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ABSTRACT

Nitric oxide is a ubiquitous signaling molecule with both physiological and
pathological functions in biological systems. Formed by the enzymatic conversion of
arginine to citrulline, NO, has known roles in circulatory, immune and nervous tissues.
In the nervous system nitric oxide has been implicated in long-term potentiation,
neurotransmitter release, channel function, neuronal protection and neuronal
degeneration. Much of our work has focused on yet another role for nitric oxide in cells,
namely, neuronal differentiation.

During development, neuronal differentiation is closely coupled with cessation of
proliferation. We use nerve growth factor (NGF)-induced differentiation of PC12
pheochromocytoma cells as a model and find a novel signal transduction pathway that
blocks cell proliferation. Treatment of PC12 cells with NGF leads to induction of nitric
oxide synthase (NOS). The resulting nitric oxide (NO) acts as a second messenger,
activating the p21(WAF1) promoter and inducing expression of p21(WAF1) cyclin-
dependent kinase inhibitor. NO activates the p21(WAF1) promoter by p53-dependent and
p53-independent mechanisms. Blocking production of NO with an inhibitor of NOS
reduces accumulation of p53, activation of the p21(WAF1) promoter, expression of
neuronal markers, and neurite extension. To determine whether p21(WAF1) is required
for neurite extension, we prepared a PC12 line with an inducible p21(WAF1) expression
vector. Blocking NOS with an inhibitor decreases neurite extension, but induction of
p21(WAF1) with isopropyl-1-thio-beta-D-galactopyranoside restored this response.

Levels of p21(WAF1) induced by isopropyl-1-thio-beta-D-galactopyranoside were



similar to those induced by NGF. Therefore, we have identified a signal transduction
pathway that is activated by NGF; proceeds through NOS, p53 and p21(WAF1) to block
cell proliferation; and is required for neuronal differentiation by PC12 cells.

In further studies of this pathway, we have examined the role of MAP kinase
pathways in neuronal nitric oxide synthase (nNOS) induction during the differentiation of
PC12 cells. In NGF-treated PC12 cells, we find that nNOS is induced at RNA and
protein levels, resulting in increased NOS activity. We note that neither nNOS mRNA,
nNOS protein nor NOS activity is induced by NGF treatment in cells that have been
infected with a dominant negative Ras adenovirus. We have also used drugs that block
MARP kinase pathways and assessed their ability to inhibit nNOS induction. Even though
U0126 and PD98059 are both MEK inhibitors, we find that U0126, but not PD98059,
blocks nNOS induction and NOS activity in NGF-treated PC12 cells. Also, the p38
kinase inhibitor, SB 203580, does not block nNOS induction in our clone of PC12 cells.
Since the JNK pathway is not activated in NGF-treated PC12 cells, we determine that the
Ras-ERK pathway and not the p38 or JNK pathway is required for nNOS induction in
NGF-treated PC12 cells. We find that U0126 is much more effective than PD98059 in
blocking the Ras-ERK pathway, thereby explaining the discrepancy in nNOS inhibition.
We conclude that the Ras-ERK pathway is required for nNOS induction.

The activation of soluble guanylate cyclase and the production of cyclic GMP is
one of the best characterized modes of NO action. Having shown that inhibition of NOS
blocks PC12 cell differentiation we tested whether nitric oxide acts through soluble

guanylate cyclase to lead to cell cycle arrest and neuronal differentiation. Unlike NOS



inhibition, the inhibition of soluble guanylate cylcase does not block the induction of
neuronal markers. Moreover, treatment of NGF-treated, NOS-inhibited PC12 cells with a
soluble analog of cyclic GMP was unable to restore differentiation of those cells. Hence,
cGMP is not a component of this pathway and we had to consider other mechanisms of
NO action.

It has become increasingly evident that another manner by which NO may exert
its effects is by S-nitrosylation of cysteine residues. We tested, in vitro whether nitric
oxide may control p53 by S-nitrosylation and inactivation of the P33 negative regulator,
Hdm2. Treatment of Hdm2 with a nitric oxide donor inhibits Hdm2-p53 binding, the
first step in Hdm2 regulation of p53. The presence of cysteine or DTT blocks this
inhibition of binding. Moreover, nitric oxide inhibition of Hdm2-p53 binding was found
to be reversible. Sulfhydryl-sensitivity and reversibility are consistent with nitrosylation.
Finally, we have identified a critical cysteine residue that nitric oxide modifies in order to
disrupt Hdm2-p53 binding. Mutation of this residue from a cysteine to an alanine does
not interfere with binding but rather eliminates the sensitivity of Hdm2 to nitric oxide

inactivation.
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CHAPTER1

INTRODUCTION

Chemistry of nitric oxide

Nitric oxide is a unique and ubiquitous signaling molecule. While the chemistry
of NO is complex and has been reviewed elsewhere, several aspects of this chemistry
bear mentioning here. NO is a free radical that is highly diffusible because of its low
molecular weight and high solubility. Limits on this diffusion exist, however, due to its
many chemical interactions. The three most important of these are interactions with
superoxide anion, transition metals, and thiol groups in proteins (1-5) (Table 1).

Nitric oxide reacts with the superoxide anion, O, to form the potent oxidizer
peroxynitrite (Table 1). Peroxynitrite is a chemically complex molecule that can react
with sulfhydryls and zinc thiolate moieties. Peroxynitrite can also nitrate and
hydroxylate aromatic amino acid residues. Finally, it can oxidize lipids, DNA and
proteins and is thought to be the key mediator of NO-induced cytotoxicity and
neurodegeneration (1-3).

Nitric oxide can react with transition metals like the iron in heme groups (Table
1). Probably the best characterized NO modification of a heme-containing protein is

soluble guanylate cyclase. Nitric oxide binds the heme moiety of soluble guanylate

cyclase producing a conformational change that activates the enzyme, resulting in the




increased production of cyclic GMP (1). The NO-heme modification is reversible, thus
serving as a means of regulating the enzyme. Targets of cGMP include cGMP-dependent
protein kinase, cGMP-gated ion channels and cyclic nucleotide phosphodiesterases (1,4).

Additional heme-containing proteins that are targets for NO include hemoglobin, and

cyclooxygenase (3,6).

TABLE 1
MAJOR REACTIONS OF NO

1. Reaction of NO with superoxide (O2)

NO + Oy «—— OONO

2. Reaction of NO with transition metals (M)
NO+ M «—— NO-M

3. Reaction of NO with thiols (RSH)

NO' + RSH «—— RS-NO+H"

Recently, it has become apparent that nitrosylation of cysteine residues by nitric
oxide is a major regulatory reaction (Table 1). While nitrosylated cysteine residues are

labile and difficult to detect, several examples are now known. S-nitrosoalbumin, and S-
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nitrosoglutathione (GSNO) and S-nitrosocysteine all can serve as intracellular pools of
NO (5). Meanwhile nitrosylated hemoglobin serves as a sensor for blood flow depending
on the availability of oxygen (7). In addition there are now examples of proteases,
transcription factors, and receptors that are S-nitrosylated (Table 2).

The specificity of S-nitrosylation can be achieved by subcellular localization of
nitric oxide synthases, enzyrﬁes responsible for the production of NO. Similar to NO
modification of heme-containing proteins, S-nitrosylation is reversible. This reversibility
distinguishes nitrosylation from some other types of oxidation which are irreversible and
can be toxic (2). NO itself is regulated by oxidation/reduction reactions. NO-, NO and
NO" are all of potential biological significance but in the case of S-nitrosylation it is
nitrosium ion (NO") that reacts efficiently with sulfhydryls (4,8,9).

A family of three nitric oxide synthase proteins; neuronal NOS (nNOS),
endothelial NOS (eNOS) and inducible NOS (iNOS) (Figure 1-1) synthesize nitric oxide
from arginine (Figure 1-1). Both eNOS and nNOS are Ca*" -dependent while iNOS is
Ca®™* -independeﬁt. aNOS and iNOS exist in both soluble and membrane-bound forms
while eNOS is exclusively membrane-bound (3). All three NOS genes have been deleted
in mice. nNOS null mice have changes in their resistance to stroke and in their behavior
but no changes were observed in hippocampal long term potentiation (10). iNOS null
mice have increased susceptibility to bacterial and viral infections. These mice also

exhibit an increased vulnerability to tumor development (11,12). Finally, eNOS null




Table 2
S-Nitrosylated Proteins

Protein Reference
Ras (13)
Stc kinase (14)
GAPDH (15,16)
Transcription Factors

Acel (17)
Jun (18)
Receptors

EGF-R (19)
Ryanodine receptor (20,21)
NMDA receptor (22)
Glucocorticoid receptor (23)
NO pools

Hemoglobin (7
Albumin ®)
Proteases

Caspase-3 (24-26)
Papain (27)
HIV-protease (28)
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Figure 1-1. Biosynthesis of nitric oxide by nitric oxide synthase




mice are deficient for acetylcholine-induced vasodilation and have elevated blood
pressure. These mice also demonstrate an increased susceptibility to stroke (3).

The study of nitric oxide has been enhanced considerably by the existence of
drugs that can either release nitric oxide (NO donors) or inhibit nitric oxide production
(NOS inhibitors). While there are numerous NO donors and NOS inhibitors and the
chemistry of these drugs has been studied thoroughly, we will highlight just one donor
and one NOS inhibitor that we employed extensively. L-NAME (N“-nitro-L-arginine) is
one of the more commonly used inhibitors (Figure 1-2). This arginine analog is a
competitive inhibitor of NOS and does not show NOS isoform specificity. One
advantage of this drug is the ability to use the inactive enantiomer, D-NAME, as a
negative control. DETA NONOate belongs to the class of NONOate nitric oxide donors
(Fig 1-3). NONOates are adducts of NO with nucleophiles in which a nitric oxide dimer
is formally bound to the nucleophilic residue via a nitrogen atom. NONOates release NO
spontaneously, and the rate of release is unaffected by biological reactants 9).

DETA/NONOate is also very useful in cell-based assays because of its long half-life (9).

Neuronal differentiation and cessation of proliferation

Neuronal differentiation refers to the physiological, biochemical and

morphological changes that cells undergo in order to become mature neurons. The

neurotrophins are a family of proteins that serve as differentiation factors. One of these
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neurotrophins, NGF, is a survival and differentiation factor for sympathetic and some
types of sensory neurons (29,30). The discovery of the NGF receptor TrkA, which
belongs to a family of transmembrane receptors with tyrosine kinase activity has resulted

in an improved understanding of NGF-mediated signal transduction (31-34). PC12 cells,

a transformed rat pheochromocytoma cell line, have been an important tool in the NGF

field. Upon stimulation with NGF, these cells extend neurites and differentiate into

4 sympathetic-like neurons (35).

; Cessation of proliferation is a key aspect of neuronal differentiation. Two key
proteins involved in cessation of proliferation during neuronal differentiation are p53 and
p21WAF1. p21WAF1 is a cyclin-dependent-kinase inhibitor that binds cdc2, cdk2 and
cdk4 (36,37) and is important in blocking the cell cycle at the G1-S transition (38,39).
Mice lacking p21 WAF1 undergo normal development suggesting there is significant
redundancy in its function. However, these mice also demonstrate some deficiencies in

! G1 checkpoint control (40). p21WAF1 is required for survival of differentiating

neuroblastoma cells and differentiated PC12 cells express elevated levels of p21WAF1

(41,42).

The p53 tumor suppressor protein is involved in growth arrest and apoptosis
(reviewed in (43-45). One way that p53 functions to block cell cycle progression is by
inducing transcription of p21WAF1 (36,46). Accordingly, p53 blocks the cell cycle, like
p21WAF]1, at the G;-S transition (38,39,46). Work with p53 knockouts has revealed a

role for p53 in neuronal development. p53 knockout mice have a large number of birth

{




defects such as failure of neural tube closure (47). As with p21WAF1, p53 is induced in
NGF-treated PC12 cells (48).

A key player in the regulation of p53 is the Mdm?2 protein. The mdm?2 gene was
first detected in a screen for oncogenes present on a mouse double minute chromosome
(49). Mdm?2 can regulate p53 in two ways. Mdm?2 binds p53 and can block its ability to
activate transcription (50). Mdm2 also regulates p53 levels by promoting its degradation
(51,52). Conversely, p53 stimulates the transcription of the mdm2 gene thus forming a

negative feedback loop for the tight control of p53 levels (53,54) (Figure 1-4).

MAP kinase pathways during neuronal differentiation

Mitogen-activated protein (MAP) kinases, found in all eukaryotes, are common
participants in signal transduction pathways from the membrane to the nucleus. The core

unit of MAP kinase pathways is a three-member protein kinase cascade. MAPKSs are

Ll AL R

( phosphorylated and activated by MAPK kinases (MKKs) which are in turn activated and
» phosphorylated by MKK kinases (MKKKs) (55,56). In mammals, the MAP kinase
pathways can be organized into three main groups (57). The Ras-Raf-MEK-ERK
pathway is important for mitogenic, differentiation and survival responses (58-60).
ERK1 and ERK2 are the best studied MAP kinases of this pathway family. The other

two MAP kinase pathways are, in general, more involved in stress and apoptotic

responses and are referred to as the JNK pathway and the p38 kinase pathway. JNKs, of

which there are three, were isolated and characterized in part by their ability to

|
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Figure 1-4. The p53-Mdm2 autoregulatory loop (45).
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phosphorylate the transcription factor ¢-Jun and are strongly activated by stress-inducing
stimuli (61-63). The third MAP kinase, p38, is a homolog of the yeast HOG1. In
mammalian cells, the p38 kinase pathway is induced by lipopolysaccharide and high

) osmolarity. Currently, four isoforms of p38 MAP kinase are known (59,61,62). Hence,
the MAP kinase pathways act as conduits, conveying information from the cell surface to
the cytoplasm and nucleus.

n PC12 cells, the Ras-ERK pathway plays a critical role in transmitting signals from
NGF. Upon binding of NGF to its receptor TrkA, adaptor molecules Shc, Grb2, and Sos
recruit and activate the small G protein Ras (29). The activation of Ras initiates a kinase
cascade that proceeds from Raf to MEK 1/2 to ERK 1/2. In PC12 cells, NGF elicits a
sustained activation of this pathway, whereas epidermal growth factor, EGF, causes only
a transient activation of this pathway (29,30). Recently, it has been shown that the
protein Rap] mediates the sustained activation of the pathway (64). It was initially
thought that sustained activation of the Ras-ERK pathway was sufficient to differentiate
PC12 cells (65). However, this theory relied heavily on overexpression studies. In
addition, the discovery of NGF-stimulated Ras-independent signaling events in PC12
cells has modified these earlier interpretations. It is now thought that the Ras-ERK
pathway is necessary but not sufficient for NGF-induced differentiation of PC12 cells
(29,30,66).

The role of the p38 and JNK pathways in PC12 differentiation also has been
analyzéd. Tnitially, it was reported that p38 was not activated in NGF-treated PC12 cells

but rather was activated after NGF withdrawal (67). However, two more recent reports
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show that p38 is activated by NGF in PC12 cells (68,69). Moreover, p38 may play an
essential role in the differentiation of PC12 cells (68). Also, expression ofa
constituitively active MEK results in the activation of p38, demonstrating cross talk
between the Ras-ERK pathway and the p38 kinase pathway (68). The p38 kinase
pathway may also synergize with the Ras-ERK pathway in order to transmit signals to the
nucleus. This is the case in PC12 cells with the activation of the transcription factor
CREB (69). Finally, the INK pathway does not appear to be induced by NGF in PC12
cells and therefore is not thought to play a role in NGF-induced differentiation of PC12
cells (67,69).

The study of these pathways has inevitably led to the discovery of various inhibitors
that block these pathways. For the Ras-ERK pathway, the inhibitor PD98059 has been
used extensively to elucidate the involvement of this MAP kinase cascade in various
cellular processes (70,71). Recently, another inhibitor of the Ras-ERK pathway, U0126,
has been introduced (72). PD98059 inhibits activation of MEK. U0126 inhibits MEK
activation and activity. PD98059 is more potent towards MEK1 than MEK2 while
U0126 is equally potent towards both MEK isoforms and is more potent than PD98059
(70,72). A potent and specific inhibitor of the p38 kinase pathway, SB203580, has also
been developed. SB203580 is specific for p38-o/B and does not inhibit p38-y/6
(71,73,74). All of these drugs have been useful in elucidating the physiological
substrates of the respective kinases, as well as defining cellular processes dependent on

the MAP kinase pathways (71,75) (Figure 1-5).

i -
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Nitric oxide as a cytostatic signal during neuronal differentiation

A large volume of work has been done to show that under various cellular
conditions nitric oxide can induce p53 levels (76-78). In addition, it has been shown that
NO regulates proliferation in the imaginal discs of developing Drosophila through the Rb
pathway (79,80). It has also been demonstrated that NOS levels are induced during
differentiation of PC12 cells (81,82) and that this production of NO serves as a signal for
growth arrest (83). Moreover, blocking NO production prevents cell cycle arrest and,
thereby, prevents differentiation of PC12 cells. Conversely, treating PC12 cells with

nitric oxide donors can inhibit thymidine incorporation (83).

Thesis Goals

Knowing that nitric oxide is a factor in activating p53 and can serve as a
cytostatic agent during neuronal differentiation we set out to do three things:
1. Link NO to the induction of p53 and p21WAF1 during neuronal differentiation.

2. Investigate the regulation of nNOS during neuronal differentiation.

3 Provide a mechanism by which NO can elevate p53 levels.
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CONTRIBUTIONS

During the initial stages of my time in the Ross lab, I worked very closely with a
postdoc in the lab, Wojciech Poluha. Chapter II of this thesis is a manuscript on which
he is the first author and I am second (84). I include this chapter for two reasons. First,
the results from this paper serve as a framework for the rest of my work in the lab.
Second, I had a very active role in performing the experiments and preparation of the
manuscript. Wojciech and I worked together to obtain the results in figures 2-1, 2-2, 2-3,
2-4 and 2-7. In figure 2-1 and 2-2, I did all of the cell culture and treatments and then
Wojciech took the cells from me and did staining or western blots. For figure 2-3, I
performed repetitions of Wojciech’s initial results. 1 also assisted Wojciech in his initial
luciferase experiments in figure 2-4. Finally, I did the western blot for figure 2-7.

The data presented in chapters III, IV and V of this thesis was performed by

myself with occasional assistance and advice from members of the Ross lab.
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CHAPTER I
A NOVEL, NGF-ACTIVATED PATHWAY INVOLVING NITRIC OXIDE, p53 and

p21WAF1 REGULATES NEURONAL DIFFERENTIATION OF PC12 CELLS

Neuronal differentiation is closely linked to cessation of cell proliferation, but
how these states are connected remains a major unanswered question. Nerve growth
factor (NGF) induces both cell cycle arrest and differentiation for PC12
pheochromocytoma cells (35). These effects are associated with induction of nitric oxide
synthase (NOS) (81,83), the p53 tumor suppressor (48), and the p21WAF1 cyclin-
dependent kinase inhibitor (41,42,85). However, the relationship between these signaling
events, arrest and differentiation is poorly understood.

Nitric oxide (NO) is a regulatory molecule that influences many processes,
perhaps, including neuronal proliferation and differentiation. NO is synthesized from
arginine by a family of three NOS proteins, neuronal NOS (nNOS), endothelial NOS
(eNOS) and inducible NOS (iNOS) (86). In mature mammals, NO acts as a
neurotransmitter, a regulator of blood pressure and a toxin for killing pathogens. A role
for NO in the developing nervous system is plausible since nNOS is absent from
proliferating neuroblasts but is coexpressed with early markers of neuronal differentiation
(87,88). In Drosophila, NOS is expressed in developing imaginal discs (79). Inhibition
of NOS in larvae results in enhanced cell proliferation, and elevated NOS expression
stunts development. In rats, NGF enhances expression of nNOS by cholinergic neurons

of the basal forebrain (89). NGF treatment of PC12 cells induces expression of all three
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isoforms of NOS (81,83), and inhibitors of NOS block NGF-induced cessation of
proliferation and neurite extension for PC12 cells (83). Hence, NO acts as a regulator of
cell proliferation which, in turn, influences process outgrowth.

The tumor suppressor p53 may play a role in neural development, in addition to
its well established function as an inducer of apoptosis or cell cycle arrest, following
certain types of cell stress, including DNA damage (43). Mice lacking functional p53
genes have an unusually large number of birth defects, such as failure of neural tube
closure (47). In some mouse embryos, the absence of p53 leads to exencephaly in which
overgrowth of neural tissue in the fore- and midbrain leads to abnormalities in cranial
development (90). This overgrowth probably results from excessive cell proliferation
rather than decreased cell death. Consistent with this role, a recent study found that p53
is required for NGF-induced neurite extension by PC12 cells (48).

P21WAF1 binds to and inhibits cyclin-dependent kinases and induces cell cycle
arrest at G1/S (36). p53 is a potent transcriptional activator for p21WAF1 (36,46), but
expression of p21WAF1 also can be induced by p53 -indep'endent mechanisms (91-95).
In vivo, expression of p21 WAF1 is enhanced as myoblasts differentiate into muscle cells
(96). pP21WAF1 is not expressed in the mitotic germinal layer of the olfactory epithelium
but is expressed by olfactory neurons (96). We (41) and others (42,85,97) have reported
up-regulation of p21 WAF1 expression in NGF-treated cell lines. We have demonstrated
that p21WAF]1 is required for survival of differentiating neuroblastoma cells (41), but
van Grunsven et al. (85) have suggested that following differentiation of PC12 cells,

continued expression of p21 WAF1 is not required to maintain their differentiated
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phenotype. Hence, it may be that p21WAF1 plays its most important role during
differentiation.

In this report, we provide the first evidence for a connection between these NGF-
induced events. We find that nitric oxide (NO) activates the p21WAF1 promoter,
resulting in expression of p21WAF1 protein. This link is partially dependent on p53, a
potent, transcriptional activator for p21WAF1 (36). NO also is required for NGF-
induced expression of two markers associated with neuronal differentiation. Using a
PC12 line bearing an inducible expression vector for p21WAF1, we find that induction of
recombinant p21 WAF1 restores NGF-induced differentiation for cells treated with a NOS
inhibitor. These data demonstrate a signal transduction pathway that is activated by
NGF, proceeds through NOS, p53 and p21WAF1 to block cell proliferation, and is

required for NGF-induced neuronal differentiation by PC12 cells.
Materials and Methods

Cell Culture

PC12 cells from Dr. David Kaplan (Montreal Neurological Institute) were
maintained in DMEM supplemented with 10% heat-inactivated horse serum, 5% heat-
inactivated fetal bovine serum, and 100 pg/ml of gentamycin at 37°C under 5% CO;.
These cells were found to be mycoplasma-free by the direct culture method

(MYCOTRIM, Irvine Scientific, Santa Ana, CA). For PC12 cell differentiation, plastic

dishes were treated overnight at 4°C with 15 pg/ml of rat tail collagen (Sigma Chemical
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Co., St. Louis, MO) and 15 pg/ml of poly-D-lysine (>300,000 Da, Sigma). The dishes
were rinsed with distilled water, and then PC12 cells were plated in defined medium, as
described (98), and treated with 100 ng/ml of NGF (2.5 S, Bioproducts for Science,
Indianapolis, IN). After 3—4 days of treatment, cells with neurites at least five cell

diameters long were scored as positive.

NOS Inhibitors

N-nitro-L-arginine methyl ester (L-NAME) competes with arginine for binding to
all three isoforms of NOS and blocks enzymatic activity (86). In these studies, we used
20 mM L-NAME and the same concentration of the inactive enantiomer, D-NAME, as a
control. L-NAME used at this concentration is thought to be specific for NOS and with
little effect on PC12 metabolism, growth rates and NGF-induction of immediate early

genes (83).

Preparation of a p21WAF1 Inducible Cell Line

We prepared a PC12 line bearing an inducible expression vector (LacSwitch,
Stratagene, La Jolla, CA) for p21WAF1. In this system, mammalian cells are transfected
with both a Lac-repressor-expressing vector and a lac-operator-containing p21 WAF1
vector. Expression of p21WAF1 occurs within 48 hrs following addition of 25 mM
isopropyl thio B-galactoside (IPTG).

J. Earheart and R. Pittman (University of Pennsylvania School of Medicine)

prepared the p21 WAF1 plasmid for these experiments. In brief, the protein-encoding
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portion of the p21 WAF1 cDNA was inserted into the pPOPRSV1 plasmid (Stratagene)
which includes a neomycin resistance gene. Expression of p2l WAF1 is driven by a Rous
sarcoma virus promoter but, in the absence of IPTG, is suppressed by adjoining /ac
operator sites. Plasmid p3’SS which has the Jac repressor gene under control of a
Cytomegalovirus early promoter also was from Stratagene and was used without
modification.

PC12 cells were transfected with the p3’SS Lac repressor plasmid, using the
cationic detergent Lipofectin (Gibco). Plasmid DNA (6-7 pg per 25-cm” flask) was
diluted in 100 pl of DMEM medium (serum-free). At the same timeina second tube, 20
ul of 1 mg/ml Lipofectin was diluted with 100 ul of DMEM. After a 30 min incubation
at room temperature, the two solutions were combined and incubated for an additional 15
min at room temperature. This mix was then diluted with 2.5 ml of complete medium
including serum, added to a 25-cm’ tissue culture flask containing about 3 x 10° cells and
incubated overnight at 37°C. The resulting cells were selected for 14 days with medium
containing 125 pg/ml of hygromycin. This mass culture was derived from about 20
different hygromycin-resistant colonies. These célls were then transfected by the same
procedure with the pPOPRSV1 p21WAF1 plasmid bearing the p21WAF1 cDNA and
selected for 14 days with 100 pg/ml of G418. The mass culture from the second
transfection was derived from about 30 different G418-resistant colonies. The

morphology and rates of proliferation of these cells were not obviously affected by the

transfections.
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Western Blotting

Following treatment with NGF and NO drugs, cells were extracted as described
(46). These samples (=40 pg of protein/lane) were boiled under reducing conditions,
subjected to electrophoresis on a 12.5% polyacrylamide gel and electrotransferred to an
Immobilon-P membrane (Millipore, Bedford, MA). Residual proteins in the gel were
stained with Coomassie blue to confirm even loading of the gel. The membrane was
blocked for 1 hr with 10% powdered milk in 0.2% Tween-20, Tris-buffered saline and
then incubated with 2 pg/ml of anti-p53 monoclonal antibody Pab-1801 (Oncogene
Science, Cambridge, MA), 1 pg/ml of rabbit anti-p21WAF1 antibody C-19 (Santa Cruz
Biotechnology, Santa Cruz, CA) or 35 pg/ml of anti-nicotinic acetylcholine receptor
(nAChR) monoclonal antibody mab35 (99). Immunoreactive proteins were detected with
horseradish peroxidase-conjugated secondary antibodies (Amersham, Arlington Heights,
IL) and a chemiluminescence reagent (100). The films were scanned with a Hewlett
Packard ScanJet 3c. Brightness and contrast were adjusted with Photoshop, making the
same adjustments for each band. Montages were assembled with CorelDraw, using only

images from the same experiment and film.

Diaphorase and Inmunostaining

Cells were fixed for 10 min at room temperature with 4% paraformaldehyde in
PBS and immunostained with 1 pg/ml of anti-p21WAF1 rabbit antibody C-19 and then a
rhodamiﬂe—conjugated secondary antibody. The cells were then incubated with 1.0

mg/ml of NADPH, 0.25 mg/ml of nitro blue tetrazolium and 0.1 M Tris HCI for 4 hr at
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37°C (101). Samples were mounted in Citifluor (Ted Pella Inc., Reading, PA) and were
viewed with a Zeiss Axioskop microscope and a 25X oil immersion objective lens, using
bright field and fluorescence optics to detect diaphorase and p21 WAF1, respectively.
For detection of neuronal markers, cells were fixed for 10 min with 95%
methanol, 5% acetic acid at -20°C. The samples were stained with 35 ug/ml of
monoclonal antibody mab35 against the o subunit of the nicotinic acetylcholine receptor
(nAChR) (99) or ascites diluted 1:200 from hybridoma MAP1B-4 directed against
microtubule-associated protein 1B (MAP1B) (102,103). These antibodies were diluted
with 0.3% BSA, 0.2% Tween 20 in Tris-buffered saline. Both of these markers are
expressed during development, although the time of initial onset is earlier for MAP1B
(104).
Micrographs were recorded with Kodak T-MAX 400 film and digitized with a
Nikon Coolscan. Brightness and contrast were adjusted with Adobe Photoshop, and
montages were assembled with CorelDraw. The figures were printed using a Kodak

Colorease PS printer on Kodak Extatherm XLS paper.

p21WAF1 Promoter Activity

PC12 cells were treated for 60 hours with or without NGF, L-NAME, or D-
NAME. Then, using Lipofectin as described above, they were cotransfected with
promoter constructs WWP-Luc or DM-Luc (36) (6 ng/25-cm” flask) and B-galactosidase

plasmid pCH110 (6 ug/25-cm2 flask). The 2.4 kb WAF1 promoter region was obtained

by PCR and cloned into pBluescript KS(+) to yield plasmid WWP-Luc. DM-Luc which

D
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lacks the p53-binding element was obtained by digesting WWP-Luc with Sacl and
recircularization. After 16-20 hrs, cells were extracted for 15 min at room temperature
with Cell Culture Lysis Reagent (Promega)(25 mM Tris-phosphate, pH 7.8, 2 mM
dithiothreitol, 2 mM 1, 2-diaminocyclohexane N, N, N, N’-tetraacetic acid, 10%
glycerol and 1% Triton X-100). These extracts were clarified by centrifugation, stored at
-70°C and then used immediately after thawing. Mixtures of 20 ul of cell extract and 100
ul of Luciferase Assay Reagent (20 mM tricine, 1.07 mM (MgCO03):Mg(OH)>3H0, 2
mM MgS0,, 0.1 mM EDTA, 33.3 mM dithiothreitol, 270 pM Coenzyme A, 470 pM
luciferin, 530 pM ATP, pH 7.8) were immediately placed in Model N Luminometer
Analyzer (Packard) and luciferase activities were measured.

B-galactosidase activities were measured using a kit from Promega. Assay 2x
buffer (120 mM Na,HPO4, 80 mM NaH,POs, 2 mM MgCl,, 100 mM 8-mercaptoethanol,
1.33 mg/ml of o-nitrophenyl-B-D-galactopyranoside) was mixed with an equal volume
(100 pl) of cell extract. Samples were incubated overnight at 37°C, and the reaction was
stopped by addition of 50 ul of 1 M Na,COs. Optical densities at 420 nm were measured.
Luciferase activities were normalized with B-galactosidase activities to eliminate any

differences in transfection efficiencies.

Results
Using NGF-treated PC12 cells as a model system, we tested the relationship

among several signaling events that occur during neuronal differentiation. We found that

‘the NOS inhibitor, L-NAME, but not the inactive enantiomer D-NAME, inhibits NGF
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induced neurite extension by 73 + 15% (mean + S.D., n = 6), in agreement with Peunova
and Enkolopov (83).

We assayed expression of two markers associated with neuronal differentiation.

- As judged by immunofluorescence microscopy, MAP1B (105,106) is upregulated by
NGF (Fig. 2-1). For this experiment, untreated PC12 cultures showed 12 + 1% of cells
positive for MAP1B, but NGF-treated cultures showed 87 + 3% cells positive. L-
NAME, but not D-NAME, reduced this NGF-induced increase in MAP1B expression (D-
NAMEA+NGF-treated cells, 88 + 4% positive; L-NAME+NGF-
treated cells, 14 + 2% positive). Averaging 3 experiments, L-NAME inhibited NGF
induction of MAP1B-positive cells by 85 + 10%. The pattern of expression for nAChR
closely resembled that for MAP1B (107) (micrographs not shown).

By Western blotting, we observed the same pattern of expression for nAChR (Fig.
2-2). Averaging 3 experiments, the relative intensities of the nAChR bands for control,
NGF, NGF+D-NAME, NGF+L-NAME, and L-NAME were 1.0,26+02,3.7+1.6,038
+0.4, and 0.8 + 0.3, respectively. The anti-MAP1B antibody does not detect MAP1B
protein by Western blotting. Hence, NO, like cell cycle arrest, is required for NGF-
induced differentiation.

We the;n analyzed the role of NO in regulating expression of p53 and p21WAF1
(41,42,48,85). As judged by scanning densitometry, NGF induced accumulation of p53
and p21WAF1 by 7.1 + 4.3 fold and 4.7 + 1.1 fold (n=3), respectively, compared to
levels in untreated cells (Fig. 2-3). L-NAME, but not D-NAME, inhibited NGF-induced

accumulation of p53 by 87 + 7% and p21WAF1 by 61 + 7%. This is the first report that

aq
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Figure 2-1. NGF-induced expression of MAP1B is dependent
on NO. Cells were immunostained for MAP1B and examined
by immunofluorescence microscopy. Panel A, no addition;
panel B, +NGF (100 ng/ml); panel C, +NGF + D-NAME

(20 mM); panel D, +NGF + L-NAME (20 mM). Bar = 25 ym.
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Figure 2-2. NGF-induced expression of nAChR is dependent on NO.
PCI2 cells were treated as in Fig. 1 and extracted for Western blotting.




27

NGF
D-NAME

L-NAME

10
I 1 +

'+ +
+ 1 +

pS3 -

e - -

Figure 2-3. NGF and NO enhance expression of p53 and p21 WAF]1.
Cells were treated as in Fig. 1 and then extracted. p53 and p21 WAF1
were assayed by Western blotting.
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NO, at physiological levels, acts as a second messenger to enhance expression of p53 and

p21, although it was reported that treatment of cells with NO donors induces
accumulation of p53 (77,108-113).

To evaluate further the relationship between NO and p21WAF1 expression, we
transfected PC12 cells with a p21 WAF1 promoter-luciferase reporter construct (WWP-
Luc (36)) and found that treatment with NGF significantly enhanced the activity of the
p21WAF1 promoter (p < 0.0001, Students-z test)(Fig. 2-4). This response was inhibited
by L-NAME, but not by D-NAME. The parallel regulation of p21WAF1 promoter
activity and p21WAF]1 protein levels (Figs. 2-3,4) suggests that NGF increases
p21WAF1 levels by an NO-dependent increase in p21 WAF1 promoter activity.

To determine whether NGF regulates p21WAF1 promoter activity via p53, a
potent transcriptional activator of p21WAF1 (36), we utilized a truncated promoter
lacking the p53 binding site (DM-Luc (36)). Cells transfected with this shorter construct
gave substantially reduced responses to NGF (Fig. 2-4). Therefore, transcriptional
activation by p53 is a major mechanism by which NGF induces p21WAF1 expression.
However, there was significant activation (p < 0.0001) of the shorter promoter construct,
indicating a second mechanism independent of the p53 binding site.

We also assessed the relationship between NOS, p21WAF1 and neurite extension
for individual cells. We double stained PC12 cells for diaphorase activity and p21 WAFI.
Diaphorase staining allows visualization of NOS enzymatic activity, resulting in colored
cells that can be detected by bright field light microscopy (114,115). This method is

specific for NOS because other diaphorases are inactivated by fixation with
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Figure 2-4. Activation of p21WAF1 promoter by NGF and NO. The diagram shows the
promoter-reporter constructs WWP-Luc and DM-Luc. The p53 binding site present in
WWP-Luc, but not in DM-Luc, is shown as a filled circle. Cells were treated with drugs,
cotransfected with the promoter-reporter plasmids and a 3-galactosidase plasmid, and
then luciferase and B-galactosidase activities were measured. Luciferase activities were
normalized with B-galactosidase activities to eliminate small differences in transfection
efficiencies. Six experiments were averaged and reported as the ratio of treated cells
relative to untreated WWP-Luc and DM-Luc transfected cells, respectively. Errors were

propagated as described (116).
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paraformaldehyde. p21WAF1 was detected by immunofluorescence microscopy, using
an anti-p21 WAF1 antibody. For untreated cultures, few PC12 cells displayed diaphorase
staining, p21 WAF1 immunoreactivity or neurites (Fig. 2-5A, C, E). NGF treatment
increased the percentages of cells with diaphorase activity (92%), p21WAF1
immunoreactivity (85%) and neurites (77%)(Fig. 2-5B, D, E). The staining for
P21WAF1 was almost exclusiifely nuclear, in agreement with other studies (46,117).

To test the role of p21 WAF1 in NGF-induced differentiation, we prepared a PC12
line bearing an inducible p21 WAF1 expression vector (Fig. 2-6). This line differentiated
in response to NGF, in the same manner as the parental PC12 line, and L-NAME reduced
neurite extension (Fig. 2-6A, D, E). However, induction of p21 WAF1 expression with
IPTG restored NGF-induced differentiation of L-NAME-treated cells (Fig. 2-6B).
Addition of IPTG alone had no effect on neurite extension (not shown), but IPTG did
reduce proliferation, as judged by BrdU labeling, by 58 &+ 5%. IPTG did not enhance the
effect of NGF (Fig. 2-6C, E). We also noted that p21WAF1 levels induced by IPTG (320
+ 30% relative to untreated cells) were similar to those induced by NGF (250 +

20%)(Fig. 2-7). Hence, p21WAF1 is the functionally important target of the NGF-NOS

pathway, but p21WAF1, like NO, is not sufficient by itself for PC12 differentiation.
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Figure 2-5. Differentiated PC12 cells express NOS and p21 WAF1.
PC12 cells in defined medium were treated for 3 days without
(panels A and C) or with 100 ng/ml NGF (panels B and D). The
cells were double stained for diaphorase activity (panels A and B)
and p21WAF1 (panels C and D). Averages and S.D. values from
three independent experiments are shown in panel E. Bar = 10 pm.
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Figure 2-6. Role of p21 W AF1 in NGF-induced differentiation.
PC12 cells bearing an inducible p21WAF1 expression vector
were treated for 3 days with 100 ng/ml NGF (panel A),

NGF + L-NAME (20 mM) + IPTG (25 mM) (panel B),

NGF + IPTG (panel C), or NGF + L-NAME (panel D).

Panel E, quantification of neurite extension (average + S.D.).
Bar =30 um,
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Fig. 2-7. Expression of p21WAF1 induced by NGF and IPTG. PC12
cells bearing an inducible p21 WAF 1 expression vector were treated
for 3 days with no addition, 100 ng/ml NGF, or 25 mM IPTG.
Expression of p21 WAF 1 was assayed by Western blotting.
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Discussion

The major finding of this study is a novel, NGF-activated signal transduction
pathway that regulates neurite extension. NGF binds to its receptors and induces
expression of NOS, perhaps by activating MAP kinases (58) and the transcription factor,
NF-«B (118,119), which are associated with NOS expression (120-122). In ongoing
studies (Bulseco and Ross, not shown), we have found that TrkA can induce NOS
expression but have not yet assessed the role of the other NGF receptor, gp75. NO, in
turn, raises levels of pS3, a protein required for NGF-induced differentiation of PC12
cells (48). p53 protein activates transcription of p21 WAF1 by binding to a p53 binding
site in the p21WAF1 promoter, but transcription of p21 WAF1 also is activated by a
second mechanism which is not dependent on the p53 binding site and might involve the
AP2 transcriptional activator protein (123) or the p300 transcriptional co-activator protein
(124). The p21WAF]1 protein is known to block the cell cycle at the Gi/S transition. As
judged by neurite extension and expression of neuronal markers, neuronal differentiation
occurs when the NGF-NOS-p21WAF1-cytostasis pathway is activated in conjunction
with the MAP kinase, SNT and, perhaps, other NGF-regulated pathways (29).

For this pathway, the molecular targets of NO are not known, but we can suggest
several possibilities. The best characterized target for NO is guanylate cyclase (87). NO
activates guanylate cyclase, raising levels of cGMP and activating the cGMP-dependent
kinase. The relevance of guanylate cyclase to NGF- induced differentiation is suggested

by the increase in cGMP levels in PC12 cells following treatment with NGF (125). NO




36

also reacts with ribonucleotide reductase, an enzyme required for nucleotide biosynthesis
and cell proliferation (126). In addition, high levels of NO damage DNA and, thereby,
induce expression of p53 (77). It is unlikely NGF induces sufficient levels of NO to
damage DNA, but we cannot exclude it from consideration.

The effects of NO include elevated levels of p53 (77,108-113), a protein required
for NGF-induced neuritogenesis of PC12 cells (48). It is possible that p53 activity is
additionally modified by other mechanisms. p53 is regulated by association with a
variety of other proteins such as mdm-2 (43). Since p53 is subject to redox regulation
and has free cysteines which might react with NO (127,128), p53 itself might be an NO
target. p53 activity is regulated by phosphorylation by casein kinase II, protein kinase C
and cyclin-dependent kinases (43). In addition, subcellular localization plays an
important role in p53 function. NGF treatment of PC12 cells induces translocation of
p5S3 from the cytoplasm to the nucleus (48).

In a recent study, it was reported that NGF-induced expression of p21WAF]1 is
p53-independent (124). In contrast, we find that activation of the p21WAF1 promoter
occurs by two mechanisms. The first is initiated by binding of p53 to a site in the
p21WAF1 promoter. The second is independent of this p53 bindiﬁg site. These
contradictory findings may be related to differences in culture conditions which affect
both the extent of differentiation and the expression of cell cycle-associated proteins. For
measurements of p21 WAF1 promoter activity, we treated the PC12 cells for three days in
defined rﬁedium which considerably speeds both NGF-induced differentiation (98) and

induction of p21WAF1 (129). The other group treated their cells for only two days in
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serum-containing medium. Hence, at the time of the promoter assay, the cells in our
experiments were probably more differentiated than those in the other study. In addition
to the degree of differentiation, the culture medium may considerably affect expression of
cell cycle-associaté;d proteins. NGF induces expression of p21 WAF1 in defined medium
(this study and (129)) or in the presence of serum (42,85,97) but not in DMEM lacking
both serum and growth factors (85). Further studies are required to resolve these
differences, but ultimately we feel that p53 will be shown to play a role in this pathway,
since p53 is required for NGF-induced neurite extension by PC12 cells (48).

NO leads to p21WAF1 induction but also regulates the activities of other enzymes
and the expression of additional gene products (87). Which of these events is relevant to
cell cycle arrest and neurite extension? To answer this question, we prepared a PC12 line
with an inducible p21WAF1 expression vector. Blocking NOS with L-NAME inhibits
neurite extension, but induction of p21WAF1 with IPTG restores the response.
Furthermore, the levels of p21WAF1 induced by NGF and by IPTG are similar, so it is
unlikely that our conclusion is based an artifact of overexpression. Hence, the lesion in
the pathway caused by L-NAME is complemented by IPTG-induced p21WAF1, and we
conclude that p21WAF1 is a biologically relevant downstream product.

These studies have been carried out using PC12 cells which are the most
commonly used model for NGF-activated signal transduction and differentiation.
However, these findings are relevant to other neuronal cell types, both in vitro and in

vivo. For example, neuroblastoma, a pediatric tumor which probably results from

blocked differentiation during gestation, has a high rate of spontaneous regression in
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which the tumor decreases in size and, in some cases, disappears. This favorable
outcome is thought to be due to differentiation of tumor cells and is correlated with
expression of TrkA (130-132). In addition, nearly all neuroblastomas have functional
p53 (133-135) and p21WAF1 (136) genes. Hence, neuroblastomas have the molecular
components required for the NGF-NOS-p21WAF1 pathway. We have found that NOS is
required for both expression of p21 WAF1 and survival of differentiating neuroblastoma
SH-SYS5Y cells (41) (not shown). This cell culture model suggests that the NGF-NOS-
p21WAF1 pathway may play a role in spontaneous regression of neuroblastoma.

This signal transduction pathway discovered in PC12 cells probably also plays a
role in normal development of the nervous system. Neurotrophins, in particular
neurotrophin-3, may be signals that terminate neuroblastic proliferation (137,138).
Likewise, a role for NOS in controlling neuroblastic proliferation is suggested by the
expression of NOS during neuronal differentiation (88,139). Disruption of the NGF-
NOS-p21WAF]1 pathway may have adverse consequences for development. Mice
lacking p53 genes have an unusually large number of birth defects, including failure of
neural tube closure (47) and exencephaly in which overgrowth of neural tissue in the
fore- and midbrain precludes normal formation of the cranium (90). This overgrowth |
probably results from excessive cell proliferation rather than decreased cell death. In
Drosophila, inhibition of NOS results in excessive proliferation during development (79).
The NGF-NOS-p21WAF1 pathway also may play a role in the regulating phenotype of
postmitotié neurons. NGF induces expression of both NOS and choline acetyltransferase

in developing basal forebrain neurons (89).
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Finally, the pathway may be relevant to neuronal responses to injury. Following
injury of CNS neurons, both NOS and p53 are induced (140-142). Although speculative,
it would be interesting to determine if p21 WAF]1 also is induced. In addition to cyclin-
dependent kinases, p21WAF]1 inhibits casein kinase-2 (143) and stress-activated JINK
kinases (144). Activation of JNK kinases is associated with cell death resulting from
neurotrophin deprivation (67). By modulating these kinases, p21 WAF1 might play a role
in injury-induced responses. Hence, this model defines a key pathway required for NGF-
induced differentiation of PC12 cells and serves as a prototype for the analysis of

additional pathways that regulate cell proliferation during differentiation, the course of

neural tumors and responses to injury and other stimuli in mature neurons.
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CHAPTER III
THE RAS-MAP KINASE PATHWAY IS REQUIRED FOR THE INDUCTION OF

NEURONAL NITRIC OXIDE SYNTHASE IN DIFFERENTIATING PC12 CELLS

Introduction

MAP kinase pathways are key regulators of many cellular processes. In mammals,
there are three well-characterized MAP kinase pathways (57). The Ras-Raf-MEK
pathway is important for mitogenic, differentiation and survival responses (58-60). The
other two MAP kinase pathways are involved in stress and apoptotic responses and are
referred to as the JNK pathway and the p38 kinase pathway. JNKs were isolated and
characterized in part by their ability to phosphorylate the transcription factor c-Jun and
are strongly activated by stress-inducing stimuli (61,62). The third MAP kinase, p38, is a
homolog of the yeast HOG1. In mammalian cells, the p38 kinase pathway is induced by

LPS and high osmolarity (59,61,62). Hence, the MAP kinase pathways act as conduits,

conveying information from the cell surface to the cytoplasm and nucleus.

In PC12 cells, the Ras-ERK pathway plays a critical role in transmitting signals from
nerve growth factor (NGF). Upon binding of NGF to its receptor TrkA, adaptor
molecules Shc, Grb2, and Sos recruit and activate the small G protein Ras (29). The
activation of Ras initiates a kinase cascade that proceeds from Raf to MEK to ERK. In
PC12 cells, NGF elicits a sustained activation of this pathway, whereas epidermal growth

factor causes only a transient activation of this pathway (29,30). Recently, it has been

shown that the protein Rapl mediates the sustained activation of the pathway (64). It was
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initially thought that sustained activation of the Ras-ERK pathway was sufficient to
differentiate PC12 cells (65). However, this theory relied heavily on overexpression
studies. In addition, the discovery of NGF-stimulated Ras-independent signaling events
in PC12 cells has modified these earlier interpretations. It is now thought that the Ras-
ERK pathway is necessary but not sufficient for NGF-induced differentiation of PC12
cells (29,30,66).

The role of the p38 and JNK pathways in PC12 differentiation also has been
analyzed. Initially, it was reported that p38 was not activated in NGF-treated PC12 cells
but rather was activated after NGF withdrawal (67). However, two more recent reports
show that p38 is activated by NGF in PC12 cells (68,69). Moreover, p38 may play an
essential role in the differentiation of PC12 cells (68). Also, expression of a
constitutively active MEK results in the activation of p38, demonstrating cross talk
between the Ras-ERK pathway and the p38 kinase pathway (68). The p38 kinase
pathway may also synergize with the Ras-ERK pathway in order to transmit signals to the
nucleus. This is the case in PC12 cells with the activation of the transcription factor
CREB (69). Finally, the JNK pathway does not appear to be induced by NGF in PC12
cells and therefore is not thought to play a role in NGF-induced differentiation of PC12
cells (67,69).

The study of these pathways has inevitably led to the discovery of various inhibitors
that block these pathways. For the Ras-ERK pathway, the inhibitor PD98059 has been

used extensively to elucidate the involvement of this MAP kinase cascade in various

cellular processes (70,71). Recently, another inhibitor of the Ras-ERK pathway, U0126,
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has been introduced (72). PD98059 inhibits activation of MEK whereas U0126 inhibits
both MEK activation and activity. PD98059 is more potent towards MEK1 than MEK?2
while U0126 is equally potent towards both MEK isoforms and is more potent than
PD98059 (70,72). A potent and specific inhibitor of the p38 kinase pathway, SB203580,
has also been developed. SB203580 is specific for the ubiquitously expressed o and B
isoforms of p38. (71,73,74,145). These drugs have been useful in elucidating the
physiological substrates of the respective kinases, as well as defining cellular processes
dependent on the MAP kinase pathways (71,75).

Nitric oxide (NO) performs a multitude of physiological and pathological functions in
the nervous system. NO in cells is produced by nitric oxide synthase (NOS) of which
there are three isotypes; nNOS or bNOS (neuronal or brain NOS), eNOS (endothelial

'NOS) and iNOS (inducible NOS). In the nervous system, NO is involved in learning and
memory, neurotransmitter release, development and neuronal damage or degeneration
(3). It has also been postulated that NOS levels are induced during differentiation of
PC12 cells by NGF. The nNOS gene includes two promoters, 5’1 and 5°2. NGF
induction of nNOS is due to activation of the 5°2 promoter (146). Although there is one
report of nNOS induction by the mitogen, epidermal growth factor (EGF) (82), we (data
not shown) and others (83,146) have not detected nNOS induction by EGF. The
production of NO in response to NGF serves as a signal for growth arrest (83). Blocking
NO production prevents cell cycle arrest and, thereby, prevents differentiation of PC12
cells. This cytostatic signal of NO appears to act through p53 and the cyclin-dependent

kinase inhibitor p21WAF1 (84). In addition, it has been shown that NO regulates
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proliferation in the imaginal discs of developing Drosophila through the Rb pathway
(79,80).

We set out to investigate which MAP kinase pathways are necessary for the induction
of nNOS in NGF-treated PC12 cells. We find that the Ras-ERK pathway is necessary for
the induction of nNOS protein and enzymatic activity. The p38 pathway and the INK
pathway do not appear to be required for this induction. Finally, we resolve conflicting
results obtained with the MEK inhibitors, U0126 and PD98059. We find that U0126
inhibits NOS induction much more effectively than PD98059 because in PC12 cells,

U0126 inhibits the Ras-ERK pathway much more effectively than PD98059.

Materials and Methods

Cell culture

Rat pheochromocytoma (PC12) cells were a gift from David Kaplan. Cells were
grown at 37°C and 5% CO, in DMEM supplemented with 10% FBS and 5% donor horse
serum (35). Treatments with NGF (100 ng/ml) were performed in flasks coated with
collagen (15 pg/ml) and poly-D-lysine (15 pg/ml). For experiments with various kinase

imnhibitors, cells were pretreated with the drugs for 30-45 minutes before the addition of

NGF. For differentiation of PC12 cells NGF and drugs were replenished every 48 hours.
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Adenoviruses and Infection Protocol

Virus-containing cell lysates (DNRas; Ser 17 to Asn, and XRaf, truncated at
amino acid 257 and Cys 168 to Ser) were prepared as described (60). Cells were infected
with virus-containing lysates in a minimal volume of media for 1 hour at 37°C. Growth
media was then added to increase the volume. Twenty-four hours after infection, the
media containing the adenovirus was removed and replaced with fresh growth media.

Infection of cells with a MOI of 150 did not produce significant toxicity.

Materials

NGF (2.5 S) was purchased from Bioproducts for Science. PD98059 was
obtained from New England Biolabs. U0126 was purchased from Promega. SB203580
and the NOS assay kit were purchased from Calbiochem. TRI reagent for total RNA
preparation was from Molecular Research Center, Inc. RT PCR kit was purchased from
Perkin Elmer. Monoclonal Anti-NOS-Brain (nNOS) antibody was purchased from
Sigma and Phospho-p44/42 MAP Kinase antibody was from New England Biolabs.
Anti-MAP kinase antibody (C14) was from Santa Cruz. Arginine, L-{2,3-*H} was

purchased from New England Nuclear.

Western blots
To prepare total cellular extracts cells were removed from the flasks with HBSS +

EDTA and collected by centrifugation. After the supernatant was removed cells were

resuspended in lysis buffer (10 mM Tris pH 7.4, 1% SDS, 1 mM PMSF and 5 pg/ml




aprotinin). An equal volume of 2X sample buffer (250 mM Tris-HC1 pH 6.8, 4% SDS,
10% glycerol, 0.006% bromophenol blue and 2 % B-mercaptoethanol) was added to 25

{ ug of total protein, the samples were boiled and then separated by SDS-PAGE. Proteins
were then electrophoretically transferred to PVDF and the membranes were blocked with
10% milk in TTBS (0.2% Tween-20) for one hour at room temperature. Primary

antibody incubations were for one hour at room temperature using the appropriate

dilutions (monoclonal nNOS 1:3000, monoclonal phospho-p44/42 MAP kinase 1:1000,
and anti-p44/42 MAP kinase 1:100). Membranes were washed for thirty minutes with
three changes, and the secondary antibody incubation (anti-mouse horseradish
peroxidase-conjugated from Amersham 1:1500) was for one hour. After washing

expression was detected using enhanced chemiluminescence (100).

Neurite extension
Cells were plated on collagen and poly-D-lysine coated 25-cm” flasks at 1.3 x 10°
cells per flask and pictures were taken after 2, 4 and 6 days. Cells with extensions longer

than two cell diameters were scored as positive for neurites.

NOS assay
NOS assays were performed as detailed in the Nitric Oxide Synthase Assay Kit
from Calbiochem. Cells were collected, frozen in liquid nitrogen and then resuspended

in 1X homogenization buffer (25 mM Tris-HCI, pH 7.4, 1 mM EDTA and 1 mM EGTA).

Extracts were tested in the presence of 0.6 mM Ca'", using 100 ug of protein per sample
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and 1 uCi of {°H}-arginine per assay. Arginine concentration was 25 pM. Reactions
were carried out for thirty minutes at 37°C. Assays were linear for both time and PC12
cell extract concentration (data not shown). Citrulline was then separated from arginine
with equilibrated ion-exchange resin and the radioactivity in the flow-through was
determined by scintillation counting. Counts for negative control samples, no lysate or
lysate treated with the NOS inhfbitof N®-nitro-L-arginine methyl ester (L-NAME) (~
30,000 cpny experiment), were subtracted and results were presented as cpm/ 100 pg of

lysate.

RT PCR

For RT PCR experiments, total RNA was prepared using TRI reagent. 1 pg of
total RNA was used to prepare cDNAs, using random hexamer primers. For the PCR the
nNOS primers were 5 AAG CAG TCA GAT GGC TCT A 3’ (forward primer) and 5’
TCT GTA GCG GTA TTC ATT CT 3’ (reverse primer), which generates a 551 base pair
product. The PCR conditions were 92°C for 1 minute (denaturing step), 50°C for one
minute (annealing step), and 72°C for one minute (extension step) for 30 cycles followed
by a final 10 minute 72°C extension step. For G3PDH, primers were 5 GTC AAC GGA
TTT GGT CGT ATT 3’ (forward primer) and 5> AGT CTT CTG GGT GGC AGT GAT
3’ (reverse primer), which generates a 540 base pair product. PCR conditions were 4
minutes at 95°C followed by 25 cycles of 45 seconds at 95 °C, 45 seconds at 56°C and

one minute at 72°C. A final 10 minute 72°C extension step was included. PCR products

were resolved on 1.2 % agarose gels.
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Results

Ras is required for induction of nNOS RNA, protein and NOS activity

In PC12 cells, NGF induced nNOS at the RNA level, as judged by RT PCR (Fig
3-1A). We also found that nNOS protein (Fig 3-1B) and NOS activity (Fig. 3-1C) were
induced in PC12 cells treated with NGF. By four days the induction of NOS activity was
statistically significant (p <.001). The induction of nNOS mRNA, protein and NOS
activity are in agreement with earlier experiments (82,83,146). We failed to see an
induction of iNOS or eNOS by western blots (data not shown), which is in agreement
with earlier findings (82).

To test the possibility that the Ras-ERK pathway is necessary for nNOS
induction, we compared PC12 cells with cells infected with an adenovirus that expresses
a dominant negative Ras (60). The dominant negative Ras17N functions by binding more
tightly to Ras-specific GEFs than does normal Ras and thereby, preventing activation of
endogenous Ras. Ras17N, in turn, cannot bind to downstream targets even when bound
to GTP (147). As previously reported (60), we found that this dominant negative
adenovirus blocks differentiation of PC12 cells but has no effect on survival or
proliferation (data not shown). At a MOI of 140, PC12 cells infected with the DNRas
virus showed greatly reduced induction of nNOS RNA, protein or activity when treated

with NGF for six days (Fig. 3-2A, B and C). The residual NOS activity in Fig. 3-2C may

be due to incomplete infection of these cultures. We estimate that 80-90% of cells are
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Figure 3-1. nNOS is induced at the RNA, protein and activity levels. Cells were treated
with or without 100 ng/ml of NGF (- or +) for the indicated number of days. (A) RT PCR
was performed on PC12 cells. The media and NGF were replenished every 48 hours. At
the indicated times total RNA was prepared and used for RT PCR (1 ug of total RNA per
reaction). PCR was carried out using primers specific for nNOS or the housekeeping
gene G3PDH. (B) Western bloi:s were performed using total cellular extracts of PCiZ
cells. This Western blot is representative of at least three experiments. (C) NOS assays
performed after 2, 4 and 6 days of NGF treatment are presented as cpm x 10%*/100 pg of
lysate and are measured as a mean + SEM (n=9). Samples with no extract or extracts

treated with 1 mM L-NAME were used as negative controls. Extracts from untreated

cells were always within 5-10 % of these two negative controls.
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Figure 3-2. Ras is required for the induction of NOS. (A) After six days of treatment RT
PCR was performed on untreated (UN), NGF-treated and NGF-treated DNRas (MOI
140) infected PC12 cells. RT PCR was performed for nNOS and the housekeeping gene
G3PDH. (B) Western blots for nNOS were performed on untreated, NGF-treated, NGF-
treated DNRas infected and NGF-treated control virus Xraf infected PC12 cells after 6
days of treatment. These Western blots are representative of three independent
experiments. (C) NOS assays comparing NGF and NGF-DNRas infected PC12 cells after
6 days of treatment are presented as least three experiments. (C) NOS assays performed

after 6 days of NGF treatment are presented as cpm x 10%/100 pg of lysate and are

measured as a mean + SEM (n = 6).
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infected (60)(data not shown). Thus, we have demonstrated that a functional Ras is
required for the production of nitric oxide in differentiating PC12 cells.

To control against adenoviral specific effects, we performed infections using an
adenovirus that expresses an inactivated Raf (XRaf). XRaf has no kinase domain and
exhibits decreased Ras binding. It neither activates the pathway nor acts as a dominant
negative, making it an effectivé negative control (148). Neurite extension
by NGF-treated XRaf-infected cells was indistinguishable from NGF-treated, uninfected
cells (data not shown). Additionally, infection with XRaf did not block nNOS induction

by NGF (Fig. 3-2B) or induce nNOS in the absence of NGF (data not shown).
U0126, not PD98059, blocks nNOS induction and NOS activity

Having shown that Ras is required for nNOS induction, we tested whether
downstream effectors of the MAP kinase pathway were necessary for this induction.
Previous work has shown the MEK inhibitor PD98059 is able to block the differentiation
of PC12 cells (149-151). Recently, another MEK mhibitor, U0126, has also been used to
block the Ras-ERK pathway (72). We tested each of these drugs ability to block nNOS
induction. The PD98059 drug did not inhibit NGF-induced nNOS levels, even at
concentrations of 50 uM (Fig. 3-3A). It is impractical to use this drug at higher
concentrations because it precipitates out of solution. U0126, however, was very
effective iﬁ blocking this induction at concentrations of 10 MM to 50 uM (Fig. 3-3A). We

also checked whether blocking the MAP kinase pathway effected NOS activity. 50 pM
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Figure 3-3. (A) Effect of MEK inhibitors on nNOS induction. Cells were pretreated with
carrier alone, U0126 (10, 25 and 50 uM) or 50 pM PD98059 for 30 minutes before
addition of 100 ng/ml of NGF. NGF, media and drugs were replenished every 48 hours.
(B) Effect of SB203580 on nNOS induction. PC12 cells were pre-treated with increasing
concentrations of SB203580 (10, 20 and 30 uM) for 30 minutes and then NGF (100
ng/ml) was added. SB203580 and NGF were replenished every 48 hours. After 6 days
extracts were prepared and Westerns performed. This blot is representative of four
independent experiments. (C) Effect of MEK and p38 inhibitors on NGF-induced NOS
activity. Cells were pretreated with 50 uM of PD98059, 50 uM of U0126 or 30 uM
SB203580 for 30 minutes before addition of 100 ng/ml of NGF. NGF, media and drugs
were replenished every 48 hours. After 6 days homogenates were prepared and citrulline

assays using 100 ug of protein per sample were performed. Data are presented as cpm x

10%/100 pg of lysate and are measured as a mean + SEM (n = 6).
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of PD98059 was ineffective in blocking NGF-induced NOS activity six days (p = 0.450)
(Fig. 3-3C). U0126 at 50 uM completely blocked NGF-induced NOS activity afer six
days (Fig. 3-3C). These results were statistically significant (p <.001). Similar results
were obtained after four days (data not shown). The nNOS Western blots and the NOS
activity assays gave very similar results: PD98059 has negligible effects on nNOS

induction while U0126 is a potent inhibitor of nNOS induction.
p38 kinase does not regulate nNOS induction

Recently, it was reported that the p38 kinase pathway is involved in the
differentiation of PC12 cells (68). We investigated whether the p38 inhibitor, SB203580,
would have any effect on neurite extension and induction of nNOS. Treatment with 30
uM SB203580 inhibited neurite extension by 38% (p<0.01). In contrast, Fig. 3-3B shows
that SB203580 (10-30 pM) did not inhibit the induction of nNOS protein levels.
Similarly, 30 uM SB203580 did not inhibit NGF-induced NOS activity after 6 days (p =

0.668) (Fig. 3-3C).
Effectiveness of MEK inhibitors, U0126 and PD98059
We wanted to investigate the discrepancy between the PD98059 and U0126

results. Surprisingly, we found that PD98059 only partially blocked neurite extension in

our clone of PC12 cells (Fig 3-4A and B). In contrast, U0126 was very effective in
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Figure 3-4. Effect of MEK inhibitors on neurite extension. Drugs were dissolved in
DMSO. Carrier alone controls showed no adverse effects. Cells were pretreated with
drug for 30 minutes before addition of 100 ng/ml NGF. Media, drugs and NGF were
replenished every 48 hours. Cells were scored positive for neurites if they had at least one
neurite two cell diameters long. (A) For the time course five separate fields of the same
flask were photographed and scored for neurites. The experiment was performed in
triplicate and data is presented as a mean = SEM (B) For the dose response five fields

were photographed and scored for neurites after six days of treatment with either MEK

inhibitor. The experiment is presented as a mean + SEM.
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blocking neurite extension. After 6 days of NGF treatment, 57 % £ 2 % (SEM) of NGF-
treated cells had neurites. Only 4.3 % + 1 % (SEM) of NGF plus 50 uM U0126-treated
cells while 28 % + 4 % (SEM) of NGF plus 50 uM PD98059-treated cells scored positive
for neurites (Fig. 3-4A). Similarly, increasing doses of U0126 were much more effective
than PD98059 in blocking neurite extension after six days of NGF treatment (Fig. 3-4B).
Because PD98059 was only partially effective in blocking neurite extension and
unable to block nNOS induction, we compared its ability to block Ras-ERK signaling
with that of U0126. In PC12 cells, ERK becomes phosphorylated within ten minutes of
NGF treatment. (29,30,58). Since ERKs are the physiological substrates of MEKSs, we
were able to address the efficacy of both MEK inhibitors with an antibody that recognizes
phosphorylated ERK1 and ERK2. Fig. 3-5 shows that U0126 is much more effective in
blocking ERK phosphorylation than PD98059. Blots were then reprobed with an anti-
ERK antibody to verify that the samples contained equal levels of ERK (Fig. 3-5). We
also confirmed that PD98059 was only partially effective in blocking ERK activity in a
MAP kinase assay (data not shown). We conclude that U0126 is a more effective MEK

mnhibitor than PD98059 in our cells, and this explains why U0126 blocks NOS induction

much more effectively than PD98059.
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Figure 3-5. Effect of MEK inhibitors on ERK phoshorylation. |
1 Cells were pre-incubated with serum free media for one hour |
in order to lessen basal levels of ERK phosphorylation and pre-
treated with either 50 uM U0126, 50uM PD98059 or carrier
alone for 30 minutes. NGF was added for 15 minutes and cellular i
| extracts were then prepared. Western blots were performed with
i an antibodies specific for ERK and phosphorylated ERKs. This
experiment is representative of three independent results.
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Discussion

We have used NGF-treated PC12 cells as a model to study the upregulation of
nNOS mRNA and protein levels. The Ras-ERK pathway has been extensively studied in
this system and is required for many of the morphological and biochemical changes
induced by NGF (29,30,58). By two different means we have demonstrated that the Ras-
ERK pathway is required for the induction of nNOS. First, we have shown in wild type
PC12 cells that nNOS is induced at the RNA level as seen using RT PCR and at the
protein level by Western blotting. In PC12 cells infected with an adenovirus that
expresses a dominant negative Ras, nNOS is not induced at either the RNA level or the
protein level (Fig. 3-2A and 3-2B). We have also shown by citrulline assay that a {
competent Ras is necessary for the induction of NOS activity (Fig. 3-2C). Although we |
did not examine the transcriptional regulation of nNOS, Rife et al. have suggested that
| MAP kinase might influence expression through transcription factors associated with the
5’2 nNOS promoter (146). It is interesting to note that the induction of nNOS mRNA
! and NOS activity apparently precedes that of nNOS protein. This finding may be due to
the relative low sensitivity of the Western blot analysis as compared with the NOS
activity assay. Second, we discovered that U0126, but surprisingly not PD98059,
blocked the induction of nNOS protein and activity (Fig. 3-3A, and 3-3C). Finally, we
have observed that the p38 kinase inhibitor SB203580 did not block NGF-induced nNOS

(Fig. 3-3B and 3-3C). Since the JNK kinase pathway is not activated in NGF-treated

—————————————————————————————
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PC12 cells (69), we conclude the Ras-ERK pathway, not the p38 or JNK kinase
pathways, is required for nNOS induction.

The different potencies for U0126 and PD98059 were puzzling at first. PD98059
has been used extensively to investigate MAP kinase signaling. In particular, PD98059
has been reported to inhibit neurite extension in PC12 cells (149-151). Yet in our clone
of PC12 cells, PD98059 did not block nNOS induction and only partially blocked ERK
phosphorylation and neurite extension (Fig. 3-3A, 3-3C, 3-4 and 3-5). A possible
explanation for this difference is that various clones of PC12 cells contain different
numbers of TrkA receptors so that signaling varies from clone to clone. Alternatively,
the potency of PD98059 as a MAP kinase inhibitor might vary from clone to clone.
Indeed, the developers of PD98059 noted that this drug did not block neurite extension in
some clones (70). Thus it seems that even the residual activation of MAP kinase
signaling as seen in NGF plus PD98059 treated PC12 cells (Fig. 3-5) is sufficient to
induce nNOS (Fig. 3-3A and 3-C). In contrast, the drug U0126 was very effective in
blocking MEK activity, neurite extension and nNOS induction (Fig. 3-3A, 3-3C, 3-4 and
3-5). Most likely, this is because U0126 is significantly more potent than PD98059 (72).
Moreover, U0126 is equally potent towards MEK1 and MEK?2 while PD98059 is more
potent towards MEK1 (72,152). This is important because both isoforms of MEK are
activated with similar kinetics in NGF-treated PC12 cells (153). In conclusion, U0126 is
a much more effective drug and should be_ used in future studies of PC12 cells.

This report provides the first evidence of nNOS regulation by the Ras-ERK

pathway. It is already known that the expression of the other two NOS isotypes can be
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regulated by MAP kinases. Estrogen has been shown to induce eNOS in pulmonary
artery endothelial cells through the Ras-ERK pathway (154). Similarly, fibroblast growth
factor and epidermal growth factor stimulate expression of eNOS through Ras-ERK in
ovine fetoplacental artery endothelial cells (155). In addition, all three MAP kinase
pathways have been implicated in iNOS regulation. The Ras-ERK pathway has been
associated with cytokine-induced iNOS in cardiac myocytes and microvascular
endothelial cells (121,156). The JNK pathway has been reported to be important for
iNOS expression during costimulation of mouse macrophages with IFN-gamma and
TNF-alpha (157). Likewise, the p38 pathway has been implicated in iNOS induction in
mouse astrocytes, bovine cartilage-derived chondrocytes and in an oligodendrocyte cell
line (CG4 cells) (158-160). In addition, p38 may downregulate iNOS in glomerular

mesangeal cells (161). The p38 pathway can synergize with the Ras-ERK pathway to

regulate INOS (162-164). Thus consistent with their pervasive role in signaling, the
MAP kinase pathways participate in the expression of all three NOS isotypes.

While it is now clear that the MAP kinase pathways regulate the expression of
nitric oxide synthases, it is becoming evident that NO itself or NO-related species are
important regulators of MAP kinase signaling. Ras is a target of NO and the site of the
molecular interaction between Ras and nitric oxide has been determined (13,165). It has
been reported that NO-activation of Ras in PC12 cells is important for survival responses
(166). These observations have been extended to primary cortical cultures in rats where
it has beén shown that NO controls NMDA receptor-induced activation of Ras (167). In

addition to Ras, all three MAP kinase pathways also appear to be susceptible to NO-

| |
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induced activation (168,169). Hence, it is becoming apparent that nitric oxide can modify
components of the MAP kinase pathways. It remains to be determined whether NO
modification of MAP kinase pathways creates a feedback loop to modulate signaling
from cell surface receptors and to induce crosstalk between the three MAP kinase

pathways.
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CHAPTER IV

NITRIC OXIDE DOES NOT ACT THROUGH GUANYLATE CYCLASE DURING

DIFFERENTIATION OF PC12 CELLS

Introduction

We have described a novel signaling pathway during the differentiation of PC12
cells involving NGF, nitric oxide, p53 and p21WAF1 (84). It is unclear the mechanism
by which NO acts to induce differentiation and cell cycle arrest in this system. One of
the best characterized modes of NO action is through the activation of guanylate cyclase
and the production of cGMP (1). Cyclic GMP, in turn can activate cyclic GMP-
dependent protein kinase (PKG) and these signaling molecules can control several
neuronal functions, including neurotransmitter release, ion channels, and calcium
signaling (170).

A role for cGMP in the differentiation of several different cell types has been
reported. An increase in the intracellular cGMP concentration induced granulocytic
differentiation of the human promyelocytic cell line HL-60 (171). Similarly, the
differentiation of rat osteoblast-like cells, human melanocytes, Sertoli cells, and normal
human bone marrow cells all involve cyclic GMP (172-175).

In PC12 cells, cGMP has multiple, varied roles. Cyclic-GMP acts in opposition

to tetanus toxin blockade of acetylcholine release (176). Nitric oxide can amplify
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calcium-induced gene transcription in PC12 cells and this effect is cGMP-dependent
(177). Conversely, NO selectively inhibits voltage-dependent calcium influx in neuronal
cells through a cGMP-dependent mechanism (178). Others have shown NO, through
cGMP, to modulate agonist-evoked intracellular Ca** (179,180) which in turn can
activate the ryanodine receptor (181). Stimulation of the cGMP pathway by NO induces
expression of the immediate early genes c-fos and junB in PC12 cells (182). In trophic
factor-deprived PC12 cells, NO can delay death by a cGMP-mediated mechanism (183).
We examined the possibility that NGF-induced differentiation of PC12 cells
through NO requires the activation of guanylate cyclase. We find that unlike the
mhibition of NOS which inhibits differentiation, inhibition of guanylate cyclase does not
inhibit differentiation as measured by the induction of the neuronal marker $-tubulin III.
Moreover, 8Br-cGMP, a cell-permeable analog of cGMP failed to induce differentiation

of NGF-treated, NOS-inhibited PC12 cells.
Materials and Methods

Cell Culture

PC12 cells from Dr. David Kaplan (Montreal Neurological Institute) were
maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-
inactivated horse serum, 5% heat-inactivated fetal bovine serum, and 100 pg/ml
gentamy;:in at 37 °C under 5% CO2. These cells were found to be mycoplasma-free by

the direct culture method (MYCOTRIM, Irvine Scientific, Santa Ana, CA). For PC12 cell
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differentiation, plastic dishes were treated overnight at 4 °C with 15 pg/ml rat tail
collagen (Sigma) and 15 pg/ml poly-D-lysine (>300,000 Da, Sigma). The dishes were
rinsed with distilled water, and then PC12 cells were plated in defined medium, as
described (98), and treated with 100 ng/ml NGF (2.5 S, Bioproducts for Science,
Indianapolis). After 3-4 days of treatment, cells with neurites at least five cell diameters

long were scored as positive.

Drugs

N-Nitro-L-arginine methyl ester (L-NAME) competes with arginine for binding
to all three isoforms of NOS and blocks enzymatic activity (9). In these studies, we used
20 mM L-NAME and the same concentration of the inactive enantiomer, D-NAME, as a
control. L-NAME used at this concentration is thought to be specific for NOS and with
little effect on PC12 metabolism, growth rates, and NGF induction of immediate-early
genes (83). LY83583 (Calbiochem) is a competitive inhibitor of soluble guanylate

cyclase. 8 Br-cGMP (Sigma) is a soluble analog of cyclic GMP.

Western Blotting
After treatment with NGF and NO drugs, cells were extracted as described (17). H
These samples (40 pg of protein/lane) were boiled under reducing conditions, subjected ‘
to electrophoresis on a 12.5% polyacrylamide gel, and electrotransferred to an
Immobiloﬁ-P membrane (Millipore, Bedford, MA). Residual proteins in the gel were

stained with Coomassie Blue to confirm even loading of the gel. The membrane was

. |
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blocked for 1 h with 10% powdered milk in 0.2% Tween 20, Tris-buffered saline, and
then incubated with monoclonal anti-B-tubulin isotype III (Sigma) 1:800 in TTBS for 1 h.
Immunoreactive proteins were detected with horseradish peroxidase-conjugated
secondary antibodies (Amersham, Arlington Heights, IL) and a chemiluminescence

reagent (100).

Results

Previously we have shown that inhibition of NOS during NGF-induced neuronal
differentiation blocks differentiation as measured by neurite extension or expression of
neuronal markers (84). We tested whether blocking cGMP production with the guanylate
cyclase inhibitor LY83583 could also block the expression of NGF-induced
differentiation. NGF induces the neuronal marker B-tubulin III after three days in defined
media (Figure 4-1). LY83583 does not inhibit NGF-induced levels of B-tubulin III
(Figure 4-1) or neuronal differentiation (data not shown). It should be noted that this
concentration of LY83583 has been shown to inhibit guanylate cyclase activity in NGF-
treated PC12 cells (184). We attempted to restore differentiation of NGF-treated, NOS-

inhibited PC12 cells with a soluble analog of cGMP. 8 Br-cGMP was not able to restore

neurite extension in L-NAME-treated PC12 cells (Figure 4-2).
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Figure 4-2. 8 Bromo-cyclic GMP cannot rescue L-NAME inhibited differentiation.
Cells were cultured for three days in defined media and either untreated, treated with
NGF (100 ng/ml), treated with L-NAME (20 mM) and/or 8Br-cGMP (0.1, 1 and 5 mM).
Data is presented as a mean +/- SEM of three independent experiments.
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Discussion

Our evidence indicates that NO does not act through guanylate cyclase during the
differentiation of PC12 cells. Conflicting data exists over the importance of cyclic GMP
during PC12 differentiation. One group reports that nerve growth factor increases the
cyclic GMP level and activates the cyclic GMP phosphodiesterase in PC 12 cells (125).
Moreover, another group has reported that NO donors enhance neurotrophin-induced
neurite outgrowth through a cGMP-dependent mechanism (185). Conversely, a recent
report shows evidence that NGF decreases soluble guanylate cyclase levels in PC12 cells
(186). While the evidence for a role for cyclic GMP is NGF-treated PC12 cells is
conflicting our results along with another group (184) argue against a role for cGMP in
PC12 neuronal differentiation.

It has become increasingly evident that nitric oxide does not act exclusively
through ¢cGMP. Nitric oxide is involved in neuronal process outgrowth and remodeling
in dorsal root ganglion neurons in a cGMP independent manner (187). In PC12 cells,
nitric oxide attenuates potassium-stimulated dopamine release in a cyclic GMP
independent fashion (188). NO can regulate the activity of caspases independent of
cGMP (24,25). 1t is now known that nitrosylation of cysteine residues by NO is a major
rﬁechanism for NO action. We next investigated whether NO functions through
nitrosylation to regulate p53 levels. Earlier we demonstrated that NO participates in p53

induction during PC12 differentiation (Chapter 2).
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CHAPTER V
NITRIC OXIDE INHIBITS HDM2-p53 BINDING

THROUGH S-NITROSYLATION OF HDM2

Introduction

The tumor suppressor p53 is an important regulatory molecule involved in cell
cycle arrest during development and as a mediator of apoptosis in response to stress (43-
45). Mutation of p53 is one of the most common genetic lesions in human cancer.
Although p53 is dispensable for normal cell growth and development, cells and mice
lacking functional p53 show a predisposition to cell proliferation, chromosomal
abnormalities, and tumorigenesis, suggesting that p53 plays a critical role in maintenance
of genome integrity (43). p53 functions as a transcription factor that activates
transcription of genes involved in cell cycle arrest (p21 WAF1 and cyclin G), DNA
damage (GADDA45 ) and apoptosis (Bax) (43). Mdm?2 is another transcriptional target of
p53 and its interactions with p53 are the focus of this study (53,54).

The mdm?2 gene was first detected in a screen for oncogenes present on a mouse
double minute chromosome (49). The human homolog of the gene, hdm2, has been
shown to be overexpressed in a number of human tumors (189). Hdm2 can regulate p53

in two ways. Hdm2 binds p53 and inactivates its transcriptional activity (50). Hdm2 also

regulates p53 levels by promoting its degradation (51,52). Hdm2 is an E3 ligase that
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ubiquitinates p53 (190). Thus Hdm?2 participates in a negative feedback loop that keeps
p53 levels in tight check.

Nitric oxide is a ubiquitous signaling molecule with diverse and varied functions.
NO has been shown to be a signal that increases p53 levels in physiological and
pathological situations. During neuronal differentiation of PC12 cells NO acts as a
cytostatic agent by inducing p53 (84). Similarly, in vascular smooth muscle cells NO
activates p21 WAF1 through p53 (191). During apoptosis, NO plays a critical role in p53
induction but the molecular mechanism of this induction is not known (76,192).

One way that nitric oxide exerts its actions in cells is through S-nitrosylation of
cysteine residues. In the case of Ras, S—nitrosylation. enhances its activity (13). For most
proteins, though, S-nitrosylation is an inactivating modification. Caspase-3 is inactivated
by S-nitrosylation in vivo (25). Several other proteins including receptors, proteases, and
transcription factors are reportedly S-nitrosylated (5) (Table 2).

It has recently been shown that Hdm2-p53 binding is sensitive to oxidation and
that the sulfhydryl-modifying agent N-ethylmaleimide destroys the binding capacity of
Hdm?2 to p53 (193). In this study we test whether nitric oxide can effect the ability of
Hdm?2 to bind p53. We find that NO reacts with Hdm2 and thereby inhibits Hdm2-p53
binding. Moreover, we demonstrate that this inhibition is reversible, consistent with
nitrosylation of cysteine. Finally, we identify a cysteine residue proximal to the Hdm2-

p53 binding domain that is responsible for the NO inhibition of binding.
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' Materials and Methods

Reagents
Dithiothreitiol, N-ethylmaleimide, cysteine, reduced glutathione and
tetramethylbenzidine (TMB) dihydrochloride tablets were all purchased from Sigma.

DETA/NO (NOC-18) was purchased from Alexis.

GST-Hdm2

The plasmid GST-Hdm2 (a.a. 1-188) was a gift from David Lane (194). Bacteria
cultures were grown to OD 0.8. They were cooled to room temperature, induced with 1
mM IPTG and then grown for 4 h at 27°C. Cells were harvested and pellets were flash
frozen in liquid nitrogen. Pellets were resuspended in ice cold buffer A (0.5 M NaCl, 2.7
mM KCl, 10 mM Na;HPO,, 1.8 mM KH,PO,, I1mM PMSF, 1 mM EDTA, 10 mM 2-
mercaptoethanol, pH 7.3) and lysed twice in a French press. After centrifugation the
soluble fraction was incubated with 1 m! of Glutathione Sepharose 4B beads for 1hour at
room temperature and then overnight at 4°C. The entire mixture was then spun and
washed 6 times with PBS and then the beads were packed in a column. The protein was
then eluted with buffer B (50 mM Tris/HCl, 10 mM reduced glutathione, 0.5 M Na(l, 1
mM EDTA, 1 mM PMSF, 10 mM 2-mercaptoethanol pH 8.0). Fractions containing

GST-Hdm2 were pooled, aliquotted and stored at -20°C.

Preparation of pS3 protein in SF9 cells
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His-tagged, full-length p53 baculovirus was a gift from Steve Jones. S cells

e —

were infected and cells were harvested 48 hours after infection. The cells were extracted

at 4°C with 1% Triton X-100, 150 mM NaCl, 50 mM Tris/HCI (pH 7.5) and 1 mM
PMSF for 30 minutes. After centrifugation extract was passed through a 0.45um filter.
The p53 protein was purified on a His-Bind Quick 900 Cartridge (Novagen). Protein
expression and purity were checked by western blotting with a monoclonal anti-6xHis

antibody (Clontech). Purified p53 was aliquotted and stored at -20°C.

ELISA Assay

The Hdm2-p53 interaction was assayed by ELISA using a similar assay to one
described previously (194). EIA assay plates (Costar) were coated overnight at 4°C with
1 pg/ml of p53 in PBS. Plates were blocked with PBST-M (PBS, containing 5% milk
powder and 0.1% Tween 20) for one hour at room temperature. GST-Hdm?2 (2.5 pg/ml)
in PBS was incubated with NO donor and with or without cysteine or DTT for one-half
hour at room temperature. An equal volume of 2X PBST-M was then added to the
sample and then applied to the ELISA plate for one hour at room temperature. After
three washes wells were probed with a polyclonal anti-GST antibody (1:10,000) from
Sigma in PBST-M and then a HRP-linked polyclonal anti-rabbit antibody (1:1,500) from
Amersham in PBST-M. Substrate development was performed with TMB tablets (0.1
mg/ml) in 0.05 M phosphate-citrate buffer pH 5.0 containing 0.006% hydrogen peroxide.
After 15 minutes reactions were stopped with an equal volume of 1M phosphoric acid

and read at 450 nm. All washing between steps was done with PBS.

_
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Site directed mutagenesis

Site directed mutagenesis and generation of the mutant plasmid GST-Hdm2C77A
was performed with the QuickChange™ Site-Directed Mutagenesis Kit from Stratagene
following standard protocols. The mutant sequence was confirmed by automated

sequencing.
Results

We tested whether treating Hdm2 with a nitric oxide donor would affect its
binding to p53. We employed a GST-Hdm2 fusion protein that includes the first 188
amind acids of Hdm2. This fragment contains the p53-binding domain. In ELISA
assays we confirmed earlier results that the thiol-modifying agent N-ethylmaleimide
(NEM) inhibits Hdm2-p53 binding (Figure 5-1). Using the nitric oxide donor DETA/NO
(1, 5 and 10 mM) we demonstrated that nitric oxide inhibits this binding as well (Figure
5-1). This inhibition is blocked by the addition of an excess of reducing agent. When
excess DTT (10 mM) is present DETA/NO was unable to inhibit binding (Figure 5-2).
Presumably, the excess DTT competes with Hdm2 for the nitric oxide. Moreover,
addition of excess amounts of cysteine also blocked nitric oxide inhibition of Hdm2-p53
binding (Figure 5-3). These results are consistent with nitric oxide effecting binding by

nitrosylating sulfhydryl residues.

_
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0.7

OD at 450 nm

Hdm2 + NEM 1 5 10

DETA/NO (mM)

Figure 5-1. DETA/NO inhibits Hdm2-p53 binding. ELISA assays
were performed on p53-coated plates treated with Hdm2 (2.5 pg/ml)
alone, Hdm2 + 10 mM NEM or Hdm?2 + increasing am ounts of
DETA/NO (mM). Data is presented as a mean + SEM (n=15).




OD at 450 nm

Figure 5-2. DTT blocks DET A/NO inhibition of Hdm2-p53 binding.
ELISA assays were performed on p53-coated plates that were presented
with Hdm2 (2.5 pg/ml) alone, Hdm2 + 10 mM DTT, Hdm2 + 10 mM
DETA/NO or Hdm2 + 10 mM DTT and 10 mM DETA/NO. Data is
presented as a mean = SEM (n=9).
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Figure 5-3. Cysteine blocks NO inhibition of Hdm2-p53 binding.
ELISA assays were performed on p53-coated plates treated with
Hdm?2 (2.5 pg/ml) alone, Hdm2 + 10 mM cysteine, Hdm2 + 10 mM
DETA/NO or Hdm2 + 10 mM cysteine and 10 mM DETA/NO. Data
is presented as a mean + SEM (n =9).
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T In order to ensure that the effect of nitric oxide was specific for Hdm2 we

F performed several controls. We coated ELISA plates with GST-Hdm?2 instead of p53 and
tested whether the presence of nitric oxide effected the binding of the anti-GST antibody
to GST-Hdm2. In these experiments, nitric oxide had no effect (data not shown). We
also tested whether nitric oxide was modifying p53 instead of Hdm2. Plates coated with
p53 were treated with DETA/NO and tested for their ability to bind Hdm2. Inthese
experiments DETA/NO had no effect on Hdm2-p53 binding (data not shown). From
these experiments we conclude the effect of nitric oxide on Hdm2-p53 binding is duetoa
reaction of NO with Hdm2.

We tested whether the effect of nitric oxide was reversible. DETA/NO was
reacted with Hdm2 for one-half hour and then the mixture was split in two. Half of the
sample was then incubated with DTT for an additional one—;half hour while the other half
of the sample was untreated. The results from these experiments clearly indicate the
inhibition by nitric oxide to be reversible, again consistent with nitrosylation of a
sulfhydryl group (Fig 5-4).

Previously, it had been shown that the Hdm2-p53 reaction was susceptible to
oxidation (194). This fact coupled with our results with NO led us to examine which
cysteine residue is modified by NO and thereby inhibits binding. In our Hdm?2 fragment
there are three cysteine residues; C2, C77 and C127. C77 seemed to be the most likely
residue to be modified due to its proximity to the Hdm2 and p53 binding interface
(193,195) (Figure 5-5). In addition we found that this C77 is highly conserved in human,

mouse, chicken, frog and zebrafish (Fig 5-5). We mutated C77 to A in Hdm2 and tested

_
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OD at 450 nm

DETA/NO - - + +
DTT - + - +

Figure 5-4. DETA/NO inhibition of Hdm2-p53 binding is reversible.
ELISA assays were performed on p53-coated plates. Hdm?2 (2.5 ng/ml)
alone or Hdm2 + 10 mM DETA/NO were incubated for one-half hour
then half of each sample was then incubated with 10 mM DTT for
one-half hour. Data is presented as a mean £ SEM (n=9).
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Figure 5-5. The N-terminus of Hdm2 contains three cysteines (C2,
C77 and C127). C77 is highly conserved and is located within the
p53-binding domain (aa 50-100). Sequences were aligned using the

Clustal Method in MegAlign.
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the ability of this mutated protein to bind p53 and the effect of nitric oxide on this
binding. The C77A mutation did not affect normal binding when compared to the wild
type protein (Fig. 5-6). However, when the mutant protein was treated with DETA/NO
there was no inhibition of Hdm2-p53 binding (Fig. 5-7). Thus, the C77 to A mutation
renders Hdm2 insensitive to NO inhibition and provides strong evidence that NO exerts

its action through this particular cysteine residue.

Discussion

We have presented a potential mechanism by which NO increases p53 levels.
Nitric oxide inhibits binding of Hdm2, a negative regulator of p53 levels, to p53 (Fig. 5-
1). This inhibition of binding would allow p53 levels to go unchecked and remain high
or increase. This inhibition can be blocked by the reducing agent DTT or the NO
scavenger, cysteine (Fig. 5-2 and 5-3). Importantly, the inhibition of Hdm2-p53 binding
is reversible suggesting this may be a relevant form of regulation in vivo (Fig. 5-4).
Additionally, we have identified C77 in our Hdm2 fragment as the target of NO.
Mutation of this residue to alanine has no effect on normal binding (Fig. 5-6). Nitric
oxide has no effect on Hdm2C77A-p53 binding unlike wild-type Hdm2-p53 binding,
which is inhibited by nitric oxide (Fig. 5-7).

In this study we focus on the N-terminus of Hdm2 that contains the p53 binding
domain. However, Hdm2 regulates p53 by two mechanisms. In addition to its ability to

bind and inactivate p53, Hdm?2 also regulates p53 stability by targeting the pS3 protein

)
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Figure 5-6. Wild type and mutant Hdm?2 bind to p53 similarly.
ELISA assays were performed on p53-coated plates using
increased concentrations of wild type and mutant (C77A) Hdm2.
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Figure 5-7. Mutant Hdm2 lacks responsiveness to DETA/NO.
ELISA assays were performed on p53-coated plates with either
Hdm?2 wild type (2.5 pg/ml) or Hdm2 (C77A) (2.5 pg/ml) with
or without 10 mM DETA/NO. Data is represented as a mean +
SEM (n=9).
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for proteasomal degradation (51,52). A recent report suggests that Mdm2, the murine
version of Hdm2, is a RING finger-dependent ubiquitin protein ligase for itself and p53.
This study identifies several cysteine residues in the Mdm2 RING finger that are critical
for its ability to degrade p53 (190). Thus, it is possible that in full length Hdm2, these
cysteines are additional targets of NO.

The importance of C77 of Hdm2 is not immediately apparent as it does not
participate directly in p53 binding. However, the crystal structure does show that C77 is
proximal to the p53-binding pocket (Figure 5-8 A). Specifically, C77 lies in close
proximity to two residues, V75 and P91, that participate in Van der Waal’s interactions
with p53 (195,196). C77 is buried in a hydrophobic pocket directly behind the p53-
interacting residues (P91, V75, V88 and L82) (Fig. 5-8 B). Reaction of NO with C77
will make this sidechain both larger and more polar. One can propose two possible
models. The nitrosylated C77 sidechain might pop out of the hydrophobic pocket, which
would distort the p53-interaction domain. Alternatively, the nitrosylated sidechain might
remain in the pocket, distorting the layer of p53-interacting residues, which make up
much of the hydrophobic pocket. Further structural studies would be required to resolve
this question. |

Is Hdm2 nitrosylation a physiologically relevant form of p53 regulation?
Previously, we have shown that NO induces p53 accumulation during neuronal
differentiation (84). We also know that NO acts in a cGMP independent manner during
PC12 differentiation (184) and (Chapter IV). NO is also known to induce p53 during

apoptosis. Activation of iNOS in RAW 246.7 macrophages results in p53 accumulation.



Figure 5-8 A. Cys77 (yellow) is in close proximity to other Hdm2
residues (gray) that bind p53 (green). The crystal structure (194)
was used with the MIDAS display sy stem (195) to create this model.
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Figure 5-8 B. Cys77 is located in a hy drophobic pocket.
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Moreover, work with NO donors showed a clear increase in p53 levels while NO removal
blocked p53 induction (76,111,112,197). Despite the clear link between NO and p53
induction during apoptosis the molecular mechanism is not understood. In both cases,
neuronal differentiation and apoptosis, NO might increase p53 levels by inactivating

Hdm2.
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CHAPTER VI

ADDITIONAL DISCUSSION

Taken in their entirety, the results from this thesis describe the importance of a
signal transduction pathway activated by NGF that involves nitric oxide, p53 and WAF1
which leads to cell cycle arrest and ultimately neuronal differentiation in PC12 cells
(Chapter II). In addition, it is now known that NGF induces NOS through activation of
the Ras-ERK MAP kinase pathway (Chapter III). Moreover, nitric oxide exerts its
actions in a cyclic GMP-independent manner in this system (Chapter IV). Finally, we
present in vitro evidence that nitric oxide could regulate p53 levels by blocking the p53
regulator, Hdm2, from binding to p53 (Chapter V).

When presented in total these data suggest an appealing pathway important for the
control of neuronal differentiation (Figure 6-1). However, several caveats must be
considered. One key aspect to consider was the culture conditions used to differentiate
PC12 cells. In Chapters IT and IV we used defined media to quicken the speed of
differentiation. In Chapter III, however, serum-containing media was used to optimize
the assays used for NOS detection. It is important to note that the timing of NOS, p53
and p21 WAF1 induction is different between the two culture conditions. Another group
has looked carefully at the NGF-induction of p53 and p21WAF1 in serum and serum-free

media (129). The induction of NOS as viewed by diaphorase staining in serum-free

conditions (three days) or by RT-PCR, western blotting and citrulline assay (from two to
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Figure 6-1. A signal transduction pathway important for the control of neuronal
differentiation.
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six days) in serum-containing conditions are consistent with the timing of the induction
of total p53 levels seen by us (Chapter II) and others (129).

A significant amount of the data in this thesis relies on the specificity of various
chemical inhibitors. Recently, a study has been published investigating the specificity
and limitation of some of these drugs (198). The three kinase inhibitors used in this
thesis, PD98059, U0126 and SB203580, are all extremely specific for their substrates.
Nonetheless, in the case of PD98059 and U0126 we found varying results due to their
different potencies (Chapter IIT). An effect on neurite extension but not NOS induction
was seen by SB203580 (Chapter IIT). While the guanylate cyclase inhibitor LY83583 did
not have an effect on the induction of a differentiation marker (Chapter IV), it was used
at a concentration that has been used by others to block guanylate cyclase activity in
PC12 cells (184). The use of chemical inhibitors has been a very important tool in
biochemical research. However, an over-reliance on these drugs can lead to faulty
conclusions. When available, other means should be used to bolster results obtained with
chemical inhibitors. The use of a dominant negative expressing protein, as we did in
Chapter I1I, is one convenient alternative to a chemical inhibitor. Finally, if no effect is
seen with a chemical inhibitor, the ideal control is to assay the activity of the propoé‘%ﬂ

substrate of the drug.



10.

11.

12.

92

REFERENCES

McDonald, L. J., and Murad, F. (1996) Proc Soc Exp Biol Med 211(1), 1-6
Stamler, J. S., and Hausladen, A. (1998) Nat Struct Biol 5(4), 247-9

Yun, H. Y., Dawson, V. L., and Dawson, T. M. (1996) Crit Rev Neurobiol 10(3-
4), 291-316

Fukuto, J. M. (1995) Adv Pharmacol 34, 1-15

Broillet, M. C. (1999) Cell Mol Life Sci 55(8-9), 1036-42

Stamler, J. S. (1994) Cell 78(6), 931-6

Stamler, J. S., Jia, L., Eu, J. P., McMahon, T. J., Demchenko, I. T., Bonaventura,
1., Gernert, K., and Piantadosi, C. A. (1997) Science 276(5321), 2034-7

Stamler, J. S., Simon, D. I, Osborne, J. A., Mullins, M. E., Jaraki, O., Michel, T.,
Singel, D. J., and Loscalzo, J. (1992) Proc Natl Acad Sci U S 4 89(1), 444-8
Stamler, M. F. a. J. S. (1996) Methods in Nitric Oxide Research, John Wiley and
Sons

Nelson, R. J., Demas, G. E., Huang, P. L., Fishman, M. C., Dawson, V. L.,
Dawson, T. M., and Snyder, S. H. (1995) Nature 378(6555), 383-6.
MacMicking, J. D., North, R. J., LaCourse, R., Mudgett, J. S., Shah, S. K, and
Nathan, C. F. (1997) Proc Natl Acad Sci U S A 94(10), 5243-8

Wei, X. Q., Charles, I. G, Smith, A., Ure, J., Feng, G. J., Huang, F. P., Xu, D,,

Muller, W., Moncada, S., and Liew, F. Y. (1995) Nature 375(6530), 408-11




13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

93

Lander, H. M., Hajjar, D. P., Hempstead, B. L., Mirza, U. A, Chait, B. T,
Campbell, S., and Quilliam, L. A. (1997) J Biol Chem 272(7), 4323-6

Akhand, A. A, Pu, M,, Senga, T., Kato, M., Suzuki, H., Miyata, T., Hamaguchi,
M., and Nakashima, 1. (1999) J Biol Chem 274(36), 25821-6

Mohr, S., Stamler, J. S., and Brune, B. (1996) J Biol Chem 271(8), 4209-14
Mohr, S., Hallak, H., de Boitte, A., Lapetina, E. G., and Brune, B. (1999) J Biol
Chem 274(14), 9427-30

Shinyashiki, M., Chiang, K. T., Switzer, C. H, Gralla, E. B., Valentine, J. S.,
Thiele, D. J., and Fukuto, J. M. (2000) Proc Natl Acad Sci U § A 97(6), 2491-6
Klatt, P., Molina, E. P., and Lamas, S. (1999) J Biol Chem 274(22), 15857-64
Estrada, C., Gomez, C., Martin-Nieto, J., De Frutos, T., Jimenez, A., and
Villalobo, A. (1997) Biochem J 326(Pt 2), 369-76

Stoyanovsky, D., Murphy, T., Anno, P. R., Kim, Y. M., and Salama, G. (1997)
Cell Calcium 21(1), 19-29

Eu, J. P, Sun, J., Xu, L., Stamler, J. S., and Meissner, G. (2000) Cell 102(4), 499-
509

Choi, Y. B, Tenneti, L., Le, D. A, Ortiz, J., Bai, G., Chen, H. S., and Lipton, S.
A. (2000) Nat Neurosci 3(1), 15-21

Galigniana, M. D., Piwien-Pilipuk, G., and Assreuy, J. (1999) Mol Pharmacol
55(2), 317-23

Zech, B., Wilm, M., van Eldik, R., and Brune, B. (1999) J Biol Chem 274(30),

20931-6




25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

94

Mannick, J. B., Hausladen, A., Liu, L., Hess, D. T., Zeng, M,, Miao, Q. X, Kane,
L.S., Gow, A. T, and Stamler, J. S. (1999) Science 284(5414), 651-4

Rossig, L., Fichtlscherer, B., Breitschopf, K., Haendeler, J., Zeiher, A. M.,
Mulsch, A., and Dimmeler, S. (1999) J Biol Chem 274(11), 6823-6

Xian, M., Chen, X., Liu, Z., Wang, K., and Wang, P. G. (2000) J Biol Chem
275(27), 20467-73

Sehajpal, P. K., Basu, A., Ogiste, J. S., and Lander, H. M. (1999) Biochemistry
38(40), 13407-13

Greene, L. A., and Kaplan, D. R. (1995) Curr Opin Neurobiol 5(5), 579-87
Kaplan, D. R., and Miller, F. D. (1997) Curr Opin Cell Biol 9(2), 213-21
Barbacid, M. (1995) Curr Opin Cell Biol 1(2), 148-55

Heumann, R. (1994) Curr Opin Neurobiol 4(5), 668-79

Chao, M. V., and Hempstead, B. L. (1995) Trends Neurosci 18(7), 321-6
Friedman, W. J., and Greene, L. A. (1999) Exp Cell Res 253(1), 131-42

Greene, L. A., and Tischler, A. S. (1976) Proc Natl Acad Sci U S 4 713(7), 2424-8
el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B, Parsons, R., Trent, J.
M., Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. (1993) Cell 75(4),
817-25

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge, S. J. (1993)
Cell 75(4), 805-16

Canman, C. E., Gilmer, T. M., Coutts, S. B., and Kastan, M. B. (1995) Genes Dev

9(5), 600-11




39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

95

Dulic, V., Kaufmann, W. K., Wilson, S. J,, Tlsty, T. D., Lees, E., Harper, J. W,
Elledge, S. J., and Reed, S. I. (1994) Cell 76(6), 1013-23

Deng, C., Zhang, P., Harper, J. W., Elledge, S. J., and Leder, P. (1995) Cell 82(4),
675-84

Poluha, W., Poluha, D. K., Chang, B., Crosbie, N. E., Schonhoff, C. M.,
Kilpatrick, D. L., and Ross, A. H. (1996) Mol Cell Biol 16(4), 1335-41

Yan, G. Z., and Ziff, E. B. (1995) J Neurosci 15(9), 6200-12

Ko, L. J., and Prives, C. (1996) Genes Dev 10(9), 1054-72

Harris, C. C. (1996) J Natl Cancer Inst 88(20), 1442-55

Oren, M. (1999) Journal of Biological Chemistry 274(51), 36031-36034
el-Deiry, W. S., Harper, J. W., O'Connor, P. M., Velculescu, V. E., Canman, C.
E., Jackman, J., Pietenpol, J. A., Burrell, M., Hill, D. E., Wang, Y., and et al.
(1994) Cancer Res 54(5), 1169-74

Armstrong, J. F., Kaufman, M. H., Harrison, D. J., and Clarke, A. R. (1995) Curr
Biol 5(8), 931-6

Eizenberg, O., Faber-Elman, A., Gottlieb, E., Oren, M., Rotter, V., and Schwartz,
M. (1996) Mol Cell Biol 16(9), 5178-85

Cahilly-Snyder, L., Yang-Feng, T., Francke, U., and George, D. L. (1987) Somat
Cell Mol Genet 13(3), 235-44

Momand, J., Zambetti, G. P., Olson, D. C., George, D., and Levine, A. J. (1992)

Cell 69(7), 1237-45




51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

96

Kubbutat, M. H., Jones, S. N., and Vousden, K. H. (1997) Nature 387(6630), 299-
303

Haupt, Y., Maya, R., Kazaz, A, and Oren, M. (1997) Nature 387(6630), 296-9
Wu, X., Bayle, J. H., Olson, D., and Levine, A. J. (1993) Genes Dev 7(7A), 1126-
32

Barak, Y., Juven, T., Haffner, R., and Oren, M. (1993) Embo J 12(2), 461-8
English, J., Pearson, G., Wilsbacher, J., Swantek, J., Karandikar, M., Xu, S., and
Cobb, M. H. (1999) Exp Cell Res 253(1), 255-70

Garrington, T. P., and Johnson, G. L. (1999) Curr Opin Cell Biol 11(2), 211-8
Schaeffer, H. J., and Weber, M. J. (1999) Mol Cell Biol 19(4), 2435-44

Marshall, C. J. (1995) Cell 80(2), 179-85

Cano, E., and Mahadevan, L. C. (1995) Trends Biochem Sci 20(3), 117-22

Klesse, L. J., Meyers, K. A., Marshall, C. J., and Parada, L. F. (1999) Oncogene
18(12), 2055-68

Kyriakis, J. M., and Avruch, J. (1996) Bioessays 18(7), 567-77

Fanger, G. R., Gerwins, P., Widmann, C., Jarpe, M. B,, and Johnson, G. L. (1997)
Curr Opin Genet Dev 1(1), 67-74

Derijard, B., Hibi, M., Wu, . H., Barrett, T., Su, B., Deng, T., Karin, M., and
Davis, R. J. (1994) Cell 76(6), 1025-37

York, R. D., Yao, H., Dillon, T., Ellig, C. L., Eckert, S. P., McCleskey, E. W, and

Stork, P. J. (1998) Nature 392(6676), 622-6

Cowley, S., Paterson, H., Kemp, P, and Marshall, C. J. (1994) Cell 77(6), 841-52




66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

97

Vaillancourt, R. R., Heasley, L. E., Zamarripa, J., Storey, B., Valius, M.,
Kazlauskas, A., and Johnson, G. L. (1995) Mol Cell Biol 15(7), 3644-53

Xia, Z., Dickens, M., Raingeaud, J., Davis, R. J., and Greenberg, M. E. (1995)
Science 270(5240), 1326-31

Morooka, T., and Nishida, E. (1998) J Biol Chem 273(38), 24285-8

Xing, J., Kornhauser, J. M., Xia, Z., Thiele, E. A., and Greenberg, M. E. (1998)
Mol Cell Biol 18(4), 1946-55

Alessi, D. R., Cuenda, A., Cohen, P., Dudley, D. T., and Saltiel, A. R. (1995) J
Biol Chem 270(46), 27489-94

Cohen, P. (1997) Trends in Cell Biology 7, 353-361

Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D. A,,
Feeser, W. S, Van Dyk, D. E,, Pitts, W. J., Earl, R. A, Hobbs, F., Copeland, R.
A., Magolda, R. L., Scherle, P. A., and Trzaskos, J. M. (1998) J Biol Chem
273(29), 18623-32

Lee, J. C., Laydon, J. T., McDonnell, P. C., Gallagher, T. F., Kumar, S., Green,
D., McNulty, D., Blumenthal, M. J,, Heys, J. R., Landvatter, S. W., and et al.
(1994) Nature 372(6508), 739-46

Cuenda, A., Rouse, J., Doza, Y. N., Meier, R., Cohen, P., Gallagher, T. F.,
Young, P. R, and Lee, J. C. (1995) FEBS Lett 364(2), 229-33

Flamigni, F., Facchini, A., Capanni, C., Stefanelli, C., Tantini, B., and Caldarera,

C. M. (1999) Biochem J 341(Pt 2), 363-369




76.

77.

78.

79.

80.

1.

82.

83.

84.

85.

86.

87.

88.

98

Brune, B., von Knethen, A., and Sandau, K. B. (1999) Cell Death Differ 6(10),
969-75

Forrester, K., Ambs, S., Lupold, S. E., Kapust, R. B,, Spillare, E. A., Weinberg,
W. C., Felley-Bosco, E., Wang, X. W., Geller, D. A., Tzeng, E., Billiar, T. R., and
Harris, C. C. (1996) Proc Natl Acad Sci U S A 93(6), 2442-7

Ambs, S., Hussain, S. P, and Harris, C. C. (1997) Faseb J 11(6), 443-8

Kuzin, B., Roberts, 1., Peunova, N., and Enikolopov, G. (1996) Cell 87(4), 639-49
Kuzin, B., Regulski, M., Stasiv, Y., Scheinker, V., Tully, T., and Enikolopov, G.
(2000) Curr Biol 10(8), 459-62

Hirsch, D. B., Steiner, J. P., Dawson, T. M., Mammen, A., Hayek, E., and and
Snyder, S. H. (1993) Current Biology 3(11), 749-754

Sheehy, A. M., Phung, Y. T., Riemer, R. K., and Black, S. M. (1997) Brain Res
Mol Brain Res 52(1), 71-7

Peunova, N., and Enikolopov, G. (1995) Nature 375(6526), 68-73

Poluha, W., Schonhoff, C. M., Harrington, K. S., Lachyankar, M. B., Crosbie, N.
E., Bulseco, D. A., and Ross, A. H. (1997) J Biol Chem 272(38), 24002-7

van Grunsven, L. A., Billon, N., Savatier, P., Thomas, A., Urdiales, J. L., and
Rudkin, B. B. (1996) Oncogene 12(6), 1347-56

Knowles, R. G., and Moncada, S. (1994) Biochem J 298(Pt 2), 249-58

Dawson, T. M., and Snyder, S. H. (1994) J Neurosci 14(9), 5147-59

Bredt, D. S., and Snyder, S. H. (1994) Neuron 13(2), 301-13




89.

90.

91.

92.

93.

94.

93.

96.

97.

98.

99.

100.

99

Holtzman, D. M., Lee, S., Li, Y., Chua-Couzens, J., Xia, H., Bredt, D. S., and
Mobley, W. C. (1996) Neurochem Res 21(7), 861-8

Sah, V. P, Attardi, L. D., Mulligan, G. J., Williams, B. O., Bronson, R. T, and
Jacks, T. (1995) Nat Genet 10(2), 175-80

Elbendary, A., Berchuck, A., Davis, P., Havrilesky, L., Bast, R. C., Jr., Iglehart, J.
D., and Marks, J. R. (1994) Cell Growth Differ 5(12), 1301-7

Jiang, H., Lin, J., Su, Z. Z., Collart, F. R., Huberman, E., and Fisher, P. B. (1994)
Oncogene 9(11), 3397-406

Steinman, R. A., Hoffman, B., Iro, A., Guillouf, C,, Liebermann, D. A, and el-
Houseini, M. E. (1994) Oncogene 9(11), 3389-96

Sheikh, M. S., Li, X. S., Chen, J. C,, Shao, Z. M, Ordonez, J. V., and Fontana, J.
A (1994) Oncogene 9(12), 3407-15

Michieli, P., Chedid, M., Lin, D., Pierce, J. H., Mercer, W. E,, and Givol, D.
(1994) Cancer Res 54(13), 3391-5

Parker, S. B., Eichele, G., Zhang, P., Rawls, A, Sands, A. T,, Bradley, A., Olson,
E. N., Harper, J. W., and Elledge, S. J. (1995) Science 267(5200), 1024-7
Decker, S. J. (1995) J Biol Chem 270(52), 30841-4

Reinhold, D. S., and Neet, K. E. (1989) J Biol Chem 264(6), 3538-44

Tzartos, S. J., Rand, D. E., Einarson, B. L., and Lindstrom, J. M. (1981) J Biol
Chem 256(16), 8635-45

Matthews, J. A., Batki, A, Hynds, C., and Kricka, L. J. (1985) Anal Biochem

151(1), 205-9



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

100

Mizukawa, K., Vincent, S. R., McGeer, P. L., and McGeer, E. G. (1989) J Comp
Neurol 279(2), 281-311

Bloom, G. S., Luca, F. C., and Vallee, R. B. (1985) Proc Natl Acad Sci U S A
82(16), 5404-8

Luca, F. C., Bloom, G. S., and Vallee, R. B. (1986) Proc Natl Acad Sci U S A
83(4), 1006-10

Tohyama, T., Lee, V. M, Rorke, L. B., and Trojanowski, J. Q. (1991) J Comp
Neurol 310(3), 285-99

LoPresti, P., Poluha, W., Poluha, D. K., Drinkwater, E., and Ross, A. H. (1992)
Cell Growth Differ 3(9), 627-35

Loeb, D. M., Stephens, R. M., Copeland, T., Kaplan, D. R, and Greene, L. A.
(1994) J Biol Chem 269(12), 8901-10

Henderson, L. P., Gdovin, M. I, Liu, C., Gardner, P. D., and Maue, R. A. (1994)
J Neurosci 14(3 Pt 1), 1153-63

Ho, Y. S., Wang, Y. J., and Lin, J. K. (1996) Mol Carcinog 16(1), 20-31
Messmer, U. K., Ankarcrona, M., Nicotera, P., and Brune, B. (1994) FEBS Lett
355(1), 23-6

Messmer, U. K., Lapetina, E. G., and Brune, B. (1995) Mol Pharmacol 47(4),
757-65

Messmer, U. K., and Brune, B. (1996) Biochem J 319(Pt 1), 299-305

Messmer, U. K., and Brune, B. (1996) Arch Biochem Biophys 327(1), 1-10




101

113. Fehsel, K., Kroncke, K. D., Meyer, K. L., Huber, H., Wahn, V., and Kolb-
Bachofen, V. (1995) J Immunol 155(6), 2858-65

114. Hope, B. T., Michael, G. J., Knigge, K. M, and Vincent, S. R. (1991) Proc Natl
Acad Sci U S A 88(7), 2811-4

115. Dawson, T. M., Bredt, D. S., Fotuhi, M., Hwang, P. M., and Snyder, S. H. (1991)
Proc Natl Acad Sci U S A 88(17), 7797-801

116. Bevington, P. R. (1992) Data Reduction and Error Analysis for the Physical
Sciences, McGraw Hill, New York

117. Li, R, Hannon, G. J., Beach, D., and Stillman, B. (1996) Curr Biol 6(2), 189-99

118. Carter, B. D., Kaltschmidt, C., Kaltschmidt, B., Offenhauser, N., Bohm-Matthaei,
R., Bacuerle, P. A, and Barde, Y. A. (1996) Science 272(5261), 542-5

119. Wood, J. N. (1995) Neurosci Lett 192(1), 41-4

120. Flodstrom, M., Welsh, N., and Eizirik, D. L. (1996) FEBS Lett 385(1-2), 4-6

121. Singh, K, Balligand, J. L., Fischer, T. A., Smith, T. W., and Kelly, R. A. (1996) J
Biol Chem 271(2), 1111-7

122. Xie, Q. W., Kashiwabara, Y., and Nathan, C. (1994) J Biol Chem 269(7), 4705-8.

123. Zeng, Y. X., Somasundaram, K., and el-Deiry, W. S. (1997) Nat Genet 15(1), 78-
82

124. Billon, N., van Grunsven, L. A., and Rudkin, B. B. (1996) Oncogene 13(10),
2047-54

125. Laasberg, T., Pihlak, A., Neuman, T., Paves, H., and Saarma, M. (1988) FEBS

Lett 239(2), 367-70

L _ _______




126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

102

Lepoivre, M., Flaman, J. M., Bobe, P., Lemaire, G., and Henry, Y. (1994) J Biol
Chem 269(34), 21891-7

Rainwater, R., Parks, D., Anderson, M. E., Tegtmeyer, P., and Mann, K. (1995)
Mol Cell Biol 15(7), 3892-903

Hainaut, P., and Milner, J. (1993) Cancer Res 53(19), 4469-73

Gollapudi, L., and Neet, K. E. (1997) J Neurosci Res 49(4), 461-74.

Kogner, P., Barbany, G., Dominici, C., Castello, M. A., Raschella, G., and
Persson, H. (1993) Cancer Res 53(9), 2044-50

Nakagawara, A., Arima-Nakagawara, M., Scavarda, N. J., Azar, C. G., Cantor, A.
B., and Brodeur, G. M. (1993) N Engl J Med 328(12), 847-54

Suzuki, T., Bogenmann, E., Shimada, H., Stram, D, and Seeger, R. C. (1993) J
Natl Cancer Inst 85(5), 377-84.

Davidoff, A. M., Pence, J. C., Shorter, N. A, Iglehart, J. D., and Marks, J. R.
(1992) Oncogene 1(1), 127-33

Vogan, K., Bernstein, M., Leclerc, J. M., Brisson, L., Brossard, J., Brodeur, G.
M., Pelletier, J., and Gros, P. (1993) Cancer Res 53(21), 5269-73

Komuro, H., Hayashi, Y., Kawamura, M., Hayashi, K., Kaneko, Y., Kamoshita,
S., Hanada, R., Yamamoto, K., Hongo, T., Yamada, M., and et al. (1993) Cancer
Res 53(21), 5284-8

Elledge, S. J., Winston, J., and Harper, J.W. (1996) Trends in Cell Biology 6, 388-

392

Ockel, M., Lewin, G. R, and Barde, Y. A. (1996) Development 122(1), 301-7




138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

103

Verdi, J. M., and Anderson, D. J. (1994) Neuron 13(6), 1359-72

Tentile, R., Malecka, B., Picciurro, V., Naso, A, Pedale, S., and Macaione, S.
(1996) FEBS Lett 379(1), 82-4

Sakhi, S., Bruce, A., Sun, N, Tocco, G., Baudry, M, and Schreiber, S. S. (1994)
Proc Natl Acad Sci U S A 91(16), 7525-9

Wu, W. (1993) Exp Neurol 120(2), 153-9

Wu, W., Liuzzi, F. J., Schinco, F. P., Depto, A. S, Li, Y., Mong, J. A, Dawson,
T. M., and Snyder, S. H. (1994) Neuroscience 61(4), 719-26

Gotz, C., Wagner, P., Issinger, O. G., and Montenarh, M. (1996) Oncogene 13(2),
391-8

Shim, J., Lee, H., Park, J., Kim, H., and Choi, E. J. (1996) Nature 381(6585),
804-6

Ono, K., and Han, J. (2000) Cell Signal 12(1), 1-13

Rife, T. K., Xie, J., Redman, C., and Young, A. P. (2000) Brain Res Mol Brain
Res 75(2), 225-36.

Feig, L. A. (1999) Nat Cell Biol 1(2), E25-7

Zhang, X. F., Settleman, J., Kyriakis, J. M., Takeuchi-Suzuki, E., Elledge, S. J,,
Marshall, M. S, Bruder, J. T., Rapp, U. R., and Avruch, J. (1993) Nature
364(6435), 308-13.

Pang, L., Sawada, T., Decker, S. J., and Saltiel, A. R. (1995) J Biol Chem

270(23), 13585-8




104

150. Thara, S., Nakajima, K., Fukada, T., Hibi, M., Nagata, S., Hirano, T., and Fukui,
Y. (1997) Embo J 16(17), 5345-52

i 151. Barrie, A. P., Clohessy, A. M., Buensuceso, C. S., Rogers, M. V., and Allen, J. M.

| (1997) J Biol Chem 272(32), 19666-71

i 152. Dudley, D. T., Pang, L., Decker, S. J., Bridges, A. I, and Saltiel, A. R. (1995)
Proc Natl Acad Sci U S A 92(17), 7686-9

153. Moriguchi, T., Gotoh, Y., and Nishida, E. (1995) Eur J Biochem 234(1), 32-8

154. Chen, Z., Yuhanna, L. S., Galcheva-Gargova, Z., Karas, R. H., Mendelsohn, M.
E., and Shaul, P. W. (1999) J Clin Invest 103(3), 401-6

155. Zheng, J., Bird, I. M., Melsaether, A. N., and Magness, R. R. (1999)
Endocrinology 140(3), 1399-407

156. Kan, H., Xie, Z., and Finkel, M. S. (1999) Am J Physiol 276(1 Pt 2), H47-52

157. Chan, E. D., Winston, B. W, Uh, S. T., Wynes, M. W., Rose, D. M., and Riches,
D. W. (1999) J Immunol 162(1), 415-22

158. Da Silva, J., Pierrat, B., Mary, J. L., and Lesslauer, W. (1997) J Biol Chem
272(45), 28373-80

159. Badger, A. M., Cook, M. N,, Lark, M. W., Newman-Tarr, T. M., Swift, B. A.,
Nelson, A. H., Barone, F. C., and Kumar, S. (1998) J Immunol 161(1), 467-73

160. Bhat,N. R, Zhang, P., and Bhat, A. N. (1999) J Neurochem 72(2), 472-8

161.  Guan, Z., Baier, L. D., and Morrison, A. R. (1997) J Biol Chem 272(12), 8083-9

162. Bhat,N. R., Zhang, P., Lee, J. C., and Hogan, E. L. (1998) J Neurosci 18(5),

1633-41

4 |




163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

105

LaPointe, M. C., and Isenovic, E. (1999) Hypertension 33(1 Pt 2), 276-82
Ajizian, S. J., English, B. K., and Meals, E. A. (1999) J Infect Dis 179(4), 939-44
Lander, H. M., Ogiste, J. S., Teng, K. K., and Novogrodsky, A. (1995) J Biol
Chem 270(36), 21195-8

Teng, K. K, Esposito, D. K, Schwartz, G. D., Lander, H. M., and Hempstead, B.
L. (1999) J Biol Chem 274(52), 37315-20

Yun, H. Y., Gonzalez-Zulueta, M., Dawson, V. L., and Dawson, T. M. (1998)
Proc Natl Acad Sci U S 4 95(10), 5773-8

Lander, H. M., Jacovina, A. T., Davis, R. J., and Tauras, J. M. (1996) J Biol Chem
271(33), 19705-9

Callsen, D., and Brune, B. (1999) Biochemistry 38(8), 2279-86

Wang, X., and Robinson, P. J. (1997) J Neurochem 68(2), 443-56

Boss, G. R. (1989) Proc Natl Acad Sci U S A 86(18), 7174-8

Inoue, A., Hiruma, Y., Hirose, S., Yamaguchi, A., and Hagiwara, H. (1995)
Biochem Biophys Res Commun 215(3), 1104-10

Romero-Graillet, C., Aberdam, E., Biagoli, N., Massabni, W., Ortonne, J. P., and
Ballotti, R. (1996) J Biol Chem 271(45), 28052-6

Norton, J. N., Vigne, J. L., and Skinner, M. K. (1994) Endocrinology 134(1), 149-
57.

Shami, P. J., and Weinberg, J. B. (1996) Blood 87(3), 977-82

Sandberg, K., Berry, C. J., Eugster, E., and Rogers, T. B. (1989) J Neurosci 9(11),

3946-54




177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188,

106

Peunova, N., and Enikolopov, G. (1993) Nature 364(6436), 450-3

Desole, M. S., Kim, W. K., Rabin, R. A,, and Laychock, S. G. (1994)
Neuropharmacology 33(2), 193-8

Clementi, E., Vecchio, I, Corasaniti, M. T., and Nistico, G. (1995) Eur J
Pharmacol 289(1), 113-23

Clementi, E., Vecchio, I, Sciorati, C., and Nistico, G. (1995) Mol Pharmacol
47(3), 517-24

Clementi, E., Riccio, M., Sciorati, C., Nistico, G., and Meldolesi, J. (1996) J Biol
Chem 271(30), 17739-45

Haby, C., Lisovoski, F., Aunis, D., and Zwiller, J. (1994) J Neurochem 62(2),
496-501

Farinelli, S. E., Park, D. S., and Greene, L. A. (1996) J Neurosci 16(7), 2325-34
Phung, Y. T., Bekker, J. M., Hallmark, O. G., and Black, S. M. (1999) Brain Res
Mol Brain Res 64(2), 165-78

Hindley, S., Juurlink, B. H., Gysbers, J. W., Middlemiss, P. J., Herman, M. A,
and Rathbone, M. P. (1997) J Neurosci Res 47(4), 427-39

Liu, H., Force, T., and Bloch, K. D. (1997) J Biol Chem 272(9), 6038-43

Hess, D. T., Patterson, S. I, Smith, D. S., and Skene, J. H. (1993) Nature
366(6455), 562-5

Sun, P., Kanthasamy, A., Yim, G. K, and Isom, G. E. (1995)

Neuropharmacology 34(2), 205-10




189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

107

Oliner, J. D., Kinzler, K. W., Melizer, P. S., George, D. L., and Vogelstein, B.
(1992) Nature 358(6381), 80-3

Fang, S., Jensen, J. P, Ludwig, R. L., Vousden, K. H., and Weissman, A. M.
(2000) J Biol Chem 275(12), 8945-51

Ishida, A., Sasaguri, T., Miwa, Y., Kosaka, C., Taba, Y., and Abumiya, T. (1999)
Mol Pharmacol 56(5), 938-46

Brune, B., von Knethen, A., and Sandau, K. B. (1998) Eur J Pharmacol 351(3),
261-72

Bottger, A., Bottger, V., Garcia-Echeverria, C., Chene, P, Hochkeppel, H. K.,
Sampson, W., Ang, K., Howard, S. F,, Picksley, S. M., and Lane, D. P. (1997)J
Mol Biol 269(5), 744-56

Bottger, V., Bottger, A., Howard, S. F., Picksley, S. M., Chene, P., Garcia-
Echeverria, C., Hochkeppel, H. K., and Lane, D. P. (1996) Oncogene 13(10),
2141-7

Kussie, P. H., Gorina, S., Marechal, V., Elenbaas, B., Moreau, J., Levine, A. ],
and Pavletich, N. P. (1996) Science 274(5289), 948-53

Ferrin, T. E., Huang, C.C., Jarvis, L.E. and Langridge, R. (1988) Journal of
Molecular Graphics 6, 13-27

Messmer, U. K., and Brune, B. (1994) Cell Signal 6(1), 17-24

Davies, S. P., Reddy, H., Caivano, M., and Cohen, P. (2000) Biochem J 351(Pt 1),

95-105.




	Title Page
	Approval Page
	Acknowledgments
	Abstract
	Table of Contents
	List of Figures and Tables
	Chapter I: Introduction
	Contributions Page
	Chapter II: A Novel, NGF-Activated Pathway...
	Chapter III: The RAS-MAP Kinase Pathway...
	Chapter IV: Nitric Oxide Does Not Act...
	Chapter V: Nitric Oxide Inhibits HDM2-p53...
	Chapter VI: Additional Discussion
	References



