bcl-2 family members

Bcl-2 (for B-cell lymphoma 2) family members are proteins that mediate mitochondrial
outer membrane permeabilization (MOMP), thereby allowing the release of apoptogenic factors
from the intermembranous mitochondrial space. These factors in turn activate a cascade of
signals ultimately leading to the activation of effector caspases, proteases with a central role in
the execution of cell death. Characteristic of Bcl-2 family proteins is the presence of Bcl-2
homology domains (BH). Functionally, they are divided into anti-apoptotic and pro-apoptotic
members. The anti-apoptotic members such as Bcl-2, Bcl-xL and Mcl-1 contain BH1, BH2, BH3

and BH4 domains. The proapoptotic members fall into two subclasses: (i) the ultimate MOMP
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effectors Bax and Bak containing BH1, BH2 and BH3 domains, and (ii) the BH3-only class,
which carries a single BH3 domain. Upon activation, Bax and Bak insert into the outer
mitochondrial membrane and oligomerize to presumably form dynamic lipid pores that release
the lethal proteins from the mitochondrial intermembranous space. BH3-only proteins (more than
a dozen exist) fall into two subgroups - ‘activators’ and ‘derepressors’, according to how they
trigger apoptosis. Activators (tBid and Bim) trigger MOMP by direct stimulation of Bax and Bak
oligomerization, while derepressors such as Puma, Noxa and Bad inhibit the anti-apoptotic Bcl-2
family members to release pro-apoptotic members from their inhibition (e.g. Bax or tBid from

Bcl-xL and Bak from Mcl1) (40).

2. Permeability Transition Pore (PTP)

The protein composition of PTP is not yet fully defined but one of the models suggests
that it encompasses proteins from the outer mitochondrial membrane (OMM) (such as Voltage
Dependent Anion Channel, VDAC), the inner mitochondrial membrane (IMM) (such as Adenine
Nucleotide Translocase, ANT) and the mitochondrial matrix (e.g. Cyclophilin D, CypD) (40).
VDAC is a structural component, while ANT and Cyclophilin D are thought to have regulatory
functions. VDAC and ANT do not always seem to be essential and may be redundant (41-43),
but CypD has a genetically proven crucial regulatory role (44-47). PTP opening causes massive
influx of ions that dissipates the IMM potential AW, necessary for normal mitochondrial
respiration and ATP production, thereby causing a bioenergetic catastrophe. Moreover, rapid
influx of water causes swelling of the mitochondrial matrix, rupture of the rigid OMM and

importantly, release of all sequestered apoptogenic factors. This sudden increase of inner
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membrane permeabilization is called mitochondrial permeability transition (mPT) and plays an
important role in necrosis and apoptosis. mPT is triggered by mitochondrial sequestration of
high levels of calcium and is regulated by factors such as low ATP levels and high levels of
ROS. PTP opening and mPT occur during myocardial infarction and stroke and currently,
inhibitors of PTP (and more specifically of CypD) such as non-immunosuppressive Cyclosporine

A derivatives are undergoing preclinical evaluations (40).
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E. The mitochondrial p53 pathway

Besides being a transcriptional factor, p53 has well-established and important
cytoplasmic functions. One of them is the direct mitochondrial p53 pathway. In response to a
stress signal, cytoplasmic p53 accumulates and rapidly translocates to mitochondria where it
interacts with members of the anti- and pro-apoptotic Bcl-2 family members to either inhibit or
activate them. This direct action of p53 results in robust mitochondrial outer membrane
permeabilization (MOMP), unleashing the enzymatic apoptotic machinery of caspases and

chromatin degradation.

1. p53 translocates to mitochondria upon various stress stimuli

The first hint of a transcription-independent apoptotic activity of p53 dates back to 1994-
1995, when it was demonstrated that p53-dependent apoptosis occurred in the presence of
transcriptional or translational inhibitors, and that p53 truncation mutants lacking transcriptional
activity can still trigger apoptotic function (48, 49). Later studies suggested that direct p53

signaling is participating in regulating caspase activity (50, 51). However, these studies did not
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provide any mechanistic explanation and until the beginning of the new century the novel,

transcription-independent proapoptotic function of p53 remained enigmatic.

The breakthrough study that first showed a direct role of p53 in mitochondrial apoptosis
came from our lab, demonstrating that during p53-dependent apoptosis, a fraction of stress-
stabilized wild-type p53 rapidly translocates to the mitochondrial outer membrane. p53
translocation precedes changes of mitochondrial membrane potential, cytochrome c release and
caspase activation (52). As definitive proof, a mitochondrially targeted p53 fusion protein that
bypasses the nucleus and has no residual transactivation function was able to induce apoptosis
and long-term growth suppression nearly as efficiently as conventional p53 when expressed in
several p53-null cancer cell lines (6, 52). Subsequent studies from our lab established that
mitochondrial translocation of endogenous wtp53 occurs during the full spectrum of p53-
activating cellular stress categories (various types of DNA damage, hypoxia, oncogene
deregulation, oxidative damage) in different cell types (human and mouse; primary, immortal
and malignant; epithelial, mesenchymal and lymphoid/myeloid) (53-55). This translocation
occurs during p53-dependent apoptosis but not during p53-induced cell cycle arrest or p53-

independent apoptosis (52-55).

2. Direct interaction with Bcl-2 family members

Mitochondrially translocated p53 interacts directly with several members of the Bcl-2
family. In response to stress, wtp53 interacts with and neutralizes the anti-apoptotic members
Bcl-xL and Bcl-2. This interaction stimulates MOMP and subsequent apoptosis (6) and is

associated with disruption of inhibitory complexes between Bcl-xL or Bcl-2 with MOMP
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inducing members (i.e. BH3-only and Bax/Bak) that pre-exist in unstressed cells (6, 56). Indeed,
purified p53 is able to displace tBid and Bax from inhibitory complexes formed with Bcl-xL in
vitro (57). Only the p53 core domain but not its amino-and carboxyterminal regions interact (58).
Significantly, despite high levels of stabilized mutant p53 protein constitutively present at
mitochondria, missense mutant p53 proteins are defective in forming complexes with Bcl-xL/2

(6, 56).

The core domain of mitochondrial p53 also directly interacts with pro-apoptotic Bak,
which constitutively resides in the outer mitochondrial membrane (6, 59). This interaction
liberates Bak from pre-existing inhibitory complexes with the anti-apoptotic Mcl-1 protein (59).
Similarly to Bcl-xL/2 interactions, conserved residues of the p53 core domain participate in

stable Bak interaction (60).

Although a stable p53-Bax interaction was not observed, p53 is able to directly activate
Bax in the absence of other proteins (57). Recombinant p53 and Bax proteins together (but
neither of them alone) trigger the permeabilization of model liposomes whose lipid composition
mimics that of mitochondrial inner/outer membrane contact sites. This is accompanied by Bax
insertion into liposomes and Bax oligomerization, and is most likely due to a “hit and run”
mechanism, involving a conformational change of Bax but not a stable interaction between Bax

and p53 (57).

3. Mono-ubiquitination of cytoplasmic p53 promotes mitochondrial translocation

An important question is how translocation of p53 to mitochondria is regulated. In light
of two pertinent negatives, i.e. the absence of a mitochondrial translocation motif within the p53
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polypeptide sequence and the fact that N- and C-terminal phosphorylation/acetylation
modifications play no major role in mitochondrial targeting of p53 (61), our group went on to
show that (multi)mono-ubiquitination of p53 promotes its targeting to mitochondria.
(Multi)mono-ubiquitination has been implicated in processes other than proteosomal destruction
of important proteins such as Foxo4 and PTEN, in particular as a signal for intracellular
trafficking between compartments (62, 63). (Multi)mono-ubiquitinated proteins are stable, since
efficient proteasomal degradation minimally requires a multiubiquitin chain that is at least 4
subunits long per individual lysine residue (64). Importantly, the source of mitochondrially
translocated p53 is a separate and distinct stress-stabilized p53 pool in the cytoplasm.
Cytoplasmic Mdm2 acts as an E3 ligase but not as a physical shuttler of p53. Upon arrival at
mitochondria, p53 undergoes rapid de-ubiquitination by mitochondrial HAUSP via a stress-
induced mitochondrial p53-HAUSP complex, which generates the apoptotically active non-
ubiquitinated p53. Taken together, a distinct cytoplasmic pool of mono-ubiquitinated p53,
generated as intermediary in resting cells by basal levels of Mdm2 and similar E3 ligases, is
subject to a rapid action binary switch from a fate of inactivation via polyubiquitination and
degradation in unstressed cells, to a fate of activation via mitochondrial trafficking ((65) and

reviewed in (66)).

4. The mitochondrial p53 pathway in pathophysiology

The relevance of the direct mitochondrial p53 program to the overall p53-mediated stress
response in vivo is underlined by some recent studies in animals and supports a role in the

pathophysiologic response to genotoxic, hypoxic and specific toxic insults.
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Acute radiation response

In mice exposed to whole body y-irradiation (5 or 10 Gy) or a single injection of a
clinical dose of etoposide, mitochondrial p53 accumulation occurs in radiosensitive organs such
as thymus, spleen and testis, but not in radioresistant organs like liver and kidney. In
radiosensitive organs mitochondrial p53 translocation is rapid (detectable at 30 min in thymus
and spleen) and triggers a p53-dependent first wave of caspase -3 activation within the first hour,
followed by an early wave of apoptosis (detectable at 2 hrs in thymus), which precedes p53
target gene activation. Thus, in radiosensitive organs mitochondrial p53 accumulation in vivo
triggers a rapid first wave of apoptosis that is transcription-independent, followed by a slower

wave that is transcription-dependent and mediated by its target genes (67).

Brain injury

Evidence for an important role of the mitochondrial p53 death pathway in ischemic and
oxidative cerebral injury is also emerging: Mitochondrial - rather than nuclear - accumulation of
p53 in hypoxia-sensitive hippocampal CAL neurons strongly correlates with CA1 cytochrome C
release and neuronal death within the first 24 hrs in a transient global cerebral ischemia model in
rat (68, 69). In C6 glioma cells and primary rat astrocytes exposed to oxidative stress, p53 levels
rise and localize primarily at mitochondria, coinciding with caspase-3 activation and apoptosis

(70). Conversely, a neuron-protective effect from ischemic pre-conditioning correlates with
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suppressed mitochondrial p53 translocation during subsequent ischemia-reperfusion challenge
(71). Genetic studies with p53 knockout mice (currently three such studies have been reported)
show contradicting and perplexing results. In one study with mice subjected to middle cerebral
artery occlusion, attenuation of p53 offer protection against brain injury. However, mice with
heterozygous deletion for p53 show better protection than p53 null mice (72). In another study,
following transient global cerebral ischemia, hippocampal neuronal death was also dependent on
gene dose with p53 null mice showing the highest protection (73). In the third study, after middle
cerebral occlusion, brain injury was surprisingly bigger in p53 +/- and p53 -/- mice compared to
WT mice, suggesting a protective role for p53 (74). Different factors could explain these
seemingly contradicting results, such as mouse strains used, severity of stress etc. At any rate, it
is clear that p53 plays a critical role during ischemic brain damage, and further studies are

needed to define this role.

Ischemia-reperfusion injury of the kidney

Another pathophysiological setting where the mitochondrial p53 program likely
contributes to apoptosis is ischemia-reperfusion injury of the kidney. This injury is modeled by
transient bilateral renal artery occlusion and is characterized by death of tubular epithelial cells,
mainly in the proximal convoluted portion. It is documented that p53 is a critical mediator of
tubular epithelial cells death (75, 76). In injured tubules, p53 stabilization is to a large extent
cytoplasmic rather than nuclear, strongly co-localizes with mitochondria and correlates with

apoptosis of tubular cells (76). Inhibition of mitochondrial p53 translocation, rather than its
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nuclear functions, prevents tubular death and renal function in mice (76). This supports a critical

role of mitochondrial p53 during ischemia-reperfusion injury of the kidney.

Liver injury

A study by Leu et al. proved a critical role of mitochondrial p53 during genotoxic stress-
induced cell death in the liver. The study showed that activated p53 transcriptionally induces the
IGFBP1 prosurvival factor, which in part translocates to mitochondria and binds to Bak. This
impairs the mitochondrial p53 activity by preventing its binding to Bak. IGFBP1-/- liver shows
spontaneous apoptosis associated with mitochondrial p53-Bak complexes. Conversely,
overexpression of IGFBP1 attenuates the apoptotic response to cisplatin and doxorubicin even in
non-hepatic cells. Importantly, treatment with PFTu (which selectively inhibits p53
mitochondrial function without interfering with p53’s transcription function) significantly

reduces cisplatin-induced liver cell death (77).

Additionally, the often fatal liver ‘necrosis’ that occurs after acAmanitin poisoning by the
mushroom Amanitis phalloides is overwhelmingly due to the mitochondrial p53 program.
aAmanitin is a potent transcriptional inhibitor by blocking RNA polymerase 11, but Kills cells by
inducing mitochondrial p53 translocation and p53-dependent MOMP in liver and other cells (53,
77). Accordingly, p53-/- or Bak-/- mice are largely protected from aAmanitin-induced liver

damage, while WT mice undergo organ destruction (77).
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F. p53 based therapies and Nutlin

Strategies to treat cancer by restoring p53 function are a highly promising field. In tumors
with loss of p53 function, which is an extremely common clinical situation, sustained
inactivation of the p53 tumor suppressor pathway is required for tumor maintenance. This
concept was recently proved by several conditional mouse models, where restoration of p53
function led to tumor regression in vivo, either via induction of apoptosis or senescence
programs, depending on the tumor type (24, 25, 78). Therefore big efforts are focused on
developing small molecules that could restore p53 functions in tumors. Small molecules such as
CP-31398 (Pfizer) and PRIMA structurally rescue tumor-derived p53 mutant proteins.
Alternatively, in tumors retaining wild-type p53, compounds such as Nutlin (Roche) or RITA
activate wtp53 by liberating it from its inhibitory MDMZ2 interaction. Another important venue

focuses on supplying ‘conventional’ wtp53 via adenoviral type 5 delivered gene therapy (79-83).

Nutlin is a potent and highly selective imidazoline-based MDM2 inhibitor. It blocks
MDM2-mediated p53 degradation and transcriptional repression, thereby leading to non-
genotoxic p53 stabilization and activation of growth arrest and apoptosis (84-86). Nutlin

promotes cell death in cultured leukemia cells, select osteosarcoma cells and their xenografts
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(87, 88). It is currently undergoing Phase I and Il clinical trials for hematologic and some solid
malignancies in combination with conventional chemotherapeutics (86, 87). However, its clinical
development has been plagued by a major roadblock that became apparent in most solid cancers.
Although Nutlin efficiently induces transient cell cycle arrest, pre-clinical and clinical data from
a wide array of solid tumors indicates that it is inefficient in inducing definitive apoptosis (89-
91). Thus, how to convert Nutlin from a cytostatic to a cytotoxic drug has become an intense
research topic. One of the venues into this direction focuses on identifying synthetic lethal

partner drugs in order to design combinatorial therapies.

Robust upregulation of Nutlin-induced p21, concomitant with attenuated expression of
pro-apoptotic genes, has been thought to be a major reason why many tumors merely undergo
reversible growth arrest rather than apoptosis upon Nutlin (89-91). Alternatively, and not
mutually exclusive, p53 inhibition by the remaining MDMX was proposed as a cause for
apoptosis resistance after Nutlin (92). Although MDMX is highly homologous to MDM2,
Nutlin is inefficient in interrupting the transcription repressive MDMX-p53 complex, which
prevents p53 transcriptional activity in numerous cancer cell lines (92-95). Indeed, knock-down
of MDMX by RNAI renders Nutlin more efficient in promoting apoptosis of cultured tumor cells
(94, 96). Therefore, concomitant inhibition of MDMX and MDM2 could prove to be the better
therapeutic strategy. Currently, pharmacological inhibitors of MDMX are not available and their

development is a necessity.

During my dissertation research | have conducted 3 different projects in the p53 field.
The first aimed to determine what if any role the mitochondrial p53 program might play during
Nutlin-induced apoptosis. | show that Nutlin causes cytoplasmic p53 accumulation and

translocation to mitochondria. Additionally, Nutlin does not interfere with MDM2’s ability to
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monoubiquitinate p53, due to the fact that MDM2-p53 complexes are only partially disrupted
and that Nutlin-stabilized MDM2 retains its E3 ubiquitin ligase activity. Nutlin-induced
mitochondrial p53 translocation is rapid and associated with cytochrome C release that precedes
induction of p53 target genes. Specific inhibition of mitochondrial p53 translocation by Pifithrin
u reduces the apoptotic Nutlin response, underlining the significance of p53’s mitochondrial
program in Nutlin-induced apoptosis. Surprisingly, blocking the transcriptional arm of p53,
either via aAmanitin or the p53-specific transcriptional inhibitor Pifithrin o, not only fails to
inhibit, but greatly potentiates Nutlin-induced apoptosis. Thus, the direct mitochondrial p53
program significantly contributes to Nutlin-induced apoptosis at least in certain cell/tumor types

and likely is a therapeutically relevant mechanism in p53-based therapies.

In my second project | show that the apoptotic efficiency of Nutlin for solid tumor cells
in vitro and in xenografts is synergistically enhanced when combined with the non-genotoxic
Hsp90 inhibitor 17AAG. The Hsp90 chaperone complex is highly upregulated in tumors and
cancer cells are addicted to Hsp90 for their survival. I demonstrate that in multiple difficult-to-
kill solid tumor cells 177AAG modulates several critical components that synergize with Nutlin-
activated p53 signaling to convert Nutlin’s transient cytostatic into a permanent cytotoxic killing
response. 17AAG destabilizes MDMX, reduces Nutlin-induced MDM2 expression, while it
enhances PUMA and inhibits oncogenic survival pathways like PI3K/AKT that counteract p53
signaling at multiple levels. Mechanistically, 17AAG interferes with the repressive MDMX-p53
axis by inducing robust MDMX degradation, thereby markedly increasing p53 transcription
compared to Nutlin alone. Finally, the drug combination stabilizes human xenograft tumors in

mice, while both of the drugs alone fail to do so. In sum, Nutlin+17AAG represent the first
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effective pharmacologic knockdown of MDMX. Thus, my study identifies 17AAG as a

promising synthetic lethal partner for a more efficient Nutlin-based therapy.

My third project describes a novel and surprising function of mitochondrial p53. It shows
that during oxidative stress mitochondrial p53 regulates the mitochondrial Permeability
Transition (mPT) to induce programmed cell necrosis. | find that in contrast to the prototypical
MOMP-inducer tBid, purified p53 protein regulates the PTP pore independently of Bax and Bak
in isolated mitochondria. Treatment of primary and cancer cell lines with hydrogen peroxide
(H20,), the classic oxidant to study cellular responses to oxidative stress, induces rapid
translocation of p53 to the mitochondrial matrix, where p53 interacts directly with the obligatory
PTP-regulatory protein Cyclophilin D (CypD), but not with VDAC or ANT. Both p53 and
CypD-deficient cells show reduced sensitivity to H,O,-induced PTP opening and cell death.
Blocking p53 transcriptional activity does not prevent mPT, indicating transcription-independent
regulation of PTP by p53. Conversely, mitochondrial targeting of p53 increases mPT and cell
death caused by H,0,, independently of Bax and Bak but in a CypD-dependent manner. Necrotic
rather than apoptotic cell death occurs, as measured by viability assays, electron microscopy,
HMGBL1 release and TUNEL assay. Therefore my results for the first time demonstrate an
important additional function of mitochondrial p53: regulation of mitochondria permeability and
necrotic cell death during oxidative stress. Intriguingly, mice experiments further implicate this

function of p53 during brain ischemia reperfusion injury.

26



1. Results
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A. The transcription-independent mitochondrial p53 program is a major contributor to

Nutlin-induced apoptosis in tumor cells

In ML-1 and RKO cells, Nutlin stabilizes p53 protein, induces p53 transcriptional activity
and causes significant apoptotic response. Nutlin was previously shown to induce apoptosis in
a subset of cancer cell lines that harbor wt p53 (86, 89, 97). The effect of Nutlin in the myeloid
leukemia cell line ML-1 and the colorectal cancer cell line RKO was tested. p53 accumulation in
crude extracts was detectable by Western blotting as early as 1 hour after Nutlin treatment
(Figure 1A). Induction of the p53 transcriptional targets MDM?2 and p21 started at 3 hours and
peaked at 8 hours after addition of Nutlin (Figure 1A). Results are shown for the ML-1 cell line.
To detect the apoptotic response of these cell lines, two approaches were used. First, the cells
were treated with 10 uM Nutlin for different time points up to 24 hours. Lysates were prepared
and analyzed for PARP cleavage using Western blotting. ML-1 cells exhibited significant PARP
cleavage between 6 and 8 hours after Nutlin treatment (Figure 1A). RKO cells had less
pronounced apoptotic response and detectable PARP cleavage at 24 hours (data not shown). In
addition, the cells were treated with 10 uM Nutlin for 24 hours and processed for TUNEL

staining (Figure 1B).
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Figure 1B shows that 24 hours after Nutlin treatment of ML-1 cells, 76% of the cells were

positive for TUNEL staining, indicating the robust apoptotic response of these cells.

Nutlin causes p53 accumulation in both nucleus and cytoplasm and does not interfere with
mono-ubiquitination of cytoplasmic p53. As discussed, our group previously showed that after
stress, a pool of cytoplasmic p53 is mono-ubiquitinated by MDM2 and translocates to
mitochondria (65) . Once at mitochondria, mono-ubiquitinated p53 is deubiquitinated by local
HAUSP to induce outer mitochondria membrane permeabilization by interaction with Bcl-2
family members. Nutlin treatment of ML-1 and RKO cells resulted in significant accumulation
of p53 protein in both nucleus and cytoplasm (Figure 2A). As a consequence of p53
transcriptional activity in the nucleus, the protein levels of MDM2 were also elevated in both
nucleus and cytoplasm (Figure 2A). Importantly, the levels of mono-ubiquitinated p53 protein in
the cytoplasm were not affected by the presence of Nutlin (Figure 2B). A previous study by
Vassilev et al showed that Nutlin-induced MDM2 retains its ubiquitin ligase activity and thus
facilitates the degradation of MDMX (97). Since the ligase activity of MDM2 is not affected by
Nutlin, our results also suggest that MDM2 is still able to mono-ubiquitinate p53 in the presence
of Nutlin. Furthermore, co-immunoprecipitation experiments showed that the MDM2-p53
complex was partially disrupted by Nutlin (Figure 2C). Lysates from RKO cells treated with 10
uM Nutlin for 6 hours were used. In the presence of Nutlin, MDM2 co-immunoprecipitated with
p53 was readily detected, albeit reduced compared to the MDMZ2 input (Figure 2C left, compare
much higher MDMZ2 levels in treated versus untreated cells, but the same amount of co-
precipitated p53). The same was true for the inverse experiment, where the amount of p53 co-
immunoprecipitated with MDM2 was compared to p53 input (Figure 2C right). Together, these

results suggest that the remaining low levels of complexes between MDM2 and p53, although
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insufficient for mediating p53 poly-ubiquitination and destabilization, are sufficient for

mediating p53 mono-ubiquitination which then promotes p53 trafficking to mitochondria.

Nutlin treatment induces accumulation of p53 in mitochondria. Several studies have implied
that Nutlin induces mitochondrial functions of p53 (98, 99). However, there has been no clear
evidence for mitochondrial translocation of p53 after Nutlin treatment. Nutlin induced significant
mitochondria accumulation of p53 in both MI-1 and RKO cells (Figure 3A). Importantly, this
translocation occurred as early as 1 hourr after adding the drug and gradually increased with time
(Figure 3B). Release of Cytochrome C from the mitochondrial fraction was observed even 1
hour after treatment, coinciding with p53 translocation. Cytochrome C release is an indication
for mitochondrial outer membrane permeabilization and is one of the earliest hallmarks of
mitochondria-mediated apoptosis. As seen in Figure 1 and as published by other authors, Nutlin
treatment upregulated transcriptional targets of p53 at the earliest at 3 hours. These results
indicate that p53 translocation to mitochondria precedes the induction of p53 transcriptional

targets during Nutlin- induced apoptosis.

Inhibition of p53 mitochondrial translocation by PFTp significantly alters Nutlin induced
apoptosis. PFTp is a small molecule inhibitor that inhibits p53 association with mitochondria by
reducing the affinity of p53 to the Bcl-2 family members Bcl-2 and BCL-xL or BAK (77, 100).
This inhibitor has been shown to rescue cells and mice from lethal doses of irradiation or DNA
damaging agents (77, 100). We used this inhibitor to determine the contribution of mitochondrial
p53 during Nutlin-induced apoptosis. Cells pretreated with PFT showed significant reduction of
p53 in mitochondrial fractions (Figure 4A). This reduction of p53 at mitochondria was associated
with less Cytochrome C release indicating reduced permeabilization of the outer mitochondrial

membrane (Figure 4A). TUNEL staining and visualization of PARP cleavage by Western
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blotting confirmed that PFTu indeed caused significant reduction of Nutlin-induced apoptosis
(Figures 4B and 4C). Quantification of the TUNEL results revealed that this reduction was
approximately 2.6 fold (34 % apoptosis with Nutlin alone as compared to 13% when PFTu was
first added). These results confirmed the contribution of mitochondrial p53 during Nutlin-

induced apoptosis.

Inhibition of general transcription by aAmanitin does not prevent apoptotic response to
Nutlin. To further support the direct role of mitochondrial p53 during the apoptotic response to
Nutlin we went on to block Nutlin-induced transcriptional activities of p53. This allows
determining whether p53 mitochondrial functions alone are sufficient to mediate the apoptotic
response upon Nutlin treatment. We used the general transcription inhibitor cAmanitin (Figure

5) and the specific p53 inhibitor PFTa (pifithrin a) (Figure 6).

aAmanitin is an inhibitor of RNA polymerase II (RNA pol II) and is widely used as an
inhibitor of general transcription. It is known to cause apoptosis through elevation of p53. After
careful screening we found a dose and time of treatment which did not induce significant
apoptosis or elevated p53 levels but was sufficient to inhibit Nutlin-induced transcriptional
activities of p53. Pretreatment of ML-1 cells with aAmanitin blocked the induction of p21 after
Nutlin treatment, indicating blockade of p53 transcriptional functions, while p53 levels remained
induced at the same level as Nutlin alone (Figure 5A). Surprisingly, there was significantly more
PARP cleavage in the combination aAmanitin + Nutlin compared to Nutlin alone (Figure 5A).
This indicated that more pronounced apoptosis was observed when transcription was blocked.
The latter was confirmed with TUNEL staining (Figures 5B and 5C). aAmanitin did not interfere
with mitochondrial translocation of p53. Instead, in the presence of cAmanitin, more p53 was

detected at mitochondria (Figure 5D). Because p21 inhibits cell cycle progression and

31



overexpression of p21 can cause G1 arrest and escape from apoptosis. The blocked transcription
of p21 after Nutlin could account for the higher apoptotic response in the presence of aAmanitin.
Another reason could be the transcriptional repression of anti-apoptotic proteins or other
transcriptional products that might negatively affect the mitochondrial pro-apoptotic functions of

p53.

Inhibition of p53-mediated transcription by PFTa does not prevent apoptotic response to
Nutlin. PFTa is a small molecule inhibitor that was isolated as a suppressor of p53-mediated
transactivation and capable of rescuing mice from lethal genotoxic stress caused by gamma
radiation (101). Similarly to aAmanitin, pretreatment of ML-1 cells with PFTa did not affect
stabilization of p53 protein upon Nutlin treatment (Figure 6A) nor did it interfere with p53
mitochondrial translocation (Figure 6C). However, it potentiated Nutlin-induced apoptosis
(Figure 6B). Thus, Nutlin is not only able to induce apoptosis in the absence of active p53-
mediated transcription, but greatly potentiates it. These results suggest the existence of a
negative autoregulatory loop where p53 transcriptional targets might inhibit its transcription-

independent pro-apoptotic functions.
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B. Blockade of Hsp90 by 17AAG antagonizes MDMX and synergizes with Nutlin to induce

p53-mediated apoptosis in solid tumors.

17AAG induces p53, while destabilizes MDMX and MDM2 proteins. Wild type p53, mutant
p53 and MDM2 are hsp90 client proteins (102-107). While it is generally accepted that hsp90
mediates the massive stabilization of mutant p53, the role of hsp90 in regulation of wild type p53
protein has not been clearly established. Some reports suggest that hsp90 stabilizes wild type p53
protein during heat shock (104) or by opposing MDM2 function (108). Other studies
demonstrate that inhibition of hsp90 induces wt p53 protein levels and p53-dependent cell death
in cancer cells (109, 110). Therefore, we first examined how 17AAG affected wild type p53 and

its regulators MDM2 and MDMX in a subset of cancer cell lines.

Different tumor cell lines with wild type p53 (RKO- colorectal carcinoma, MCF7- breast
adenocarcinoma, U20S- osteosarcoma and AGS- gastric adenocarcinoma) were treated with
17AAG for different times and the protein levels of p53, MDMX, MDM2 as well as the p53
target gene p21 were assessed (Figure 7). In all cell lines, p53 protein levels were increased upon
17AAG treatment, albeit with some kinetics differences. In RKO, U20S and AGS p53 protein

was accumulated as soon as 4 hours after treatment, while in MCF7 cell line p53 accumulation
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was observed after 24 hours of treatment (Figure 7). Interestingly, in all cell lines the levels of
MDMX protein were strongly decreased between 12 and 24 hours after 17AAG treatment,.
Moreover, downregulation of MDM2 was also observed in RKO and AGS cells (Figure 7).

Protein levels of the p53 transcriptional target p21 were induced in all cell lines (Figure 7).

To determine whether these changes in protein expression were due to transcriptional
regulation or are an effect on protein stability, we performed gRT-PCR and cycloheximide chase
experiments. 17AAG increased both p53 mRNA and protein stability (Figure 8A). Consequently,
17AAG increased gene expression of the classic p53 targets MDM2, p21 and PUMA, validating
p53 activation (Figure 8B). MDMX message levels remained unaffected by 17AAG, indicating
that downregulation of the MDMX protein seen in Figure 7 occurred mainly at the
posttranscriptional level (Figure 8B). These results also indicated that 17AAG modulated
posttranscriptionally MDM2 as well, since increased MDM2 mRNA levels did not reflect the

increased protein levels seen in Figure 7.

Further, pre-treatment with pan-caspase inhibitor Z-VAD reversed 17AAG-induced
MDM2 degradation, while the effect on MDMX protein stability remained unchanged (Figure
9A). Proteasome inhibition by ALLN was able to stabilize both MDM2 and MDMX after
17AAG treatment (Figure 9B). Thus, 17AAG affects MDM2 stability through caspase

activation, while MDMX protein stability is decreased in a caspase-independent manner.

17AAG disrupts the interactions between p53, MDMX and MDMZ2. Since Hsp90 binds to
MDM2, while p53, MDM2 and MDMX bind to each other, we determined whether 17AAG
could affect these interactions. Co-immunoprecipitation experiments revealed that 17AAG

rapidly disrupted the complex between MDMX and p53 within 2 hours of treatment, a time point
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when MDMX protein levels were still not affected (Figure 10A and 10C). Furthermore, 17AAG
disrupted the MDMX-MDM2 complex (Figure 10A) and also inhibited the Hsp90-MDM2
complex, as previously reported (Figure 10B). The MDM2-p53 complex remained unaffected
(Figure 10A). These results demonstrate that besides affecting the stability of the major p53
regulators MDMX and MDM2, 17AAG also affects their interactions. This could also account

for the modulation of p53 signaling upon hsp90 inhibition.

17AAG induces apoptosis in a p53 dependent manner. In primary MEFs and murine
medulloblastoma models, 17AAG was shown to induce apoptosis in a p53-dependent manner
(110). Therefore, we examined whether this would hold true for other cancer cell lines. We
compared the response to 17AAG of the isogenic colorectal cancer cell line pair HCT116 p53+/+
and HCT116 p53-/-. Similarly to the other cancer cell lines tested, HCT116 p53+/+ did show an
increase of p53 protein levels, decrease of MDMX and increase of p21 and PUMA protein levels
(Figure 11A). In contrast, treatment of HCT116 p53 -/- cells with 17AAG did not alter the levels
of PUMA and p21 proteins (Figure 11A). Moreover, PARP cleavage upon 17AAG treatment
was significantly higher in HCT116 p53+/+ cells, indicating higher apoptosis levels (Figure

11A).

To further confirm the p53 dependence of 17AAG-induced apoptosis, we measured
caspase activation in these cells. Caspase activity was about 2-fold higher in 17AAG treated
HCT116 p53+/+ cells compared to HCT116 p53-/- cells (Figure 11B). This induction of
apoptosis after 17AAG treatment was further confirmed by measuring AnnexinV and Propidium
lodide (PI) by FACS, where double negative populations represent surviving unaffected cells.

Survival upon 17AAG treatment was significantly higher in the p53-/- as compared to p53+/+
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cells (Figure 11C). Thus, we conclude that 17AAG induces apoptosis in a p53-dependent

manner.

17AAG induces transcription of p21, PUMA and MDM2 in p53-dependent manner. In the
same isogenic system HCT116 p53+/+ and HCT116 p53-/-, we further compared induction of
MRNA levels of the p53 targets MDM2, p21 and PUMA. mRNA levels of all three were induced
significantly upon 17AAG treatment in the p53+/+, but not in the p53-/- cells (Figure 12). Thus,

17AAG induces p53-mediated transcription of both apoptotic and cell cycle genes.

Combination of 17AAG with Nutlin synergistically induces apoptotic cell death in a subset
of cancer cell lines. Although the precise mechanism of how 17AAG affects p53 signaling
remains to be determined, we hypothesized that since 17AAG stabilizes wtp53, induces p53-
mediated transcription and causes cell death in a p53-dependent manner, it would likely
synergize with other drugs that affect p53 signaling. Nutlin is a small molecule designed to
stabilize wtp53 by interfering with its interaction with MDM2. 17AAG did not disrupt the
interaction between MDM2 and p53, which indicated that 17AAG stabilizes p53 by a
mechanism different from Nutlin. We treated a subset of cancer cell lines with Nutlin alone,
17AAG alone or the combination of Nutlin with 17AAG. Significantly higher PARP cleavage
was detected when the two drugs were combined as compared to single drugs treatments (Figure
13A). Similarly, caspase activation (Figure 13B) and the amount of Annexin/PI positive cells
(Figure 13C) were much higher when the two drugs where combined. Importantly, this
enhancement of cell death was observed only in p53+/+, but not in p53-/- cells (Figures 14A and
14B). To determine if the enhancement of cell death after drug combinations was synergistic, we
calculated Combinatorial Indexes (Cl) for the cell lines RKO, U20S, MCF7 and AGS. CI values

smaller than 1 indicate synergism, CI equal to 1 indicate additive effect and CI bigger than 1
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indicate antagonistic effect (111). In all cell lines tested, CI values were smaller than 1 indicating

synergistic interaction between 17AAG and Nutlin (Figure 15).

17AAG destabilizes MDMX protein in Nutlin-treated cancer cells and can potentiate
Nutlin-induced p53-mediated transcription of PUMA. To explain the synergistic effect
between Nutlin and 17AAG, we next examined whether 17AAG affects Nutlin-induced p53
signaling. It was previously shown that p53 levels can be a determinant of arrest (lower levels)
versus apoptosis (higher levels) (112). However, in our cell lines endogenous p53 levels did not
further increase with Nutlin+17AAG compared to Nutlin alone (Figure 16A). Thus, increased

apoptosis was not simply due to higher p53 levels.

In the presence of Nutlin, 17AAG still decreased MDMX protein level (Figure 16A).
MDMX degradation was again primarily a caspase-independent event, as shown by Z-VAD
treatment (Figure 16B). This robust MDMX degradation coincided with a further surge of the
p53 transcriptional response compared to Nutlin or 17AAG alone, as judged by the

representative induction of p21, PUMA and MDM2 targets (Figure 16C).

On the protein level, the addition of 17AAG induced differential regulation of these three
Nutlin-induced p53 targets, likely due to Hsp90 influence on their stability, which altogether
generated the apoptosis-promoting effects of the drug. PUMA protein was significantly
upregulated in RKO, MCF7 and HCT116 cells upon combined treatment compared to Nutlin or
17AAG alone (Figures 16A, 17B). At the same time Nutlin+17AAG significantly downregulated
MDM2 protein levels compared to Nutlin alone in all 5 lines tested (Figures 16A, 17A). This
was a secondary caspase-mediated effect since it was blocked by Z-VAD (Figure 16B). Nutlin is

known to induce p21 protein (89-91), also seen here (Figures 16A, 17A). However, Nutlin-
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induced p21 was significantly suppressed down to near basal levels by concomitant 17AAG
(Figures 16A, 17A). Because robust p21 induction has been considered a determinant of the
Nutlin-associated apoptosis resistance (89-91), the drug combination-induced p21

downregulation that we observed might also contribute to enhanced apoptosis.

Finally, the effect of 17AAG on protein stability and transcription of Nutlin-induced p21,
PUMA and MDM2 was p53-dependent, since it was only present in HCT116 p53+/+ but not in
p53-/- cells (Figure 17). In contrast, the degradation of MDMX incurred by 17AAG was p53-

independent (Figure 17).

The synergistic interaction between Nutlin and 17AAG is in part due to 17AAG-induced
MDMX downregulation and inhibition of AKT signaling. Downregulation of MDMX
potentiates Nutlin-induced apoptosis. (92-94). Since 17AAG downregulated MDMX in all
cancer cell lines tested and also disrupted the complex between p53 and MDMX, we
hypothesized that these effects of 17AAG on MDMX could play a role for the observed
synergism between 17AAG and Nutlin. Indeed, oxerexpression of MDMX in U20S cells did
inhibit PARP cleavage and caspase activity upon combined treatment (Figures 18A and 18B).
Nutlin-induced p21 and PUMA protein levels were also reduced upon MDMX overexpression
(Figure 18A, compare samples 2 and 8). Conversely, when MDMX was downregulated by
SiRNA, the protein levels of p21 and PUMA were higher after Nutlin treatment compared to
control siRNA-treated cells (Figure 18C left). Therefore, downregulation of MDMX unlocks the
transcriptional activity of p53 at least in some cancer cells lines, an observation also made by
others (92). Importantly, downregulation of MDMX also enhanced caspase activity upon Nutlin
treatment (Figure 18C), further confirming the idea that inhibition of MDMX by 17AAG
contributes to the enhanced pro-apoptotic Nutlin response.
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Many hsp90 client proteins are oncogenes that depend on chaperone support for
functionality. Therefore 17AAG affects multiple oncogenic signaling pathways (113-115), many
of which are known to regulate p53 signaling at various levels. Thus, it is likely that other events
besides downregulation of MDMX could also contribute towards the apoptotic synergism
between Nutlin and 17AAG. For example, AKT stability and activity are affected by 17AAG
(113, 114, 116), while AKT is known to phosphorylate p53, MDM2 and MDMX (38). Some
studies have already shown that inhibitors of PI3K/AKT pathway can potentiate Nutlin —induced
cell death (117, 118). We observed that 17AAG downregulated both p-AKT and AKT in our
cancer cell lines (Figure 19A). We also observed enhanced PARP cleavage and caspase activity
when Nutlin was combined with a PI3K inhibitor (Figures 19B and 19C). Interestingly, similarly
to 17AAG, the PI3K inhibitor markedly enhanced Nutlin-induced PUMA expression (Figure
19C, compare sample 2 to 3 and 4), suggesting that enhanced expression of Nutlin-activated
apoptotic genes by 17AAG might in part also work through its effect on AKT. Overall, these
results suggest that the synergism between Nutlin and 17AAG is in part also due to inhibition of

the PI3K pathway.

The combination of Nutlin with 17AAG promotes increased tumor cell death in mouse
xenografts. To further support our data of functional synergism between Nutlin and 17AAG, we
performed in vivo analyses of tumor xenografts in nude mice. Eight mice were injected with
5x10° RKO cells per flank and at day 12 (called Day O in Figure 20A), tumors were palpable
(200-300 mm?®). The mice were randomized into four treatment groups: Vehicle, Nutlin alone,

17AAG alone, and Nutlin+17AAG.

At Day 11 of treatment, tumors of mice treated with Nutlin alone or 17AAG alone had

failed to respond to the drug compared to vehicle-treated controls, and instead had increased
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about 5-fold in volume. In contrast, tumors treated with Nutlin+17AAG grew slower and
increased only 3-fold (Figure 20A). Moreover, at Day 15 of treatment, tumors of mice treated
with Nutlin + 17AAG had reached a plateau and remained stable thereafter, while tumors treated
with Vehicle, Nutlin alone or 17AAG alone further accelerated their growth. In fact, two Nutlin-
treated mice, one Vehicle-treated mouse and one 17AAG-treated mouse had to be sacrificed at
Day 15 since they had reached the allowable limit of tumor burden. In contrast, only one
Nutlin+17AAG mouse needed to be sacrificed; however not because of excessive tumor burden
but because of a treatment-induced necrotic area in one of the tumors. Moreover, the drug
combination was well tolerated. Over the treatment period, mice receiving Nutlin + 17AAG
showed no discernable changes in weight or behavior compared to Vehicle controls. To verify
that the combination of Nutlin + 17AAG increased tumor cell death in vivo, caspase activation
was analyzed in tumor lysates (Figure 20B). Protein was isolated from three randomized tumors
per treatment and analyzed by immunoblot. The highest levels of caspase activity (cleaved
caspase) were observed in tumors treated with Nutlin+17AAG compared to vehicle control and
single drug tumors. These results once again confirmed that Nutlin combined with 17AAG is

superior in promoting apoptosis of cancer cells in xenografts compared to single drugs.
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C. p53 protein regulates the mitochondrial permeability transition pore during

oxidative stress-induced necrosis and ischemic stroke

In addition to Bax/Bak lipid pores, purified p53 also engages PTP to induce mitochondrial
membrane permeabilization. We previously showed in isolated mitochondria that purified p53
causes robust Cytochrome C (CytoC) release by inducing Bak oligomerization and MOMP with
the same efficiency as tBid (6, 119). Moreover, we showed that p53 is able to release the entire
gamut of soluble and non-soluble apoptogenic factors including non-cleaved AIF and Endo G
that are tethered to the IMM Dby severely disrupting both outer and inner mitochondrial
membrane integrity. In contrast, tBid is restricted to releasing only soluble components via
MOMP (119). This suggests a stronger permeabilizing effect by p53 than by the prototypical
activator of the Bax/Bak pore, tBid. Thus, we hypothesized that p53 is capable of recruiting

additional BH3-independent pathways of mitochondrial permeabilization.

To this end, we compared the release response of isolated WT and Bax/Bak double
knockout (DKO) mitochondria towards highly purified recombinant p53 and tBid (Figure 21A).
Bax/Bak DKO cells are deprived of the apoptotic gateway to mediate CytoC release for caspase

activation (120). Indeed, p53 was able to rapidly release CytoC, Smac (soluble) and AlF
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(membrane tethered) from both WT and Bax/Bak DKO mitochondria, while the tBid-induced
release was restricted to WT mitochondria (Figure 21A). The strict Bax/Bak-dependence of tBid-
mediated MOMP is completely consistent with the notion of tBid as direct activator of the
Bax/Bak lipid pore (121). In contrast, p53 apparently has additional mitochondrial targets to

mediate mitochondrial permeabilization.

We reasoned that p53 might also engage the mitochondrial PTP pore. To look for
evidence of p53-induced functional alterations of this pore, we used the fluorescent dye calcein,
a highly selective indicator of sustained PTP opening in situ (40). MOMP and the Bax/Bak lipid
pore are completely incompetent for calcein release (122). Adding increasing doses of purified
p53 to calcein-prelabeled WT or Bax/Bak DKO mitochondria resulted in a rapid and almost
complete loss of signal, indicating PTP opening. In contrast, even the highest dose of tBid lacked
any effect (Figure 22A). Moreover, p53 but not tBid induced structural alterations of PTP
components. WT mouse liver mitochondria were incubated with increasing amounts of purified
p53 prior to chemical cross-linking. VDAC-containing complexes ranging from ~ 60-300 kDa
were readily detected in control mitochondria incubated with buffer or BSA, but increasingly
disappeared upon addition of p53 in a dose-dependent fashion (Figure 22B). Thus, p53 was able
to drive VDAC into high molecular weight complexes that no longer entered the gel. This
activity was unique to p53, since tBid had no effect on VDAC oligomerization (Figure 22C).
Moreover, p53 but not tBid was able to induce swelling (another classical hallmark of PTP
opening) of Bax/Bak DKO and WT mitochondria in a CsA-dependent (Figure 23A) and CypD-
dependent (Figures 23B, 23C) manner. Thus, in addition to the Bax/Bak lipid pore, p53 can also

engage the PTP pore to induce mitochondrial membrane permeabilization.
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p53 protein interacts with the essential regulatory PTP component CypD. Based on the
result above, we next asked whether and if so upon which stimulus p53 interacts with
components of the PTP complex. Since both p53 and mPT play important roles during oxidative
stress (123-125), we looked for an interaction between p53 and the PTP components CypD, ANT
and VDAC upon H;0, treatment. Immunoprecipitation detected a prominent oxidative stress-
induced endogenous complex between p53 and the essential regulatory PTP component CypD.
No interaction was seen between p53 and the proposed structural components VDAC and ANT
(Figure 24A). The H,0O,-inducible specific p53-CypD complex was confirmed with pull down
assays of HA-tagged CypD, VDAC and ANT expressed in cells with endogenous p53 (Figure
24B). Moreover, endogenous mitochondrial p53 binds to recombinant GST-CypD in a CsA-
dependent manner (Figure 24C). Finally, cell-free pull down experiments with recombinant
proteins confirmed the direct CsA-sensitive interaction (Figure 24D). Mapping experiments with
a series of p53 deletion mutants identified p53 amino acids 80-220 as the region required for
CypD interaction (Figures 25A and 25B). While we failed to identify a single specific subregion,
the p53 contact domains that are required for Bcl-xL/Bcl-2 interaction (designated with ‘A”) (6)
were not required for CypD binding (Figure 25C), underlining structural differences between the
two types of interactions. Tetrameric p53 is the preferred partner for CypD interaction (Figure
25D), while it is debated whether mitochondrial p53 that directly triggers Bcl-2 family-mediated

apoptosis at the OMM acts as monomer or tetramer (126, 127).

Rapid stabilization and mitochondrial translocation of p53 upon oxidative stress. Next we
asked whether p53 accumulates in mitochondria upon oxidative stress. Treating various wtp53
harboring cell lines and primary MEFs with 0.25 - 0.75 mM H,0, uniformly induced robust

cellular p53 stabilization (Figure 26A). This oxidative stress-induced p53 response was fast,
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reaching its peak within 1 hour in most cells (Figure 26B). Immunofluorescence staining of C6
rat glioma cells treated with H,O, for 4 hrs showed primarily punctate p53 accumulation in the
cytoplasm, confirming earlier findings (70) and suggesting an important mitochondrial function
of p53 protein within this window of time during oxidative stress (Figure 27A). p53 accumulated
in mitochondria that were free of detectable contamination within 4 hrs of H,O, treatment
(Figure 27B). Importantly, submitochondrial fractionation confirmed that during oxidative stress
a fraction of p53 accumulated in the matrix where CypD is located, while some also localized to
the surface, as expected (Figure 27C). This is consistent with hypoxia-induced endogenous
complexes between p53 and the major matrix import proteins mtHsp70 and mtHsp60 we
reported earlier (128). The observed p53 fractions in intermembranous space and inner

membrane likely represent transport intermediates to the matrix.

Oxidative stress induces mitochondrial Permeability Transition in a p53- dependent
manner. CypD-regulated mPT is a crucial event during H,O»-induced cell death, definitively
established by the CypD knockout mice. Our initial results in isolated mitochondria had shown
that purified p53 protein was able to engage PTP in a CypD-dependent manner (Figures 22 and
23). However, an mPT-regulatory role of p53 in vivo remained to be established. We therefore

asked whether H,0, - induced PTP opening in cells is p53-dependent.

Opening of the PTP pore and subsequent mPT results in dissipation of the mitochondrial
membrane potential AYm across the IMM. The cationic fluorescent dye tetramethylrhodamine
methyl ester (TMRM) is widely used to assess changes Am and mPT. TMRM is readily
sequestered by healthy mitochondria, but its fluorescence is rapidly lost when AWm is dissipated.
Indeed, in response to H,O, treatment WT MEFs completely lost TMRM fluorescence. This

occurred in a CypD-dependent manner, since CypD inhibitor CsA completely blocked this event.
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In contrast, p53-/- MEFs remained completely unaffected (Figures 28A-28C). This strong p53-
dependent response was also observed in the isogenic HCT116 p53+/+ and p53-/- pair (not
shown). These results were further confirmed by direct in situ assessment of PTP pore opening
via Calcein release, which again showed p53 and CypD dependence (see CsA, Figures 29A and
29B). Of note, while CsA can block other cytosolic cyclophilins besides mitochondrial matrix-
specific CypD, none of them play any role in mitochondrial mPT. In sum, the mPT-regulatory

activity of p53 in cells is also CypD-dependent.

Oxidative stress induces necrosis that depends on both p53 and CypD. Both necrosis and
apoptosis are oxidative stress-induced cell death modes (129). Upon oxidative stress, CypD
primarily mediates necrotic death via PTP and mPT (44, 45), and evidence exists that CypD can
actively suppress apoptosis (130-132). On the other hand, while p53 protein is a well-established
apoptosis regulator, almost nothing is known if and when p53 participates in regulating necrotic
cell death. Importantly, primary p53-deficient MEFs were equally well protected from H,0,-
induced cell death as CypD-deficient MEFs, while 60% of WT MEFs died, as indicated by cell
viability assays measuring metabolic activity and membrane integrity (Figure 30A). To
determine the nature of this cell death we first measured apoptosis. Notably, only negligible
TUNEL positivity was detected in all genotypes and H,O, conditions used (Figure 30B). Thus,
upon oxidative stress the protection of primary MEFs bestowed by loss of p53 and CypD, and
conversely the death of WT MEFs, is largely unrelated to apoptosis. Instead, electron
microscopy of H,O,-treated WT MEFs revealed all signatures of necrosis, such as loss of plasma
membrane integrity, organelle swelling, massive intracellular vacuoles and lack of nuclear
fragmentation (Figure 30C). The same holds true for cancer cells, as shown by the HCT116

p53+/+ and p53 -/- colorectal carcinoma pair (Figure 31A). Lack of p53 or silencing of CypD by

45



SshRNA caused significant resistance to H,O; - induced cell death, while 50% of WT cells were
killed. On the other hand, a similar rescue effect was obtained by eliminating/silencing p53 alone
or together with CypD, i.e. p53 was epistatic to CypD, further supporting that they act on the
same biochemical pathway. Again, apoptosis levels in HCT116 p53+/+ cells were very low
(10%), confirmed by the complete absence of cleaved PARP (Figure 31B), and did not account
for the observed 50% of cell death (Figure 31A). Instead, H,O,.treated cells released large
quantities of High Mobility Group Box 1 (HMGBL1) protein into the culture medium in a dose-
dependent, p53-dependent and CypD-dependent manner (Figure 31C). Released HMGBL is the
classical biochemical hallmark specific for necrosis. In contrast, in apoptotic cells HMGB1 binds
irreversibly to the condensed chromatin in the nucleus (133). In sum, this data indicated that the
predominant mode of cell death in response to H,O, was p53/CypD-mediated necrotic cell death

in both primary and cancer cells.

Targeting of p53 to mitochondria induces mPT and cell death in a CypD dependent
manner. We showed that oxidative stress-induced p53 translocation to mitochondria, however it
is known that oxidative stress also causes activation of p53 target genes (134). Some of these
transcriptional targets might contribute to regulate H,O, response in a CypD-dependent manner.
For example many proteins participating in pro- or anti-oxidation and modulation of cellular
ROS levels are p53 targets (135-137). Therefore, direct prove is necessary to substantiate the

involvement of mitochondrial p53, as opposed to its nuclear action.
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In respect with that we first employed direct targeting of p53 to the mitochondrial matrix.
Our lab had previously generated various mitochondrially targeted versions of wt p53 protein (6)
and one of them, called Lp53wt (wt p53 fused to the mitochondrial import leader sequence of
ornithine transcarbamylase) targets p53 specifically to mitochondrial matrix. Importantly, this
fusion protein is devoid of transcriptional activities (6). Adenoviral delivery of Lwtp53 into WT
MEFs (Figure 32A) caused significant loss of TMRM fluorescence, while in CypD-/- MEFs
TMRM fluorescence remained unchanged (Figure 32B), indicating that mitochondrial p53 could

indeed regulate PTP in vivo, independently of p53 transcriptional targets.

Lp53 also sensitized MEFs and HCT116 p53-/- cells to H,0, - induced cell death which
was dependent on the presence of CypD (Figure 33A). Measurement of HMGB1 release into
media (Figure 33A) or lack of significant apoptosis levels (Figure 33B) indicated the necrotic

nature of the undergoing cell death.

Oxidative stress — induced PTP opening and cell death are largely transcription
independent. Conversely to using direct targeting of p53 to mitochondrial matrix while
bypassing p53 mediated transcription we next used general transcription inhibitor aAmanitin or
inhibitor of p53 mediated transcription PFTa. Both the inhibitors caused reduction of p21 upon
H,0, treatment (Figure 34A), indicating block of p53-mediated transcription. Additionally, both
of them did not affect p53 protein levels (Figure 34A) or p53s’ mitochondrial localization
(Figure 34B). Importantly, none affected significantly PTP opening or cell death when added
prior to oxidative stress (Figures 34C and 34D), therefore confirming that oxidative stress-
induced PTP opening or cell death could be indeed at least partly and in certain circumstances

transcription independent.
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Leader p53 sensitizes Bak/Bak DKO cells to oxidative stress in a CypD dependent manner.
To further interrogate the role of mitochondrial p53 in necrosis, we used Bax and Bak double-
knockout (DKO) cells. These cells are deprived of the apoptotic gateway to mediate Cytochrome
C release for caspase activation and are widely used to study non-apoptotic cell death (120, 138,

139).

Adenovirally delivered Lp53 into Bax/Bak DKO cells was readily detectable in
mitochondrial fractions and importantly, was able to bind to CypD as revealed by
immunoprecipitations (Figure 35A). Further, DKO cells were significantly more sensitive to
oxidative stress in the presence of Lwtp53, and this sensitivity was almost completely abolished
when CypD protein expression was blocked by RNAI (Figure 35B). Lack of apoptosis was
confirmed by the absence of caspase-3 and PARP cleavage, while release of HMGB1 into media
confirmed that Lp53 was able to accelerate necrotic cell death only in the presence of CypD
(Figure 35C). Therefore we conclude that the interaction between mitochondrial p53 and CypD
is an important event for regulation of necrotic cell death during oxidative stress, a function of

mitochondrial p53 described for first time.

Pathologic p53-CypD Complex Formation During Ischemic Stroke-Induced Brain Tissue
Necrosis. In vivo, the parameters required for induction of mPT are fulfilled during stroke
(transient ischemia - reperfusion injury of the brain). During brain ischemia, the absence of
glucose and oxygen causes mitochondrial dysfunction, intracellular calcium uptake and a sharp
decrease in ATP levels. Subsequent brain reperfusion generates the conditions required for mPT
as mitochondria repolarize, sequester excess cytosolic calcium accumulated during the ischemic
period, and generate ROS and oxidative stress. Cells (mainly neurons but also glia) die largely

by necrosis, although in the peripheral penumbra apoptosis also takes place. Importantly, CypD
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deficiency confers significant protection against ischemic brain injury in permanent and transient

ischemic stroke models in mice (46).

Since our cell culture data identified a physical and functional interaction between
mitochondrial p53 and CypD that is critical for oxidative stress-induced necrosis, we
investigated the pathophysiologic role of the PTP-regulating function of p53 in transient
ischemia/reperfusion stroke. To this end, WT, p53+/-, p53-/- and WT control mice pre-treated
with CsA were subjected to carefully controlled unilateral acute middle cerebral artery occlusion
(MCAO) for 1 hr, followed by 24 hrs of reperfusion. Infarct size was measured by staining
coronal brain slices with triphenyl-tetrazolium chloride (TTC), a dye that is oxidized by intact
mitochondrial dehydrogenase to yield the red product formazan. In the infarcted area (white),
mitochondria are uncoupled and dysfunctional and no longer stain with TTC. WT brains (n=8)
were grossly infarcted. Intriguingly, p53 +/- brains (n=8) were strongly protected from stroke,
similar to WT control mice protected by intraperitoneal injection of CsA 15 min prior to MCAO
(n=6) (Figures 36A, 36B). Most importantly, a pathologic p53-CypD complex was robustly
induced in infarcted WT brains after MCAO, as shown by co-immunoprecipitation with a
specific p53 antibody but not with 1gG (Figure 36C, ‘“MCAQ?”). Intriguingly, the induced p53-
CypD complex was undetectable in CsA-pretreated, stroke-protected WT control mice.
Moreover, the complex was only barely detectable in p53+/- mice, whose stress-mediated p53
induction did not exceed the baseline p53 levels of WT mice and were also protected from
infarction (Figure 36C). Thus, a strong association exists between the formation of the
pathologic p53-cypD complex and ischemia-reperfusion brain infarction. These data support the
idea that this novel p53-CypD axis is an important pathophysiologic contributor to ischemic

stroke.
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I11. Discussion
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The transcription-independent mitochondrial p53 program is a major contributor to

Nutlin-induced apoptosis in tumor cells

p53 reactivating compounds such as Nutlin hold great promise as a therapeutic strategy for
human tumors retaining wild-type p53. Nutlin is a highly selective competitive inhibitor of the
MDM2-p53 interaction that potently stabilizes and activates wild-type but not mutant p53
protein in tumor cells. In contrast to chemotherapeutics, where activation of p53 is result of
genotoxicity, Nutlin’s ability to activate wild-type p53 in a non-genotoxic manner might render it
a viable alternative. In fact, studies have demonstrated Nutlin’s potent ability to induce growth
inhibition of human tumor cells in culture and tumor xenografts in nude mice (86, 89). As single
agent, Nutlin showed most promising results in hematopoietic cancers, where the p53 gene
remains mainly WT (98, 140-143). Nutlin is also promising in neuroblastoma, a solid tumor
characterized by essentially exclusive wild-type p53 status (144-146). Moreover, since Nutlin
does not bind to p53 or induce post-translational modifications, Nutlin can also act in concert
with conventional chemotherapeutics, potentially improving the efficacy and lowering the
genotoxic burden by enabling dose reduction. For example, synergistic effects with genotoxic
drugs were found in studies of cultured and clinical samples of multiple myeloma (147), acute
myelogenous leukemia (143) and chronic lymphocytic leukemia (140, 142). Clinical trials of

Nutlin in combination with chemotherapy are currently ongoing (148, 149).

As discussed, activating p53 signaling by Nutlin is particularly promising in
hematologic malignancies such as leukemias and lymphomas due to several favorable
parameters that compound in this disease group: i) p53 mutations are rare, ii) inactivation of
wild-type p53 by Mdm2 overexpression are frequent molecular events, e.g. in acute myeloid

leukemia, iii) downstream p53 signaling is intact and iv) the cell-intrinsic response to Nutlin-
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induced p53 activation tends to be apoptosis rather than cell cycle arrest, favoring the preferred

cytotoxic rather than a mere cytostatic outcome.

However, the great majority of wild-type p53 human tumor cells of non-hematopoietic
lineages, particularly carcinomas, undergo cell cycle arrest in response to Nutlin rather than
apoptosis (86, 89, 141-143). Therefore, clarifying the precise mechanism(s) of Nutlin-mediated
apoptosis is critical for designing rational strategies on how to convert Nutlin from a mere
cytostatic to a cytotoxic anticancer agent. The apoptotic effects of Nutlin in wtp53 tumor cells
are currently ascribed to the activation of transcriptional activities of p53 in the nucleus. Indeed,
once freed from MDM2 by Nutlin, p53 accumulates in the nuclei of cancer cells, followed by
activation of a broad wild-type p53-dependent transcriptional program that includes induction of
the pro-apoptotic Puma, Noxa, Bax and DR5 genes, as well as repression of pro-survival genes
(86, 89, 146). Here we show that the transcription-independent mitochondrial p53 program can
be a major contributor to Nutlin-induced apoptosis, at least in some tumor cells including
leukemia and colon carcinoma. Moreover, in these cells, transcriptional activities of p53 appear
to be not only dispensable for the apoptotic Nutlin response, but actively block its mitochondrial
p53 death program. In addition to nuclear stabilization, Nutlin treatment of ML-1 and RKO cells
also causes significant cytoplasmic accumulation of p53 and rapid mitochondrial translocation
associated with early MOMP activity. Induction of early response transcriptional p53 target
genes starts at later time points, indicating that mitochondrial p53 translocation is the first event
during Nutlin-induced apoptosis. Specific inhibition of mitochondrial p53 translocation by
PFTW, an inhibitor that blocks p53 interaction with Bcl-2 and Bcl-xL, markedly reduces the
apoptotic Nutlin response, underlining the significance of mitochondrial p53 program in Nutlin-

induced apoptosis. Our group had previously shown that MDM2-mediated monoubiquitination
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of p53 greatly promotes p53 mitochondrial translocation (65). Thus, an important concern is
whether therapeutic targeting of specific E3 ligases such as MDM2 might also disrupt MDM2’s
role as p53 monoubiquitinase and thereby blunt the tumor suppression offered by mitochondrial
p53 (150). However, our results indicate that Nutlin does not change the monoubiquitination
status of cytoplasmic p53, probably due to the fact that MDM2-p53 complexes are only partially

disrupted and Nutlin-stabilized MDM2 retains its E3 ubiquitin ligase activity (97).

Three earlier studies had also noted that in addition to the nuclear p53 death pathway,
Nutlin can also induce mitochondrial p53 death functions (98, 99, 143). Using
immunofluorescence-based mitochondrial co-localization and cycloheximide sensitivity, Kojima
et al concluded that in response to Nutlin, a significant fraction of clinical samples of acute
myeloid and chronic lymphocytic leukemias co-recruited the mitochondrial p53 apoptotic
pathway. Interestingly, samples in the primarily transcription-independent group responded
significantly better to Nutlin-induced apoptosis (98, 143). Going beyond this observation, we
report here that at least in some human leukemia cells the p53 transcriptome not only is
dispensable for the apoptotic Nutlin response, but in net balance appears to actively block the
Nutlin-induced mitochondrial death program of p53. This is based on the fact that specific
blockade of p53-mediated transcription by PFTa potentiates Nutlin-induced apoptosis of ML-1
cells by several fold. Our result might be of therapeutic significance in future clinical trials of

Nutlin or later generation Nutlin-type MDM2 inhibitors.

Very recently a large series of clinical samples of chronic lymphocytic leukemia was
also reported to undergo drug-induced apoptosis via the transcription-independent mitochondrial

p53 pathway in response to the clinically used chemotherapeutics chlorambucil and fludarabine

53



plus Nutlin, with PFTa potentiating the death response (99).Our results substantiate and expand

these findings.

While other parameters can interfere with Nutlin-induced apoptosis sensitivity of
tumor cells (such as overexpression of MDM2, Mdmx, delta Np73 and Notch-1, loss of p14ARF
or abrogation of downstream apoptotic effectors (88, 151), our data indicate that p53’s
transcriptional activity itself could play a counteracting role. Which p53 targets might be
responsible for this dampening effect? Likely it is several rather than a single target, but one
strong candidate is the p53-induced p21Cipl, a CDK inhibitor causing G1 and G2 cell cycle
arrest and known to block apoptosis (152). In support, aAmanitin or PFTa pretreatment blocks

p21 induction in ML-1 cells.

In sum, our study further clarifies the mechanism of Nutlin-induced cell death by
demonstrating the importance of transcription-independent mitochondrial p53 functions.
Moreover, our study suggests that concomitant blockade of p53-mediated transcription might
improve Nutlin’s therapeutic efficacy by enhancing the intrinsic mitochondrial p53 apoptotic

response, at least in leukemia.

Blockade of Hsp90 by 17AAG antagonizes MDMX and synergizes with Nutlin to induce

p53-mediated apoptosis in solid tumors.

As discussed above, although Nutlins holds big promise, especially in leukemias, the vast
majority of wild-type p53 human tumor cells of non-hematopoietic lineages undergo cell cycle
arrest, conferring only cytostatic rather than the desired cytotoxic antitumoral activity (89-91).
Little is known about the factors that prevent tumors from undergoing Nutlin-mediated
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apoptosis. Although the reasons for this may vary depending on cell or tumor type, several
possibilities exist. One possibility could be that in some tumors, pro-apoptotic p53 signaling is
inhibited by oncogenic signaling, thus the ability of p53 to induce apoptosis is suppressed.
Another possibility could be that additional events such as modifications are necessary in order
for p53 to activate its apoptotic machinery. Third, p53 might require cooperation with other
signaling pathways, which might be inactivated in tumors. It is therefore not surprising that p53
can contribute to apoptosis during genotoxic chemotherapy when a broad array of pathways

become activated or inhibited and closely interact with each other.

In this respect, major academic and pharmaceutical efforts are currently underway to
identify factors that contribute to lack of apoptosis during Nutlin treatment. Earlier studies have
reported that inhibition of oncogenic signaling pathways enhance apoptosis induction by Nutlin
in certain tumor types. For example, inhibition of PI3K/AKT signaling was shown to
synergistically promote apoptosis in ALL or CLL cells upon Nutlin (153, 154), and inhibition of
ERK signaling synergistically enhance Nutlin-induced apoptosis in AML cells (117, 118). It was

also shown that downregulation of MDMX enhances Nutlin-induced apoptosis (92-94, 96).

Our study focused on 17AAG to promote Nutlin-induced apoptosis for the following
reasons: i) Inhibition of hsp90 was shown to cause wt p53 stabilization (109, 110). ii) 17AAG
was recently shown to kill cancer and primary cells in p53-dependent manner (110). iii) Hsp90 is
overexpressed in the vast majority of cancers and has numerous (in part oncogenic) client
proteins, many of which can affect the p53 pathway in one way or another. Examples are many
kinases, known to directly or indirectly phosphorylate and modulate the functions of p53 and/or
of MDM2 and MDMX: AKT/PKB, Chkl, GSK3b, ErbB2 (or mutant EGFR), p38 MAPK,

Raf/ERK MAPK pathway and many others (113-116).
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We show that in difficult-to-kill solid human cancer cells 17AAG modulates several
components and pathways to favorably cooperate in Nutlin-activated p53 signaling and to
convert the Nutlin response from cytostatic to cytotoxic. Although likely not a complete list, we
identify several factors that contribute to the synergistic interplay between 17AAG and Nutlin. 1)
17AAG first and foremost destabilizes the MDMX protein and reduces MDM2 protein levels; ii)
17AAG induces pro-apoptotic p53 targets such as PUMA; iii) 17AAG reduces p21 protein
which at high levels might at least in some cancers favor Nutlin-induced cell cycle arrest; and iv)
17AAG inhibits oncogenic survival pathways such as PISK/AKT by destabilizing AKT, which

normally can counteract p53 signaling at multiple levels.

When combined, 17AAG enhances Nutlin-activated p53 transcription without changing
p53 levels. Mechanistically, 17AAG interferes with the repressive MDMX-p53 axis by
disrupting MDMX-p53 complexes and inducing robust MDMX degradation (38). While RNAI-
mediated knockdown demonstrates the central importance of MDMX in Nutlin resistance in an
experimental setting, an RNAI approach is currently not within clinical reach. Thus, to our
knowledge the Nutlin+17AAG combination represents the first effective pharmacological

inhibition of MDMX.

The mechanism by which 17AAG induces MDMX degradation remains to be
determined. MDMX is not a known HSP90 client and therefore its 17AAG-mediated
destabilization is likely indirect, and could for example be through affecting MDMX
modifications. Concerning MDMZ2, it is a known Hsp90 client and Hsp90 inhibition by the
17AAG precursor Geldanamycin stimulates MDM2 degradation (107). Moreover, our co-
immunoprecipitations showed that 17AAG disrupts the MDM2-MDMX complex. This could

contribute to MDMZ2 destabilization, since one function of MDMX is to stabilize MDM2 (155).
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Likewise, 17AAG could contribute to p53 stabilization since the MDM2-MDMX heterodimer is
thought to be a more effective E3 ligase for p53 compared to MDM2 homodimers. The latter
could explain also why p53 is stabilized upon 17AAG treatment before MDMX degradation
occurs in some of the cell lines. Although we were able to identify some important determinants,
further elucidation of the synergistic mechanisms is warranted. 17AAG might also modulate p53

transcription through other mechanisms, e.g. by affecting co-activators and/or p53 modifications.

In sum, the molecular rationale for this drug combination is quite compelling. 17AAG
targets different tumor types by destabilizing multiple oncogenic pathways via Hsp90
interference (156). This suggests that the Nutlin+17AAG combination might resurrect Nutlin as
a clinically viable uniform platform against a broad spectrum of wtp53 harboring solid tumors.
Moreover, 17AAG-type inhibitors specifically target tumor cells (115, 116) for two reasons:
Hsp90 upregulation is tumor-specific and ubiquitous in tumors, and 17AAG exhibits a 100-fold
higher activity toward tumor cell-derived Hsp90 complexes than against Hsp90 purified from
normal cells (157). Thus, 17AAG may also help in improving the therapeutic window by better
targeting the Nutlin responses specifically to tumor cells and reduce the bone marrow

suppression-based toxicity of Nutlin.

p53 protein regulates the mitochondrial Permeability Transition Pore during oxidative

stress-induced necrosis and ischemic stroke

Here we identify a new role of p53 in activating necrotic cell death. In response to oxidative
stress and ischemia, p53 protein accumulates in the mitochondrial matrix and triggers PTP

opening, mMPT and necrosis by physical interaction with the critical PTP regulator CypD. This
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p53 action is transcription-independent and inhibited by the specific CypD inhibitor CsA, and by
genetic CypD deletion or knockdown. In support, in contrast to the prototypical MOMP-inducer
tBid, purified p53 protein has efficacy that goes beyond activating the Bax/Bak lipid pore at the
outer membrane. p53 is able to also rapidly open the PTP pore at the inner membrane in healthy
Bax-/-Bak-/- mitochondria where tBid fails. Similarly, p53 causes structural alterations of the
PTP pore, while tBid does not. Using gene knockout and knockdown in mouse and human cells,
we show that oxidative stress induces PTP opening, mPT and necrosis that concomitantly depend
on the presence of p53 and CypD. Importantly, WT, Bax/Bak DKO and p53-/- cells are all
(further) sensitized to H2O,-induced PTP opening and necrotic death upon direct delivery of p53
into the mitochondrial matrix. This sensitivity is reversed by knockdown of CypD, confirming
the physiological p53-CypD cross-talk. Most intriguingly, a robust p53-CypD complex is formed
during necrosis in brain tissue upon ischemia/reperfusion stroke injury. In contrast, genetic
reduction of p53 levels (p53+/- mice) or CsA-pretreatment of WT mice prevents this complex
from forming, and is associated with effective stroke protection. This strongly supports a

pathophysiologic role of the mitochondrial p53-CypD axis in ischemic stroke.

Aside from p53, very few extramitochondrial proteins are known to bind CypD and
trigger pathologic PTP opening. A compelling analogy to p53, albeit acting chronically, is the
highly toxic, soluble intracellular form of B amyloid peptide (AP), a key protein in Alzheimer’s
disease (AD) that progressively accumulates in brain mitochondria of AD patients and AD
transgenic mice. In AD, AP forms a critical complex with CypD that promotes PTP opening,
thereby boosting Ca®*-induced mitochondrial damage and neuronal injury. Inhibiting PTP or
ablating CypD in AD mice renders their cortical brain mitochondria resistant to PTP opening and

improves their cognitive functions (158).
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In response to many insults, a continuum of apoptosis and necrosis exists. Such insults
induce apoptosis at lower doses and necrosis at higher doses, a scenario that is clearly the case in
ischemic brain infarction with an apoptotic penumbra surrounding a necrotic center (159). The
long-standing paradigm had been that p53 controls apoptosis but plays no role in necrosis. Only
recently the very first link between p53 and necrosis was reported. Upon etoposide-mediated
DNA damage Bax/Bak DKO MEFs die via slow necrosis, which is largely controlled by p53-
mediated transcription of cathepsin Q in cooperation with DNA damage-induced ROS (160).
Interestingly, however, this transcriptional p53-cathepsin Q axis only plays a minor role in the
corresponding WT MEF necrosis. In contrast, H,O,-induced necrosis in DKO MEFs was found
to be completely transcription-independent (160), supporting our finding of direct CypD-
mediated necrotic signaling by p53. Thus, in response to oxidative stress our data establish a
necrotic mitochondrial p53 program, in addition to the well-characterized mitochondrion-based
apoptotic p53 program. The decision whether to engage one and/or the other appears to depend
on the type and dose of stress. Clearly though, necrotic signaling also uses p53-independent
pathways, depending on the insult. Examples are necrosis induced by DNA alkylating agents

which signals through PARP and necrosis signaling via the TNFR/RIP1 pathway (159) .

Our data shows that p53 can control a CypD-mediated necrotic program during oxidative
stress in various cell types and in likely in brain tissue in vivo. The surprisingly strong brain
protection from ischemia/reperfusion injury of p53+/- mice (Figures 36A and 36B) is likely due
to two components: The absence of a destructive p53-CypD complex, thereby protecting the PTP
pore (Figure 36C), and the presence of weaker p53 apoptosis program such as e.g. Puma and
Noxa (Figure 37A). Importantly though, the absence of the p53-CypD complex strongly

correlates with stroke protection. This is indicated by CsA-protected WT brains that do not form
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the p53-CypD complex, yet concomitantly mount a full-blown p53 apoptosis program including
Puma and Noxa (Figure 37A). Parenthetically, the p53 homolog p73, which is robustly expressed
in adult mouse and human brain, was not induced in the ischemic brain tissues (Figure 37B).
Finally, although low or uninduced levels of p53 can clearly mount a transcriptional anti-oxidant
defense by regulating expression of e.g. sestrins, glutathione peroxidase and TIGAR, this is
highly tissue-specific. Notably, in brain tissue p53 is constitutively pro-oxidant in both
physiologic and pathologic conditions due to transcriptional repression of antioxidant genes
(161). Thus, a protective p53 anti-oxidant program is likely not a factor in the observed p53+/-
stroke protection. Interestingly, p53-/- brains were not as protected as p53+/- brains (not shown),
as observed by others (72). This could be explained by the fact that in ischemic p53-/- brains,
lack of p21 induction might trigger abortive reentry of post-mitotic neurons into the cell cycle,
leading to cell death. This is supported by the observation that p21 is induced after cerebral
ischemia (162) and conversely, CDK inhibitors reduce infarct size after focal cerebral ischemia

(163).

CypD-/- mice show strong protection against focal ischemia-reperfusion brain injury
(46). Similarly, mice and rats treated with CSA or non-immunosuppressive derivatives that do
not bind to calcineurin are also protected from stroke (164-166). Clinically, CsA is chronically
given to organ transplant patients as a time-tested immunosuppressant. Our data suggest that
acute temporary blockade of the destructive p53-CypD complex by CsA-type inhibitors may be a
therapeutic strategy to limit infarct extent in the rising number of ischemic stroke patients where

reperfusion of the occluded artery can be reestablished by interventional thrombolysis.
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IV. Future Directions
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Development of p53 based therapies is emerging and exciting research field. However,
we need to gain a lot more knowledge before these therapies can be applied successfully in
clinic. Nutlin, a small molecule inhibitor that reactivates wild type p53 by separating it from
MDMZ2, has been a major breakthrough in the field. Unfortunately, it is now clear that Nutlin and
similar compounds more often exert cytostatic rather than cytotoxic activities when used to treat
tumors. Therefore research needs to focus on understanding the mechanisms of Nutlin-induced

cell death and how to convert Nutlin from cytostatic to cytotoxic.

My first project identifies that in the acute myeloid leukemia cell line ML-1 Nutlin causes
apoptosis with significant contribution of the direct mitochondrial p53 functions. Thus, the
project further clarifies the mechanisms of Nutlin-induced cytotoxicity at least in this cell line.
However, several questions remain open. Because we use only one cell line, it is obvious to ask
whether this mechanism is cancer/cell type specific. To answer this question, the same
approaches should be applied to other Nutlin-sensitive cancer cell lines and possibly cancer
models (xenograft or genetic mouse models). This would allow determining whether
mitochondrial p53 contributes towards Nutlin-induced toxicity only in certain types of cancers,
or it is a uniform mechanism. Additionally, present study does not explore whether
mitochondrial p53 functions might be suppressed in cell lines responding with arrest or generally
resistant to Nutlin treatment. An approach that could be considered is to compare levels of
mitochondrial p53 translocation upon treatment in sensitive versus resistant cell lines. Moreover,
one could compare binding of p53 to Bcl-2 family members in Nutlin-sensitive and Nutlin-
resistant cell lines. If these studies identify that mitochondrial p53 pathway is suppressed in
Nutlin-resistant cell lines and/or mouse cancer models, they would have significant impact

towards the improvement of p53 based therapies.

62



We observe that blocking of p53 mediated transcription by Pifithrin-a potentiates Nutlin-
induced apoptosis. These results are very compelling and need further clarification. They suggest
the existence of p53 transcriptional targets that might suppress its own mitochondrial functions.
Future studies should determine whether one could sensitize Nutlin-resistant cell lines by using
Pifithrin-a. If so, further identifying of the particular p53 transcriptional targets responsible for
this negative auto-regulation would also have great contribution towards improving Nutlin

response and understanding p53 signaling.

My second project identifies synergistic interaction between Nutlin and the Hsp90
inhibitor 17AAG. We show that 17AAG destabilizes p53 and MDMX proteins as well as
separates MDMX form p53. Mechanistically, MDMX destabilization and/or AKT pathway
suppression contribute towards the synergism. The finding that inhibition of Hsp90 affects
MDMX protein stability is described here for first time and suggests that MDMX might be
Hsp90 client protein. Nevertheless, the mechanism by which 17AAG destabilizes MDMX
remains unclear and future studies need to establish that. One possibility is that Hsp90 binds
directly to MDMX. This could be tested by immunoprecipitations and pull-down experiments.
Second, Hsp90 could affect MDMX stability indirectly. For example, Hsp90 binds to and affects
MDM2 functions, while MDM2 regulates MDMX stability. Therefore, 17AAG could regulate
MDMX stability indirectly, through regulation of MDM2 ubiquitin ligase activity. Several
kinases, known to phosphorylate MDMX are Hsp90 client proteins, such as AKT, CHKI,
CDK1, c-Abl. Thus, it should be determined whether Hsp90 regulates MDMX stability or
binding to p53 through affecting MDMX phosphorylation status. Another possibility is the
involvement of 17AAG-induced ribosomal stress. It is known that MDMX binds to ribosomal

proteins such as L11, and that ribosomal stress causes separation and MDMX protein

63



degradation. Inhibition of Hsp90 induces ribosomal stress; consequently, the interaction between
L11 and MDMX could be disrupted by 17AAG treatment and result in MDMX destabilization.
Several Hsp90 client proteins (such as ErbB2) undergo proteasomal degradation after Hsp90
inhibition, mediated by the ubiquitin ligase CHIP. Involvement of CHIP in regulating MDMX

stability after 17AAG treatment could also be explored in future.

Because Hsp90 has numerous client proteins, it is very likely that other client proteins,
besides MDMX and AKT could be involved in the synergistic interaction between Nutlin and
17AAG. It has been shown that inhibition of ERK MAPK can potentiate Nutlin-induced
cytotoxic response, while Raf (ustreatm of ERK) is a client protein of Hsp90. Therefore,
involvement of Raf/ERK MAPK pathway in the synergism between 17AAG and Nutlin could be
explored. Other potential candidates are GSK-3B, p38 MAPK pathways, CHK1 checkpoint
kinase as all of these are known to be Hsp90 client proteins, and as well have been implicated in

the regulation of p53 signaling.

The diversity of Hsp90 targets also suggests a possibility that the mechanisms for the
synergism between Nutlin and 17AAG might differ among different cancer types. Furthermore,
some types of cancers could be more sensitive to the combination than others. For example,
MDMX overexpressing cancers or cancers with hyperactive PI3K pathway could be more
responsive. Clarifying these questions would be important for the therapeutic development of

this drug combination.

In the xenograft assay with RKO cell line, tumors treated with the drug combination are
stabilized over time, but do not regress. It is important to find conditions in which tumor

regression would be observed. This can be accomplished by evaluating the administration of
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different doses of the drugs or different administration schedules. For example, 17AAG could be
administered more in advance since in cell culture, destabilization of MDMX and AKT occur at
later time points. Furthermore, the drug combination could be evaluated in more advanced
cancer models such as genetic mouse models, which would prove it to be more therapeutically

relevant.

My third project elucidates a novel function of mitochondrial p53: it shows regulation of
mitochondrial Permeability Transition Pore by p53 during oxidative stress-induced necrosis, and
implicates this function in brain ischemia-reperfusion injury. For the first time, we demonstrate
direct interaction between p53 and the mitochondrial matrix protein CypD, which plays a central
role in regulation of PTP. Although, the study identifies minimal region of p53 protein required
for the interaction with CypD, it is still not clear how this interaction occurs, and mutant p53 that
does not bind to CypD is not identified. Identifying such a mutant is important to further validate
the functional relationship between the two proteins. In mice ischemia-reperfusion brain injury,
the complex formation between p53 and CypD correlates with level of injury, however, these
results remain correlative and do not prove a role of the interaction in ischemic stroke. This can
be tested by generating mutant p53 transgenic mice lacking binding to CypD, and compare the
levels of brain injury upon MCAO with WT mice. If p53 mutant mice show reduced brain injury,
such an experiment would be direct proof that the interaction between p53 and CypD has a role
in stroke. Crystallography or computer modeling with minimal p53 and CypD interaction regions
can be applied to discover such a p53 mutant protein. The knowledge for the interaction would

be also very useful for potential development of an inhibitor.

Central function of p53 upon stress is considered the regulation of apoptosis or cell cycle

arrest. We show that in the case of oxidative stress caused by H,O, in MEFs and cancer cell
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lines, p53 plays a role in regulating PTP and necrotic, rather than apoptotic cell death. These
results seem surprising considering that oxidative stress leads to DNA damage which triggers
p53 dependent apoptosis or cell cycle arrest. Additionally, in our isolated mitochondria assays
purified p53 protein causes release of apoptogenic factors independently of Bax/Bak lipid pores
presumably through PTP regulation. mPT causes mitochondrial swelling, rupture of outer
mitochondrial membrane and release of apoptogenic factors. Therefore one would expect more
pronounced apoptotic response upon oxidative stress. These observations could be explained by
the fact that apoptosis is energy dependent process and although initial activation of apoptotic
cascade might occur, quick accumulation of ROS causes PTP opening, ATP loss and therefore
lack of energy necessary for apoptotic cell death to progress. Conversely, one might question
why mainly p53 dependent apoptosis occurs during DNA damage since DNA damage causes
accumulation of ROS. It is possible that activation of DNA damage kinases occurs faster than
accumulation of ROS and the levels of ROS generated by DNA damage might not be significant
to cause enough PTP opening, loss of energy and block of apoptosis. Additionally, several redox
dependent kinases activated by ROS are known to regulate p53 activity and their spatio-temporal
activation upon H,O, or DNA damage might differ. Moreover, ROS can affect the redox state
and oxidation of p53 itself. Exploring these possibilities in future could explain the differences in

p53 activity upon DNA damage and exogenous oxidative stress.
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V. Materials and Methods
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The transcription-independent mitochondrial p53 program is a major contributor to

nutlin-induced apoptosis in tumor cells

Cell culture and drugs. The human myeloid leukemia cell line ML-1 and the colorectal cancer
cell line RKO were used. Both were cultured in RPMI medium (Gibco, Invitrogen),
supplemented with 10% FBS (Gibco. Nutlin 3a was a gift from Dr. L. Vassilev, Roche
Pharmaceuticals. PFTH was a gift from Andrei Gudkov, Lerner Research Institute, OH. a-

Amanitin and PFTa were purchased from Sigma (St.Lous, MO).

Immunoblotting and immunoprecipitation. Exponentially growing cells were treated as
indicated, lysed with 0.5% Triton X-100 in phosphate-buffered saline supplemented with
protease inhibitor cocktail (Roche) and 50 ng/ml ubiquitine aldehyde (Sigma) and sonicated.
Standard ECL immunoblotting was performed. For immunoprecipitation, cells were lysed in the
same buffer as above. One milligram of total protein was incubated overnight at 4°C with 1 pg of
primary antibody and protein A/G agarose beads (Roche). In some instances, p53-specific FL393
antibody conjugated to agarose beads was used. Beads were washed 3 times in buffer (0.5%
Triton X-100 in PBS) and proteins were solubilized by boiling in 50 pl of sample buffer prior to
SDS-PAGE. The following antibodies were used: monoclonal DO1 and polyclonal FL393
against p53 (Santa Cruz), monoclonals Ab-1 (Calbiochem) and 2A10 (Santa Cruz) against
MDM2, polyclonal anti-PARP (Cell Signaling), monoclonal anti-p21 Clone 187 (Santa Cruz).
For loading controls antibodies against B-Actin (Ab-5, NeoMarkers), HDAC, mt hsp70 and

hsp90 were used.

Nucler/Cytoplasmic fractionations. Exponentially growing RKO or ML-1 cells were treated as

indicated. Cells were washed with ice-cold TD buffer (135 mM NaCl, 5 mM KCI, 25 mM Tris-
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HCI, pH 7.6) and resuspended in 100 pl CaRSB buffer (10mM NaCl, 1.5mM CaCl,, 10mM Tris-
HCI, pH 7.5) supplemented with 2x protease inhibitor cocktail and ubiquitinaldehyde. Then 100
pl 1% Triton X-100 in PBS was added, the suspension was gently mixed and nuclei were spun
down at 700 rcf for 5 min at 4°C. The cytosolic fraction was transferred to a new tube and nuclei
were lysed with 50 ul 0.5% Triton X-100 in PBS and sonicated. In immunoblots, monoclonal
anti-HDACL1 (Affinity BioReagents) and monoclonal anti-Heat Shock Protein 90 (Calbiochem)

were used as nuclear and cytoplasmic markers, respectively.

Mitochondrial purification. Cells were washed with TD buffer, resuspended in CaRSB buffer
and incubated for 10 min to allow swelling. Cells were then homogenized with a loose-fit
Dounce homogenizer and addition of 2.5x MS buffer (210 mM mannitol, 70 mM sucrose, 5 mM
EDTA, 5 mM Tris, pH 7.6). The homogenate was cleared from nuclei by centrifugation at 1000
g for 5 min at 4°C. The nucleus-free homogenate was subjected to discontinous sucrose gradient
ultracentrifugation. Mitochondria fraction was carefully collected at the 1M/1.5M interface of

the gradient.

TUNEL staining. Treated and untreated ML-1 and RKO cells were washed with PBS and 5x10°
cells were cytospun onto glass slides and processed for TUNEL staining as recommended by the
manufacturer (Roche). Staining was quantitated by measuring total pixels per field from 3

random fields (Zeiss Axiovision software).
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Blockade of Hsp90 by 17AAG antagonizes MDMX and synergizes with Nutlin to induce

p53-mediated apoptosis in solid tumors

Cell culture and drugs. The wtp53 harboring human cancer cell lines U20S, RKO, HCT116
p53 +/+ (and its isogenic match HCT116 p53 -/-), MCF7 and SJSA and RPMI were maintained
in DMEM or RPMI 1640 (for AGS and RPMI-1788) with 10% FBS at 37°C in 5% CO2. Stable
U20S cells expressing doxocyclin-inducible MDMX were generously provided by Geoffrey
Wahl and maintained in DMEM supplemented with 10% FBS. The following drugs were used:
Nutlin-3a (Sigma), 17AAG (17-allylamino-17-demethoxygeldanamycin, LC Laboratories),
Cycloheximide (Sigma), Z-VAD-FMK (R&D Systems), ALLN (Calbiochem) and LY294002

(Roche). The human MDMX siRNA and scrambled siRNA were purchased from Qiagen.

Co-immunoprecipitations and immunoblots. Cells were treated, lysed with 0.5% Triton X-100
in PBS supplemented with protease inhibitor cocktail (Roche) and sonicated. Whole cell extracts
(5 - 30 pg) were resolved on 10% SDS-PAGE gels and processed for ECL immunoblotting. For
immunoprecipitation cells were lysed in the same buffer. Total protein (1 mg) was incubated
overnight at 4°C with 1 ug of primary antibody and protein A/G agarose beads (Roche). Beads
were washed 3 times in buffer (0.5% Triton X-100 in PBS) and proteins solubilized by boiling in
50 ul sample buffer prior to SDS-PAGE. The following antibodies were used: monoclonal p53
(DO1, Santa Cruz), monoclonal MDM2 (Ab-1, Calbiochem), rabbit Hdmx/Mdm4 (Bethyl Labs),
rabbit cleaved PARP (D214, Cell Signaling), monoclonal p21 (BD Biosciences), rabbit Puma,
Akt and phospho-AKT S473 (all Cell Signaling), and rabbit cleaved caspase-3 (Aspl75, Cell
Signaling). Monoclonal PCNA (PC10, (Santa Cruz)) was used as loading control. All antibodies

were diluted 1:1000 to 1:5000.
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Realtime qRT-PCR. Total RNA was isolated with Trizol and 10 pg reverse transcribed with
random primers and SuperScript Il Reverse Transcriptase (Invitrogen). Realtime qRT-PCR was
performed in triplicate in a MJ Research DNA Engine Opticon 2 with Qiagen QuantiTect SyBr
Green Mix. Cycling conditions were 94°C 30 sec, 55°C 30 sec, 72°C 1 min, and 68°C 10 sec for
35 cycles. Human primer sequences used: MDMX- F.GCCTTGAGGAAGGATTGGTA,
R:TCGACAATCAGGGACATCAT;PUMA(BBC3)F:ACGACCTCAACGCACAGTACG,R:TC
CCATGATGAGATTGTACAGGAC;P21(CDKIN1A)F:.CTGGAGACTCTCAGGGTCGAAA,

R:GATTAGGGCTTCCTCTTGGAGAA; MDM2-F:GGCGATTGGAGGGTAGACCT,
R:CACATTTGCCTGGATCAGCA. Relative expression of all target genes was normalized to

actin expression as internal efficiency control.

Cell death assays. Caspase assays were performed in triplicate with the fluorimetric
Homogeneous Caspases Assay (Roche). Briefly, 4 x 10* cells plated per well in a 96 well plate
were treated with 100 ul of media containing 2 -10 uM 17AAG and/or Nutlin for 8 - 48 hours.
Substrate working solution was added and the plate was incubated at 37°C for 2 - 8 hours or
room temperature overnight in the dark. Plates were read on a Spectramax M2 ROM with an
excitation of 485 nm and emission of 520 nm. Annexin/PIl assays were performed with FITC
Annexin V (BD Pharmingen) and Propidium lodide (Sigma) following the protocol from BD
Biosciences. After drug treatment, cells were trypsinized and diluted to 1x10° cells/mL in 1X
Binding Buffer (0.01M Hepes pH 7.4, 0.14M NacCl, 2.5mM CaCl,). Annexin (7.5 pl) and PI (10
ul of 50 pg/ml) were added to 150 pl cell suspension. After 15 min incubation in the dark at
room temperature, cell suspensions were adjusted to 500 ul with 1X Binding Buffer and counted

in a FacScan analyzer (Argon laser, Becton Dickinson).
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To evaluate the combinatorial synergy between the two drugs, the percentage of dead
cells was determined by Trypan Blue exclusion assay. IC50 were determined and the
isobologram and combination index (CI) analyses were performed with CalcuSyn software as

described(111).

Xenograft assays. Six to seven week old athymic male nude mice (nu/nu) were purchased from
Harlan Laboratories. All animal experiments were approved by the Stony Brook University
Internal Review Board. RKO cells (5x10° per flank) suspended in 50% Matrigel (BD
Biosciences) were injected subcutaneously into the four flanks of mice. Tumors were measured
by a caliper and volume (V) was calculated using the formula V = length (L) x width(W)?%/2,
where width was the smaller dimension of the tumor. When tumors had reached between 200-
300 mm?, treatment was started. The change in tumor volume was calculated by comparing the
tumor size during treatment to the original tumor size before treatment began (= Day 0). Tumors
were measured 3-4 times per week. Mice were randomized into four treatment groups: vehicle,
Nutlin, 17AAG, and Nutlin+17AAG. Student’s two-tailed T-test with equal variance was used to
determine statistical significance of the relative tumor size changes between vehicle-treated

versus drug-treated tumors.

Racemic Nutlin-3 (Cayman Chemical Cat # 10004372) was injected at 35mg/kg per mouse in
10% DMSO. 17AAG (NSC 330507) and the egg phospholipid diluent (EPL) vehicle (NSC
704057) were generously supplied by the Pharmaceutical Management Branch, Cancer Therapy
Evaluation Program of The National Cancer Institute. 17AAG was injected at 80mg/kg in 10%
DMSO plus 90% EPL. Vehicle mice were injected with the vehicles for both Nutlin and

17AAG.

72



On Days 0-10 treatment was done by intraperitoneal injection (IP). Nutlin was injected
by IP every other day. 17AAG was injected was injected on days 0-2, 4-8. IP injection of vehicle
followed the same schedule as Nutlin and 17AAG. On Days 11-18, doses were split between IP
and IT (intratumoral injection). Nutlin, 17AAG or vehicle were injected on days 12-13, 15, and
17-18. Mice were sacrificed on Day 21. Tumors were isolated and sonicated in 0.5% Triton X-

100 /PBS with protease inhibitor cocktail (Roche) and analyzed by immunoblot.

p53 protein regulates the mitochondrial permeability transition pore during oxidative

stress-induced necrosis and ischemic stroke

Cell culture and drugs. Primary WT and p53-/- mouse embryo fibroblasts MEF) were
established from E13.5 embryos. Primary CypD-/- MEFs were purchased (ArtisOptimus).
Bax/Bak DKO and corresponding WT MEFs were a gift of Dr. Weixing Zong, Stony Brook
Univ. MEFs (all SV40 immortalized) and cancer cell lines were maintained in DMEM/10%

FBS. Cyclosporine A, aAmanitin, Pifithrin-o, ionomycin and FCCP were purchased from Sigma.

Plasmids and recombinant proteins. pGEX-CypD were a gift from Dr. Dario Altieri, Univ. of
Massachusetts (167). Human cypD, ANT-2 and VDAC-1 cDNAs in pHA vectors were gifts
from Dr. Stefan Grimm, Max-Planck-Institute, Germany (168). Baculovirally expressed human
wt and mutant p53 were purchased (Origene). Recombinant adenovirus (Ad5-GFP) was
generated as described previously (169) under the control of a CMV promoter. Luc shRNA and

CypD shRNA plasmids were purchased (Dharmacon).

Mitochondrial isolation and assays. Mitochondria from cultured cells and mouse liver were
isolated by sucrose gradients as we described (Mihara et al., 2003). Mitochondria (35 pg) were

73



subjected to chemical crosslinking with BMH (1,6-bis-maleimidohexane, Pierce, 10 mM in
DMSO for 10 min) or mock-treated (DMSO only). Submitochondrial fractionation was
performed by phosphate swelling-shrinking as described (167) and detailed in supplemental
material. Equal protein from whole cell lysates or subcellular/submitochondrial fractions was
immunoblotted. Antibodies are listed in supplemental material. Release assays for apoptotic
activators were performed on freshly isolated mitochondria (350 pg/ml) incubated with
baculoviral human wtp53, tBid proteins (R&D Systems), Type V BSA (Sigma) or buffer for 30
min at 30°C and promptly centrifuged at 4°C (Mihara et al., 2003). The resulting supernatants
and washed mitochondrial pellets were analyzed by immunoblots. For swelling assays,
resuspended mitochondria (in 120 mM KCI, 10 mM Tris pH 7.6, 5 mM KH2PO4) were
incubated with purified proteins or buffer for 30 min at 30 °C. Swelling was promptly monitored
by the decrease of 90° light scatter at 540 nm in a spectrophotometer (SpectraMax M2,
Molecular Devices) or visualized by Transmission Electron Microscopy detailed in supplemental
materials. The mitochondrial membrane potential AYm was assessed by measuring thA¥m -
dependent uptake of the potentiometric dye TMRM (tetramethylrhodamine methyl ester; 200 nM
added to the media) and visualized by a Zeiss Axioskope or quantified by FACS. To directly
measure PTP opening in isolated mitochondria or cultured cells, the calcein-AM release assay

(MitoProbe Transition Pore Assay, Molecular Probes) was used.

Submitochondrial fractionation. Briefly, purified mitochondrial pellets isolated by sucrose step
gradient were resuspended in swelling buffer (10 mM KH2PO4, pH 7.4, and protease inhibitor)
and incubated for 15 minutes at 4°C with gentle mixing. Then mitochondria were mixed with
equal volume of shrinking buffer (10 mM KH2PO4, pH 7.4, 32% sucrose, 30% glycerol, 10 mM

MgCI2, and protease inhibitor) for another 15 minutes at 4°C. After centrifugation at 10,000 x g
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for 10 min, the supernatant was collected as containing outer membrane and intermembrane
space fractions (OM&IMS). Pellets were washed three times with 1:1 mixture of swelling-
shrinking buffer, resuspended in swelling buffer, and sonicated to disrupt the inner membrane
(IM & MA). OM & IMS and IM & MA were further fractionated by centrifugation at 120,000 x
g for 1 hr at 4°C. The pellets were collected as OM and IM fractions, respectively. Supernatants
were concentrated using Centricon 10K and Microcon 10K centrifugal filters (Millipore) and
collected as IMS and MA fractions, respectively. Equal protein from whole cell lysates or

subcellular/submitochondrial fractions was immunoblotted.

Antibodies used. p53 (DO-1, FL393 (Santa Cruz Biotechn), CM5, CM1 (Novocastra)) , PCNA,
AIF (clone E-1) (Santa Cruz Biotechn), mthsp70 (ABR), Cyclophilin D (Calbiochem and
Abcam), COX IV (Molecular Probes), HMGB1( Abcam), cleaved caspase 3 and cleaved
PARP(Cell Signaling), cytochrome C (Clone 7H8.2C12, Pharmingen), Smac (Clone FKEO2,
R&D), Endo G (ProSci), Bax (N-20, Santa Cruz), Bak (Bak-NT, Upstate Biotechn), VDAC

(Calbiochem)

Transmission Electron Microscopy (TEM). Isolated mitochondria were fixed for 1 hr at 25°C
using EM grade glutaraldehyde dissolved in 120 mM KCI, 10 mM Tris pH 7.6 and 5 mM
KH2PO4 at a final concentration of 1.25 %. Cells plated on Aclar embedding film precoated
with 0.1 % gelatin were fixed with 2.5 % EM grade glutaraldehyde and 2 % paraformaldehyde in
0.1 M phosphate buffer saline (PBS), pH7.4. Samples were placed in 1% osmium tetroxide in 0.1
M PBS pH 7.4, dehydrated in a graded series of ethyl alcohol and embedded in Durcupan resin.
Ultrathin sections of 80 nm were cut with a Reichert-Jung UltracutE ultramicrotome and placed

on formvar-coated slot copper grids. Sections were counterstained with uranyl acetate and lead
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citrate and viewed with a FEI Tecnail2 BioTwinG? electron microscope. Digital images were

acquired with an AMT XR-60 CCD Digital Camera system at identical settings.

Biochemical assays. For immunoprecipitation, isolated mitochondria or cells were lysed in PBS
containing 1% Triton X-100 and protease inhibitors (Roche). After centrifugation at 13,000x g
for 10 min at 4°C, the supernatant was precleared with Protein G-agarose beads (Roche) for 2h at
4°C, and 500 ug of precleared protein extracts were incubated with antibody to p53 or cypD for
16 h at 4°C. Precipitated complexes were washed in lysis buffer and bound proteins analyzed by
immunoblots. For GST-pull down experiments, bead -bound GST-CypD was blocked with H-
buffer (20 mM Hepes pH 7.7, 75 mM KCI, 0.1 mM EDTA, 2.5 mM MgCl,, 0.05% NP40, 1 mM
DTT, 1 mg/ml BSA). Blocked beads were incubated with cell/mitochondria lysates or
recombinant proteins for 16 h at 4°C in the presence of 5 uM CsA or vehicle. Pelleted beads
were washed in H-buffer and bound proteins analyzed by immunoblots. For HA-pull down
assays, HA-antibody (Abcam) was used to precipitate protein complexes from cells expressing

HA-tagged CypD, VDAC or ANT.

Cell death assays. Cell viability was assessed by Cell Titer Blue (CTB) assay and Trypan Blue
Exclusion assays (Sigma). Apoptosis was measured by the TUNEL Detection Kit TMR Red
(Roche). Nuclei were counterstained with 1 mg/ml Hoechst 33342. Apoptosis was quantified as
the proportion of red/blue areas from 3 representative images (Zeiss Axioskope, Automatic

Measurement Program of AxioVision v4.3).

HMGBLI release assay. Medium from treated cells was harvested, spun at 800x g for 5 min and
supernatant filtered (0.45 um). Proteins were precipitated with trichloroacetic acid. Proteins from

cell lysates and cell-free supernatant were analyzed by HMGB1 immunoblots.
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Transient Focal Cerebral Ischemia (MCAQ). Male 6-8 week old littermate WT, and p53+/-
(Sv129) were used for all experiments. Focal cerebral ischemia was induced in anesthetized mice
by inserting an intraluminal filament in the middle cerebral artery for 60 min, followed by 24 hrs
of reperfusion. During the course of the experiment blood flow and body temperature of the
animals were monitored by an experienced investigator (KJ) who was naive to the genetic
identity of individual mice. Mock injured animals were kept under the same conditions. Where
indicated, Cyclosporine A (1mg/kg) was administered 15 mins prior to MCAO by intraperitoneal

injection. All animal work was done in accordance with Stony Brook University IACUC.
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Figure 1. Nutlin stabilizes p53, resulting in induced p53 transcriptional activity and
apoptosis in ML-1 cells. (A) ML-1 cells were treated with 10uM Nuitlin for the indicated times.
Cell lysates were prepared and analyzed by Western blotting using specific antibodies for p53,
MDM2, p21, PARP. PCNA was used as a loading control. (B) ML-1 cells were treated with
10uM Nutlin for 24 hours and processed for TUNEL staining. Left, example of TUNEL staining
results of ML-1 cells treated as above. Right, chart showing percentage apoptosis obtained from
the TUNEL assays above; error bars represent the average of 3 different fields from one TUNEL

assay.
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Figure 2. Nutlin stabilizes p53 protein levels in both nucleus and cytoplasm, does not
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formation. (A) Stabilization of p53 protein levels and induction of MDM?2 in both nucleus and
cytoplasm in ML-1 and RKO cell lines upon Nutlin treatment. 6 hours after 10uM Nutlin
treatment nuclear (n) and cytoplasmic (c) fractions were prepared as described in materials and
methods and analyzed by Western blotting. HDAC1 serves as a huclear marker, Hsp90 serves as
a cytoplasmic marker. (B) Nutlin does not prevent mono-ubiquitination of p53. From the
experiment described in (A) equal amounts of p53 protein were loaded for Western blotting. The
multiple bands above p53 protein band represent mono-ubiquitinated species of p53. (C) Nutlin
disrupts partially the formation of p53-MDM2 complexes. p53-MDM2 or MDM2-p53 co -
immunoprecipitations were performed as described in materials and methods. Lysates were
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times and mitochondria fractions were prepared and analyzed as described in (A).
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Figure 4. Specific blocking of mitochondrial p53 significantly reduces the apoptotic
response to Nutlin. (A) Treatment of ML-1 cells with PFT results in reduced p53 levels at
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Figure 5. Blocking of Nutlin-induced transcription with aAmanitin does not block
apoptotic response to Nutlin. ML-1 cells were pretreated with 10uM aAmanitin for 16 hours,
then 10uM Nutlin was added for additional 10 hours. (A) Cell lysates from ML-1 cells treated as
described above were prepared for Western blotting. Levels of p21 were measured as indication
for p53 transcriptional activity, cleaved PARP as a measure for apoptotic response. 3-Actin and
PCNA serve as loading controls. (B) TUNEL assay performed with ML-1 cells treated as
described above. Top, representative images from TUNEL assay, Bottom, chart summarizing
percentage apoptosis obtained from TUNEL assay described above. Error bars represent the
average of 3 fields from 1 TUNEL assay. (C) aAmanitin does not interfere with mitochondria
trandocation of p53 upon Nutlin treatment. Mitochondria fractions were prepared from cells
treated as described in (A) and analyzed by Western blotting. PCNA used as control for crude
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Figure 6. Specific blocking of p53-mediated transcription with PFTa does not block
apoptotic response to Nutlin. Pretreatment of ML-1 cells with PFTa does not block Nutlin
induced apoptosis. ML-1 cells were pretreated with 20uM PFTa for 4 hours followed by 10uM
Nutlin treatment for additional 10 hours. (A) Western blot showing that pretreatment of ML-1
cells with PFTa retains PARP cleavage after Nutlin treatment, while does not affect p53 levels.
p2l levels are indication for inhibited p53 mediated transcription. (B) Graph summarizing
TUNEL results from ML-1 cells pretreated with PFTa. (C) PFTa does not interfere with Nutlin
induced p53 trangl ocation to mitochondria
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Figure 7. 17AAG increases wtp53 and p21, but decreases MDMX and MDM2 protein
levels. Indicated human cancers cell lines (RKO- colorectal carcinoma, MCF7- breast
adenocarcinoma, U20S- osteosarcoma and AGS- gastric adenocarcinoma) were treated with 2
uM of 17AAG for the indicated time points. The protein levels of p53, MDMX, MDM2 and p21

proteins were analyzed by immunoblots. PCNA is aloading control.
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Figure 8. 17AAG stabilizes p53 protein and induces transcription of p53 targets. (A)
17AAG increases both mRNA levels and protein stability of p53. Left, p53 mRNA levels in
RKO cells treated with 17AAG or DMSO for 24 hours. qRT-PCR, mRNA levels were
normalized to actin. Error bars represent standard errors from 2 independent experiments, each
donein triplicate. Right, Cycloheximide (CHX) chase of RKO cells treated as indicated. PCNA
isaloading control. (B) 17AAG increases transcription of the p53 target genes p21, PUMA and

MDM2. RKO cellswere treated asin B. MmRNA levels of MDMX, p21, PUMA and MDM2 were
evaluated by gRT-PCR asin B.
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pretreated with pan-caspase inhibitor Z-VAD-FMK (A) or proteasome inhibitor ALLN (B) 1
hour before adding 17AAG for an additional 24 hours
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Figure 10. 17AAG disrupts the p53-MDMX and MDMX-MDM2 interactions. (A) 17AAG
disrupts the p53-MDMX and the MDM2-MDMX complexes. RKO cells were treated with 1.5
uM of 17AAG for 2 hours followed by immunoprecipitation with MDMX or MDM?2 antibodies.
MDMX-p53, MDM2-MDMX and MDM2-p53 complexes were detected by immunoblots.
I sotype-matched IgGs serve as controls. (B) 17AAG separates MDM2 and hsp90. RKO cells
were treated as in A followed by immunoprecipitation with MDM2 antibody. |sotype-matched
1gG serves as control. (C) Immunobl ot indicating the relative input of proteins used in left.
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Figure 11. 17AAG Kkills cancer cells in a p53 dependent manner. (A) p53-/- cells display
lower PARP cleavage and lack p21 and PUMA proteins induction upon 17AAG treatment.
HCT116 p53+/+ and HCT116 p53-/- cells were treated with 1.5uM 17AAG for the indicated
time points and protein levels of cleaved PARP, p53, MDMX, MDM2, p21 and PUMA
examined by Western blotting. (B) p53-/- cells are less sensitive to 17AAG-induced caspase
activation. HCT116 p53+/+ and HCT116 p53-/- cells were treated with 17AAG for 48 hours and
caspase activity measured as described in materials and methods. Error bars represent standard
errors obtained from four replicates. (C) p53-/- cells are more resistant to 17AAG. HCT116
p53+/+ and HCT116 p53-/- cells were treated with 17AAG for 72 hours and processed for
Annexin V and Pl staining. Indicated percentage of Annexin V/ Pl negative population (%
survival) was measured by FASC.
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Figure 12. 17AAG induces transcription of p53 targets p21, PUMA and MDM2 in p53+/+
but not in p53-/- cells. HCT116 p53+/+ and HCT116 p53 -/- cells were treated with 1.5uM
17AAG for 24 hours and mRNA levels of the indicated genes were measured by qPCR. . Error
bars represent standard errors obtained form 2 independent experiments, each done in triplicates.
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Figure 13. Combining Nutlin and 17AAG significantly increases cell death as compared to
single treatments. (A) Increased PARP cleavage upon drug combination. RKO, U20S, MCF7
and AGS céll lines were treated with 17AAG for 1 hour, before adding Nutlin for additional 24
hours where indicated. Cleavage of PARP was assessed by Western blotting. (B) Increased
caspase activity upon drug combination. Cells were treated as in A and caspase activity
measured as described in materials and methods. Error bars represent standard errors obtained
from four replicates. Results are shown for RKO cells only, similar results were seen in U20S,
MCF7 and AGS cdlls. (C) Decreased cell survival upon drug combination. Cells were treated
with 17AAG for 1 hour before adding Nutlin for additional 48 hours, then processed for Annexin
V and Propidium lodide (Pl) staining. Percentage of Annexin V/Pl negative population (%
survival- bottom left quadrant) was measured by FACS.
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Figure 14. Combination of Nutlin and 17AAG dramatically increases cell death in p53+/+
but not in p53-/- cells. HCT116 p53+/+ or p53-/- cells were treated with 17AAG for 1 hour
before adding Nutlin for additional 24 hours and (A) cleavage of PARP was assessed by Western
blotting or (B) caspase activity measured as described in materials and methods. Error bars
represent standard errors obtained from four replicates.
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Figure 15. Synergistic induction of cell death upon combination of Nutlin and 17AAG. The
indicated cell lines were treated with different doses of 17AAG or Nutlin, or combinations using
a fixed ratio for 72 hours. Percentage of dead cells was calculated by trypan blue exclusion
assay. Combinatorial indexes were calculated by the isobologram analysis using the CalcuSyn
program.
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Figure 16. 17AAG modulates Nutlin-induced signaling. (A) 17AAG decreases Nutlin-induced
MDM2 and p21 protein levels, while increases Nutlin-induced PUMA protein levels. Indicated
cell lines were treated with17AAG for 1 hour before adding Nutlin where indicated. (B) 17AAG-
induced MDM2 and p21 downregulation upon Nutlin treatment is caspase dependent. RKO cells
were pre-treated with 20uM pan caspase inhibitor Z-VAD-FMK or mock for 1 hour pririor to
adding Nutlin and/or 17AAG as indicated. (C) 17AAG potentiates Nutlin-induced transcription
of MDM2, p21 and PUMA. RKO cells were treated as in A and mRNA levels of the indicated
genes assessed by gPCR. Datais normalized to actin mRNA levels. Error bars represent standard
errors obtained form 2 independent experiments, each done in triplicates.
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Figure 17. The effect of 17AAG on Nutlin-induced signaling is p53 dependent. (A) Effect of
17AAG on Nutlin-induced p21, PUMA and MDM2 protein levels in p53+/+ and p53-/- cells.
HCT116 p53+/+ and HCT116 p53-/- cells were treated and analyzed as in figure 16A. (B) Effect
of 17AAG on Nutlin-induced transcription of p21, PUMA and MDM2 genesin p53+/+ and p53-
/- célls. p53+/+ and HCT116 p53-/- cells were treated and analyzed as in figure 16A.
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Figure 18. 17AAG enhances Nutlin-induced apoptosis through inhibition of MDMX. (A)
Overexpression of MDMX inhibits cleavage of PARP and affects Nutlin-induced p21 and
PUMA expression. U20S cells, stably expressing doxycycline-inducible MDM X construct were
treated with doxycyline overnight. Then treatment with 17AAG and/or Nutlin was initiated for
additional 24 hours as indicated. (B) Overexpression of MDMX inhibits caspase activation
caused by the combination 17AAG and Nutlin. U20S parental cells and U20S expressing
MDMX were treated as in A and caspase activity measured as described in materials and
methods. Error bars represent standard errors obtained from four replicates. (C) Downregulation
of MDMX enhances Nutlin-induced p21 and PUMA proteins and enhances nutlin-induced
apoptosis. U20S and RKO cells were transfected with scrambled or MDMX siRNA for 24
hours, then treated with Nutlin for additional 24 hours. Protein levels were assessed by Western
blotting (left) and caspase activity (right) was measured as described in materials and methods.
109



33
S
0 4 6 8 12 24 hrs 17Af ,EDQ..@QA >
[ o - | p-AKT *AaTe
2 _SS£33
O | AKT FITLL®
| s e e s e e | PCNA e === = == |Cleaved PARP
L —— p-AKT
%}————— ‘ 1AKT —— ——— e | VDM X
T = - MDM2 low
|"_"_"'_"_‘_""|PCNA - == == |MDM2 high
[ | p-AKT - S — = (D21
gl —_— e — |AKT . PovA
@ pr— p-AKT
l'_ |pCNA o e gup a0 @ | AKT
| o —— |p-AKT o e s s = | PCNA
)’| |AKT 12 34 56
O| == = - =

e ——

w
[, ]

%k

*¥k

w

[l
(¥, ]
™

(%]

—-
wun
a2

(=Y

fold increase caspase activity

crl Nutlin  Nutlin+ Nutlin+ 10uMLY 15uMLY
10uMLY 15uMLY

Figure 19. 17AAG enhances Nutlin-induced apoptosis through inhibition of PI3K pathway.
(A) 17AAG inhibits AKT. Cells were treated with 17AAG for the indicated times and AKT and
p-AKT protein levels assessed by Western blotting. (B) Inhibition of AKT phosphorylation
potentiates Nutlin-induced PARP cleavage and PUMA protein. RKO cells were treated with
PI3K inhibitor LY 294002 1 hour before adding Nutlin for additional 24 hours, then lysed and
indicated proteins assessed by Western blotting. (C) Inhibition of AKT phosphorylation
potentiates Nutlin-induced caspase activation. RKO cells were treated as in B and caspase
activity measured as described in materials and methods.
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Figure 20. In vivo activity of the Nutlin and 17AAG drug combination on established RKO
tumor xenografts in nude mice. (A) Relative change of tumor volumes compared to the initial
tumor size prior to drug treatments. Tumor volumes were normalized to the initial tumor size
measured at Day 0 and the change of volume was averaged among the tumors receiving the same
treatment (Vehicle in blue, Nutlin in red, 17AAG in green, and Nutlin+17AAG in purple).
Tumor volumes were calculated three or four days during the week. At day 15 (arrow), both
Nutlin mice, one Vehicle mouse, and one 17AAG mouse were sacrificed due to tumor burden
and one Nutlin+17AAG mouse was sacrificed due to extensive necrosis. The rest of the mice
were sacrificed on day 22. The error bars indicate standard error calculated from seven tumors
per condition and after day 15 error bars were calculated from three tumors per condition. (B)
PARP cleavage and caspase activity are increased in tumors treated with Nutlin and 17AAG
versus the individual and vehicle treatments. The levels of cleaved Caspase 3 and p53 were
assessed by Western. PCNA was used as an internal control.
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Figure 21. In contrast to tBid, p53’s MOMP activity can be independent of Bax and Bak.
(A) Isolated mitochondria from WT or Bax-/-Bak-/- (DKO) MEFs were incubated with buffer
(mock), purified p53 (100 nM) or tBid (100 nM). MOMP was determined by release of CytoC,
Smac and AlF into the supernatant (Sup) or their retention in pellet viaimmunoblotting, VDAC,
loading control. (B) Verification of Bax/Bak DKO MEF by Western blotting
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Figure 22. p53, but not tBid opens the PTP and induces physical alterations of VDAC. (A)
p53 protein, but not tBid induces calcein release from WT and DK O mitochondria. Mitochondria
from WT or DKO MEFs were labeled with calcein-AM prior to adding purified p53 (6.25-400
nM) or tBid (400 nM). PTP opening was measured by FACS as loss of retained mitochondrial
fluorescence. (B) p53 drives VDAC-containing complexes ranging from ~ 60 to 300 kDa into
high molecular weight complexes that no longer enter the gel. Liver mitochondria were
incubated with BSA (mock) or 10, 40 and 100 nM of purified p53 prior to chemically
crosslinking and immunoblotting. Co-existing monomeric VDAC as input control. (C) p53, but
not tBid drives VDAC into high molecular weight complexes. Analysis as in B with p53 and
tBid proteins at 100 nM each.
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Figure 23. p53, but not tBid induces mitochondrial swelling in a CypD-dependent and
Bax/Bak-independent manner. (A) Mitochondria isolated from Bax/Bak DKO MEFs were
incubated with buffer, 50 NM purified p53 or tBid, or 50 uM CaCl;, for 30 min. CypD inhibitor
CsA (5 uM) was added prior to proteins or CaCl, where indicated. Mitochondrial swelling was
measured at optical density of 540 nM. (B) Mitochondria from WT or cypD-/- MEFs were
treated as in A. Four replicates = standard error. (C) Electron microscopy images of WT or
cypD-/- mitochondria treated asin A. p53 induces swelling in WT but not CypD-/- mitochondria
which appear large and pale (see arrows). * denotes debris due to the isolation procedure.
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Figure 24. Mitochondrial p53 Interacts with CypD, but not with VDAC or ANT. (A) p53
forms a prominent oxidative stress-induced endogenous complex with CypD, but not with
VDAC or ANT. HCT116 p53 +/+ cells were treated with H,O, mitochondria were isolated,
lysed and immunoprecipitated with p53 antibody or 1gG followed by immunoblotting. (B) CypD
but not VDAC or ANT binds to p53. HCT116 p53+/+ cells expressing HA-tagged CypD, ANT
or VDAC were treated with H,O, for 6 hrs, lysed and immunoprecipitated with anti-HA
followed by immunoblotting. (C) p53 binds to CypD. Binding is blocked by the CypD inhibitor
CsA. Mitochondria lysates of HCT116 p53 +/+ cells (inset) treated with 5 pM Camptothecin
(CMT) for 3 hrs were incubated with CypD-GST or GST alone (Coomassie) = CsA (5 uM),
washed and immunoblotted for p53. (D) Direct interaction between recombinant p53 and CypD
proteins is CsA-dependent. Purified p53 and CypD-GST proteins were used in GST-pull down
assays with 5 uM CsA where indicated.
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Figure 25. Mapping the CypD interaction on p53. (A) The indicated p53 deletion constructs
were transfected into HCT116 p53 -/- cells. Binding was analyzed with purified CypD-GST or
empty GST proteins (Coomassie) in pull-down assays. (B) Summary of the resultsin A. Lack (-)
or presence (+) of binding is indicated. (C) The contact domains on p53 required for direct
interaction with BclxL/Bcl2 proteins are not required for interaction with CypD. (D) Tetrameric
p53 is the preferred partner for CypD interaction. Purified wild-type, monomeric (KEEK, for
F341K, L344E, L348E, A355K) or dimeric (L229K) p53 mutants were used in pull-down assays
with purified CypD-GST.
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Figure 26. Upon oxidative stress p53 is rapidly stabilized. (A) Robust accumulation of p53in
primary and cancer cell lines treated with different doses of H,O, for 4 hrs. Indicated cell lines
were treated with H,O, and protein levels assessed by Western blotting. (B) Treatment of
primary and cancer cell lines with H,O, causes rapid accumulation of p53. Indicated cell lines
were treated with 0.5 mM H,0O, for the indicated time points and protein levels assessed by
Western blotting.
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Figure 27. Upon oxidative stress p53 translocates to mitochondria. (A) p53 accumulatesin a
punctuate cytosolic pattern in C6 rat glioma cells treated with 0.4 mM H,O, for 4 hrs. p53
immunofluorescence. (B) Rapid mitochondrial p53 accumulation upon oxidative stress. Cells
were treated with H,O, for 4 hrs. Mitochondrial fractions were prepared by sucrose gradient
ultracentrifugation. PCNA serves as indicator of purity of mitochondrial fractions and as loading
control for crude and cytosolic fractions. CypD serves as mitochondrial marker and loading
control for mitochondrial fractions. (C) Upon oxidative stress, p53 accumulates in the
mitochondrial matrix. Isolated mitochondria from HCT116 p53 +/+ cells treated with 0.5 mM
H,O;, for 4 hrs were subjected to submitochondrial fractionation. M, crude mitochondrial; OM,
outer membrane; IMS, intermembrane space; IM, inner membrane; MA, matrix.
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Figure 28. p53 deficiency renders cells resistant to H,O,-induced and CsA-dependent loss
of mitochondrial membrane potential {¥Ym). WT and p53 -/- MEFs were treated with 0.4
mM H,O; for 8 hrs + 2 uM CsA and stained with thA¥m -sensitive dye TMRM (Tetramethyl
Rhodamine Methyl Ester). (A) TMRM assessed by fluorescence microscopy. Protonophore
FCCP as control. (B) Mean TMRM fluorescence of 3 independent experiments + SD measured
by AxioVison Automatic Quantitation. (C) TMRM fluorescence of MEFs treated as in A,
measured by FACS.
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Figure 29. p53 deficiency renders primary MEFs resistant to PTP opening. WT and p53 -/-
MEFs were treated with 0.4 mM H,O, for 8 hrs + 2 uM CsA. Calcein release assay. (A)
Representative images by fluorescence microscopy. (B) Mean Calcein fluorescence from 3
independent experiments £ SD, measured by FACS. lonophore lonomycin as a control.
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Figure 30. In primary MEFs, oxidative stress induces necrosis that depends on p53 and
CypD. (A) p53 -/- and CypD -/- MEFs are resistant to H,O,-induced cell death. Primary MEFs
of the indicated genotype were treated with H,O, for 24 hrs. Cell death was measured by CTB
viability (left) or trypan blue exclusion assays (right). (B) H>O, does not induce significant
apoptosis. Primary MEFs were treated with H,O; for 24 hrsasin (A). Apoptosis was assessed by
TUNEL assays. (C) WT MEFs were treated with 0.5 mM H,O, for 24 hrs and the morphological
hallmarks of necrotic cell death confirmed by electron microscopy.
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Figure 31. p53 deficiency and silencing of CypD protects HCT116 cells from H,0O,-induced
necrosis. (A) Cell death of HCT116 p53 +/+ versus HCT116 p53 -/- cells treated with H,O, for
or two independent cypD shRNAs. CTB viahility
(top left) and trypan blue exclusion assays (top right). Bottom, levels of CypD silencing upon
introduction of shRNA. (B) Absence of significant apoptosis in cells from A, as measured by
TUNEL (left) and absence of PARP cleavage (right). In contrast, H,O,.treated cellsrelease large
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24 hrsin the presence of control shRNA (luc)

guantities of necrosis indicator HMGBL into t
manner. Immunoblot.

122



S 0 .0 O 0 .0
fractions: ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ
-+-+-+ -+-4+-+ Lp33
+-+-+- +-+4-4 - Vector
[ & -« = - ®@|p53
| p— |CypD
[— |PCNA

WT MEF  cypD--- MEF

Vect Vect

Vect  LpS3 | pocp Veet  LpS3 L pecp

WT MEF cypD-/- MEF

Figure 32. Mitochondrial matrix-targeted p53 (Leader p53-Lp53) reduces AYm in a CypD
dependent manner. (A) Mitochondria preparations from WT and cypD -/- MEFs infected with
Leader p53 construct showing localization of leader p53 at mitochondria. (B) Mitochondrial
matrix-targeted p53 causes collapse of A¥m in WT but not cypD -/- MEFs. Left, WT and cypD-
/- MEFs were infected with vector Ad5-GFP or Leader p53 construct (Ad5-Lp53-GFP, wt p53
fused to the mitochondrial import leader sequence of ornithine transcarbamylase) designed to
target p53 to mitochondrial matrix. 24 hrs after infection, TMRM was added to the media to
visualize changesin A¥m.
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Figure 33. Mitochondrial matrix-targeted p53 (Lp53) renders p53-/- cells more sensitive to
H,0,-induced necrotic death in a CypD dependent manner. (A) Survival and HMGB1
release in media of SV-40 immortalized WT or cypD-/- MEFs (left) or HCT116 p53 -/- cells
(right) infected with 100PFU Lp53 or vector alone and treated with 0.5 mM H,O, for 12 hrs. (B)
Levels of apoptosis measured by TUNEL of HCT117p53-/- cells treated as in A. Infection with
400PFU virus for 48 hrs used as positive control.
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Figure 34. Blocking of transcription does not prevent H,O, -induced PTP opening or cell
death. (A) Pretreatment with aAmanitin or PFTa inhibits H,O,-induced transcription, but does
not affect p53 levels. WT MEFs were treated with the inhibitors before adding H2O,. p21 and
p53 protein levels measured by Western blotting. (B) Pretreatment with aAmanitin or PFTa does
not inhibit H,O,-induced mitochondrial p53 translocation. WT MEFs were treated as in A,
mitochondria isolated and p53 levels analyzed by Western blotting. (C) Calcein fluorescence
measured by FACS after treatment of WT MEFs with 0.5 mM H,O- for 8 hrsin the presence of
aAmanitin or PFTa. (D) Survival of WT MEFs treated with the indicated doses of H,0, for 24
hrs, measured by Cell Titer Blue viability assay.
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Figure 35. Lp53 renders Bax/Bak double knock out MEFs sensitive to oxidative stress in a
CypD dependent manner. (A) Lp53 forms a complex with CypD. Left, mitochondrial
localization of Lp53. Right, Lp53 binds to CypD. CypD was immunoprecipitated using CypD
antibody from Lp53-infected Bax/Bak DKO MEF mitochondria lysates. (B) Lp53 rendenrs
Bax/Bak DKO MEFs more sensitive to H,O, in a CypD dependent manner. Bax/Bak DKO
MEFs stably expressing cypD or luciferase shRNAs were infected with Lp53 or vector alone and
treated with H,O, 12 hrs. Cell viability was measured by CTB (right) or trypan blue exclusion
assay (left). (C) Cell death caused by Lp53 and H,O; is not apoptosis, but necrosis. Left, bright
field image of Lp53- or vector-infected Bax/Bak DKO stably expressing cypD or luciferase
shRNA treated with H,O,. Right, lack of PARP or caspase-3 cleavage, but strong HMGB1
release into the media in the presence of Lp53 and H,O,, reversed by cypD shRNA. Bax/Bak
DKO MEFs were treated as in B and processes for western blotting. WT MEFs treated with
Camptothecin serve as positive control for PARP and Caspase-3 cleavage.
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Figure 36. The p53-CypD complex has a pathophysiologic role in ischemic stroke. WT,
heterozygous p53+/- and WT control mice pre-treated with CsA (15 mg/kg i.p, 15 min prior to
MCAO) were subjected to middle cerebral artery occluson (MCAO, right side) for 1 hr followed
by reperfusion for 24 hrs under cerebral blood flow and temperature-controlled conditions. (A)
Representative TTC-stained corona brain sections; (B) Mean infarct size £ SD. In contrast to
infarcted WT brains, p53 +/- brains are strongly stroke-protected and phenocopy the brain
protection seen in cyclosporine A-pretreated WT mice. (C) Stroke protection correlates with the
absence of an ischemia-induced p53-CypD complex in brain tissue. Co-immunoprecipitation
with p53 antibody or non-specific 1gG from the 25 hrs injured or corresponding contralateral
control hemispheres from representative brains treated as in A. immunoblotting for CypD. Input

is shown.
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Figure 37. Expression of apoptotic proteins PUMA and Noxa and p73 family members
upon MCAO. (A) Brain tissue lysates from 25 hrs-injured (MCAO) or corresponding
contralateral control hemispheres from representative brains, treated as in Figure 36. Immunoblot
for Noxaand PUMA. CypD is aloading control. (B) mRNA expression of ANp73 and TAp73 in
brain tissues from injured (MCAQ) or corresponding contralateral control hemispheres from
representative WT brains, treated as in Figure 36. qRT-PCR normalized for GAPDH.
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