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Abstract

REGULATION OF CYCLIN-DEPENDENT KINASE 5 (CDK5) IN CELL DEATH

by 

Lin Lin

Advisor: Dr. Zahra Zakeri

Cell death plays an important role in development, homeostasis and pathology. 

This biological process is tightly controlled by the coordination of different cell death 

signaling pathways. Originally identified as a cyclin-dependent kinase (Cdk) due to its 

sequence homology to Cdc2, it has been shown that Cdk5 is activated during cell death in 

some situations. The aim of this study is to elucidate whether there is a general 

correlation between Cdk5 activation and cell death, then evaluate the regulation of Cdk5 

activation during cell death and the relationship between Cdk5 activation and other 

signaling pathways during cell death.

By using different models in which various pathological cell deaths are induced, 

including rat lungs suffering from pneumonia caused by streptococcus pneumoniae type 

25, mouse limbs infected with Leismania major, preterm lamb lungs after liquid or gas 

ventilation, and cyclophosphamide (CP)-treated mouse embryos, we have expanded the 

correlation between Cdk5 activation and cell death to a broader spectrum of systems. We 

therefore confidently conclude that there is a general Cdk5 activation during cell death. 

The finding that Cdk5 is the only Cdk that is associated with cell death in CP embryos 

further suggests the unique role of Cdk5 during cell death compared to other Cdks, which
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are master regulators of cell cycle progression. Furthermore, in CP-treated mouse 

embryos, by comparing the regulation of Cdk5 at the level of transcription, translation 

and post-translation, we have demonstrated that Cdk5 is up-regulated at the post- 

translational level, i.e. kinase activity, during cell death. Additionally, this study for the 

first time has shown that Cdk/p25 activation is mediated by calpain activation in non­

neuronal cell death. Finally, we have demonstrated that p53 and apoptosome/caspase- 

9/caspase-3 are not required for Cdk5/p25 activation during cell death.
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Cell death is an integral part of the normal life of an organism. Although cell 

death was noticed as early as in 1842 in the observation of amphibian metamorphosis by 

Vogt (for review, see Ranganath & Nagashree, 2001), the study of it remained very 

limited until the early 1990s. Today, cell death has turned into one of the hottest areas of 

modem biology. It is clear that cell death plays a key role in development, homeostasis 

and pathogenesis. Since in this thesis we are going to discuss the regulation of a gene, 

cdk5, during cell death, we will first emphasize the importance of cell death in different 

aspects, i.e. development, homeostasis and pathology.

1. Importance of cell death in development

During development, cell death can be classified into three classical types: 

apoptosis, autophagy (also referred as lysosomal cell death), and necrosis (for review, see 

Zakeri & Lockshin, 2002). Apoptosis and autophagy are also termed as type I and II 

programmed cell death (PCD), respectively. PCD describes a type of cell death that leads 

to a cell’s destruction following a genetic program in multicellular organisms, which will 

be discussed in detail in Chapter II. Like proliferation and differentiation, cell death, 

especially PCD, also plays a prominent role in normal development. It is essential for the 

removal of unwanted cells and is critical for both restricting cell numbers and for tissue 

patterning during development (Glucksmann, 1951; Coucouvanis et al, 1995; Chanoine 

& Hardy, 2003).

Cell death starts at a very early stage in development. For example, in 

mammalian embryogenesis, cell death is detected as early as in blastocysts (Hardy et al, 

1989; for review, see Spanos et al, 2002). During development, cell death plays an
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important role in the elimination of redundant cells. In C. elegans, death of 131 of the 

original 1090 cells leaves an adult with 959 somatic cells (Horvitz et al, 1982). Precise 

patterns of cell death are critical for the development of nervous and immune systems. 

During vertebrate brain development, due to limited amount of trophic factors such as 

nerve growth factor (NGF), the only neurons that survive are those supplied with NGF. 

Apoptosis induced by NGF withdrawal decides the number of developing neurons 

(Jacobson et al, 1997; Reis et al, 2002; Vyas et al, 2002). Twenty percent to 80% of the 

neurons originally produced are eliminated by cell death (Gordon, 1995), and more than 

80% of ganglion cells in the cat retina die shortly after birth (Barres & Raff, 1999). In 

the human immune system, about 95% of developing B cells will die due to faulty gene 

rearrangement, anti-self receptor expression, or lack of stimulation, and immunological 

tolerance is achieved through highly controlled cell death (Osborne, 1998; Gercel-Taylor 

et al, 2002). Cell death is also a pivotal part of the development of other systems. In 

human females, oocyte apoptosis results in the loss of more than 80% of the original 

germ cells by the time of birth (for review, see Reynaud & Driancourt, 2000).

Cell death also plays a crucial role in tissue remodeling, indicated by the 

substantial levels of cell death during morphogenesis. It is in metamorphosis that cell 

death was originally noticed. Cell death destroys almost all larval tissues during 

metamorphosis of insects and amphibians (Fox, 1973). In Drosophila, cell death is 

induced in larval midgut by the steroid hormone ecdysone (Lee et al, 2002). In tadpoles, 

regression of the tail and destruction of the gills are attributed to tightly controlled cell 

death (Smith & Tata, 1976; Jeffery et al, 2002). Precisely regulated cell death contributes 

to the formation of different body parts and multiple organs of an organism. Cell death
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sculpts the limbs o f mouse and birds by removal of interdigital webs (Saunders & Fallon, 

1967; Ballard & Holt, 1968; Zakeri & Ahuja, 1994; Zakeri et al, 1994; Hurle et al, 1996). 

In developing rat lens, apoptosis removes the nuclei in the process termed nuclear death, 

and leaves the rest of the cells remaining functional (Gao et al, 1997; Gupta et al, 2002; 

Wu et al, 2002). A recent study on the development of the rat lens vesicle in relation to 

apoptosis has further suggested that apoptosis plays a major role during the lens vesicle 

development. In this process of development of lens vesicle, apoptosis eliminates the 

cells between the surface ectoderm and the optic vesicle to help trigger invagination and 

facilitate separation from the ectoderm. Apoptosis also aids in the bowing of the optic 

vesicle during lens invagination (Mohamed & Amemiya, 2003). Apoptotic cell death 

helps shape the future inner ear structure, which starts from incubation day 5 in chick 

inner ear (Avallone et al, 2002). In cardiac morphogenesis, cell death is essential in 

generating the overall four-chambered architecture of the heart (Abdelwahid et al, 2002). 

The role of cell death in muscle development has been well studied. In moths, muscle 

cell death is required for correct muscle patterning (Fahrbach et al, 1994; Haas et al,

1995). In rat skeletal muscle, cell death persists during the first three postnatal weeks, 

suggesting an indispensable role for cell death in the development of skeletal muscle 

(Torres et al, 2002). Very recently, some researchers found that in Xenopus cell death 

destroys all the primary myotomal myofibers, which are replaced progressively by 

secondary "adult" multinucleated myofibers in the construction of muscles during 

development (Chanoine & Hardy, 2003).

Developmental cell death is a highly conserved evolutionary process that is also 

involved in plant development. In plants, cell death plays an important role in a variety
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of aspects from fertilization through development as well as in response to environmental 

insults. For example, PCD is involved in xylogenesis, aerenchyma formation, petal 

senescence, endosperm development, hypersensitive response and various forms of 

abiotic stress (for review, see Hoeberichts & Woltering, 2002). Although cell death in 

plants sometimes resembles apoptosis in many facets, there is unique cell death found in 

plants that displays many functional vacuoles and depends on vacuolar lytic function 

(Fukuda, 2001; Kuriyama & Fukuda, 2002). Reactive oxygen species (ROS) have 

emerged as important signals in the activation of plant PCD. For instance, in soybean 

cells, PCD can be triggered by ROS (Solomon et al, 1999). Increasing evidence indicates 

that plant PCD proceeds through a cell death mechanism that is functionally conserved 

between animals and plants (for review, see Hoeberichts & Woltering, 2002).

Cell death process is tightly controlled by death machinery composed of different 

gene products. The most convincing evidence that cell death is needed for development 

comes from studies of animals in which different cell death related genes have been 

knocked out. Members of the caspase family are among the most important players in 

the cell death machinery. Since in this thesis we will evaluate the relationship between 

the caspase pathway and the regulation of Cdk5, caspases are to be discussed in much 

more detail in a later chapter. Briefly, caspases consist of initiator (such as caspase-2, -8, 

-9) and effector (including caspase-3, -6, -7) caspases, which mediate a proteolytic 

cascade during cell death.

Deletion of the key death effector caspase, caspase-3, in mice in most cases is 

embryonically lethal. If birth occurs, caspase-3-/- mice are bom at a frequency lower 

than expected by Mendelian genetics, and are smaller than their wild type littermates, and
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die at 1-3 weeks. Brain development in caspase-3-deficient mice is profoundly affected, 

exhibiting a variety of hyperplasias and disorganized cell deployment in the cerebral 

cortex, the hippocampus, and the striatum. Furthermore, pyknotic clusters at sites of 

major morphogenetic change during normal brain development are not observed in the 

mutant embryos, indicating decreased apoptosis in the absence of caspase-3 (Kuida et al,

1996). Deletion of caspase-9 yields a phenotype essentially identical to that of caspase-3 

null mice (Hakeni et al, 1998; Kuida el al, 1998). Apaf-1 (apopotosis protease-activating 

factor-1, the function of which is to activate caspase-9) deficient mice share similar and 

profound defects in the developing brain with caspase-3 and -9  knockouts, revealing a 

lower incidence of apoptotic cells in their hindbrains compared to wild type mice. In 

addition, Apaf-1 knockout mice exhibit delayed interdigital mesenchymal cell death and 

alterations in the development of lens and retina (Colussi and Kumar, 1999). Mice 

carrying a null mutation in caspase-2 develop normally and do not show an overt 

phenotype. The most prominent feature of caspase-2-deficient mice is an inhibition of 

female germ cell death, which results in a significantly higher number of primordial 

follicles in knockout mice compared to wild type counterparts (Bergeron et al, 1998). 

Null mutations in caspase-8 result in embryonic lethality in mice, which have 

developmental abnormalities in cardiac tissue characterized by thin ventricular 

myocardium. In addition, the caspase-8 mutant mice display hyperaemia in the abdomen 

and other blood vessels with extensive erythrocytosis in the liver (Varfolomeev et al, 

1998; Yeh et al, 1998). Caspase-7 knockout mouse embryos die during early 

embryogenesis with severe heart abnormalities (Zheng et al, 1999). Therefore, these
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caspase knockout studies support the argument that caspase-mediated cell death plays a 

major role in different cell death pathways involved in development.

The bcl-2 family is another group of key players in cell death. The family is 

composed of both anti-apoptotic and pro-apoptotic members. Members such as bcl-2 and 

bcl-XL inhibit apoptosis, whereas others promote apoptosis, like bid, bax, and bad. It has 

been found that the protein-protein interaction between bcl-2 members regulates cell 

death. Mouse embryos lacking the anti-apoptotic factor bcl-2 have a significantly greater 

number of trigeminal neurons undergoing apoptosis at day 14 and contain dramatically 

fewer neurons in trigeminal ganglia by day 16 and 18 (Pinon et al, 1997). Mice deficient 

in another anti-apoptotic bcl-2 family member, bcl-XL, die at embryonic day 13 with 

excess apoptosis in developing brain, spinal cord and dorsal root ganglia (Motoyama et 

al, 1995).

Together, studies of these mutant mice have unearthed evidence for the essential 

role cell death mediated by caspases and or bcl-2 members plays in normal development 

of the central nervous system (CNS) and other tissues such as heart and liver. However, 

as shown in diagram 1 below, there are many important players of cell death other than 

caspases and bcl-2 members, which may also play crucial roles in development. For 

example, perforin/granzyme-induced apoptosis is the main pathway used by cytotoxic 

lymphocytes to eliminate virus infected or transformed cells (Trapani & Smyth, 2002). 

Furthermore, the mutant mice study has suggested that the level of cell death is critical 

for normal development and has to be highly controlled during development. Abnormal 

levels of cell death will lead to abnormalities in development, such as teratogenesis 

caused by teratogen-induced cell death in developing embryos. Studies have shown that
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teratogens, such as 4-hydroperoxycyclophosphamide and staurosporine, induce apoptosis 

through activation of the mitochondrial pathway in early postimplantation mouse 

embryos, leading to embryonic malformations (Little & Mirkes, 2002). Different 

pathologies resulting from deregulation of cell death will be discussed in more detail 

later.

Diagram 1. The complex signaling pathways in ceil death.

Drugs;
Irradiation;
Growth factor withdrawal

TNFa

Sphingomyelinase 
Activation

Pro-Casp-8 . C asp-8

CeramideA
CrmA v  -TAP

JNK/SAPK

Granzyme B

Casp-3, 6,7
Apaf-1 

Cvt. c ia p— iy—P35
CrmA-----------1Casp-3,6,7

Pro-Casp-9

Nucleus PARP Endonuclease
U170K
DNA PK

2. Importance of cell death in homeostasis

In vertebrates, the developmental processes of morphogenesis, remodeling and 

regeneration are sustained at high levels of many tissues throughout their life span. Cell
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death has been illustrated to play an equally important role in an organism’s homeostasis 

as it does in development (Pollack et al, 2002).

The homeostasis of different tissues relies on the balance between cell death and 

proliferation (Pollack et al, 2002). In the strictly regulated dynamic changes of 

lymphocytes, cytokine IL-15 is an essential mediator for the peripheral NK (natural 

killer) cell homeostasis, regulating the equilibrium between cell death and survival via 

maintenance of the anti-apoptotic bcl-2 (Ranson et al, 2003). In the rat small intestine, 

the epithelial homeostasis is balanced by the regulation of cell death and proliferation. In 

rats with ventromedial hypothalamus lesions, decreased intestinal mucosal apoptosis 

induces hyperphagia and obesity (Fujimoto et al, 2002). PCD is essential for the 

homeostasis o f the immune system by removal of activated and self-reactive lymphocytes 

in the periphery. For example, cytotoxic T lymphocytes induce apoptosis in infected 

cells. After the immune response, the activated T cells in the periphery are removed by 

apoptosis, thus maintaining homeostasis (Kagi et al, 1994; Dennert, 2002).

Cell death also plays an important role in the turnover of different cells and serves 

as an adaptive mechanism to ablate neoplastic cells (Bredesen, 1995; Arase & Lanier, 

2002). Hair cells in the vestibular organs of birds have a relatively short life span and die 

spontaneously to be quickly replaced by new hair cells. Studies have found that 

enhanced numbers o f macrophages are recruited to sites of dying hair cells, suggesting 

that macrophages and their secretory cytokines-mediated cell death may be involved in 

hair cell regeneration (Warchol et al, 2001). Cell death plays a key role in the 

physiological control of cutaneous homeostasis. Non-neuronal nicotinic acetylcholine 

receptors (nAChRs) are abundantly expressed in skin, among which alpha7 nAChR is
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found to stimulate keratinocyte apoptosis. Elimination of the alpha7 nAChR decreases 

relative amounts o f the pro-apoptotic Bad and Bax at both the mRNA and the protein 

levels, leading to decreased amounts o f the extracellular matrix proteins collagen 

lalphal, elastin and the metalloproteinase-1 in the skin of alpha7 knockout mice 

(Arredondo et al, 2003). Gastrointestinal epithelial cells also have a quick cell turnover, 

in which apoptosis plays a major role and the attenuation of apoptosis leads to neoplastic 

transformation (Obst et al, 2002). Upon DNA-damaging stimulation, activation of the 

tumor suppressor protein p53 may trigger demise o f the cell in order to stop proliferation 

of cells with abnormal chromosomes (Chernova et al, 1995; Artandi, 2002; Su et al, 

2002). Correspondingly, transgenic mice overexpressing the anti-apoptotic bcl-2 in 

lymphocytes are more susceptible to tumorigenesis than wild-type littermates (Strasser et 

al, 1990; Marsden et al, 2002).

Therefore, cell death plays an indispensable role in an organism’s homeostasis. 

Increasing studies have indicated that abnormal cell death is always involved in a variety 

of pathologies.

3. Importance of cell death in pathogenesis

As well regulated cell death is crucial for development and maintenance of 

homeostasis, abnormally induced cell death will lead to abnormalities in development 

and homeostasis, including cancer, stroke, autoimmune and neurodegenerative diseases. 

Loss of the ability to die or inadequate cell death is a prominent characteristic of 

cancerous cells (Hager & Hanahan, 1999; Hofmann et al, 2002). The resistance of some 

tumor cells to induction of cell death by irradiation and chemical compounds is a big
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challenge to cancer therapy (Kondo et al, 1995; Sax et al, 2002). Tumorigenesis is not 

the only consequence of inappropriate survival of cells. Immune systems are prone to 

damage resulting from abnormally prolonged survival of activated lymphocytes. For 

example, the long-lived B lymphocytes in bcl-2-overexpressing transgenic mice or bim- 

deficient mice result in prolonged humoral immune responses and pathological 

accumulation of plasma cells, which can eventually lead to fatal systemic lupus 

erythematosus-likc autoimmune disease (Strasser et al, 1991). Moreover, too little cell 

death can also seriously damage health. For instance, there are mutations in the gene 

encoding perforin (a cytotoxic granule constituent required for apoptotic killing of target 

cells) in familial hemophagocytic lymphohistiocytosis (FHL) patients, suggesting a lack 

of apoptosis triggering within the immune system leading to a non-malignant 

accumulation of activated T lymphocytes and histiocytes in the reticuloendothelial 

systems, which is the major characteristics of FHL (Fadeel et al, 2001).

Too much cell death can break the balance between cell death and cell survival as 

well. Human immunodeficiency virus (HIV) infection results in an elevation of both 

CD4+ and CD8+ T cell death due to T cell activation, leading to impairment of the 

immune defense system (Galati et al, 2002). In the adult nervous system, inappropriately 

high levels of cell death lead to the pathogenesis of a number of neurodegenerative 

diseases characterized by loss of neurons, including Alzheimer’s, Parkinson’s, and 

amyotrophic lateral sclerosis (ALS) (for review, see Jellinger, 2001), as well as neuronal 

injuries (Yakovlev et al, 1997).

Although physiological and pathological cell death share similar molecular 

mechanisms in the execution phase, there are key differences in the way cell death is
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triggered. In physiological cell death of the developing brain, trophic factor withdrawal 

plays a prominent role in initiation of cell death. Genetic mutations or environmental 

factors often stimulate pathological cell death in the adult brain, leading to 

neurodegeneration. In experimental animal models of ischemic brain injury, a large 

number of cells die after ischemia and during reperfusion (Li et al, 1995; Martin et al,

1998). The neurotoxicity of amyloid-P (A0) is pivotal in pathology of Alzheimer’s 

disease. Ap might induce apoptosis in neurons by interacting with different neuronal 

receptors, including 1) the receptor for advanced glycation endproducts (RAGE), which 

can mediate free radical production (Yan et al, 1996), 2) the p75 neurotrophin receptor, 

which can induce neuronal cell death (Yaar et al, 1997), 3) and the amyloid precursor 

protein, which can also induce neuronal cell death (Lorenzo et al, 2000). ALS is 

characterized by the degeneration of motor neurons in the spinal cord and brain, leading 

to paralysis. This degeneration appears to be related to free radical production.

Mutations of the gene encoding superoxide dismutase (SOD-1) have been widely found 

in familial ALS (Rosen et al, 1993). Transgenic mice over-expressing mutant forms of 

SOD-1 show progressive motor neuron degeneration, whereas mice deficient in or over­

expressing wild type SOD-1 do not develop motor neuron pathology (Cleveland, 1999). 

The pro-apoptotic activity of mutant SOD-1 in cultured neural cells suggests a role of 

apoptosis in ALS (Rabizadeh et al, 1995). DNA strand breaks have been found in brain 

of patients with Alzheimer’s (Anderson et al, 1996) or Huntington’s disease (Portera- 

Cailliau et al, 1995), and are also associated with oxidative damage that is often linked 

with increased neuronal vulnerability to death (Stadelmann et al, 1998).
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The deregulated cell death in pathology further elucidates the importance of a 

tightly controlled cell death in an organism’s healthy living. In attempt to gain a control 

of cell death both temporally and spatially, many signaling pathways need to be well 

regulated and coordinated, since cell death is actually regulated by many pathways. 

Some of these pathways will be discussed in more detail in the following chapter.
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As discussed in the previous chapter, cell death, as important as cell proliferation, 

plays an essential role in both development and homeostasis. The fact that many 

different types o f cells can undergo cell death under various conditions suggests that 

there may be different types of cell death, and different cell death signaling pathways 

involved in this tightly regulated process.

1. Types of cell death

Many types of cell death have been observed under different conditions by many 

researchers. Originally, there were enormous disputes over the distinction of different 

types of cell death. To date, by both morphological and biochemical criteria, three major 

forms of cell death have been identified: apoptosis, autophagy, and necrosis. Apoptosis 

and autophagy are sometimes termed type I programmed cell death and type II 

programmed cell death, respectively. The term “programmed cell death” (PCD) was 

first introduced by RA Lockshin and CM Williams (Lockshin and Williams, 1964) to 

describe a type of predictable cell death during development, which programs cells to die 

following a developmental plan of the organism. Today, PCD specifically refers to a 

cell’s built-in genetic program composed of many signaling pathways leading to the 

destruction of the cell.

A. Apoptosis

Apoptosis originally referred to the morphological features o f cell death during 

development and tissue homeostasis (Kerr et al, 1972). Apoptotic cell death is 

characterized by a series o f morphological changes, including cell shrinkage, membrane
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blebbing, nuclear condensation, chromatin segregation, formation of membrane-bound 

apoptotic bodies, and intemucleosomal DNA cleavage (Saraste and Pulkki, 2000).

During apoptosis, the dying cell rounds up and condenses with volume shrinkage, but 

still maintains its membrane integrity. The chromatin coalesces into one or a few masses 

along the nuclear membrane, a process described as nuclear margination. Meanwhile, the 

cytoplasm fragments and plasma membrane forms blebs, which results in the formation 

of membrane-bound apoptotic bodies of the whole cell. The engulfment of the apoptotic 

bodies is accomplished by either professional phagocytes or phagocyte-like cells derived 

from neighboring cells through a process called phagocytosis (Lang et al, 2002; Shetty et 

al, 2002; for review, see Zakeri & Lockshin, 2002). The morphological changes of 

apoptosis result from a series of genetically programmed biochemical changes initiated in 

apoptotic cells. Mitochondria play a key role in the commitment of cells to apoptosis. 

During some forms o f apoptosis, mitochondria remain intact and appear normal to 

shrunken rather than swollen, but mitochondrial membranes have lost polarity and 

permitted the release of cytochrome c and some other components, such as AIF 

(apoptosis inducing factors) and Diablo/Smac (an inhibitor of LAPs-inhibitor of apoptosis 

proteins), from the intermembrane space to cytosol (Liu et al, 1996; Madesh et al, 2002). 

The release of these intermembrane contents results in activation of caspases, which will 

further lead to activation of caspase-activated DNase (CAD) by inactivating the 

endogenous CAD inhibitor (ICAD). Activated CAD can cleave DNA between 

nucleosomes, giving rise to DNA fragments that are identified as a ladder on DNA 

electrophoresis gel (Mcllroy et al, 1999; Kondratyev et al, 2002; Nagata et al, 2002). 

Caspases activation is also a hallmark of apoptosis. Although cell death can occur in the
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complete absence of caspases, inhibition of caspase activity has been shown to abolish 

apoptotic changes during cell death (Leist & Jaattela, 2001; Glassford et al, 2002). The 

phagocytosis is mediated by the appearance of phosphotidylserine on the external face of 

the cell membrane from the internal face, resulting in the loss of cell membrane 

asymmetry in an apoptotic cell (Savill, 1997; 1998; Fadok et al, 1998; Huang et al, 2002). 

Since there is no release of proinflammatory cellular contents to the surrounding 

environment before the engulfmenl of apoptotic cells, apoptosis is immunologically 

“silent” (Fadok et al, 1998; Ronchetti et al, 1999). Apoptosis is an energy-requiring 

process and energy is required to achieve the specific apoptotic morphology and to 

translocate phosphotidylserine (Schlegel et al, 2000). During embryonic development, 

apoptosis is the predominant cell death. However, in situations where energy is 

compromised, cells may begin to die by an apoptotic mechanism but fail to complete the 

whole process, and continue to die via a different mechanism (for review, see Zakeri & 

Lockshin, 2002).

B. Autophagy

For the elimination of cells having massive cytoplasm, autophagic cell death or 

type II PCD is activated. These cells are usually large, quiescent or postmitotic cells, 

including muscle, differentiated neurons, and glandular tissues, such as insect glands at 

metamorphosis and mammary epithelium (Bowen et al, 1996; Lee et al, 2002). In this 

type of cell death, although many apoptotic changes eventually develop, they appear at a 

much later stage after the dying cell has undergone substantial alterations. It has been 

evaluated that classic apoptotic stage accounts for only about 10% of the whole period of
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autophagy in which the dying cell is identifiable, and most of the tests for classic 

apoptotic characteristics to identify autophagy will produce negative results (Jochova et 

al, 1997). In cells undergoing autophagy, degradation of the cytoplasmic contents occurs 

before nuclear collapse, and intracellular membranes rearrange. Due to the bulky 

cytoplasm, large cytosolic vacuoles, derivatives of lysosomes, develop to digest 

cytoplasmic components within the cell (Thummel, 2001). The formation of large 

autophagic vacuoles makes the most prominent characteristic of autophagy. In 

autophagy, the dying cell maintains enough ATP levels for the completion of 

autodigestion of cytoplasm with a decreased number of mitochondria in cytoplasm that 

are still intact (Thummel, 2001). Caspase activity is not required to exhibit autophagic 

changes. In caspase-3 deficient MCF-7 cells, cell death induced by anti-estrogens 

tamoxifen and IC I164 384 is predominantly, if  not exclusively, autophagy (Bursch et al, 

1996). When about 80% of the cytoplasm has been destroyed, some apoptotic changes 

will become detectable, such as condensation of remaining cytoplasm and fragmentation 

and margination of chromatin. At this stage, DNA electrophoresis reveals a classic DNA 

ladder (Zakeri et al, 1993; Dai & Gilbert, 1999). In some cases, cell death can be 

completed with phagocytosis (Schweichel & Merker, 1973; Clarke, 1990; Jochova et al, 

1997; Thummel, 2001). Like apoptosis, autophagy is “immune silent” and does not 

provoke inflammation (Thummel, 2001).

However, apoptosis and autophagy may occur simultaneously within the same 

dying cell, which will share the features of both types of cell death. This “mixed” type of 

cell death has been found in sympathetic neuronal cell death (Xue et al, 1999), in 

antiestrogen-induced mammary carcinoma cell death (Bursch et al, 1996), and during
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death of liver cells treated with etoposide (Qi & Sit, 1998).

C. Necrosis

In contrast to physiological cell death, necrosis is always described as an 

uncontrolled cell death. Necrosis occurs when sudden insults or severe and acute 

injuries, such as abrupt anoxia, deprivation of nutrients, and irradiation, occur in both 

physiological and pathological situations (Chaulan el al, 1999; for review, see Denecker 

et al, 2001). Necrotic cells always have compromised ATP-generating system and 

membrane integrity, which leads to the swelling and bursting of organelles and 

eventually the cell. The release of bulk of cytoplasmic contents results in the classic 

consequence of necrotic cell death: inflammation. There is evidence for regulated 

necrosis under the control of a program different from apoptosis (Kitanaka & Kuchino,

1999), in contrast to the idea that necrosis is not a regulated process. However, necrosis 

still has its very unique characteristics distinct from apoptosis and autophagy: cellular 

swelling, loss of the integrity o f plasma membrane, swelling and bursting of organelles, 

large DNA degradation. In some cases, necrosis can arise from apoptosis. For instance, 

in cases of acute liver toxicity, cells most exposed to the toxin (closest to the central vein) 

undergo necrosis, and the more peripheral cells may die by apoptosis or start with 

apoptosis but later convert to necrosis (Sun et al, 2000).

D. Other

Apoptosis, autophagy and necrosis are three major types of cell death, but 

sometimes a cell might die in a way that does not fit into any of these categories. Unlike
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classical apoptosis, there is “apoptosis-like” PCD, in which the chromatin condenses to 

lumpy masses that are less compact than in apoptosis and phagocytosis recognition 

molecules, or phosphotidylserines, are displayed on the outer plasma membrane before 

the cell lyses. Any degree and combination of other apoptotic features can be found in 

this type of cell death. Additionally, apoptosis-like PCD can be dependent or 

independent of caspases (for review, see Leist & Jaattela, 2001; Mathiase & Jaattela,

2002). For instance, mouse embryonic stem cells microinjected with apoptosis-inducing 

factor (AIF) are triggered to undergo apoptosis-like PCD with lumpy chromatin 

condensation (Susin et al, 1999). In caspase-3 deficient MCF-7 cells, depletion of Hsp70 

activates an apoptosis-like PCD exhibiting an incomplete chromatin condensation 

(Nylandsted et al, 2000). Many other caspase-independent cell deaths can be addressed 

by this description. For example, in methionine-dependent carcinoma PC 13 cells, 

methionine restriction induces caspase-independent cell death with bid cleavage and bcl- 

2 reduction (Lu et al, 2003). In addition, the interruption of active cellular process o f 

classical apoptosis can lead to “necrosis-like” PCD. This type of cell death is 

characterized by absence of chromatin condensation or, at best, with chromatin clustering 

to loose speckles. A varying degree of apoptosis-like changes including 

phosphotidylserine exposure might occur prior to cell lysis. Aborted apoptosis usually 

falls into this category (for review, see Mathiase & Jaattela, 2002). Cells die through 

necrosis-like PCD upon treatment with oxygen-radical scavengers (Vercammen et al, 

1998), inhibition of poly(ADP)-ribose polymerase (PARP, a DNA damage repair 

enzyme) (Ha et al, 1999), or mutations in intracellular signaling molecules (Holler et al,

2000).
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Notably, cell death that comprises both apoptosis and necrosis might occur during 

cell death progression. For an instance, during brain ischemia (Beilharz et al, 1995) or 

liver damage induced by death domain receptor ligands (Leist et al, 1995; 1996), injured 

cells undergo both apoptosis and necrosis. In dying neurons, if  the intracellular energy is 

deprived at early stages, cell death is going to take the appearance of necrosis 

(Ankarcrona et al, 1995) or a mixture of necrosis and apoptosis (Volbracht et al, 1999).

A novel fomi of PCD, oxytosis, was recently identified. Oxytosis is a unique 

oxidative stress-induced PCD pathway, in which there is a sequential requirement for de 

novo macromolecular synthesis, lipoxygenase activation, reactive oxygen species 

production, and the opening of cGMP-gated channels, to allow the influx of extracellular 

calcium. Besides apoptosis, oxytosis is another type of neuronal cell death during the 

development of the CNS as well as in trauma and neurodegenerative diseases. Oxidative 

glutamate toxicity is the most widely studied type of oxytosis, in which exogenous 

glutamate inhibits cystine uptake through the cystine/glutamate antiporter leading to a 

depletion of glutathione. It has been found that the translation initiation factor elF2alpha 

plays a central role in this pathway by regulating the levels of glutathione (Tan et al,

2001).

Given the various types of cell death, identifying different types of cell death at a 

general biological level using unique biomarkers is crucial to understand the mechanisms 

of cell death. The mode of cell death might have differential effects on the surrounding 

tissue (Savill & Fadok, 2000), and might control the horizontal spread of oncogenic 

inflammation and infection (Bergsmedh et al, 2001; Boise & Collins, 2001). In this 

thesis, we will in most cases evaluate the regulation of Cdk5 activation during apoptotic
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cell death, and start to ask the question whether this regulation is the same in other modes 

of cell death.

2. Pathways involved in cell death

Cell death occurs through multiple independent pathways that are initiated either 

within the cell (intrinsic) or from outside the cell (extrinsic). Most cell death signaling 

pathways converge 011 a common cell destruction machinery, which is the activation of a 

family of cysteine proteases (caspases). The removal of doomed cells is accomplished by 

proteolysis of cellular components, DNA degradation, phagocytosis by neighboring cells, 

or autophagy via activation of the cell’s own lysosomes.

A. P53 pathway

a. Identification of p53

The p53 protein was first identified as a cellular protein immunoprecipitated with 

the SV40 large T antigen, a product of the SV40 viral genome (Lane & Crawford, 1979; 

Linzer & Levine, 1979). The tumor suppressor function of p53 was identified when 

several groups demonstrated that cells transfected with wild type p53 cDNA exhibited 

growth arrest or apoptosis (Finlay et al, 1989; Baker et al, 1990; Yonish-Rouach et al, 

1991). The importance of p53 gene in suppressing tumor development has been 

illustrated by the fact that p53 is disrupted in nearly 50% of all human tumors (Serrano et 

al., 1997). Although mouse embryos deficient for p53 develop normally suggesting that 

p53 is dispensable for normal progression of the cell cycle, p53 null mice are susceptible 

to lymphomagenesis, which results in an average lifespan of only 5 months (Donehower
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et al, 1992).

b. Regulation of p53

Levels of p53 are normally low owing to the short half-life of p53 protein. 

However, the stabilization and activation of p53 can be induced by different mechanisms. 

Both intracellular and extracellular stress signal can evoke p53 stabilization and 

activation. For example, DNA-damaging agents, such as ultraviolet or y irradiation and 

chemotherapeutic drugs, can stabilize and activate p53 by covalent modification (for 

review, see Bulavin et al, 2002). Phosphorylation of the transactivation domain on p53 

gene is always involved in this modification. The ATM (ataxia telangiectasia mutated) 

and ATR (ATM-related) kinases phosphorylate p53 after ionizing radiation and 

ultraviolet irradiation, respectively (Banin et al, 1998). Consequently, cells that lack 

expression of either of these genes or their other known substrates, CHK1 and CHK2 

(which also phosphorylate p53), display reduced stabilization and activation of p53 in 

response to DNA-damaging agents (Chehab et al, 2000). P53 may also be stabilized and 

activated by internal aberrations such as the deregulation of cellular oncogenes. 

Overexpression of some oncogenes induces expression of pl4/19ARF, which by 

inactivating MDM2 (Mouse Double Minute 2, an endogenous negative regulator of p53) 

blocks p53 degeneration (for review, see Michael & Oren, 2002). Other oncogenes 

otherwise can inhibit p53. For example, unlike its homologues ASPP1 and ASPP2 in 

ASPP (Apoptosis Stimulating Proteins of P53) family, the newly identified iASPP 

oncoprotein is a key inhibitor of p53 conserved from worm to human (Bergamaschi et al,

2003). Once activated, p53 can induce either cell cycle arrest or apoptosis. After DNA 

damage, p53 expression blocks progression of the cell cycle until the DNA can be
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repaired; alternatively, if  the damage is extensive and severe, the cells enter apoptosis 

(for review, see Vousden & Lu, 2002).

c. n53-mediated cell death

P53, as a transcription factor mediating both transactivation and transrepression of 

target genes, plays a crucial role in the execution of apoptosis (Lowe et al., 1993; Clarke 

et al., 1993; for review, see Hickman et al, 2002). Accordingly, p53 mutants by point 

mutation in the transcriptional activation domain effectively cripple the apoptotic activity 

of p53 (Chao et al, 2000). Neurons from p53-null mice are more resistant to excitotoxins, 

DNA-damaging reagents, or hypoxia compared to their wild type counterparts (Xiang et 

al, 1998; Halterman et al, 1999; Morris et al, 2001). Activated p53 regulates the 

expression o f several apoptotic mediators including members of the bcl-2 and TNF 

(tumor necrosis factor) receptor families. Therefore, p53-mediated or -dependent cell 

death can take either mitochondria-dependent or death receptor-dependent pathway.

The principal role of p53 during cell death is through the mitochondria-mediated 

pathway. Among p53-mediated genes, bax was the first apoptotic factor to be identified 

as a target o f p53 transactivation (Miyashita et al, 1994). Several lines of evidence 

suggest that p53 could trigger cell death machinery through induction of the release of 

cytochrome c from mitochondria mediated by bax translocation. In L929 fibroblasts 

treated with etoposide, the cell death cascade proceeds by activation of p53 through 

phosphorylation, p53-dependent up-regulation o f bax, translocation of bax to 

mitochondria, and release of cytochrome c (Karpinich et al, 2002). Using ventricular 

myocytes with overexpression of p53, a significant elevation of bax and MDM2 gene is 

observed, and the mitochondrial death pathway is activated by p53 activation (Regula &
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Kirshenbaum, 2001). In human CD4+T cells infected with HIV-1, p53 phosphorylation 

is followed by increased mRNA and protein expression of p21, bax, HDM2 (the human 

homologue of MDM2), cytochrome c and AIF release from mitochondria, activation of 

caspases, and up-regulation of surface FasL (Fas ligand) expression, in sequence, 

indicating the involvement of a p53-mediated mitochondrial pathway in HIV-1 induced 

cell death (Genini et al, 2001). P53 also represses the expression of anti-apoptotic bcl-2 

and thereby contributes to apoptosis by blocking survival signals mediated by bcl-2 

(Miyashita et al, 1994; Lyer et al, 2003). In cell death mediated by p53 in response to 

oxidative stress, p85, a regulator of phosphatidyl-3-OH kinase, plays an indispensable 

role (Yin et al., 1998). During apoptosis in human lymphoblastoid cells exposed to nitric 

oxide, the increase of Apaf-1 expression and reduction of XIAP (X-linked inhibitor of 

apoptosis) protein level are p53-dependent (Li et al, 2002). In p53 null Saos-2 cells, 

expression of wild-type p53 induces cell death, accompanied by cytochrome c release 

and caspase activation (Schuler et al, 2000).

P53 also mediates cell death through the death receptor pathway. The death 

receptor ligand Fas/apol can be induced by p53, indicating that p53 may induce caspase 

activation through death receptor signaling (Owen-Schaub et al, 1995; Gadducci et al, 

2002). In human cancer cell lines, overexpression of p53 results in apoptosis with 

activation of caspases, including caspase-8 (Liu et al, 2003). In mice with 5 Gy ionizing 

radiation, there is a p53-dependent induction of death receptors KILLER/DR5, 

FAS/APOl, and EI24/PIG8 in different tissues, which is not detectable in p53 null 

animals, suggesting the involvement of death receptors in p53-mediated cell death (Bums 

et al, 2001). In the human colon cancer cell line DLD-1, p53 activation induces cell
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death with upregulated levels of death receptors, Fas, TRAIL-R1 and TRAIL-R2 (Bartke 

et al, 2001).

Recently, some novel p53-regulated genes have been identified. Among them are 

genes encoding two BH3 (Bcl-2 homology 3) domain proteins, PUMA (Nakano et al,

2001) and NOXA (Oda et al, 2000), which associate with anti-apoptotic bcl-2 family 

proteins and promote release of cytochrome c. Other genes include NF-kB, a mediator of 

TNF receptor signaling (Ryan et al, 2000); p53 AIP, which dissipates mitochondrial 

potential (Oda et al, 2000); and PIDD, a novel death domain protein that participates in 

death receptor signaling (Lin et al, 2000). Moreover, Apaf-1, which encodes an adaptor 

protein that enables the cytochrome-c-dependent activation of procaspase-9, has been 

identified as a direct transcriptional target of p53 (Moroni et al, 2001).

d. n53-independent cell death

P53-independent cell death has also been addressed, although its mechanism 

remains poorly understood. During Gl-S transition, inhibition of Cdks (2 ,4  and 6) 

can induce cells to undergo apoptosis in a p53-independent manner (Shibata et al,

1996). P19(ARF) is a potent tumor suppressor. By inactivating MDM2, pi9(ARF) 

upregulates p53 activity to sensitize cells to apoptosis in response to stumuli.

However, the expression of pl9(ARF) can induce apoptosis in primary mouse 

embryonic fibroblast lacking p53/ARF, indicating a p53-independent pathway for 

pl9(ARF)-induced apoptosis (Tsuji et al, 2002). Retinoid-induced apoptosis in B- 

cell chronic lymphocytic leukemia cells is independent of p53, but requires caspase- 

3 activation (Pepper et al, 2002). Dlk/ZIP kinase is one of five members of the death 

associated protein (DAP) kinase family. DAP kinase is able to induce apoptosis in a
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p53-dependent manner. Notably, Dlk/ZIP kinase has been demonstrated to trigger 

mitochondrial apoptosis pathway in p53-deficient mouse fibroblast cells (Kogel et 

al, 2003). Therefore, the above evidence suggests that p53-independent cell death 

also plays an important part in the demise of various cells.

Taken together, p53-dependent and -independent cell death are two key 

signaling pathways involved in the cell death machinery. In this thesis, we will 

therefore explore the regulation and activation of Cdk5 in both p53-dependent and -  

independent cell death, in order to find out how Cdk5 activation fits with the major 

known cell death signaling pathways during cell death.

e. Other members of p 53 family

The p53 tumor suppressor protein belongs to a small family of structurally and 

functionally related proteins, which includes two other members, p63 and p73. All three 

proteins share sequence similarity, although p63 and p73 are more similar to each other 

than to p53 (for review, see Yang et al, 2002). P73 is highly expressed in airway 

epithelia, and newborn p73-/- mice display airway inflammatory responses in the absence 

of provocative bacterial infections (for review, see Yang et al, 2002). Studies have 

illustrated that p73 functions in many situations, such as cell cycle arrest (De Laurenzi et 

al, 1998), apoptosis (Jost et al, 1997), neuronal differentiation (De Laurenzi et al, 2000a), 

and epidermal differentiation (De Laurenzi et al, 2000b). P73 regulates the expression of 

many genes, some of which are also p53-target promoters (De Laurenzi et al, 1998). It is 

becoming evident that p73 has activities that are not shared by p53. p73 has been shown 

to activate promoters that do not contain consensus p53-binding sites (Takagi et al,

2001), indicating that p73 has a specific role in normal development. P73 is able to drive
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the transcription of several apoptotic effectors that are also induced by p53, including 

bax, p53AIPl (Constanco et al, 2002), and NOVA (Flores et al, 2002). In addition, p73 

might contribute indirectly to the activation of apoptosis by modulating p53 function.

The physical binding of p73 to MDM2 might sequester MDM2 and lead to an increase in 

the steady-state level of p53 and its apoptotic function (for review, see Melino et al,

2002).

Unlike the conditionally expressed p53, p63 is constitutively present, especially in 

the stem cell compartment of many epithelial tissues (Yang et al, 1998). P63-null mice 

are bom but lack limbs and a wide range of epithelial structures including skin, prostate, 

breast and urethra (Yang et al, 1999). These findings suggest that p63 function is 

involved in epithelial cell maintenance and essential for development of skin, limbs and 

appendages, breast, urothelium and prostate (for review, see Yang et al, 2002).

B. Caspase cascade

Although different signaling pathways exist in response to different stimuli, they 

usually converge to a common mechanism leading to cell demise. Cysteinyl aspartate- 

specific proteases, the so called “caspases”, are the main enzymes involved in this 

caspase cascade. To date, there are at least 14 mammalian caspases identified (Weil et al, 

1996; Bilsland & Harper, 2002). Caspases are constitutively expressed as zymogens with 

very low enzymatic activity, and they are homologues to the most studied death effector 

Ced-3 in C. elegans (Yuan et al, 1993). Upon activation by either self-processing or 

other caspase-mediated cleavage, the fully active caspases are a heterotetramer composed 

of two identical subunits of -20 kDa and two identical subunits o f-10 kDa (Nunez et al,
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1998). Based on the tetrapeptide recognition sequence in the substrate, caspases can be 

categorized into three groups, WEHDases (caspase-1, -4, and -5), DExDases (caspase-2, 

-3, and -7) also termed as effector/executioner caspases, and (IVL)ExDases (caspase-6, - 

8, -9 and -10) referred to initiator/activator caspases (Nicholson & Thomberry, 1997).

Different members of the caspase family cooperate to direct cells to their demise. 

There is abundant evidence suggesting that the combination of different caspases is part 

of a common core death process in apoptosis (Henkart, 1996; Bilsland & Harper, 2002;

Lu et al, 2003). So far, there are two main cell death pathways involving the activation of 

caspases. One pathway is extrinsic, initiated by the association of death factor to its 

ligand, leading to activation of the initiator caspase 8 by death receptor recruitment, 

followed by activation of downstream effector caspases, such as caspase 3, -6, and -7  

(Juo et al, 1998; Rokhlin et al, 1998). The second pathway is intrinsic, triggered by the 

release of cytochrome c from the intermembrane space of mitochondria upon 

mitochondrial permeablization transition, leading to the formation of apoptosome, a 

complex of Apaf-1 /cytochrome c. The proteosome recruits and activates pro-caspase-9. 

The activated caspase-9 cleaves and activates the downstream effector caspase-3, -6 o r-7 

(Slee et al, 1999; Jiang et al, 2003). Activated caspases digest many cellular proteins, 

including proteins responsible for cell cycle regulation (e.g. RB, MDM2, Los et al, 2001), 

DNA damage recognition and repair (e.g. DNA-PK, p53, PARP, Martin & Green, 1995), 

and regulation of the cellular structure (e.g. actin and lamins) (Moretti et al, 2002). The 

consequence of the digestion of these functional or structural proteins has been linked 

with the typical apoptotic morphology, i.e. DNA fragmentation that gives rise to the 

classic DNA ladder on agarose gel, during both developmental and pathological demise
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(Sun et al, 1999; for review, see Leist & Jaattela, 2001). Correspondingly, Fas-induced 

cell death is not always apoptotic unless caspase 3-like proteases are functional 

(Toyoshima et al, 1997).

As mentioned previously in the Introduction, studies on caspase knockout mouse 

models have shown caspases play a pivotal role during development. The activation of 

different caspases is also involved in pathogenesis of either neuron injury or 

degeneration. For instance, in rat brain after a transient global ischemia, caspase-3 is 

activated at least partially through a caspase-9-dependent activation, since use of specific 

caspase-9 inhibitor before ischemia attenuates caspase-3 activity and significantly 

enhances neuronal survival (Cao et al, 2002). Caspases 3, 8, and 9 are activated leading 

to the inappropriate cell death in neurodegenerative diseases, including Alzheimer’s, 

Parkinson’s, and Down syndrome. And inhibiting caspase activity by members of the 

LAP (inhibitor of apoptosis protein) family results in neuroprotection in Ap-induced 

neuronal cell death (for review, see Troy & Salvesen, 2002). Intracerebroventricular 

injection of vinscristine, a microtubule-depolymerizing agent, causes massive apoptosis 

of cerebellar granule cells accompanied with caspase-3-like protease activation, leading 

to motor dysfunction (Shimizu et al, 2002). Deregulation of caspases also plays roles in 

other pathology, such as cancers. Failure to activate caspases, such as caspase-3, has 

been linked with the resistance of cancer cells to cell death induction during treatment 

(Choi et al, 2002).

Because of the catastrophic effects of caspases on a cell’s fate, it is of extreme 

importance for the activation of caspase cascade to be highly regulated. There has been 

impressive progression in elucidating key regulatory elements of caspase-mediated cell
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death pathways. For example, bcl-2 family members regulate cytochrome c release from 

mitochondria (Vander Heiden & Thompson, 1999; Cory & Adams, 2002; Kuwana et al, 

2002). Bid or its BH3-domain peptide can activate Bax to produce supramolecular 

opening on the outer mitochondrial membrane, allowing the passage of large molecules, 

such as cytochrome c, during apoptosis. This process is inhibited by the anti-apoptotic 

Bcl-xL (Kuwana et al, 2002). Inhibitors of apoptosis proteins, or LAPs, such as XLAP, 

ML-LAP, cIAP-1 and cIAP-2, are direct inhibitors of caspases, and arc themselves 

negatively regulated by the mitochondrial proteins Smac/Diablo and Omi/HtrA2, which 

are coreleased with cytochrome c (Ekert et al, 2001; Verhagen & Vaux, 2002). 

Additionally, LAPs may also play a role in mediating the removal of caspases through the 

ubiquitin-proteosome degradation pathway (Huang et al, 2000). Very recently, Wang’s 

group has identified the oncoprotein prothymosin-a (ProT) and the tumor suppressor 

putative HLA-DR-associated proteins (HDAPs) as important regulators of caspase 

activation. Both proteins appear to mediate distinct steps in the mitochondrial cell death 

pathway: ProT blocks formation of the apoptosome, which is supported by the finding 

that RNA interference directed against ProT activity sensitizes cells to apoptosis; in 

contrast, HDAP appears to facilitate apoptosome-mediated caspase-9 activation (Jiang et 

al, 2003).

In summary, the activation of caspases plays an essential role in cell death and an 

orchestrated regulation of their activation is required for the execution of the doomed 

cells. In view of the essential role that caspases play during cell death, in this thesis, we 

will evaluate the dependency of Cdk5 activation on the activity of different caspases (3,9 

and Apaf-1) during cell death.
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C. Non-caspase proteases

Although the inhibition of caspase activation often delays cell death, it does not 

necessarily confer long-term survival. Instead, it might reveal, or in some cases even 

enhance, underlying caspase-independent death program, which can be divided into 

apoptosis-like PCD and necrosis-like PCD according to the nuclear morphology of dying 

cells, as discussed previously. Like classic apoptosis, caspase-independent PCD is often 

dependent on proteases and mitochondrial membrane permeabilization (MMP). The 

most extensive evidence linking non-caspase proteases with cell death originates from 

studies of calpains, cathepsins, and serine proteases (Sarin et al, 1995; Talanian et al, 

1997; Pennacchio et al, 1998; Johnson, 2000; Leist & Jaatela, 2001). These proteases 

often work with caspases in classic apoptosis, and can also trigger cell death and bring 

about some morphological changes characteristic of apoptosis in a caspase-independent 

manner (Johnson, 2000; Leist & Jaatela, 2001).

a. Calpain

Calpains are cysteine proteases that reside in the cytosol in an inactive zymogen 

form (John, 2000). Two isoforms of calpains, m- and p-calpains, are ubiquitously 

expressed in mammalian tissues and have been linked to cell death. Activation of 

calpains requires an elevation in intracellular calcium. Proteolytic cleavage and 

association with membrane phospholipids further contribute to calpain activation, 

possibly by lowering the calcium requirement. The active forms of calpains are 

comprised of a heterodimer o f 78 kDa-18 kDa, resulting from cleavage of the inactive 

pro-enzyme heterodimer of 80 kDa-29 kDa (Wang 2000). Calpain activity is controlled
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by calpastatin, an endogenous inhibitor o f calpains that can be inactivated by calpain and 

caspase-mediated cleavage (for review, see Wang, 2000).

Originally, calpain activation was thought to be involved only in necrotic 

neuronal death in ischemic and excitotoxic neuronal injury (for review, see Yuen and 

Wang, 1998). Rapid and massive Ca+ influx and subsequent calpain activation leads to 

general DNA degradation and dissolution characteristic of necrosis rather than 

condensation as observed in apoptosis. In rat developing brain, calpain activation is 

associated with excitotoxic/necrotic cell injury caused by hypoxia-ishcemia (Han et al,

2002). Calpain activation in apoptosis was first demonstrated in thymocytes (Squier et 

al, 1994). To date, calpain activation has been linked to apoptosis in response to various 

stimuli, such as in TCR-treated mature lymphocytes (Sarin et al, 1995), staurosporine- 

insulted neuroblastoma SH-5Y5Y cells, NGF-deprived rat PC 12 cells, and in low K+ - 

stimulated rat cerebellar granule neurons (Nath et al, 1996a, 1996b). Calpains can 

participate in death signaling upstream or downstream of caspases (Waterhouse et al, 

1998; Varghese et al, 2001). In post-mitotic neurons, wild type APP (amyloid precursor 

protein) increases the level of intracellular calcium, which activates calpain, followed by 

caspase-3 activation, resulting in cell death, indicating a calpain-mediated caspase-3 

activation pathway in neurons (Kuwako et al, 2002). Furthermore, calpains can induce 

caspase-independent cell death. In transgenic mice expressing the baculovirus protein 

p35, a potent viral caspase inhibitor, expression of p35 fails to influence kainate-induced 

calpain activation and neuronal death in the same areas, indicating calpain might play a 

bigger role than caspases in kainate-induced neuronal excitotoxicity (Tomioka et al,

2002). Increasing attention is being paid to calpains as more evidence suggests an
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involvement of activation of these proteases in neurodegeneration (Patrick et al, 1999;

Lee et al, 2000).

b. Cathepsins

The cathepsin protease family is composed of cysteine, aspartate and serine 

proteases (Johnson, 2000; Turk et al, 2001). So far, cysteine cathepsins B and L and 

aspartate cathepsin D have been most clearly linked to PCD. Most cathepsins mature in 

the endosomal-lysosomal compartment. They can be activated by autoproteolysis in 

acidic pH or proteolysis by other proteases (e.g. cathepsin D can activate cathepsins B 

and L). The role of cathepsins in PCD has been provided by studies showing resistance 

against TNF-induced liver apoptosis in mice lacking cathepsin B (Guicciardi et al, 2000), 

and massive PCD in the brains of mice deficient for cysteine cathepsin inhibitor cystatin 

B (Pennacchio et al, 1998).

Cathepsins participate in both caspase-dependent and -independent PCD induced 

by a variety of stimuli, including death receptors, camptothecin, bile salt, oxidants and 

retinoids (Roberts et al, 1999; Guicciardi et al, 2000; Foghsgaard et al, 2001). In all of 

these models, cathepsins translocate from lysosomes to the cytosol and/or nucleus before 

the appearance of PCD morphological changes. Interestingly, the inhibition of cathepsins 

protects cells from PCD without preventing the release of cathepsins from lysosomes 

(Foghsgaard et al, 2001). Notably, in some cells, cathepsins might be pivotal for 

survival, as shown by cysteine cathepsin inhibitor CAT-1, which kills leukaemia and 

lymphoma cells (Zhu & Uckun, 2000).

c. Serine proteases
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Serine proteases granzyme A and B are among the most prominent components of 

cytotoxic granules of cytotoxic T lymphocytes (Johnson, 2000). Studies employing mice 

lacking either granzyme A or B have demonstrated that granzyme B is required for the 

granule-induced, rapid caspase-mediated apoptosis (Heusel et al, 1994; Johnson, 2000). 

Granzyme B after entering the target cells cleaves a variety of cellular substrates after 

aspartate residue to induce apoptosis, including several caspases, PARP, DNA-PK, 

NuMA (Andrade et al, 1998), as well as the apoptotic nuclease complex CAD/ICAD 

(Thomas et al, 2000; Sharif-Askari et al, 2001). However, in the presence of caspase 

inhibitors, granzyme B triggers a slower necrosis-like PCD (Talanian et al, 1997). It has 

been long known that bid processing, cytochrome c release, and mitochondrial 

depolarization are associated with granzyme B-mediated cell death in different cells 

(Heibein et al, 1999; Sutton et al, 2000; Pinkoski et al, 2001). Thomas et al demonstrated 

that bid cleavage and cytochrome c release are not required for granzyme B to induce cell 

death in target cells (Thomas et al, 2001). Granzyme A is a trypsin-like protease that 

cleaves substrates after lysine or arginine residues. Death induced by granzyme A is 

associated with DNA single-strand breaks generated by a granzyme A-activated DNase 

(Beresford et al, 2001).

Omi/HtRA2, a newly identified serine protease, is also involved in cell death.

Omi was originally identified via affinity chromatography as an XIAP-binding protein 

(Martins et al, 2001). The Omi precursor (50 kDa) resides in mitochondria where it is 

processed through auto-catalytic removal of its N-terminal mitochondrial translocation 

sequence to generate the mature 36 kDa Omi. Mature Omi carries an amino-terminal 

LAP-binding motif similar to that found in Smac/diabolo, caspase-9, and the Drosophila
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Reaper, Hid and Grim (Goyal et al, 2000; Srinivasula et al, 2001). Apoptotic stimuli lead 

to translocation o f Omi to cytosol, where it binds IAPs to enhance caspase-dependent 

apoptosis. Omi is also involved in caspase-independent cell death. Sequence analysis 

has identified a trypsin-like serine protease domain in Omi, and the serine protease 

activity is able to cleave casein (Suzuki et al, 2001). The serine protease activity of Omi 

has been shown to attribute to Omi-mediated caspase-independent cell death. Mutants of 

Omi lacking both protease activity and LAP-binding ability cannot induce spontaneous 

cell death or enforce chemotherapy-induced cell death. But forms of Omi retaining only 

protease activity will enhance cell death in Apaf-1 or caspase-9 null cells. ZVAD-fmk, a 

broad spectrum caspase inhibitor, is unable to inhibit cell death induced by 

overexpression of Omi protease activity (Hegde et al, 2001). Therefore, Omi is able to 

induce caspase-independent cell death without its LAP-binding activity.

Another serine protease, apoptotic protease 24 (AP24) has been shown to mediate 

DNA fragmentation in TNF-, UV- and chemotherapy-induced PCD of some cancer cells 

(Wright et al, 1998).

Taken together, the above evidence that the activation of so many different non- 

caspase proteases is involved in caspase-independent cell death suggests their important 

role in cell death process.

2. Cell cycle and cell death

Cell cycle progression and cell death are two separate but highly related events 

during a cell’s life span with a number of genes involved in one process also playing
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roles in the other.

A. Deregulation o f  cell cycle in cell death

Cell cycle deregulation has long been linked to induction of cell death. This 

argument came from the finding that apoptosis may result from an improper activation of 

a family of protein kinases normally involved in the regulation of mitosis (Ucker, 1991; 

Rubin el al, 1992). Many agents that induce apoptosis have been shown also to disrupt 

the cell cycle progression (Kung et al, 1990; Sen and D’Incalci, 1992). In the in vitro 

culture of human umbilical vein endothelial cells (HUVEC), when the cells enter an 

irreversible G1 growth arrest status referred to as replicative senescence, the senescent 

HUVEC display a considerable increase in spontaneous apotosis, implying a link 

between the disruption of cell cycle progression and cell death induction (Wagner et al, 

2001). In rat thyroid PC Cl 3 cells, over-expression of HMGA1 (the high mobility group 

protein A l) causes apoptosis in which caspase-3 is activated, in coincidence with a 

disrupted cell cycle: cells enter S-phase earlier and the G2/M transition is delayed (Fedele 

et al, 2001). The G0/G1 anest of cell cycle caused by green tea polyphenols ultimately 

leads to cell death in human epidermoid carcinoma A431 cells (Ahmad et al, 2000). The 

tumor suppressor pl9(ARF) can upregulate p53 activity by inactivating MDM2 to induce 

cell cycle arrest and sensitize cells to apoptosis (Tsuji et al, 2002). Regulation of cell 

cycle is always altered in cancers, and understanding of the relationship between 

deregulated cell cycle progression and cell death has been of significance in the treatment 

of different cancers, such as prostate (for review, see Kyprianou et al, 2000) and ovarian 

cancers (Baldwin et al, 2003).
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Many genes that are key players for cell cycle regulation are also involved in cell 

death. The transcription factor E2F-1 induces cell cycle progression at the Gl/S 

checkpoint, and deregulation o f E2F-1 provokes cell death in many malignant cells.

Very recently, overexpression of E2F-1 in cancer cells has been shown to induce the 

expression and auto-phosphorylation of PKR, the ds-RNA-dependent kinase, leading to 

phosphorylation of downstream eBF-2a, causing apoptosis (Vorburger et al, 2002). The 

tumor suppressor protein, retinoblastoma protein (Rb), is an important cell cycle 

regulator and involved in mitosis, differentiation as well as cell death. In neonatal 

ventricular myocytes, hypoxia-induced apoptosis is dependent on Rb inactivation upon 

phosphorylation, and expression of constitutively active Rb protects cardiomyocytes from 

death (Hauck et al, 2002). The transcription factor NF-kB promotes cell survival, and its 

inhibition has been found to induce the loss of mitochondrial transmembrane potential 

and caspase-independent, calpain-dependent apoptosis in retinoblastoma cells (Poulaki et 

al, 2002).

However, among the many cell cycle-related genes, the members of cyclin- 

dependent kinase family are considered the master regulators of cell cycle progression.

B. Master regulators o f  cell cycle: Cyclin-dependent kinases (Cdks)

Eukaryotic cell cycle is regulated by the periodic activation of a family of proline- 

directed serine/threonine kinases, cyclin-dependent kinases (Cdks). By now, 15 Cdks 

have been identified, most of which are structurally and functionally related. Most of the 

functioning Cdks are heterodimeric complexes consisting o f a protein catalytic subunit, 

the Cdk, and a cyclin activating subunit (Gupta et al, 2002). Regulation of cell cycle by
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Cdk activity is achieved through a tight control of Cdk activity by three mechanisms: 1) 

via association with its activating subunit cyclins, 2) via phosphorylation by CAKs (Cdk- 

activating kinases) to allow maximal activation, and 3) via binding to CKI (Cdk 

inhibitors) to be inhibited.

Most Cdk-cyclin complexes are important in the control of cell division and 

proliferation. For example, the kinase activities of both Cdc2 and Cdk2 are detected in 

proliferating cells and are essential for cells to progress through the key transition points 

of cell cycle (Elledge and Spottswod, 1991; Koffetal, 1991; Meyerson et al, 1992). In 

leukemia L1210 cells arrested in G1 and accumulated in G2, the protein expression levels 

of Cdc2/cyclin B, Cdk2/cyclin A, and Cdk2/cyclin E significantly decrease (Meijer et al,

1997). Differential expression of Cdks regulates cell cycle progression in growth vs. 

differentiation. For instance, in ML-1 human myeloblastic leukemia cells, Cdk2/cyclin E 

is expressed at relatively high levels in growth, while Cdk5/cylin D1 is maintained at 

high levels in differentiation (Li et al., 1997). Expression of Cdks is also developmental 

stage-dependent. During postnatal development of rat heart, Cdkl, Cdk2, Cdk4 and 

Cdk5 abruptly decline to almost undetectable levels after 10-20 days; in contrast, Cdk7 

slightly increases and Cdk8 does not change significantly (Kim et al., 1998).

As mentioned previously, disturbance of the normal cell cycle progression can 

lead to cell death. The activation of various Cdks has been identified in apoptosis (Shi et 

al, 1994; Meikrantz et al, 1994). In cell death of Tat (HIV-1 transactivator protein) 

expressing cells, Cdc2 and Cdk2 are activated (Li et al, 1995). In bcl2-/- human HeLa 

cells, the overexpression of wild type Cdc2, Cdk2, Cdk3, or cyclin A markedly elevates 

the incidence of apoptosis induced by staurosporine and TNFa, which otherwise fail to
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induce cell death in these cells (Meikrantz et al., 1996). The induction of cyclin B and 

activation of related Cdks have been found to occur prior to the commitment of neurons 

to both dopamine- and peroxide-triggered apoptosis (Shirvan et al., 1998). The activation 

of Cdkl, Cdk2 and Cdk5 is involved in axotomy-induced death in retinal ganglion cells 

(Lefevre et al, 2002). Cdk2 and Cdk6 are activated in embryonic cortical neuronal death 

evoked by camptothecin, a DNA-damaging agent (Ghahremani et al, 2002). 

Correspondingly, inhibition of the function of some Cdks can protect cells from cell 

death. Overexpression of bcl-2 reduces the protein levels of Cdc2 and Cdk2, coinciding 

with a suppressed apoptosis induced by staurosporine in HeLa cell (Meikrantz et al, 

1994). Also in human HeLa cells, dominant negative mutants of Cdc2, Cdk2 and Cdk3 

each suppress apoptosis induced by both staurosporine and TNFa (Meikrantz et al., 

1996). Kainate (KA), an ionotropic glutamate receptor agonist, induces apoptosis in the 

primary cultures of murine cerebellar granule cells. This KA-mediated neurotoxicity and 

apoptosis can be partially blocked by the Cdk inhibitor, roscovitine (Giardina & Beart, 

2002).

On the other hand, perturbation of Cdk activity may also lead to cell death. 

Inhibition of Cdks by Cdk inhibitors, such as olomoucine or roscovitine, enhances cell 

death induced by E2F-1 overexpression in human gastric carcinoma cells (Atienza et al,

2000). Treatment of Jurkat and KG1 cells with Cdk inhibitors results in an increase of 

apoptotic cells (Vermeulen et al, 2002). Inhibition of Cdk activity by overexpression of 

p27Kipl, a Cdk inhibitor, induces cell cycle arrest and apoptosis in human renal 

carcinoma cells (Katner et al, 2002).

Therefore, Cdks function as master regulators of cell cycle progression, and the
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deregulation o f their activation can result in cell death. However, among the members of 

Cdk family, there is one unique Cdk, whose functions identified so far are not relevant to 

cell division control. ThisisCdk5.

3. Regulation of CdkS

A. What is Cdk5?

Cdk5 is a member of Cdk family. Cdk5 was originally identified from bovine 

brain due to its close sequence homology (-60%) to the prototypic Cdk, human Cdc2 

(Lew et al, 1992). Structurally, Cdk5 is highly conserved evolutionarily. It shares 99% 

identity at protein level among vertebrates, such as rat (Hellmich et al, 1992), mouse (Ino 

et al, 1994), bovine (Lew et al, 1992), Xenopus (Gervasi & Szaro, 1995), and human 

(NCBI, protein bank). Fmit fly Cdk5 has 77% amino acid identity with its mammalian 

counterparts (Hellmich et al, 1994). Although Pho85, the Cdk5 homologue in budding 

yeast, has only 57% protein sequence homology, it is functionally closely related to 

vertebrate Cdk5 (Huang et al, 1999). For example, overexpression of Cdk5 in yeast cells 

can complement most phenotypes associated with lack of Pho85, and Cdk5 associates 

with and is activated by Pho85 cyclins Pho80 and Pcl2 in yeast cells. The Pho85 

likewise associates with Cdk5 activators p35 and p25 to form an active kinase complex in 

mammalian and insect cells (Huang et al, 1999). However, in the effort of searching for 

Cdk5 homologue in C. elegans, only ncc-1 gene encoded kinase is found to closely relate 

to human C dkl, Cdk2 and Cdk3, which is required for M phase in meiotic as well as 

mitotic cell cycles (Boxem et al, 1999).
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Cdk5 protein in most species has 292 amino acids and is structurally related 

among species. It forms a bilobal 3D-structure, which is typical in most protein kinases. 

The small lobe (N-lobe) is rich in beta-sheets and contains the glycine-rich motif 

(Glycine 11,13 and 16) important for ATP binding. This lobe also contains the 

PSSALRE helix (Pro45-Leu55), which is a common feature in all Cdks and is crucial for 

interaction with interactive subunits. Three conserved residues, Lys33, Glu51 and 

Asp 143 form a catalytic triad that helps orient ATP and facilitate catalysis. The bigger 

C-lobe is predominantly helical and contains the T-loop. This T-loop moves down from 

an inhibitory position to a fully extended configuration upon association with the 

regulatory proteins to allow the binding of the substrate and subsequent phosphorylation 

(Sharma et al, 1999).

Like the other Cdks, Cdk5 is a proline-directed kinase that phosphorylates serines 

or threonines immediately upstream of a proline residue. The consensus sequence in 

Cdk5 substrates is preferentially (S/T)PX(K/H/R), where S or T are the phosphorylated 

serine or threonine, X is any amino acid, P is the proline in the +1 position, and a basic 

residue (K or H or R) should be in the +3 position (Beaudette et al, 1993; Songyang et al,

1996). The list of Cdk5 substrates is growing (see Table 1 for substrates). Although 

there is overlapping of substrates between Cdk5 and other Cdks, no evidence has been 

found linking Cdk5 function to cell cycle progression, in which most other Cdks control 

the transition between different phases (Dhavan & Tsai review, 2001).

Originally demonstrated as an important player during neuronal development and 

differentiation, Cdk5 has been referred to as NCLK (neuronal Cdc2-like kinase) due to its 

great homology to human Cdc2 and high levels of expression in differentiated neurons
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(Hellmich et al, 1992). Since tau, a neuronal microtubule-associated protein, is a 

substrate of Cdk5, Cdk5 is also named tau protein kinase II (Uchida et al, 1994; Sobue et 

al, 2000). To date, studies from several groups, including our lab, have illustrated that 

the activation of Cdk5 also plays an important role during cell death in both neuronal (for 

review, see Dhavan & Tsai, 2001) and non-neuronal systems (Ahuja et al, 1997; Gao et 

al, 1997; Zhang et al, 1997; Zhu et al, 2002; Zhu’s thesis, 2002). In this thesis we are 

going to demonstrate a general correlation between Cdk5 activation and cell death and 

further evaluate how Cdk5 activation is regulated during cell death.

Table 1: Substrates of CdkS.

P35 Promotes ubiquitin-mediated proteolysis Patrick et al, 1998

P39 Humbert et al, 2000

PAK1 Inhibits PAK1 activity, regulation of actin 

dynamics

Nikolic et al, 1998

Src Regulation of cell adhesion, actin dynamics, 

integrin signaling

Kato et al, 1999

Cables Regulation of interaction of Cdk5 with c-Abl Zukerberg et al, 1999

(3-catenin Regulation of cell adhesion, decreases association 

with presenilin 1

Kesavapany et la, 2001

Tau Decreases binding to microtubules, and inhibits 

microtubule nucleation

Ishiguro et al, 1994

MAP1B Regulation of microtubule stability Paglini et al, 1998

(To be cont’d)
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Tabie i (corn'd)

Nudel Regulation of dynsin-mediated axonal transport Niethammer et al, 2000

NFH/NFM Regulation of intermediate filament structure and 

transport

Grant et al, 2001

Synapsin 1 Regulation of synaptic transmission Matsubara et al, 1996

MUNC18 Disrupts the Nuncl8/syntaxin 1A complex, 

regulation of neurosecretion

Shuang et al, 1998

Amphyphysinl Regulation of synaptic vesicle endocytosis Floyd ct al, 2001

P-APP Regulation of APP localization, membrane 

transport

Lijima et al, 2000

DARPP32 Regulation of dopaminergic signaling Bibb et al, 1999

PP1-inhibitor Modulation of amplitude of cAMP-dependent 

signaling

Bibb et al, 2001

Pgamma (PDE Regulation of retinal phototransduction Hayashi et al, 2000

regulator)

ERBB Regulation of signaling at the neuromuscular 

junction

Fuetal, 2001

PRb Neuronal differentiation and apoptosis Lee et al, 1997

P53 Increases p53 transcriptional activity Zhang et al, 2002

Pctairel Enhances Cdk5 kinase activity Cheng et al, 2002

Canoe Drosophila morphogenesis Takahashi et al, 2002
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B. Expression and activity o f  CdkS in cellular functions

Cdk5 mRNA has been detected in most mammlain tissues and various 

proliferating and differentiated cells (Meyerson et al, 1992; Tsai et al, 1993; for review, 

see Dhavan & Tsai, 2001). Among the different mammalian tissues, Cdk5 protein is 

expressed at the highest levels in neurons, at high levels in testis, and at relatively lower 

levels in ovaries and kidneys (Tsai et al, 1993). However, the kinase activity of Cdk5 has 

been associated only with differentiation and cell death (for review, see Lew & Wang, 

1995; Ahuja et al, 1997; Fu et al, 2002; Zhu et al, 2002).

a. Expression and activity of Cdk5 in differentiation

i). Expression and activity o f  Cdk5 in neuronal differentiation

Cdk5 and its kinase activity play a crucial role during the development of the 

central nervous system (CNS). Studies of Cdk5 function during neuronal development 

have shed light on the involvement of Cdk5 in neurite migration, axon patterning, cortical 

lamination, neuronal secretion, neuronal adhesion, differentiation of oligodendrocytes, 

formation of synaptic structure and plasticity, and the maintenance of neuronal 

cytoarchitecture (for review, see Dhavan & Tsai, 2001). Unlike the other Cdks whose 

activities are mainly relevant with cell cycle regulation, Cdk5 kinase activity has been 

found predominantly in post-mitotic neurons (Tsai et al, 1993), though Cdk5 mRNA and 

protein are widely distributed in a variety of tissues and cell types.

During brain development, the expression and activity of Cdk5 is associated with 

the extent of neuronal differentiation (Tsai et al, 1993; Nikolic et al, 1996; Fu et al, 

2002), whereas Cdc2 decreases at both protein and kinase activity levels during this 

process (Dobashi et al, 2000). The finding that Cdk5 is the only detectable Cdk in
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hippocampal cell cultures further indicates that Cdk5 plays a different role in post-mitotic 

neurons than other Cdks in cell proliferation (Alvarez et al, 1999). During neuronal 

differentiation of NT2 cells (a human embryonal carcinoma cell line) following treatment 

with retinoic acid, the expression of Cdk5 is gradually increased and the Cdk5 kinase 

activity is induced (Fu et al, 2002). Dominant negative mutants of Cdk5 inhibit neurite 

outgrowth in primary rat cortical neurons (Nikolic et al, 1996). Cdk5 also helps maintain 

the stability o f neuronal cytoskeletal network by stabilizing neurofilament (NF) protein 

network in neurons. NFs are the most extensively phosphorylated proteins in adult 

nervous systems, whose phosphorylation is important to regulate axonal transport and to 

affect the conduction velocity in neurons (Nixon & Sihag, 1991). It has been found that 

Cdk5 is a major NF-phosphorylating kinase in neurons (Shetty et al, 1992). The essential 

role of Cdk5 in the cytoarchitecture of CNS can be demonstrated by gene-targeting 

experiments. Mice deficient of Cdk5 die perinatally, and exhibit massive abnormalities, 

including lesions in the CNS, lack of cortical lamination and cerebellar foliation 

(Ohshima et al, 1996; 1999). The lethality of the Cdk5 null mice can be completely 

rescued by expressing the Cdk5 transgene in brain (Tanaka et al, 2001).

The kinase activity of Cdk5 requires association with its regulatory proteins, 

which are prominently p35 (Lew et al, 1994: Tsai et al, 1994) and p39 (Tang et al, 1995). 

Unlike Cdk5, the expression of p35 and p39 is more restricted, detected only in neurons 

(Tsai et al, 1994; Patzke & Tsai, 2002) and muscles (Lazaro et al, 1997; Fu et al, 2001). 

However, our lab has established an expression of p35 during cell death in non-neuronal 

tissues that correlates with Cdk5 activation (Ahuja et al, 1997; Gao et al, 1997; Zhu et al, 

2002). Studies on different gene knockout mice have shown that p35 and p39 are
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essential and sufficient for Cdk5 function involved in neuronal differentiation. P35 

knockout mice show an inverted layering of cortical neurons similar to that seen in Cdk5- 

/- mice, but are viable and fertile with only mild disruptions in the hippocampus and a 

fairly normal cerebellum (Chae et al, 1997) compared to Cdk5-/- mice, where widespread 

disruptions are seen in neuronal layering of many brain structures, including the cerebral 

cortex, hippocampus, cerebellum and olfactory bulb (Ohshima et al, 1996; 1999). This 

discrepancy in the phenotypes of p35-I- and Cdk5-/- mice can be explained by the 

compensatory role of p39. The fact that p39 mutant mice do not show any outward 

phenotype argues that p35 can mask the absence of p39 (Ko et al, 2001). However, the 

phenotype of p35/p39 dual knockout mice is identical to that o f Cdk5-/- mice (Ko et al, 

2001), further indicating that p35 and p39 work together sufficiently for Cdk5 function,

ii). Expression and activity o f Cdk5 in non-neuronal differentiation

Several studies have demonstrated that the expression and activity of Cdk5 are not 

restricted in neuronal tissues. Cdk5 has been documented to be a pivotal regulator of 

myogenesis. In Xenopus, Cdk5 is expressed in developing somites, and the dominant 

negative Cdk5 mutants suppress expression of the master regulators of myogenesis,

MyoD and MRF4, resulting in disruption of somitic muscle patterning (Philpott et al,

1997). In murine fibroblast C2 cells, both the protein level and kinase activity of Cdk5 

show a marked increase during early myogenesis. Microinjection with wild-type Cdk5 

plasmids or dominant negative Cdk5 plasmids into C2 cells enforces or inhibits 

differentiation, respectively (Lazaro et al, 1997).

A functional link has been shown between Cdk5 activity and monocytic 

differentiation. The expression and activity levels of Cdk5 increase when HL-60 cells are
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induced to differentiate to the mature monocytic phenotype upon exposure to 1,25- 

dihydroxyvitamin D3 (Chen et al, 2000). Ectopic expression of Cdk5/p35 in 

undifferentiated HL-60 cells induces monocytic morphology, indicating a role of Cdk5 in 

haematopoietic cell differentiation (Chen & Studzinski, 2001).

Cdk5 and p35 are expressed in lens epithelial cells and in differentiating lens 

fibers during the development of rat lens, indicating a possible role of Cdk5 during 

differentiation of lens fiber cells (Gao et al, 1997). Cdk5 expression and kinase activity 

have been found in Leydig cells, Sertoli cells, spermatogonia and peritubular cells of 

developing rat testis (Musa et al, 1998; Session et al, 2001), suggesting that Cdk5 might 

play a role in spermatogenesis.

b. Expression and activity of CdkS in cell death

i). Expression and activity o f Cdk5 in neuronal cell death

As discussed before, cell death is an essential component of development and 

homeostasis. It is also involved in pathologic situations, such as neuronal injury or 

neurodegeneration. Interestingly, Cdk5 activity is dramatically induced under these 

physiological or pathological conditions.

In developing mouse nervous system, between embryonic day 12 to 14, the 

massive cell death in the dorsal root ganglia and the trigeminal ganglia is accompanied by 

elevated levels of Cdk5 expression and its induced kinase activation (Zhang et al, 1997). 

In neurons of rat substantia nigra injected with hydroxydopamine and axotomy, Cdk5 

protein as well as p35 protein is expressed exclusively in apoptotic profiles at late 

morphologic apoptotic stages (Neystat et al, 2001). In amyotrophic lateral sclerosis 

(ALS) mouse models, the deregulated increase of Cdk5 activity is associated with
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hyperphosphorylation of tau and neurofilament proteins in affected dying motor neurons 

(Nguyen et al, 2001). In rat hippocampal neurons, p amyloid peptide (AP) treatment 

leads to cell death coinciding with a significant increase of the Cdk5 activity and tau 

hyperphosphorylation, which can be prevented by inhibiting Cdk5 activity using either 

Cdk5 chemical inhibitor butyrolactone I or Cdk5 anti-sense probes (Alvarez et al, 1999;

2001). Introduction of elevated Cdk5 activity leads to apoptosis in primary cortical 

neuron culture (Patrick et al, 1999; Lee et al, 2000). In differentiated PC 12 cells, 

removal of nerve growth factor (NGF) induces apoptosis and increases Cdk5 expression 

and activity (Zhang & Johnson, 2000). In human neuroblastoma IMR-32 cells induced to 

die by oxidative stress, there is an upregulation of p35 and Cdk5 expression as well as 

Cdk5 activity in the affected cells, showing that the Cdk5 activity is involved in the 

signaling pathway of oxidative stress-related neurodegeneration (Strocchi et al, 2003). 

Therefore, it seems that Cdk5 expression or activation is related to neuronal cell

death.

ii). Expression and activity o f Cdk5 in non-neuronal cell death

The association between Cdk5 expression/activity and cell death is not restricted 

to neurons. It appears that Cdk5 may be expressed or activated during cell death in 

different other systems, demonstrated by our lab. In the interdigital areas of developing 

mouse limbs, cell death shapes the contour of the limb with increased level of Cdk5 

expression and dramatically induced Cdk5 activity (Ahuja et al, 1997). During nuclear 

death o f lens fibers in rat developing lens, Cdk5 is highly expressed in the dying cells 

(Gao et al, 1997). In atrophic mouse ovarian follicles, Cdk5 is expressed in follicular 

cells undergoing apoptosis (Zhang et al, 1997). In regressing mouse prostate upon
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androgen withdrawal, there is a dramatic increase of both Cdk5 expression and activity in 

the dying prostatic epithelium (Zhang et al, 1997). In retinoic acid-treated developing 

mouse limbs, marked levels of cell death are induced in the interdigital regions 

corresponding with an elevated Cdk5 expression and activation (Ahuja et al, 1997). In 

developing mouse embryos treated with cyclophosphamide, the increased level of Cdk5 

expression and induced kinase activity accompanies cell death (Zhu et al, 2002).

Taken together, Cdk5 expression and activation are associated with cell death in 

both neuronal and different non-neuronal systems. In this thesis, we will further 

elucidate whether there is a general correlation between Cdk5 activation and cell death in 

a diversity of situations, ranging from normal cell death either during development or in 

adult to induced cell death in different pathologies.

C. Regulation o f  Cdk5 in cellular functions

The involvement of Cdk5 activity in many different facets of an organism’s 

cellular activities, including cell differentiation and death, suggests that Cdk5 activation 

needs to be tightly regulated. This regulation has been demonstrated in several levels, 

such as binding to its regulators, transcriptional activation, and phosphorylation 

modification.

a. Regulation of Cdk5 in differentiation

i). Association with the regulatory subunits: p35, p39

Cdk5 kinase is activated by association with its regulatory subunits. There are 

two major neuronal Cdk5 activators, p35 (Tsai et al, 1994) and p39 (Tang et al, 1995), 

which are predominantly expressed in post-mitotic neurons of the CNS. Studies on the
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spatial and temporal expression of p35 and p39 in rodent brains have shown a 

complementary pattern indicating that p35 and p39 activate Cdk5 at different stages and 

in different regions of both developing and adult brains (Cai et al, 1997). Further 

evidence has demonstrated that p35 and p39 localize to overlapping but distinct 

subcellular compartments in growth cones, synapses, and cytoskeleton as well as 

membrane (Humbert et al, 2000a & b; Niethammer et al, 2000).

Upon associating with its regulatory subunit, Cdk5 will form a fully active 

conformation from a bilobal structure to allow the binding of its substrate for subsequent 

phosphorylation (Tarricone et al, 2001). P35 is also a substrate of Cdk5, and after being 

phosphorylated by Cdk5, p35 undergoes degradation through a ubiquitin-proteasome 

pathway. Therefore, p35 is an unstable protein with a half-life of 20-30 minutes (Patrick 

et al, 1998). Inhibition of Cdk5 kinase activity confers longer half-life of p35 in primary 

neurons. P35 mutants without Cdk5 phosphorylation sites have increased stability 

(Patrick et al, 1998). This suggests a negative feed-back regulation of Cdk5 through p35. 

Although the finding that p39 is phosphorylated in Cdk5/p39 transfected COS-7 cells 

leads to the conclusion that p39 is a possible substrate of Cdk5 (Humbert et al, 2000), the 

function of p39 phosphosrylation still remains unclear.

As mentioned earlier, studies of the phenotype of different mutant mice (p35-/-, 

p39-/-, Cdk5-/-, and p35/p39 double knockout) have suggested that p35 and p39 are 

essential and sufficient Cdk5 regulators for neurodevelopment (Ohshima et al, 1996; 

1999; Chae et al, 1997; Ko et al, 2001). However, is Cdk5 activated by the same 

regulators during cell death? We will discuss this in the section “Regulation of Cdk5 in 

cell death”.
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ii). Transcriptional regulation

The activation of Cdk5 can also be regulated at the transcriptional level during 

differentiation, via increasing the level of transcripts of either Cdk5 or p35. Different 

signaling pathways can increase the mRNA levels of p35 and Cdk5, leading to elevated 

activation of Cdk5. For instance, in cultured cerebellar macroneurons and SH-SY5Y 

neuroblastoma cells, the binding of laminin to integrin receptors triggers the transcription 

of p35 (Paglini et al, 1998; Li et al, 2000). The ERK (extraccllular-signal-regulated 

kinase; also known as mitogen-activated protein kinase, M APK) cascade has been shown 

to have a crucial role in cell proliferation and differentiation. In PC 12 cells, sustained 

activation of ERK induced by NGF (nerve-growth factor) is essential for the 

differentiation of PC 12 cells into sympathetic neurons. It has been found that Cdk5/p35 

activity is required for this NGF-induced neuronal differentiation, and the sustained ERK 

activation is necessary and sufficient for the induction of p35 transcription through the 

induction of Egrl, an ERK-mediated transcription factor (Harada et al, 2001). In primary 

cultures of embryonic rat cortical neurons, addition of brain-derived neurotrophic factor 

(BDNF) leads to Cdk5 activation by induction of p35 transcript, which is inhibited by 

coincubation with either BDNF antibody or K252a, an inhibitor for BDNF receptor TrkB 

tyrosine kinase (Tokuoka et al, 2000). During chronic cocaine administration and 

repeated electroconvulsive seizure treatments (an effective treatment for depression), the 

transcription factor SFosB is induced in striatum or hippocampus and cerebral cortex.

The physiological targets o f 8FosB include two glutamate receptor subunits: the NR1 

subunit of NMD A receptors and the GluR2 subunit o f AMP A receptors, which are both 

involved in dopamine signaling pathway. It has been shown that the induction of 8FosB
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also raises the expression of Cdk5 mRNA hence Cdk5 activity, indicating the 

involvement of dopamine pathway during Cdk5 activation (Greengard et al, 1999; Chen 

et al, 2000; Bibb et al, 2001).

Taken together, Cdk5 activation can be regulated at the transcriptional level 

during cell differentiation or other processes such as drug addiction and anti-depression 

treatment. Whether there exists this transcriptional regulation of Cdk5 activation during 

cell death remains to be explored, and will be studied in this thesis,

iii). Phosphorylation o f Cdk5

The mitotic Cdks are regulated by three distinct phosphorylation events, including 

the inhibitory phosphorylation of Thrl4 and Tyrl5 and stimulatory phosphorylation of 

Thrl60 (Gu et al, 1992; for review, see Dhavan & Tsai, 2001). Cdk5 protein itself can 

also be phosphorylated at three sites, Serl59, Thrl4, and Tyrl5. While phosphorylation 

of Thrl60 in the T-loop of most other Cdks is required for their maximal activation, most 

researchers feel that phosphorylation of the equivalent Seri 59 on Cdk5 is dispensable, 

mostly based on the study on the Cdk5-p25 (a truncated form of p35, often associated 

with deregulated Cdk5 activation during cell death) structure (Qi et al, 1995; Poon et al, 

1997; Tarricone et al, 2001), although one group has shown that the phosphorylation of 

Seri 59 on Cdk5 can increase Cdk5/p25 activity (Sharma et al, 1999). The structure of 

Cdk5-p25 shows that Seri 59 in the T-loop of Cdk5 is in very close proximity to p25, and 

the addition of a phosphate group on Seri 59 will adversely effect association with the 

activator. This indicates that phosphorylation of Seri 59 of Cdk5, if  occurring, will 

probably negatively regulate Cdk5 activity (Tarricone et al, 2001). Phosphorylation of 

Thrl4 by a protein kinase purified from bovine thymus cytosol has been found to inhibit
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Cdk5 activity (Matsuura et al, 1996). But c-Abl mediated phosphorylation of Tyrl5 on 

Cdk5 stimulates Cdk5 activity, and this phosphorylation is enhanced by binding of a c- 

Abl adaptor protein Cables to Cdk5 (Zukerberg et al, 2000). Therefore, phosphorylation 

of Cdk5 protein at different sites is a putative mechanism to regulate Cdk5 activity during 

cellular differentiation. Identification of Cdk5 phosphorylation during cell death remains 

an intriguing task.

Taken together, Cdk5 activation can be regulated at three levels during cell 

differentiation: 1) association with its regulatory proteins, such as p35 and p39; 2) by 

increasing the mRNA levels of Cdk5 and p35; 3) being phosphorylated at different sites.

In the following sections, we will discuss how Cdk5 activation is deregulated during cell 

death, and how the deregulated Cdk5 activity is associated with cell death.

b. Regulation of Cdk5 in cell death

Compared to studies in neuronal differentiation, the regulation of Cdk5 during 

cell death has been less studied and is now the focus of several groups including our lab; 

it is also the major interest of this thesis.

One possible mechanism of the regulation of Cdk5 during cell death has been 

proposed and demonstrated by Tsai et al (Patrick et al, 1999; Lee et al, 2000), suggesting 

that Cdk5 is activated by p25 resulted from calpain-mediated cleavage of p35 during cell 

death.

p25 is produced by different neurotoxic insults, such as hydrogen peroxide, 

glutamate, maitotoxin and ionomycin treatments of culture primary neurons (Kusakawa 

et al, 2000; Lee et al, 2000; Nath et al, 2000). All of these treatments are able to disrupt 

calcium homeostasis and dramatically increase the intracellular Ca2+ concentration, which
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is enough to promote the cleavage of p35 to p25 and lead to Cdk5 activation. Generation 

of p25 following these treatments can be blocked by specific inhibitors (such as 

calpastatin) o f calpain, a calcium-dependent cysteine protease, which has been discussed 

earlier in the Introduction. Furthermore, immunodepletion of calpain markedly reduces 

the conversion o f p35 to p25 in these treatments. These results indicate that calpain may 

be the protease leading to p25 induction and hence Cdk5 activation during neuronal cell 

death.

P25 contains all the elements of p35 necessary for Cdk5 binding and it efficiently 

activates Cdk5 (Qi et al, 1995; Pooh et al, 1997). However, p25 has properties distinct 

from p35. First, p25 has a 5-10 fold longer life span than that of p35 (Patrick et al,

1999). Second, p25 lacks the amino-terminal myristoylation site and is mainly located in 

cytosol, while p35 is predominantly restricted to membrane area (Patrick et al, 1999). 

Therefore, the generation of p25 is likely to disrupt the normal regulation of Cdk5 by 

causing prolonged and mislocated Cdk5 activation.

p25 is neurotoxic. Co-transfection of Cdk5 and p25 induces apoptosis in primary 

cortical neurons, which exhibit neurite retraction and cytoskeletal abnormalities. This 

neuronal morphological degradation might result from Cdk5/p25-mediated 

hyperphosphorylation of neurofilaments and tau protein, since p25 regulated Cdk5 seems 

to phosphorylate its substrates more efficiently than p35 activated Cdk5 when p25 and 

p35 proteins are present at the same level (Patrick et al, 1999). Cdk5/p25 activation is 

involved in the increased phosphorylation level of tau in brains of Alzheimer’s (AD) 

patients (Patrick et al, 1999; Gupta et al, 2001; Tseng et al, 2002). In transgenic mice 

overexpressing p25, a marked increase of Cdk5 activity corresponds to elevated levels of
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tau and neurofilament phosphorylation, leading to disruption of neuronal 

cytoarchitecture, an event typical in AD and other neurodegenerative diseases (Ahlijanian 

et al, 2000). A(3 induces conversion of p35 to p25 in primary cortical neurons, and the 

inhibition of calpain and therefore blockage of p25 production protects neurons from cell 

death induced by A0 (Lee et al, 2000). Town et al (Town et al, 2002) have also 

demonstrated that a soluble form o f Ap activates the Cdk5/p25 pathway and promotes 

AD-like tau phosphorylation in vitro. These observations suggest that Cdk5/p25 activity 

is related to the hyperphosphoralation of tau or neurofilament proteins in neuronal cell 

death.

Interestingly, in transfected neurons, Cdk5-p35 poorly phosphorylates tau (Patrick 

et al, 1999). Furthermore, there is no evidence for hyperphosphorylation of tau in triple 

transgenic mice expressing Cdk5, p35 and tau, despite elevated Cdk5 kinase activity and 

cell death (Van den Haute et al, 2001). Together, these findings argue that tau is not a 

physiological substrate of Cdk5/p35; under pathological conditions, p25 is produced 

allowing Cdk5/p25 to phosphorylate tau. This argument has been further confirmed by 

Takahashi et al’s recent finding that tau is phosphorylated mainly by Cdk5/p39 during 

brain development. Takahashi’s group found that the ability of Cdk5 to phosphorylate 

tau is much higher when in association with p39 than binding to p35, and tau 

phosphorylation at Ser202 and Thr205 is decreased in Cdk5-/- mouse brain but stays 

unchanged in p35-/- mouse brain. This suggests that Cdk5/p39 is responsible for the in 

vivo phosphorylation of tau at these sites, which are the major ones phosphorylated by 

Cdk5 in normal development (Takahashi et al, 2003).
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Although p39 has been well studied as another major neuronal activator of Cdk5 

during neuronal differentiation, its involvement in Cdk5 activation during cell death has 

been poorly understood. Until recently, one study has found that p39 can be cleaved to 

form a C-terminal fragment p29 by calpain in ischemic brain. This conversion of p39 to 

p29 results in a prolonged activation and misdistribution of Cdk5 in neurons associated 

with neuronal damage (Patzke & Tsai, 2002). This finding further supports the role of 

calpain in the regulation of Cdk5 activation during cell death.

Taken together, it has been shown that Cdk5 activity in association with p35 and 

p39 plays a key role in developing brain, and the abnormal activation of Cdk5 by calpain- 

mediated p25 production is closely involved in neuronal cell death. Therefore, a 

protective mechanism is needed to control Cdk5 activity in neuronal development. A 

recent study by Saito et al has found that the phosphorylation of p35 by Cdk5 suppresses 

its cleavage to p25 by calpain, whereas this phosphorylation facilitates the proteasomal 

degradation of p35 (Saito et al, 2003), which is consistent with Patrick et al’s finding that 

phosphorylatioin of p35 by Cdk5/p35 leads to the degradation of p35 through a ubiquitin- 

proteasome pathway (Patrick et al, 1998). In this study, they also found that the 

phosphorylation site in p35 involved in preventing calpain cleavage is distinct from the 

phosphorylation site involved in facilitating proteasomal degradation. The 

phosphorylated form of p35 that is resistant to cleavage by calpain is more prevalent in 

the fetal brain, and the unphosphorylated form o f p35 occurs in the adult brain. These 

results suggest that the phosphorylation of p35 serves as a protective mechanism that 

suppresses the generation of p25 in developing brain (Saito et al, 2003).

To date, the activation of Cdk5 by calpain-mediated p25 production has been
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linked only to neuronal cell death. Whether this is a general regulation of Cdk5 

activation during cell death has yet to be unfolded. To answer this question, in this 

thesis, we will evaluate whether Cdk5 is activated through the calpain-mediated p25 

induction during cell death in systems other than neurons, including transformed mouse 

embryonic fibroblast cells exposed to different inducers of cell death and 

cyclophosphomide-treated mouse embryos.
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A. Materials 

Animal treatment

Cvclophosphamide-treated mouse embryos

Swiss Webster mice (Charles River Laboratories, Wilmington, MA) were mated 

overnight, and early next morning females were checked for vaginal plugs. Positive 

females were designated as gestational day 0.5. On gestational day 9.5 females were 

injected intraperitoneally with lOmg/kg body weight of CP (Sigma, St. Louis, MO) 

dissolved in 0.9% saline. The treated mice were sacrificed by cervical dislocation 24 hrs 

after injection, and the embryos were removed.

p53 knockout mouse embryos

p53 heterozygous mice C57BL/6J-7>p53tm,Tx’ (Jackson Laboratories, Bar Harbor, 

ME) were mated overnight, and early next morning females were checked for vaginal 

plugs. Positive females were designated as gestational day 0.5 and the embryos were 

referred to embryonic day 0.5 (ED 0.5). On gestational day 13.5 females were sacrificed 

by cervical dislocation and the embryos were removed. Embryos were washed with PBS 

(Phosphate-Buffered Saline, 145.4 mM NaCl, 2.68 mM KC1,10 mM Na2HP0 4 ,1.8mM 

KH2PO4, pH 7.4), and one hind limb was taken for genotyping. The rest of the embryos 

were fixed and embedded for sectioning as described below.

Caspase-3 knockout mouse embryos

Caspase-3 heterozygous mice (Gift from Dr. Richard Flavell, Yale University)
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were mated overnight, and females with vaginal plugs were designated as gestational day 

0.5. By day 13.5, pregnant female mice were sacrificed by cervical dislocation, and the 

embryos were removed. Embryos were washed with PBS, and one hind limb was taken 

for genotyping. The rest of the embryos were fixed and embedded for sectioning as 

described below.

Tissue, slide preparation and microscopy

Embryos were washed with PBS, fixed in 4% paraformaldehyde with shaking at 

4°C for 18-24 hrs, and partially dehydrated in 20% sucrose solution in PBS for 2 days. 

Embryos were then embedded in OCT compound (Miles, Elkhart, IN) for sectioning at 5 

pm.

Sections of rat lungs infected with Streptococcus sanguils or Streptococcus 

pneumoniae type 25 were from Dr. Jeffrey Kazzaz (Winthrop-University Hospital; see 

Kazzaz et al, 2000). Sections of mouse limb infected with Leishmania major were from 

Dr. Karen Newell (University of Colorado at Colorado Springs; see Desbarats et al,

2000). Sections of preterm lamb lung after gas and liquid ventilation were from Dr. Lin 

Mantell (North Shore Hospital Institute; see Mantell et al, 2002). Slides for Apaf-1- 

deficient mouse embryos were a gift from Dr. F Cecconi (Germany).

Antibodies and reagents

Chemical reagents were ordered from Sigma (St. Louis, MO) unless otherwise 

mentioned. Roscovitine was purchased from BIOMOL Research Laboratories Inc. 

(Plymouth Meeting, PA). The calpain inhibitors, calpastatin peptide (Cat# 208902) and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

PD150606 (Cat# 513022), were obtained from CalBiochem (La Jolla, CA). The 

antibodies used in this paper include anti-Cdk2 (M-2), anti-Cdk3 (Y-20), anti-Cdk4 (H- 

303), anti-Cdk5 (C-8), anti-Cdk6 (C-21), anti-p35 (C-19), anti-PARP (H-250) antibodies 

from Santa Cruz Biotechnology (Santa Cruz, CA), anti-active caspase 3 antibody from 

BD PharMingen (San Diego, CA), and anti-spectrin antibody from Chemicon 

International (Temecula, CA).

Cell culture and treatment

C8 and A9 cells are mouse embryonic fibroblast cell line transformed with El A 

and ras, with C8 p53+/+ and A9 p53-/- (Gift from Dr. Scott Lowe, Cold Spring Harbor 

Laboratory). Cells were maintained in DMEM (Dulbecco’s Modified Eagle Medium, 

Life Technologies, Rockville, MD) supplemented with 10% fetal bovine serum, 50U/ml 

penicillin and lOOpg/ml streptomycin, at 37°C in a humidified atmosphere o f 7.5% CO2. 

At 80% confluence, cells were treated in DMEM containing 1% FBS with different 

cytotoxic reagents, such as 2.5% ethanol (EtOH), 25pg/ml cycloheximide (CHX, 

dissolved in ethanol), and 20pM camptothecin (CPT, dissolved in DMSO), for 18 hrs. 

For the kinetic study of cells treated with 20pM CPT or irradiated with 254 nm 

ultraviolet (UV, 50 J/m2), cells were collected at different time points (i.e. Ohr, 3hr, 6hr, 

8hr, 12hr, 15hr, and 18hr for CPT, and Ohr, 8hr, 12hr, and 18hr for UV). To block 

calpain activation induced by CPT in both C8 and A9 cells, two different calpain 

inhibitors, 10 pM calpastatin (CS) or 10 pM PD150606 were coadministrated with CPT 

and cells were incubated for 18 hrs. In the experiment testing the effect of inhibition of 

Cdk5 activation by roscovitine on CPT-induced cell death in C8 and A9, 10 pM
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roscovitine was added to media with or without CPT (20 pM).

Primary mouse embryonic fibroblast cells (wild type, caspase-3-/-, and caspase-9- 

/-, and Apaf-1-/-; all gifts from Dr. Lowe, CSHL) were maintained in DMEM 

(Dulbecco’s Modified Eagle Medium, Life Technologies, Rockville, MD) supplemented 

with 10% fetal bovine serum, 50U/ml penicillin and lOOpg/ml streptomycin, at 37°C in a 

humidified atmosphere of 5% CO2. At 80% confluence, cells were treated in DMEM 

containing 1% FBS with different cytotoxic reagents, such as 25 or 50 pg/ml 

cycloheximide (CHX, dissolved in ethanol), and 20 or 25 pM camptothecin (CPT, 

dissolved in DMSO), for 18 hrs.

Cell death was measured by trypan blue dye exclusion. Proteins were extracted 

from cells after treatment for western blot.

B. Cellular and Molecular Methods

DNA fragmentation assay

DNA fragmentation was detected by using TUNEL POD (Terminal 

deoxynucleotidyl transferase-mediated d-UTP Nick End Labeling Peroxidase) combined 

with nonisotopic digoxigenin-11-dUTP and terminal transferase according to 

manufacturer’s instruction (Roche Molecular Biochemicals, Germany). Briefly, slides 

were incubated with permeabilization solution (0.1% TritonX-100 in 0.1% sodium 

citrate) on ice for 2 min, and endogenous peroxidase activity was quenched with 0.1% 

hydrogen peroxide in methanol at RT for 30 min. After 2 rinses in PBS, TUNEL reaction 

mixture (9 volume of TUNEL label and 1 volume of TUNEL enzyme) was applied to
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slides, which were incubated for 30 min at 37°C followed by three washes with PBS. 

TUNEL POD was then applied to the slides to bind to the FITC-dUTP enzymatically 

added to the free end of the oligonucleotide and visualized with DAB (diaminobenzidine, 

Research Genetics, Huntsville, AL). The sections were counterstained with methylene 

blue and mounted with Permount® (Fisher Scientific, Burr Ridge, IL).

Immunohistochemistry

In situ protein level of different genes was detected using the ABC (Avidin- 

Biotinylated-peroxidase Complex) kit (Vectastain ABC kit, Vector Laboratory, 

Burlingame, CA). Sections were quenched with 0.3% hydrogen peroxide in methanol at 

RT for 20 min to abolish endogenous peroxidase activity. After three washes with PBST 

(0.1% Tween 20 in PBS), sections were incubated in blocking solution at RT for 1 hr, 

and treated with primary antibody (Cdk5 and p35: 0.2 pg/ml; active caspase 3: 0.5 pg/ml) 

at 4°C in a humidified chamber overnight. Following three washes with PBST, 

secondary biotinylated antibody was applied to the sections for 1 hr at RT. Sections were 

then washed with PBST for three times and incubated with ABC reagent for 2 hrs at RT. 

Sections were washed with PBST for three times before being visualized with DAB, 

counterstained with methylene blue, and mounted with Permount.

DNA fragmentation and immunohistochemistry double labeling

Fluorescence detection of DNA fragmentation and Cdk5 expression were used as 

in Ahuja et al (1997). Briefly, sections were twice washed in PBS, postfixed in ethanol: 

acetic acid (2:1) for 5 min at -20° C, and again twice washed. Sections were placed for 5
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min in equilibration buffer (Apoptag® kit, Intergen, Purchase, NY), and the solution was 

changed for one containing TdT and the incubation was continued for 1 hr at 37°C. The 

slides were immersed in pre-warmed stop-wash buffer for 30 min, rinsed three times with 

PBS, and exposed to anti-digoxigenin FITC fluorescein and incubated for 30 min. After a 

wash with PBST, slides were incubated for 20 min in 0.3% H2O2, followed by two 

washes with PBST. Primary anti-Cdk5 antibody was added to blocking solution (1 

mg/mL bovine serum albumin in PBST) to a final concentration of 1 pg/mL. The 

incubation in primary antibody was overnight at 4° C. The sections were washed three 

times with PBST, incubated with secondary biotinylated antibody overnight at RT, and 

again rinsed three times. Fluorescent signal was added by incubating the slides with cy3- 

conjugated IgG mouse anti-biotin (Jackson Immuno Research Laboratory, West Grove, 

PA) for 30 min. The slides were mounted with 90% glycerol and observed under an 

Ultima 312™ confocal microscope (Meridian International, Inc., Okemos, MI). DNA 

fragmentation is seen with FITC as green and the Cdk5 as detected by cy3 is red.

Probe preparation

Cdk5 (270 bp insert BamHI/EcoRV) cDNA was gift o f Dr. P. Zalenka (NIH). For 

preparation of radioactive RNA probes, DNA template was incubated with transcription 

solution (IX  transcription buffer, 10 mM DTT, 0.5 mM CPT, 0.5 mM GTP, 50 mCi 35S- 

UTP, and RNAsin, RNA polymerase) for 2 hrs at 37 °C. More polymerase was added 

with a further incubation for 30 min, followed by the addition of RNase free DNase ROl 

(Promega, Madison, WI) and incubated for 15 min. After the addition of total yeast RNA, 

solution A (10 mM DTT, 80 mM NaHCCh, 120 mM Na2CC>3) was added to the digest at
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60° C, followed by the addition of solution B (200 mM NaOAc, 10 mM HO Ac, 10 mM 

DTT). The probes were purified on G-50 Sephadex column, ethanol precipitated and 

dissolved in 1 M DTT to use at final concentration of 25,000-50,000 CPM/pL in 

hybridization buffer (50% formamide, 0.3 M NaCl, 20 mM Tris-HCl (pH 7.4), 5 mM 

EDTA, 10 mM N a ^ P C V ^ O  (pH 8.0), 10% dextran sulfate, IX Denhardt’s solution, 0.5 

mg/mL total yeast RNA).

In situ hybridization

The in situ hybridization was as described previously (Ahuja et al, 1997). Briefly, 

paraformaldehyde postfixed sections were incubated with proteinase K in PK buffer (1 M 

Tris, 0.5 M EDTA). After dehydration in graded ethanol, sections were hybridized with 

hybridization buffer and either Cdk5 or p35 probe in 10 mM DTT. Sections were then 

washed in 5X SSC with 10 mM DTT, in 50% formamide in 2X SSC, in IX washing 

solution (23.4 g NaCl, 10 mL 1 M Tris (pH7.5) with 5 mM EDTA, in 20 mg/mL RNase 

A in IX washing solution, in IX washing solution, in 2X SSC, and 0.1X SSC. Finally, 

the dehydrated sections were dipped in photographic NTB-2 emulsion (Kodak) and 

exposed for 1-2 weeks, after which they were developed (Kodak Dektol developer), fixed 

(Kodak), counterstained with 0.2% toluidine blue, dehydrated, and mounted with 

Permount.

Northern blot

Total RNA was extracted from mouse embryos using ice-cold lysis buffer (4 M 

guanidinium isothiocyanate, 25 mM sodium citrate pH 7.0,0.5% Sarkosyl®, and 0.1 M
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P-mercaptoethanol), with the addition of 2 M sodium acetate (pH 4.0) and phenol as well 

as chloroform:isoamylalcohol (49:1), in succession. Upon precipitation with isopropanol, 

the RNA pellet was resuspended in lysis buffer, and precipitated again in 75% ethanol 

and recovered by centrifugation. After dissolving RNA in sterile (IH2O, we determined 

the concentration o f RNA by measuring the absorbance at 260 nm and the A26o'A28o ratio. 

Collected total RNAs were run on a 1% agarose gel and the separated bands were 

transferred to a nitrocellulose membrane. RNAs immobilized on the nitrocellulose were 

hybridized with a solution containing 32P-labeled RNA probe. The nonhybridized 

radioactive RNA probe was washed, and the hybridization was analyzed by 

autoradiograph.

Western blot analysis

Cells or tissues were lysed in RIPA buffer (50 mM Tris, pH7.5,150 mM NaCl, 1% 

Triton 100X, 0.1% SDS, 0.5% sodium deoxycholate, 2 mM EDTA, and protease 

inhibitor cocktail tablets (Boehringer Mannheim, Germany)) and cell/tissue debris were 

rid by centrifugation at 13,000 rpm for 30min at 4°C. Protein concentration was 

determined using the Bio-Rad microassay (Bio-Rad laboratories, Hercules, CA). Equal 

amounts o f protein were run on 8%, 12.5% or 15% SDS-polyacrylamide gels after 

addition of equal volume of 2X Laemmli loading buffer (lOOmM Tris, pH 7.5,4% SDS, 

20% glycerol, 0.002% bromophenol blue) (Laemmli, 1970). After protein transfer, 

nitrocellulose membrane blots were blocked with 5% non-fat dry milk in PBST for 

30min and incubated with primary antibody (0.5pg/ml for Cdk2-6 or p35 or caspase 3, 

O.lpg/ml spectrin and PARP) on the shaker overnight at 4°C. After three washes with
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PBST, blots were incubated with horseradish peroxidase (HRP) conjugated goat anti­

rabbit antibody (Jackson Immuno Research Laboratory, West Grove, PA) for 1 hr at RT 

followed by 3 washes. The immune complexes were detected by chemiluminescence 

(ECL plus kit, Amersham, Chicago, EL) and exposed to autoradiographic film.

In vitro histone HI kinase assays

Cdk5 kinase activity was assayed as described by Zhang et al (1997). Equal 

amounts of lysates from control and CP embryos or different cell samples were incubated 

with 1.5 pg/ml Cdk5 antibody for 1 hr at 4° C, and then purified by the addition of 

protein A-Sepharose (Boehringer Mannheim, Germany). The precipitated beads were 

equilibrated in kinase buffer (50 mM Tris, pH 7.5,10 mM MgCL, 1 mM DTT, 20 mM 

EGTA, 0.1 mM sodium vanadate, 80 mM P-glycerophosphate) and collected by 

centrifugation. Histone HI kinase assays were performed in kinase buffer supplemented 

with 0.1 pCi/ml [y-32P]ATP (6000 Ci/mM) (Amersham Pharmacia Biotech., Piscataway, 

NJ), 10 mM ATP, 50 pg/ml calf thymus histone HI (Boehringer Mannheim, Germany), 

and 5 pM cAMP-dependent protein kinase inhibitor (Sigma, St. Louis, MO) at 30° C for 

30 min. An equal volume of 2X Laemmli buffer was added to each sample before they 

were denatured at 100° C for 2 min. Following electrophoresis, gels were fixed, dried, 

and exposed to film. The intensity o f the bands was quantified using a Storm Imaging 

System (Molecular Dynamics Inc., Sunnyvale, CA).

De novo protein synthesis 35S-labeling

ED 10.5 embryos were removed from pregnant female mice and placed in DMEM
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(Dulbecco’s Modified Eagle Medium, Life Technologies, Grand Island, NY) culture 

medium supplemented with 30% FBS (fetal bovine serum, Life Technologies), 50 U/ml 

penicillin and 100 pg/ml streptomycin (Life Technologies), and 100 pCi/ml 35S 

methionine and cysteine (Amersham Pharmacia Biotech., Piscataway, NY), on a shaker, 

at 37° C with 5% CO2, for 3 hrs. Embryonic viability was ascertained by beating of the 

heart. During the 3 hr incubation, we found all of the embryos to be viable. The 

embryos were washed with PBS several limes before being lysed in RIP A buffer. The 

lysates of embryos were stored at -20° C for both western blot and immunoprecipitation.

Cell death by trypan blue

The loss of membrane integrity exhibited in dead and dying cells allows the 

preferential uptake of vital dye trypan blue (Karasawas et al, 1996). At the end of the 

treatment, cells were pelleted and washed with PBS. lOOpl o f well suspended cells was 

mixed with 100pl of 0.4% trypan blue solution (in PBS), and left at room temperature 

(RT) for 5 min. Cells were then viewed under a light microscope and blue stained cells 

were non-viable.

DNA isolation and analysis o f fragmentation via agarose gel electrophoresis

Cells were lysed in lysis buffer (0.2% TritonX-100,10 mM Tris/HCl 10 mM 

EDTA, pH7.5). The cell lysate was incubated on ice for 15 min followed by centrifuging 

at 4 °C at 13,000 rpm for 30 min. The supernatant containing the low-molecular-mass 

DNA was incubated with RNase (100 pg/ml) for 1 hr and then extracted twice with equal 

volume of phenol/chloroform/isoamyl alcohol (24:24:1) and once with
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chloroform/isoamyl alcohol (24:1). The extracted low-molecular-mass DNA was 

precipitated with 300 mM NaCl and 2.5 volume of ethnol at -20 °C overnight and spun at 

13,000 rpm for 30 min at 4 °C. The pellet was washed with 70% ethanol once, air dried, 

and suspended in 10 mM Tris/HCl, 1 mM EDTA, pH8.0. Low-molecular-mass DNA 

from equal numbers o f cells was run on 2% agarose gel. Separated DNA bands were 

visualized by ethidium bromide staining.

Condensed nuclei stained by bis-benzimide

The DNA fluorochrome bis-benzimide (Hoechst 33258, Sigma, St. Louis, MO) 

was used to stain fragmented nuclei of apoptotic cells. Briefly, cells were trypsinized, 

pelleted and washed once with ice cold PBS. The cells were then resuspended and fixed 

in 3% paraformaldehyde solution (in PBS) for 30 min, washed with ice cold PBS, and 

incubated with 16pg/ml bis-benzimide (in PBS) for 25 min at RT. Finally, the cells were 

washed with ice cold PBS once and resuspended in PBS. 20pL of the cell suspension 

was evenly distributed on a slide and coverslipped to be viewed under an Eclipse TE300 

microscope (Nikon Inc., Melville, NY).

Retroviral transfection o f sense and anti-sense p35

The construct used to produce retroviral recombinants was based on the retroviral 

vector pJim. A pJim-IRES2-EGFP vector was made using Notl/Bglll fragment form the 

pIRES2-EGFP expression vector (Clontech, Cat# 6029-1) containing an internal 

ribosomal entry site and EGFP to replace the Notl/Bgin fragment containing EGFP in 

pJim. Briefly, XhoI/EcoRI fragment of p35-wt from pcDNA3-p35 was cloned into the
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XhoI/EcoRI or EcoRI/XhoI site of pJim-IRES-EGFP, resulting in a sense p35 or anti­

sense p35 recombinant, respectively. The transient retroviral production using 293T cells 

was adapted from Dr. G. Nabel’s lab (NIH; Yang et al, 1999). Infection of C8 or A9 

cells was carried by incubating the cells with viral supernatant after filtering through a 

0.45 pm protein low-affinity filter (Fisher Scientific, Pittsburgh, PA) overnight, followed 

by culturing the cells with normal growth media for 36 hrs. Routinely, about 80%-90% 

cells showed fluorescence by 48 hrs after transfection. After this, the cells were ready to 

be exposed to different insults.

PCR genotyping o f  p53 knockout mice

Genotyping of embryos was performed according to the protocol recommended 

by Jackson Laboratories (http://www.iax.org/resources/documents/imr/supp proto.html). 

Two sets of primers were used: 5’- CTT GGG TGG AGA GGC TAT TC -3 ’ and 5’- 

AGG TGA GAT GAC AGG AGA TC -3 ’; 5’- ATA GGT CGG CGG TTC AT -3 ’ and 

5’- CCC GAG TAT CTG GAA GAC AG -3 ’. Briefly, the hind limb was lysed in 170 

pi of Lysis Solution (50mM Tris, pH8.3, lOOmM NaCl, 5mM EDTA, 0.8% SDS) and 30 

pi of Proteinase K solution (lOmg/ml) at 55°C for 5 hrs or overnight. After centrifuging 

at 13,000rpm for 15min, the supernatant containing DNA was precipitated using same 

volume of 100% isopropyl alcohol. DNA pellet obtained by centrifuging at 13,000rpm 

for 15min was dissolved in autoclaved ddlLO and stored at -20°C. 10 to 200 ng of the 

extracted DNA was used for PCR. This PCR assay applied the “touchingdown cycling” 

technique. For the first 12 cycles, the annealing temperature, which started at 64°C, was 

reduced by 0.5 degree per cycle. For the remaining 25 cycles, the annealing temperature
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stayed at 58°C. The PCR products were separated by gel electrophoresis on a 1.5% 

agarose gel. Wild type gave a band at 600bp, and p53 knockout showed a band at 280bp.

PCR genotyping o f  caspase-3 knockout mice

Three primers were used: 5’- CTT GGG TGG AGA GGC TAT TC - 3 ’ and 5’- 

AGG TGA GAT GAC AGG AGA TC -3 ’; 5’- ATA GGT CGG CGG TTC AT -3 ’ and 

5’- CCC GAG TAT CTG GAA GAC AG -3 ’. Briefly, either the hind limb of an 

embryo or the 0.5cm of the tail from an adult was lysed in 170 pi of Lysis Solution 

(50mM Tris, pH8.3, lOOmM NaCl, 5mM EDTA, 0.8% SDS) and 30 pi of Proteinase K 

solution (lOmg/ml) at 55°C for 5 hrs or overnight. After centrifuging at 13,000rpm for 

15min, the supernatant containing DNA was precipitated using same volume of 100% 

isopropyl alcohol. DNA pellet obtained by centrifuging at 13,000 rpm for 15min was 

dissolved in autoclaved ddH20 and stored at -20°C. 10 to 200 ng of the extracted DNA 

was used for PCR. This PCR assay applied the “touchingdown cycling”. For the first 12 

cycles, the annealing temperature which started at 64°C was reduced by 0.5 degree per 

cycle. For the remaining 25 cycles, the annealing temperature stayed at 58°C. The PCR 

products were separated by gel electrophoresis on a 1.5% agarose gel. Wild type gave a 

band at 320bp, and caspase-3 knockout showed a band at 300bp.
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PART III. RESULTS AND DISCUSSION

Chapter I. Association of Cdk5 with cell death in pathological situations

A. Analysis of association of Cdk5 with cell death in rat lungs 

suffering from streptococcus pneumoniae type 25-caused pneumonia

B. Analysis of association of Cdk5 with cell death in Leishmania major 

-infected mouse limbs

C. Analysis of association of Cdk5 with cell death in preterm lamb lungs 

after gas or liquid ventilation

D. Analysis of association of Cdk5 with cell death in cyclophosphamide 

-treated mouse embryos

Chapter II. Up-regulation of Cdk5 during cell death

A. Analysis of Cdk5 up-regulation during cell death at transcriptional level

B. Analysis of Cdk5 up-regulation during cell death at translational level

C. Analysis of Cdk5 up-regulation during cell death 

at post-translational level

Chapter III. Dependency of regulation of Cdk5 activation on p53 function

during cell death

A. Analysis of cell death induced by different stimuli in p53+/+ and 

p53-/- cells

B. Analysis of expression and activation of Cdk5 during cell death in
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p53+/+ and p53-/- systems

C. Analysis of regulation of Cdk5 activation during cell death in 

p53+/+ and p53-/- cells

D. Analysis o f kinetics o f cell death induction in p53+/+ and p53-/- cells

Chapter IV. Dependency of Cdk5 activation on caspase activity during cell 

death

A. Dependency of Cdk5 activation on Apaf-1 and caspase-9 activity 

during cell death

B. Dependency of Cdk5 activation on caspase-3 activity during cell death

C. Dependency of Cdk5 activation on caspase cascade during cell death

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

OBJECTIVE

Previous findings from our lab and other groups have suggested an association 

between Cdk5 activation and cell death during development (Nikolic et al, 1996; Ahuja et 

al, 1997; Gao et al, 1997; Philpott et al, 1997; Pigino et al, 1997,1998; Zhang et al, 1997; 

Musa et al, 1998,2000; Session et al, 2001), adult homeostatic maintenance of various 

tissues (Zhang et al, 1997; Lilja et al, 2001), and in some pathogenic situations such as 

neurodegeneration and neuronal injuries (Patrick et al, 1999,2001; Lee et al, 2000; Nath 

et al, 2000; Bu et al, 2002; Hashiguchi et al, 2002; Kusadawa et al, 2002; Sisodiya et al, 

2002). However, there is very limited study on the correlation between Cdk5 and cell 

death in other pathological situations, such as infection and treatment involved in clinical 

therapy, including ventilation assistance and chemotherapy.

We therefore asked the question: is there a general association between Cdk5 and 

pathological cell death? To answer this question, we used different systems, including rat 

lungs suffering from Streptococcus pneumoniae type 25-caused pneumonia, mouse limbs 

infected with Leismania major, preterm lamb lungs after liquid or gas ventilation, and 

cyclophosphamide (CP)-treated mouse embryos. There are dramatic levels of cell death 

in these models resulting from the pathology, which makes them suitable to study the link 

between Cdk5 expression and cell death under pathological condition.

Establishing the association between Cdk5 and pathological cell death further 

suggests there is a general correlation between Cdk5 and cell death in various situations. 

The fact that different cell death pathways are possibly involved in these various 

situations indicates that many signaling pathways may converge to Cdk5 activation,
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suggesting a downstream Cdk5-involved signaling pathway during cell death. As a 

kinase, Cdk5 activation can be regulated at different levels, including transcription, 

translation and post-translation. We therefore asked at what level Cdk5 was regulated 

during cell death. We used CP-treated mouse embryos as the model in an attempt to 

answer this question. In light of the fact that unlike other Cdks Cdk5 does not play any 

role in cell cycle progression, we further examined the uniqueness o f Cdk5 correlation 

with cell death among Cdks, using CP-treated mouse embryos as the model. Previously, 

our lab has shown that Cdk5 is the only Cdk that is associated with cell death in 

developing mouse limb (Ahuja et al, 1997).

As discussed in the Introduction, cell death is a very complex process, comprised 

of many different signaling pathways working either independently or coordinately to 

ensure the execution of a doomed cell. The correlation between Cdk5 activation and cell 

death in different models, in which different cell death pathways might be involved, 

implicates Cdk5 activation as a very fundamental event in cell death. We therefore 

examined the relationship between Cdk5 regulation and other signaling pathways during 

cell death.

As illustrated earlier in the Introduction, p53 signaling pathway, a well-known 

pathway involved in cell death, plays a crucial role in the induction of apoptosis (Lowe et 

al., 1993; Clarke et al., 1993; for review, see Hickman et al, 2002). Evidence from a 

number of labs indicates that activation of p53 is essential for neuronal apoptosis during 

brain development (Nishino et al, 1995; Aloyz et al, 1998). The requirement for p53 

activity and Cdk5 activity during neuron development therefore has let us to ask the 

relationship between Cdk5 activation and p53 pathway during cell death. Recently,
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Zhang and colleagues found that in apoptotic differentiated PC 12 cells the p53 level 

increases concomitantly with levels of Cdk5, and increased Cdk5 activity significantly 

elevates p53 transcriptional activity, levels of p53 as well as the p53-responsive genes, 

such as p21 and Bax (Zhang et al, 2002). P53 has also been implicated as a substrate of 

Cdk5 by in vitro study (Zhang et al, 2002). However, the role of p53 function in Cdk5 

activation during cell death remains elusive. Our study presented in this thesis was to 

examine the dependency of Cdk5 activation on p53 during cell death using both in vitro 

cell lines and in vivo mouse embryos as model systems.

Also as discussed in the Introduction, proteases are important components of cell 

death machinery, and proteolytic cleavages play a key role in cell death. Caspases are 

among the most important and most widely studied proteases involved in cell death. 

During cell death, both initiator and executioner caspases are activated by either auto­

processing or other caspase-mediated proteolysis in a process called caspase cascade. 

Although different signaling pathways are activated in response to different stimuli, they 

always converge to a common mechanism leading to a cell’s demise, which is activation 

of caspases. Whether caspase activation is involved in this Cdk5-involved pathway has 

yet to be revealed. We therefore evaluated the dependency of Cdk5 activation on 

caspase-3, -9 or Apaf-1 during cell death, due to their important roles in caspase cascade. 

Both in vitro cell lines and and in vivo knockout mouse embryos were utilized as models.
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Chapter I. Association of Cdk5 with cell death in pathological situations

A. Analysis o f association of Cdk5 with cell death in rat lungs 

suffering from Streptococcus pneumoniae type 25-caused pneumonia

B. Analysis of association o f Cdk5 with cell death in Leishmania major 

-infected mouse limbs

C. Analysis of association o f Cdk5 with cell death in preterm lamb lungs 

after gas or liquid ventilation

D. Analysis of association o f Cdk5 with cell death in cyclophosphamide 

-treated mouse embryos
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1. Objective:

Studies from our lab and other groups have demonstrated that Cdk5 activity is 

involved in different aspects o f an organism’s life, from the normal development to cell 

death involved in tissues during development and homeostatic maintenance as well as in 

pathological situations. Findings such as that Cdk5 is the only detectable Cdk in 

hippocampal cell cultures (Alvarez et al, 1999), its kinase activity has been detected 

predominantly in post-mitotic neurons (Tsai et al, 1993), and the expression and activity 

of Cdk5 is associated with neuronal differentiation (Tsai et al, 1993; Nikolic et al, 1996; 

Fu et al, 2002), suggest an essential role of Cdk5 for development of the CNS. It has also 

been shown that Cdk5 plays an important role in the development of other tissues than 

the CNS as presented in the Introduction.

Our lab is one o f the first groups to demonstrate that there exists a correlation 

between Cdk5 and cell death in a variety of systems. Activation o f Cdk5 is found to 

associate with cell death during development, such as in mouse brain (Zhang et al, 1997), 

in the interdigital region of mouse limb (Ahuja et al, 1997), and in rat lens (Gao et al, 

1997). Cdk5 activity is also associated with cell death occurring in adult tissues, such as 

in atrophic mouse ovarian follicles and in regressing mouse prostate upon estrogen 

withdrawal (Zhang et al, 1997). Furthermore, abnormal Cdk5 activation has been 

correlated with cell death involved in neuronal injuries (Nath et al, 2000) and 

neurodegenerative disorders, such as atrophic lateral sclerosis (ALS, Nguyen et al, 2001) 

and Alzheimer’s disease (AD, Ahlijanian et al, 2000; Lee et al, 2000; Town et al, 2002).

Although the correlation between Cdk5 and cell death has been well studied in 

normal situations, i.e. during development and adult homeostatic maintenance of
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different tissues, there are few reports on Cdk5 activation in pathological situations other 

than neurodegeneration. We therefore explored the association between Cdk5 and 

pathological cell death in different models, including rat lungs suffering from 

streptococcus pneumoniae type 25-caused pneumonia, mouse limbs infected with 

Leishmania major, preterm lamb lungs after liquid or gas ventilation, and 

cyclophosphamide (CP)-treated mouse embryos. Dramatic levels of cell death induced in 

these model systems resulting from different pathological situations make these model 

systems suitable to study the correlation between Cdk5 expression and cell death under 

pathological conditions.

In the light of the fact that Cdk5 is the only Cdk whose expression is associated 

with cell death in developing mouse limb (Ahuja et al, 1997), we also examined the 

uniqueness o f Cdk5 expression in associated with cell death in CP-treated mouse 

embryos.

We found that Cdk5 is associated with cell death in pathological situations and its 

correlation with cell death is unique among Cdks.
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2. Results:

A. Analysis of association of Cdk5 with cell death in rat lungs infected with 

Streptococcus pneumoniae type 25

Bacterial infection generally leads to cell injury and cell death within the 

affected organ. It has been reported that apoptosis of lung cells is a prominent 

component of acute lung injury, and also occurs within hours of initial infection in the 

following experimental models of pneumonia (Mantell et al, 1997). Infection with 

Streptococcus pneumoniae type 25 causes acute pneumonitis in rats. Using this model 

system, we examined cell death by terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) assay and Cdk5 expression by immunohistochemistry.

Pathogen-free Wistar rats were infected with S. pneumoniae type 25 and lung 

tissues were fixed, embedded, and sectioned as described in Materials and Methods. 

TUNEL-Cdk5 double labeling assay was performed on lung tissue sections taken 4 d 

after infection, since this time had the highest amount of cell death detected by image 

analysis (data not shown). Examination using confocal microscopy showed that the 

green fluorescent TUNEL-signaling (FITC) labeled a large number of cells with 

fragmented DNA in infected lung tissue (Fig. 1A), indicating cell death was markedly 

induced in rat lungs with acute pneumonitis. The red fluorescent dye (Cy3) labeled 

only cells expressing Cdk5 protein (Fig. IB). Comparison of the TUNEL assay and 

Cdk5 staining results suggested that most TUNEL-positive cells seemed to be Cdk5 

positive as well. To investigate whether Cdk5 expression was colocalized in the dying 

cells during bacterial infection, the respective images were superimposed, and an 

overlap between DNA fragmentation and the expression of Cdk5 was found in most
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cells, as indicated by the intense yellow fluorescence (Fig. 1C). Therefore, we 

conclude that infection causes cell death and Cdk5 expression is correlated with cell 

death in rat lungs during bacterial infection. The data from this study in collaboration 

with Dr. Kazzaz have been published (Kazzaz et al, 2000).

B. Analysis of association of CdkS with cell death in Leishmania /no/’or-infected 

mouse limb

Leishmania major (Lm) is an intracellular protozoan parasite that causes 

spontaneously resolving cutaneous leishmaniasis in humans. Lm infection in mice is a 

prototypical model for the role of immune deviation in disease resistance. Female mice 

were infected with Lm and infected hind footpad was obtained, fixed, embedded, and 

sectioned as described in Materials and Methods. We examined in situ cell death in the 

draining lymph node of Lm infected mice by TUNEL assay. TUNEL staining showed 

that many cells in these regions were dying by apoptosis, indicated by the presence of 

fragmented DNA in dying cells (Fig. 2A & B). Immunohistochemistry using anti-Cdk5 

antibody exhibited cells expressing Cdk5 in the lymph node of Lm-infected mice (Fig.

2C & D). Comparison o f the dramatic increase of Cdk5 protein level and appearance of 

apoptotic cells presenting fragmented DNA in the draining lymph node of Lm-infected 

animals, suggests that Cdk5 expression is correlated with cell death in this Lm infection 

model system. The data from this section in collaboration with Dr. Newell have been 

published (Desbarats et al, 2000).
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C. Analysis of association of Cdk5 with cell death in preterm lamb lung after gas or 

liquid ventilation

The survival o f  preterm infants requires prolonged ventilation assistance. The 

conventional gas ventilation (GV) leads to significant pulmonary injury resulting from 

induced cell death, due to prolonged exposure to hyperoxia and positive pressure. Liquid 

ventilation (LV) is an alternative strategy causing less lung cell damage (Mantell et al, 

2002). In collaboration with Dr. Mantell’s group, %ve investigated whether Cdk5 was 

involved in cell death induced by either GV or LV. Lung tissues were obtained after GV 

or LV, fixed and sectioned as described in Materials and Methods. Cell death and Cdk5 

protein expression in these lung tissues were analyzed. TUNEL-fluorescence positive 

cells, i.e. the dying cells, in GV lungs were predominantly located at levels o f bronchiole, 

either at the epithelial lining or clustered together in aggregates within the lumen (Fig.

3 A). In contrast, TUNEL-positive cells are diffusely distributed throughout the 

parenchyma of LV lungs. No clusters of fluorescent signals were found at the more 

proximal airways of LV lungs as in GV lungs (Fig. 3B). Immunohistochemistry using 

anti-Cdk5 antibody showed that the patterns of Cdk5-positive cells in both GV (Fig. 3C) 

and LV (Fig. 3D) lungs were similar to that of TUNEL-positive cells, indicating a 

correlation of Cdk5 expression and cell death induced by ventilation in preterm lamb 

lungs. The data from this section in collaboration with Dr. Mantell have been published 

(Mantell et al, 2002).
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D. Analysis of association of Cdk5 with cell death in cyclophosphamide-treated 

mouse embryo

a. Association o f  CdkS with cell death

Cyclophosphamide (CP), an alkylating agent that is commonly used in the 

treatment o f cancers and progressive immune diseases, induces apoptosis mainly by 

causing DNA interstrand crosslinks. In mouse embryos, cell death is a prominent 

developmental event but its usual amount might not be enough for our study on cell 

death. Therefore, our lab has used CP to induce massive cell death in developing mouse 

embryos. Our lab has demonstrated an association between Cdk5 and apoptotic cell 

death in CP-treated mouse developing embryos (Zhu et al, 2002). Therefore, we hereby 

used CP-treated mouse embryo as a positive control model. Preparation of animals and 

tissues was as described in Materials and Methods. TUNEL staining revealed a large 

number o f cells exhibiting fragmented DNA in the brain region of CP-treated embryo, 

indicating that these cells were undergoing apoptosis (Fig. 4A & B). Correspondingly, in 

the same brain region, immunohistochemistry using Cdk5 antibody showed many cells 

labeled brown, indicating Cdk5 was expressed in these cells (Fig. 4C & D). There was 

an undetectable level of Cdk5 protein in the same region o f control embryos (data not 

shown). Comparison between the pattern of apoptotic cells and that o f cells expressing 

Cdk5 in CP embryos further confirmed that Cdk5 is correlated with cell death.

The association between Cdk5 and cell death in CP embryos further supported 

that Cdk5 is associated with different pathological cell deaths as demonstrated in 

previous sections. The data from this section have been published (Zhu et al, 2002).
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b. Uniqueness o f  correlation o f Cdk5 with cell death among Cdks

As mentioned earlier in the Introduction, Cdk5 is a unique member of Cdk family 

in the sense that its functions identified so far unlike the other Cdks (Cdk 1-4,6-9) are not 

relevant to cell proliferation. Our lab has also shown that in the interdigital regions of 

developing mouse limbs, Cdk5 is the only Cdk whose protein expression corresponds to 

cell death (Ahuja et al, 1997). To determine whether CdkS’s uniqueness can be expanded 

to other systems, we examined the expression of several other members of the Cdk 

family, such as Cdk2,3,4, and 6, in CP-treated mouse embryos, by 

immunohistochemistry using specific antibodies. In accordance with their roles in cell 

cycle progression, none of them showed any correlation with cell death (Fig. 5 A, B, D & 

E), unlike the strong immunoreactivity of Cdk5 in CP-treated embryos (Fig. 5C). 

Although Cdk2 was expressed in the treated embryos, its expression was only restricted 

to proliferating cells (Fig. 5A, white arrow) but not dying cells (Fig. 5A, black arrow). 

Therefore, we further concluded that the correlation with cell death is unique to Cdk5 

among Cdk family members. The data of this section have been published (Zhu et al, 

2002).
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3. Discussion

In this study, we compared the pattern of Cdk5 expression and that o f cell death in 

various induced pathology, including rat lungs with acute pneumonitis, Leishmania 

major-infected mouse limbs, preterm lamb lungs after liquid or gas ventilation, and CP- 

treated mouse embryos. As in other situations such as development, homeostatic 

maintenance and neurodegenerative pathologies, Cdk5 is correlated with cell death in 

various pathological situations. In addition, among different Cdks examined, only Cdk5 

is associated with cell death in CP-treated mouse embryos. This corresponds to our 

previous finding in developing mouse limb (Ahuja et al, 1997). The generality and 

uniqueness of Cdk5 association with cell death in various systems, ranging from normal 

to induced cell death, in either developmental or adult systems, suggests a general Cdk5- 

involved signaling pathway during cell death. Furthermore, the fact that cell death is 

most likely to take different signaling pathways in these many different situations has 

raised the question of the interdependence between Cdk5 activation and other signaling 

pathways during cell death. We are going to discuss in more detail the regulation of 

Cdk5 activation and its relationship with other signaling pathways during cell death in 

following chapters.
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Chapter II. Up-regulation of Cdk5 during ceil death

A. Analysis of Cdk5 up-regulation during cell death at transcriptional level

B. Analysis of Cdk5 up-regulation during cell death at translational level

C. Analysis of Cdk5 up-regulation during cell death 

at post-translational level
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1. Objective:

In the previous chapter, we have demonstrated there is an up-regulation of Cdk5 

protein during cell death as examined by immunohistochemistry. This increase of Cdk5 

protein expression during cell death may result from an elevation of the level of Cdk5 

transcript mRNA. There are many proteins whose up-regulation occurs at the 

transcriptional level during cell death. For example, the activity of Drone, a key apical 

caspase in Drosophila, is transcriptionally up-regulated by ecdysonc in ccdysonc- 

mediated cell death during metamorphosis (Cakouros et al, 2002). In addition, increased 

protein translation o f the available Cdk5 transcript may also result in an increased level of 

Cdk5 protein expression during cell death. Several cell death-related proteins are up- 

regulated at the translational level during cell death. For instance, the expression of Par-4 

(prostate apoptosis response-4), a death domain-containing protein that plays an 

important role in neuronal apoptosis, is regulated at the tranlational level within synaptic 

compartments in neuronal cell death (Duan et al, 1999). Therefore, we evaluated the 

regulation of Cdk5 at both mRNA and protein synthesis levels during cell death using 

CP-treated mouse embryos as a model.

Furthermore, as a kinase, the activation of Cdk5 requires association with its 

regulatory proteins, among which p35 and p39-mediated Cdk5 kinase activity is essential 

and sufficient for neurodevelopment (Ohshima et al, 1996; 1999; Chae et al, 1997; Ko et 

al, 2001). But these studies were conducted only on Cdk5, p35, p39 and p35/p39 mutant 

mice, and the Cdk5 kinase activity was not actually examined. We therefore determined 

whether Cdk5 is activated at the post-translational level, i.e. kinase activity level, during 

cell death, using histone HI as the in vitro substrate.
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In this chapter, by examining the levels of Cdk5 messages, protein and kinase 

activity during cell death, we attempted to determine at which level(s) o f transcriptional, 

translational and post-translational levels Cdk5 is up-regulated during cell death. The 

data from this chapter have been published (Zhu et al, 2002; Zhu, 2002).
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2. Results:

A. Analysis of Cdk5 up-regulation during cell death at transcriptional level

The up-regulation of Cdk5 protein expression detected by immunohistochemistry 

in CP embryos (Chapter I) can result from an increased level of Cdk5 mRNA. We 

therefore examined and compared the levels of Cdk5 messages in control and CP 

embryos. For this analysis we used both northern blotting and in situ hybridization.

Total RNA was extracted from control and CP embryos. The level of Cdk5 mRNA was 

detected via northern blot using a 32P-labeled RNA probe. We found no change in 

message level between control (Fig. 6A, left lane) and treated embryos (Fig. 6A, right 

lane). This result was confirmed by in situ hybridization where sections of both control 

and CP embryos were hybridized with 35S-labeled RNA probe. We did not see any 

difference in the level of mRNA expression in both control (Fig. 6B, a) and CP-treated 

mouse embryos (Fig. 6B, b). This result correlates with our earlier findings during 

normal limb development (Ahuja et al, 1997) and suggests that Cdk5 message is not up- 

regulated during cell death. This work was done in collaboration with Yong Zhu and has 

been published as part of his thesis “The study of the role of cyclin-dependent kinase 5 

(Cdk5) during cell death” (Zhu, 2002).

Therefore, Cdk5 is not up-regulated at transcriptional level during cell death.

B. Analysis of Cdk5 up-regulation during cell death at translational level

Increased level o f protein synthesis can result in up-regulation of Cdk5 protein 

expression during cell death as detected by immunohistochemistry. We therefore 

examined and compared the levels of de novo protein synthesis of Cdk5 in control and
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CP mouse embryos. CP-treated embryos as well as control embryos were incubated in 

media containing 35S-methionine and cysteine for 4 hrs to label synthesized proteins in 

vitro. The viability of the embryos was evaluated by embryonic heart beat. After the 4 

hr labeling period, total proteins from both control and CP embryos were obtained using 

RIPA buffer as described in Materials and Methods. The whole protein lysates of both 

embryos were run on SDS-PAGE and separated proteins were transferred onto a 

nitrocellulose membrane. The labeled proteins were detected by autoradiograph, which 

showed many bands (Fig. 7A), indicating that many proteins were synthesized and 

labeled during the 4 hr incubation period. By western blot analysis using Cdk5 antibody, 

we detected Cdk5 protein in lysates of both control and CP embryos (Fig. 7B). To see if 

the Cdk5 protein in the whole lysate samples was also labeled, hence synthesized de 

novo, we performed immunoprecipitation using Cdk5 antibody. The labeled Cdk5 

protein in the Cdk5 immunoprecipitates was evaluated by autoradiograph but did not give 

any band, indicating that there was no de novo synthesis of Cdk5 during the 4 hr period 

of CP-induced cell death (Fig. 7C). However, western blot using Cdk5 antibody showed 

the presence of Cdk5 protein in the Cdk5 immunoprecipitates of control and CP-treated 

embryos (Fig. 7D). This finding suggests that regulation of Cdk5 during cell death is 

most likely not translational. To rule out the possibility that the lack of Cdk5 35S-labeling 

in CP embryos is due to the limitation of in vivo embryo labeling, in which there might 

not be enough proteins being labeled for the short period of time (4 hr), my colleague 

Zhu examined Cdk5 35S-labeling during cell death induced by CHX in COS-7 cells for 18 

hrs. Although Cdk5 protein was found in the Cdk5 immunoprecipitates of both untreated 

and CHX-treated COS-7 cells, he did not detect any de novo Cdk5 synthesis by
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autoradiograph, indicating that Cdk5 is not up-regulated at translational level (Zhu,

2002). Therefore, the up-regulation of Cdk5 is likely to be post-translational 

modification. With this experiment we cannot rule out alteration in stability although this 

is unlikely since this should be reflected by western blot as well.

C. Analysis of Cdk5 up-regulation during cell death at post-transcriptional level

As a kinase, Cdk5 functions by phosphorylating its substrates. Since there is no 

up-regulation at either transcriptional or translational level, to address the possibility o f 

post-translational modification, we examined the kinase activity of Cdk5 in both control 

and CP-treated embryos. After immunoprecipitation of equal amounts of lysates from 

control and CP embryos using Cdk5 antibody, Cdk5 kinase activity was assessed in an in 

vitro assay by detecting the incorporation of P using histone HI as a substrate. We 

found little or no activity in the control embryos (Fig. 8A, left lane). However, the CP 

treated embryos gave substantial kinase activity (Fig. 8A, right lane). Quantification via 

densitometry on kinase activities demonstrated a 3-fold increase in CP-treated mouse 

embryos compared to control ones (Fig. 8B). The detection of the kinase activity is 

indicative o f activation of Cdk5 during cell death and therefore indicates that Cdk5 is up- 

regulated at the post-translational (i.e. kinase) level during cell death. The up-regulation 

of Cdk5 kinase activity has also been observed in COS-7 cells treated with either 

cycloheximide or camptothecin. This work was done in collaboration with Dr. Zhu and 

has been published (Zhu et al, 2002) and is also a part of Zhu’s thesis “The study of the 

role of cyclin-dependent kinase 5 (Cdk5) during cell death” (Zhu, 2002).
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3. Discussion

In this study, we have shown that Cdk5 is not up-regulated at either 

transcriptional or translational level, but at the level o f post-translational kinase activity 

during cell death, in CP-treated mouse embryos. This same finding was also obtained in 

COS-7 cells treated with CHX (Zhu, 2002).

Previously, our lab has demonstrated that in developing mouse limb and brain, 

Cdk5 kinase activity is up-regulated in correlation with cell death (Ahuja et al, 1997). 

Since the increase of this kinase activity may result from the increase at one or more of 

the following levels: transcriptional, translational or post-translational, we started to 

determine the change at each level during cell death.

In this chapter, neither in situ hybridization nor northern blot showed any change 

in Cdk5 mRNA level of CP-treated mouse embryos compared to control embryos. 

Although there was a marked increase in Cdk5 protein expression detected by 

immunohistochemistry in CP-treated embryos, western blot did not find any significant 

change in Cdk5 protein levels between control and treated embryos. The abundant Cdk5 

protein detected by immunohistochemistry could reflect a structural rearrangement that 

enables better antibody recognition in this situation. This can be due to a modification of 

the protein such as phosphorylation or alteration of its localization within the cell during 

cell death.

Studies have shown that p25, the truncated p35, mediates Cdk5 to localize to 

cytosol during cell death, compared to a normal membrane-bound localization when 

associated with p35 in normal situations (Partick et al, 1999). 35S-labeling of de novo
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synthesized proteins indicated that Cdk5 is a very stable protein and is not newly made in 

response to cell death induction. This result is consistent with Zhu’s finding that Cdk5 is 

also not labeled during cell death in COS-7 cells (Zhu, 2002), further indicating there is 

no up-regulation of de novo Cdk5 protein synthesis during cell death. In CP-treated 

embryos, Cdk5 activity was 3 times that of control embryos. Therefore, during CP- 

induced embryonic cell death, the up-regulation of Cdk5 appears to be at the kinase level.

We postulate that Cdk5 is up-regulated at its kinase level during cell death, and 

Cdk5 activity plays a key role in cell death. This has been more and more verified by the 

recent findings of the involvement of Cdk5 activation in neuronal cell death (Lee et al, 

2002; Nath et al, 2000; Fu et al, 2002; Hashiguchi et al, 2002; Patzke & Tsai, 2002). 

However, how Cdk5 activation is regulated during cell death and how this activation fits 

with other cell death signaling pathways have yet to be explained; these questions are the 

main topics o f the following chapters.
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Chapter III. Dependency of regulation of Cdk5 activation on p53 function 

during cell death

A. Analysis of cell death induced by different stimuli in p53+/+ and 

p53-/- cells

B. Analysis o f expression and activation of Cdk5 during cell death in 

p53+/+ and p53-/- systems

C. Analysis of regulation of Cdk5 activation during cell death in 

p53+/+ and p53-/- cells

D. Analysis of kinetics of cell death induction in p53+/+ and p53-/- cells
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1. Objective:

In previous chapters (Chapter I, II), we have shown that Cdk5, a unique member 

of Cdk family, is activated during cell death in different systems, indicating a general 

Cdk5-involved cell death signaling pathway. As illustrated earlier in the Introduction, the 

p53 signaling pathway, a well-known pathway, plays a crucial role in the execution of 

apoptosis (Lowe et al., 1993; Clarke et al., 1993; for review, see Hickman et al, 2002). It 

has been shown that activation of p53 is essential for neuronal apoptosis during brain 

development (Aloyz et al, 1998). Cdk5 activity also plays an important role in both 

neuronal differentiation (Tsai et al, 1993; Nikolic et al, 1996; Fu et al, 2002) and neuronal 

cell death (Patrick et al, 1999; Lee et al, 2000; Nath et al, 2000; Town et al, 2002; Tseng 

et al, 2002). Taken together, it appears that the p53 activity and Cdk5 activity that are 

required during neuron development, may also have some interaction during cell death. 

Since Cdk5 is also involved in non-neuronal cell death as so is p53, the interaction of 

them may also be seen in non-neuronal situation as well. This is the question we would 

address in this chapter.

During cell death, the induction of many p53 target genes can be p53-dependent, 

such as Bid, Puma and Noxa, which were already mentioned in the Introduction and are 

induced in mouse jejunum and ileum during gamma-irradiation-induced cell death (Fei et 

al, 2002). On the other hand, the activation of many other cell death-related genes during 

cell death can be p53-independent. For example, both initiator caspases-2, -8 and -10 

and effector caspases-3, -6 and -7  are activated in the absence of p53 in dying Ewing’s 

sarcoma family tumor cells (ESFT) treated with basic fibroblast growth factor (bFGF, 

Westwood et al, 2002). We therefore asked whether Cdk5 activation is p53-dependent or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

-independent during cell death. Furthermore, as mentioned in the Introduction, studies 

including ours have shown that Cdk5/p25 activation is correlated with cell death involved 

in neurodegeneration (Patrick et al, 1999; Lee et al, 2000; Town et al, 2002; Tseng et al, 

2002), neuronal injury by ischemia (Nath et al, 2000), teratogen-treated developing 

mouse embryos (Zhu et al, 2002), and chemical compound-treated COS-7 cells (Zhu,

2002). It has been further demonstrated that the induction of p25 and the subsequent 

activation of Cdk5 result from calpain activation during neuronal cell death (Patrick et al, 

1999; Lee et al, 2000; Nath et al, 2001). Therefore, we also evaluated the dependency of 

calpain and p25-mediated Cdk5 activation on p53 during cell death.

Taken together, in this section, we used both p53-/- fibroblast cells and p53- 

deficient mouse embryos as model systems, and examined Cdk5 activation and its 

regulation during cell death with regard to p53 function.
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2. Results:

A. Analysis of cell death induced by different stimuli in p53+/+ and p53-/- cells

a. Cell death induction in C8 and A9

To establish a model system in which we could examine the dependency of Cdk5 

activation during cell death on p53, we first had to establish a p53-independent cell death 

model. We started with C8 and A9 cells, which are wild type and p53-/- mouse 

embryonic fibroblast cells oncogenically transformed with both El A and ras, respectively 

(Materials and Methods of Lowe et al, 1993). Insults such as ethanol (EtOH), 

cycloheximide (CHX) and camptothecin (CPT), can induce cell death in a variety of cells 

by interfering with different aspects of a cell’s housekeeping activities. EtOH can 

damage cell membrane resulting in loss of membrane integrity (Rubin & Rottenberg, 

1982). CHX is an inhibitor of protein synthesis (Gong et al, 1993). CPT hampers the 

fimction of DNA topoisomerase I (Morris et al, 2001). We therefore examined whether 

they could also induce cell death in C8 (p53+/+) and A9 (p53-/-) cells.

Both C8 and A9 cells were treated with EtOH (2.5%), CHX (25 pg/ml) or CPT 

(20 pM) for 18 hrs. Levels of cell death were determined by percentage of cells that 

were stained blue using trypan blue exclusion assay (Materials and Methods). As shown 

in Figure 9, both cells showed significant levels of cell death when treated with CHX or 

CPT after 18 hrs. The total cell death in C8 and A9 treated with CHX was 90.3% and 

74.8%, respectively. CPT killed 100% of C8 and 57.7% of A9 cells. EtOH caused 

77.2% cell death in C8 compared to a 17.5% cell death in A9 cells. However, untreated 

control C8 cells also showed 23.5% cell death after 18 hrs incubation, suggesting that C8 

cells were very sensitive to lower serum concentration (1% FBS during treatment),
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whereas untreated control A9 cells were unaffected by the low serum incubation with 

only 5.9% cell death after 18 hrs. We therefore corrected the data by subtracting the 

basal levels of cell death in untreated control C8 and A9 cells. By these calculations, 

CHX killed 66.8% and 68.9% of C8 and A9 cells, respectively. CPT induced 76.5% cell 

death in C8 compared to 51.8% killing in A9. EtOH killed 53.7% of C8 cells but did not 

induce significant (only 11.6%) cell death in A9, indicating a p53-dependent EtOH 

killing in C8. Although CHX and CPT could induced different levels o f cell death in 

p53+/+ and p53-/- cells, they both caused statistically significant cell death. The cell 

death we found in A9 (p53-/-) cells treated with CHX and CPT suggested that this cell 

death is p53-independent. Comparing the levels of cell death induced by CHX or CPT in 

C8 and A9, cells deficient for p53 (A9) seemed to be less susceptible to CPT-induced cell 

death, but CHX did not cause different levels of cell death in C8 and A9 (Fig. 9).

Hence, we have now established a model in which both p5 3-dependent and -  

independent cell death can be induced, we are able to evaluate the nature of this cell 

death and the activation of Cdk5 during this cell death.

b. Apoptotic cell death induced in C8 and A9

All the three cell death inducers used above, EtOH, CHX and CPT, can induce 

either apoptosis or necrosis in different cell lines or in the same cell line under different 

conditions (Blom et al, 1999; Morris et al, 2001; Dalton SR et al, 2003). In order to 

evaluate the nature of cell death induced in C8 and A9, we checked whether the induced 

cell death in C8 and A9 was apoptotic. There are several hallmarks characterizing 

apoptotic cell death, among which fragmented chromatin and intemucleosomal DNA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

fragmentation are the most often used characteristics. To examine fragmented DNA of 

oligonucleosomal lengths, low molecular weight DNA was isolated from C8 and A9 cells 

after the cells were treated with EtOH, CHX or CPT for 18 hrs. Agarose gel 

electrophoresis of DNA samples from treated C8 and A9 showed typical DNA ladders 

representing cleaved DNA fragments of multiples of 180bp, which is the size of 

nucleosome (Fig. 10, lane 2 ,3 ,4 ,6 , and 8). Since EtOH induced only 11.6% cell death 

in A9 cells, there was barely detectable DNA ladder (Fig. 10, lane 7). There was a little 

detectable level of DNA ladder in untreated C8 control cells due to their high sensitivity 

to lower serum media as discussed before (Fig. 10, lane 1). There was no detectable 

DNA ladder in untreated A9 control cells (Fig. 10, lane 5).

We further confirmed the apoptotic nature of induced cell death in C8 and A9 by 

in situ terminal deoxynucleotidyl transferase-mediated d-UTP nick end labeling 

(TUNEL), which represents a more sensitive assay to detect fragmented DNA in 

apoptotic cells. After C8 and A9 cells were treated with CPT (20 pM) for 18 hrs, the 

cells were plated onto a slide and fixed with 3% paraformaldehyde followed by 

examination of DNA fragmentation via TUNEL assay, as described in Materials and 

Methods. In both C8 and A9 cells treated with CPT, fragmented DNA labeled brown by 

TUNEL assay was detected (Fig. 11C & D). There was no positive signal in control cells 

treated with only DMSO (Fig. 11A & B). In addition, nuclear condensation and 

fragmentation as detected by Hoechst staining was also seen in both C8 and A9 treated 

with CPT (Fig 1 IE & F). Similar data were obtained when C8 and A9 were killed by 

EtOH or CHX at different levels (data not shown). Our data therefore showed that both
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C8 and A9 cells could be induced to die by apoptosis upon EtOH, CHX or CPT 

treatment.

Due to the possibility of producing differential results by different cell death 

detection methods based on their specificity, percent cell death has been quantified by 

three different cell death assays, including trypan blue exclusion, TUNEL assay and 

Hoechst staining. All three methods gave comparable levels of cell death in our 

experiments, and we therefore only showed cell death levels measured by trypan blue 

exclusion.

Caspase-3 is a pivotal executioner caspase, whose activation is often used as a 

hallmark of apoptosis. The appearance of some of the classical apoptotic morphologies, 

such as DNA intemucleosomal fragmentation, is attributed to caspase-3 activation (Leist 

& Jaattela, 2001). We therefore asked whether caspase-3 was activated during cell death 

in C8 and A9 cells. From both C8 and A9 cells treated with EtOH, CHX or CPT for 18 

hrs, equal amounts of lysates were run on a 15% SDS-PAGE. The activation of caspase- 

3 was demonstrated by the appearance of the cleaved active form of procaspase-3 at 17 

kDa via western blot analysis using anti-active caspase-3 antibody (Fig. 12A). The 

activation of caspase-3 was further confirmed by examining the cleavage of poly(ADP 

ribose) polymerase (PARP), a substrate of caspase-3. C8 and A9 protein samples were 

separated by 10% SDS-PAGE and analyzed via western blot using anti-PARP antibody. 

The appearance of a band at 85 kDa indicated that PARP was cleaved to its active form 

by caspase-3 when C8 and A9 cells were induced to die (Fig. 12B). The basal level of 

caspase-3 activation in untreated C8 cells (Fig. 12A & B) corresponded with the 23.5% 

cell death due to low serum incubation for the 18 hr treatment (Fig. 9). This observation
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indicated that cell death in both C8 and A9 cells by EtOH, CHX, or CPT activates the 

caspase-3 pathway. Since both cells showed caspase-3 activation, our data also indicated 

that activation of caspase-3 does not require p53 function.

Upon completion of the above observation, we were confident that we have set up 

a model system (C8 and A9 cell lines), in which p53-independent apoptosis can be 

induced by both CHX and CPT. Although our data suggest that EtOH-induced cell death 

is p5 3-dependent, we still used EtOH to induce cell death in C8 cells and evaluated the 

associated Cdk5 activation as a control in some of the following experiments.

B. Analysis of expression and activation of CdkS during cell death in p53+/+ and 

p53-/- systems

a. Expression o f  CdkSprotein during cell death in C8 (p53+/+) and A9 (p53-/- cells)

Having established that apoptotic cell death can be induced in both p53+/+ and 

p53-/- cell model system, we could now ask the relationship between cell death and Cdk5 

expression as well as activity with regard to p53 regulation during cell death. Both C8 

and A9 cells were treated with EtOH, CHX or CPT for 18 hrs. Western blot analysis of 

equal amounts of lysates from C8 and A9 cells showed similar levels of Cdk5 protein 

expressed in both untreated control and treated cells (Fig. 13 A). This is consistent with 

what we have previously demonstrated in a number of other model systems (Ahuja et al, 

1997; Gao et al, 1997; Zhang et al, 1997; Zhu et al, 2002) that the level of Cdk5 protein 

does not change, and it represents a stable protein that is not regulated at protein level 

during cell death. Our data also indicated that the level o f Cdk5 protein expression is not 

affected by p53 status.
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b. Expression and activation o f  CdkS during cell death in wild-type andp53-/~ mouse 

embryos

The independency of Cdk5 protein expression on p53 during cell death was 

further confirmed using p53-/- developing mouse embryos. p53-deficient mice develop 

normally, and are highly susceptible to tumorigenesis leading to an average life span of 

only 5 months (for review, see Donehower, 2002). This suggests that there are no severe 

defects in death pathways in p53-/- developing mouse embryos. In developing mouse 

embryos, at different stages such as ED13.5,14.5 and 15.5 (data for 14.5 and 15.5 not 

shown), TUNEL assay on sections of wild type and p53-/- embryos exhibited significant 

levels of cell death in the brain of both embryos (Fig. 13B, a & b). On an adjacent serial 

slide, immunohistochemistry using anti-active form of caspase-3 antibody also gave 

strong immunoreactivity in the same area o f both embryos (Fig. 13B, c & d), suggesting 

caspase-3 is activated during cell death in both wild type and p53-/- embryos. Similarly, 

the Cdk5 immunoreactivity was detected using anti-Cdk5 antibody in this region of both 

wild type and p53 knockout mouse embryos (Fig. 13B, e & f). Our in vivo data have 

shown an up-regulation of detection of Cdk5 in developmental death in both wild-type 

and p53-/- mice, although there was no change in the level and pattern of Cdk5 

expression between the embryos of the two genotypes (Fig. 13B, e & f). Since this 

increased detection of Cdk5 in dead cells is most likely due to the activated form of 

Cdk5, we could conclude that p53 pathway is not required for Cdk5 activation during cell 

death.

Therefore, the protein expression and activation of Cdk5 during cell death appears
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not to require p53 function as shown by both in vitro and in vivo systems. To more 

specifically confirm this, we further evaluated the activation of Cdk5 kinase during cell 

death in C8 and A9 cells.

c. Activation o f  CdkS during cell death in C8 (pS3+/+) and A9 (p53-/-) cells

Previously, we have demonstrated that Cdk5 is up-regulated at its kinase level in 

cell death (Ahuja et al, 1997; Zhu et al, 2002). We hereby examined the kinase activity 

of Cdk5 during the induced cell death in both C8 and A9 cells. This type of analysis is 

more difficult to conduct using in vivo model system due to low number of dying cells 

diluted by living cells. Cdk5 kinase activity was measured via histone HI kinase assay 

using Cdk5 immunoprecipitates from untreated and treated C8 and A9 cells. When cell 

death was induced in C8 and A9 cells treated with EtOH, CHX, or CPT for 18 hrs, Cdk5 

kinase was activated, shown by the incorporation of 32P into histone HI (Fig. 14A). The 

levels of Cdk5 kinase activity quantified by densitometry (Fig. 14B) corresponded with 

the levels of cell death induced by EtOH, CHX or CPT (Fig. 9). For example, the levels 

of cell death induced by CHX (-66%) and CPT (-77%) were higher than those induced 

by EtOH (54%) in C8 (Fig. 9); correspondingly, Cdk5 activity caused by CHX (110%) or 

CPT (90%) was higher than EtOH-induced Cdk5 activation (60%) (Fig. 14B). There was 

a slight detectable level of Cdk5 activity in untreated C8 cells (Fig. 14A & B), due to 

their susceptibility to death when incubated in low serum media for 18 hrs as discussed 

before (Fig. 9). In A9 cells treated with CHX and CPT, relatively high levels of cell 

death were induced (CHX, 68.9%; CPT, 51.8%), Cdk5 was significantly activated (CHX, 

70%; CPT, 60%; Fig. 14A & B). Since EtOH did not induce significant cell death in A9
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cells (11.6%), there was no detectable level of Cdk5 activity when A9 cells were treated 

with EtOH (Fig. 9; Fig. 14A & B).

Therefore, our data suggested that there is an activation of Cdk5 during apoptosis, 

which is not p53-required. These data further supported what we have shown in Chapters 

I and H, i.e. there is a correlation between Cdk5 kinase activation and cell death induction 

and further indicated that p53 is not required for this correlation.

C. Analysis of regulation of Cdk5 activation during cell death in p53+/+ and p53-/- 

cells

a. Induction o f  p25 during cell death in C8 and A9

Having determined that Cdk5 is activated during cell death in both C8 and A9 

cells, we further evaluated how Cdk5 activation is regulated during cell death in C8 and 

A9. As we have mentioned earlier, Cdk5 is activated by different regulatory proteins, 

such as p35 and p39 during neuronal development (Tsai et al, 1994; Tang et al, 1995), 

and their truncated fragments p25 and p29 involved in neuronal cell death (Patrick et al, 

1999; Lee et al, 2002; Nath et al, 2000; Fu et al, 2002; Hashiguchi et al, 2002; Patzke & 

Tsai, 2002). Our lab has also shown p25 production associated with Cdk5 kinase 

activation during cell death in CP-treated mouse embryos (Zhu et al, 2002) and in COS-7 

cells treated with CHX or CPT (Zhu, 2002). We therefore evaluated levels of p25 

induction and its relationship with Cdk5 activity during cell death in both C8 and A9 

cells.

Protein samples were prepared as in previous experiments from C8 and A9 cells 

treated with EtOH, CHX or CPT for 18 hrs. Western blot showed the appearance of a
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band at 25 kDa position when cell death was induced by different stimuli (EtOH, CHX or 

CPT) in both C8 and A9 (Fig. 15 A). The intensity of the level o f this 25 kDa band was 

given by quantifying three individual blots using densitometry (Fig. 15B), which 

corresponded to the level of Cdk5 activity as measured by the kinase assay using histone 

HI as the in vitro substrate (Fig. 14A & B), as well as the level of cell death (Fig. 9) in 

different treatments. The level of EtOH-induced p25 production in C8 (-10%) was 

sufficiently lower than CHX (-100%) and CPT (-60%) (Fig. 15B), corresponding with 

the much lower Cdk5 kinase activity induced by EtOH (-60%) than triggered by CHX 

(-100%) and CPT (-90%) (Fig. 14B). EtOH barely induced any induction of p25 in A9 

(Fig. 15B), coinciding with the undetectable Cdk5 kinase activity and a low level (11.6%) 

of cell death (Fig. 9; Fig. 14A & B).

To further confirm that the induction of p25 results from p35 cleavage, we 

modified the level of p35 in C8 and A9 cells via retroviral vector carrying either sense or 

anti-sense p35 cDNA, and checked its effect on p25 induction as well as cell death 

induction. Retroviral transfection of C8 and A9 with either sense or anti-sense p35 

constructs gave more than 90% transfection efficiency, indicated by comparing cells that 

fluoresced green due to carrying EGFP-containing constructs (Fig. 16B & D; data for A9 

not shown) with total cells viewed under phase contrast (Fig. 16A & C; data for A9 not 

shown). When C8 and A9 cells were treated with CPT for 18 hrs, cells transfected with 

anti-sense p35 showed less cell death than cells transfected only with empty vector (Fig. 

17A & B, dot bar). The level o f cell death induced by CPT in antisense p35-transfected 

C8 cells was 77% compared to 94% cell death in vector-transfected cells (Fig. 17A). In 

A9, anti-sense p35 transfection reduced CPT killing by 15% (72%-57%; Fig. 17B).
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Accordingly, in both C8 and A9 cells induced to die by CPT for 18 hrs, 

transfection with sense p35 increased cell death levels compared to vector-transfected 

cells (Fig. 17A & B, brick bar). In C8, there was no detectable increase of cell death in 

sense p3 5-transfected cells, which might be due to the already high cell death level (94%) 

in vector-transfected cells (Fig. 17A). In A9, there was a 13% elevation of cell death in 

cells containing sense p35 constructs (Fig. 17B).

Meanwhile, protein samples were obtained from both vector-transfected and anti­

sense or sense p35-transfected C8 and A9 cells treated with CPT for 18 hrs. 

Correspondingly, western blot o f these protein samples showed a decreased level of p25 

induction in anti-sense p35-transfected C8 and A9 cells compared with in vector- 

transfected cells in CPT treatment, indicating a blockage of p35 expression by its anti­

sense cDNA (Fig. 17C & D). Western blot also demonstrated an increased level of p25 

induction in sense p35-transfected C8 and A9 cells likewise, due to the overexpression of 

p35 by its sense cDNA (Fig. 17C & D).

Taken together, our data supported the conclusion that the induction of p25 

resulting from p35 cleavage correlates with Cdk5 activation during cell death, which does 

not require p53 function.

b. Activation o f  calpain during cell death in C8 and A9

Calpain has been documented to cleave p35 to p25, leading to elevated Cdk5 

activation in neuronal cell death (Patrick et al, 1999; Lee et al, 2000; Nath et al, 2000). It 

remains to be evaluated whether calpain activation results in p25 induction during non­

neuronal cell death. Since CP-treated mouse embryo is a well-established system, in
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which Cdk5 activation is correlated with cell death as demonstrated in Chapter I and n, 

we first confirmed that the induction of p25 in non-neuronal cell death is due to calpain 

activation in this system.

Our lab has demonstrated that there was an induction of p25 in CP embryos, but 

not in control embryos, indicating that p25 production is associated with Cdk5 kinase 

activation during cell death in CP embryos (Zhu et al, 2002). We therefore examined 

whether calpain is activated and leads to p25 induction in CP-treated mouse embryos. 

Calpain activation can be determined by the cleavage of its endogenous substrate spectrin 

to form the specific spectrin breakdown products (SBDPs) at 150 kDa and 145 kDa 

(Wang, 2000). Although this antibody can also recognize active caspase-3-cleaved 

products of spectrin, the caspase-3 specific SBDPs are at 150 kDa and 120 kDa (Wang, 

2000), which can be differentiated from calpain SBDPs. Using anti-spectrin antibody, by 

western blot analysis o f proteins from control and CP-treated mouse embryos, we saw a 

dual band at 150 kDa and 145 kDa in CP-treated but not the control embryos, implicating 

calpain activation in CP embryos (Fig. 18B). Therefore, our data indicated a correlation 

between calpain activation and p25 induction as well as Cdk5 activation during CP- 

induced cell death.

After establishing that p25 is induced by calpain activation during non-neuronal 

cell death, we further examined calpain activation and its correlation with p25 induction 

during cell death in CP embryos, as well as its dependency on p53 in C8 and A9 cells.

We also evaluated p25 production upon inhibition o f calpain activity by specific calpain 

inhibitors in C8 and A9 cells, to verify the correlation between calpain activation and p25 

induction during cell death.
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C8 and A9 cells were incubated with different cell death inducers, EtOH, CHX or 

CPT, for 18 hrs. Using anti-spectrin antibody, western blot analysis of C8 and A9 protein 

after cell death induction exhibited a dual band at 150 kDa and 145 kDa, implicating 

calpain activation, in all the different situations leading to cell death (Fig. 19A). 

Furthermore, the level of calpain activation (Fig. 19 A) corresponded to that o f p25 

induction (Fig. 15). To verify that the production of p25 resulted from calpain activation 

during cell death in both C8 and A9, we used two specific calpain inhibitors, calpastatin 

peptide (CS) and PD150606 (PD), to block calpain activation. Calpastatin is an 

endogenous inhibitor of calpain, and PD 150606 is a synthetic inhibitor. Both inhibitors 

have been widely used to block calpain activity in different situations (Eto et al, 1995; 

Wang et al, 1996). In both C8 and A9 cells treated with CPT for 18 hrs, addition of 

either CS or PD eliminated the appearance of p25, in correlation with a reduced level of 

cell death by 20%, compared to cells treated only with CPT (Fig. 19B & C). Upon 

addition of either CS or PD, the dual band indicative of calpain activation disappeared in 

CPT-treated C8 and A9 (Fig. 19D), further confirming that calpain activation was 

blocked by CS or PD. This blockage study has also confirmed that the spectrin antibody- 

detected dual band represents calpain activation but not caspase-3.

Taken together, these results suggested that there exists a correlation between 

calpain-mediated p25 induction and Cdk5 activation during cell death, which does not 

require p53 function.
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D. Analysis of kinetics of cell death induction in p53+/+ and p53-/- cells

a. Kinetic study o f  cell death induced by CPT in C8 and A9 cells

To further confirm the p53-independent cell death and Cdk5 activation in C8 and 

A9, we first examined cell death induced in C8 and A9 at two times after treatment, 8 hr 

and 18 hr. As shown previously, by 18 hr, both CHX and CPT induced more than 60% 

cell death in both C8 and A9, and EtOH caused about 80% cell death in C8 but not in A9 

(Fig. 9). At 8 hr after treatment, only C8 cells displayed significant levels of cell death, 

ranging from 69% EtOH killing to 96% CPT killing with less than 15% cells showing 

trypan blue positive staining in A9 cells (Fig. 20A). Comparing levels of cell death at 8 

hr and 18 hr in A9 cells, the fact that more than 50% of A9 cells died in CHX and CPT 

treatment after 18 hrs suggested that lack of p53 does not prevent cell death but only 

delays the onset and progress of cell death. Among the three death inducers (EtOH, CHX 

and CPT), CPT induced sufficient and differential levels of cell death after 18 hrs in C8 

vs A9 cells (Fig. 10). We therefore evaluated in more detail the kinetics o f CPT-induced 

cell death, as well as activation of caspase-3, Cdk5 and calpain at different times (0, 3,6, 

8, 12,15 and 18 hr) during the 18 hrs treatment in both C8 and A9. As shown in Figure 

21B, by 6 hr, C8 cells started to die at a sufficient level, with trypan blue exclusion assay 

showing a 49% cell death, comparing with only 4% death in A9. From 6 hr to 8 hr, the 

level of cell death in C8 elevated to 97%, whereas only about 10% A9 cells died by 8 hr. 

However, A9 cells started to die from 20% by 12 hr to 40% by 15 hr (Fig. 20B). 

Activation of caspase-3 shown by western blot using anti-active caspase-3 antibody 

indicated that the induction of a caspase-3-dependent cell death has already started at 6 hr 

in C8 (Fig. 2IB). Correspondingly, by 6 hr, there started to appear a strong induction of
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p25 (Fig. 21C) indicative of Cdk5 activation, and dual SBDPs at 150 kDa and 145kDa 

(Fig. 2 ID) implicative of calpain activation in C8. On the other hand, in A9, one must 

wait until 12 hr to detect the appearance of an activation of caspase-3 (Fig. 2 IB), an 

induction o f p25 (Fig. 21C), and activation of calpain implicated by the appearance of 

SBDPs at 150 kDa and 145 kDa (Fig. 2ID). The level of Cdk5 protein during the 18 hr 

period stayed the same in both C8 and A9 (Fig. 21 A, data for 8,15 and 18 hr not shown).

These data suggested that there is a delayed induction of cell death in cells lacking 

p53, corresponding to a delayed activation of caspase-3, Cdk5 and calpain in CPT cell 

killing. The finding that caspase-3 is activated during CPT induced cell death in A9 

cells, further indicated that CPT-induced cell death undergoes a p5 3-independent and 

caspase-3-activated pathway.

b. Kinetic study o f  cell death induced by ultraviolet (UV) in C8 and A9 cells

The above study on kinetics of CPT killing regarding p53 genotypes indicated 

that p53-/- cells are less susceptible to CPT induced cell death. This finding is consistent 

with studies that p53-deficient human fibroblast cells exhibit an enhanced resistance to 

ultraviolet (UV)-induced cell killing (Barley et al, 1998). Due to the fact that both CPT 

and UV are DNA-damaging agents, we examined the kinetics of UV killing in both C8 

and A9 cells to further confirm the delayed onset of cell death in p53-deficient cells and 

the correspondingly delayed activation of Cdk5.

Both C8 and A9 cells were irradiated by 254nm UV (50 J/m2) and cultured in 1% 

serum media afterwards for 18 hrs. At four time points (0, 8,12, and 18 hr), cell death 

levels were measured by trypan blue assay, and protein samples were extracted from C8
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and A9 cell lysates for western blot analysis. As shown in Figure 22, cell death in C8 

cells reached significance by 8 hr after UV irradiation, with 35.2% cells stained blue by 

trypan blue dye. By 12 hr, cell death climbed to 75.4%, and by the end of this 

experiment, 91.8% C8 cells were dead (Fig. 22). In contrast, A9 cell did not start to die 

until after 12 hr with 32.7% of the cells displaying blue staining. Furthermore, A9 cells 

died at a much slower pace than C8, with only 58.4% cell killing by the end of 18 hr (Fig. 

22). Our finding that A9 cells treated with 254 nm UV (50 J/m2) displayed slower death 

kinetics than C8 Cells, was further confirmed by the delayed activation of caspase-3 

during UV killing. Western blot of protein samples from UV-treated C8 and A9 cells 

using active caspase-3 antibody exhibited an activation of caspase-3 at as early as 8 hr in 

C8, and only after 12 hr in A9 (Fig. 23B). Correspondingly, the induction of p25 band 

began at 8 hr in C8, compared with a later appearance at 12 hr in A9, indicating a delayed 

Cdk5 activation (Fig. 23C). As always, Cdk5 protein level stayed the same during this 18 

hr UV treatment, shown by its constant level on western blot (Fig. 23A). Therefore, as in 

CPT killing, A9 cells treated with UV due to lack of p53 showed a significantly 

decreased susceptibility to cell death than C8 cells and exert a correspondingly delayed 

activation of Cdk5.

Taken together the data obtained from the kinetic studies on both CPT and UV 

killing in C8 and A9, lack of p53 delays cell death induction, corresponding to a delayed 

activation of caspase-3, Cdk5 and calpain. This might be due to the fact that p53 is a pro- 

apoptotic factor, and cells lacking p53 have to find different pathways to die when cell 

death is induced. Hence, p53 seems to lower the threshold of the entry and commitment 

to cell death.
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3. Discussion

In our study, cell death inducers, such as CHX, CPT and UV, induced significant 

levels of cell death in C8 and A9 cells after 18 hrs, suggesting that CHX, CPT, or UV- 

mediated cell killing is p53-independent. In this p53-independent cell death, we found 

that Cdk5/p25 activation is mediated by calpain activation. When we further examined 

the kinetics of cell death induced by either CPT or UV, there was a delay in the induction 

and progression of cell death in p53-/- A9 cells. During the progress o f cell death in both 

C8 and A9 cells, the level of cell death correlated with activation o f Cdk5 indicated by 

the induction of p25, and activation of calpain. Therefore, our kinetic study further 

confirms the hypothesis that p53 is not required for the calpain-mediated Cdk5/p25 

activation that is associated with the induction of cell death. Furthermore, the finding 

that EtOH killed only less than 11.6% of A9 cells after 18 hrs compared to a 53.7% 

killing of C8 indicates a p53-dependent EtOH cell killing in these fibroblasts. However, 

the 11.6% of A9 cells that were eventually killed by EtOH died through a p53- 

independent pathway since A9 cells are p53-deficient. These findings suggest that 

different cell death inducers have different p53 dependency and elicit different pathways 

leading to cell death. However, no matter whether the cell death is p53-dependent or not, 

Cdk5/p25 activation associates with the induction of cell death, and this activation and 

generation of p25 are coincident with the activation of calpain. Furthermore, blockage of 

calpain using the two calpain inhibitors, CS or PD, prevented activation of Cdk5, and 

reduced the level of cell death by 20%. Therefore, there appears to be a direct correlation 

between the induction of cell death and activation of Cdk5/p25 in this system. This
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confirms that calpain-mediated Cdk5/p25 activation also plays an important role in non­

neuronal cell death. The consistent level of Cdk5 protein in C8 and A9 cells either 

untreated or treated with different stimuli and at different times during the kinetic study 

supports the argument that Cdk5 is a relatively stable protein and its activation during cell 

death is not regulated at the protein level, as we have previously stated (Zhu et al, 2002).

The fact that we only had 20% but not 100% cell death recovery when calpain- 

mediated Cdk5/p25 activity was blocked by calpain inhibitors suggests a Cdk5- 

independent cell death pathway; alternatively p25 may not be the only activator o f Cdk5 

during cell death, further indicating that cell death can take different signaling pathways, 

eventually leading to cell death through one way or the other after cell death is 

committed. One example of the existence of the Cdk5-independent pathway is the 

observation that neurons from Cdk5 knockout mice can die via apoptosis (Li et al, 2002).

Recently, Zhang and colleagues found that in apoptotic differentiated PC 12 cells 

p53 level increases concomitantly with levels of Cdk5, and increased Cdk5 activity 

significantly elevates p53 transcriptional activity, and message and protein levels of p53 

as well as the p53-responsive genes, such as p21 and Bax (Zhang et al, 2002). Synthetic 

p53 has been shown to be subject to Cdk5 phosphorylation (Zhang et al, 2002). 

Furthermore based on our finding that Cdk5 activation during cell death is p53- 

independent, but cells containing p53 gene are more sensitive to death, we hypothesize 

that Cdk5 kinase can work through p53 by phosphorylating p53 to trigger downstream 

events when cell death is induced. We are now working to see whether p53 is a direct 

substrate o f Cdk5 during cell death in our systems, such as C8 cells. In the experiment, 

we will treat C8 cells with CPT with or without the calpain inhibitors as used before in
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the presence o f 32yP-ATP for 18 hrs, since CPT induces significant levels of Cdk5 

activation in correlation with cell death and calpain inhibition abolishes this activation of 

Cdk5. The labeled p53 will be detected by autoradiograph of the p53 immunoprecipitates 

from different C8 lysates. We will then compare the levels o f phosphate-labeled p53 

between when Cdk5 is activated and when Cdk5 activation is inhibited by calpain 

inhibitors in C8 cells treated with CPT. If the level o f p53 phosphorylation is 

significantly higher when Cdk5 is activated, we will be able to conclude that p53 is a 

substrate o f Cdk5 during cell death. This will shed light in more detail on the 

interdependency between Cdk5 and p53 pathways during cell death.

Developing brain of wild-type and p53-/- mice also exhibited an activation of 

caspase-3 during developmental cell death, indicating a p53-independent but caspase-3- 

mediated cell death involved in mouse brain development. This confirmed the important 

role of caspase-3 activation during development, which has been demonstrated by the 

fact that mice lacking caspase-3 have massive brain deformities and die embryonically 

(Kuida et al, 1996). This importance of caspase-3 activity in development further led us 

to study the dependency of Cdk5 activation on caspase-3 activation during cell death, 

which will be discussed in Chapter IV.
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Chapter IV. Dependency of Cdk5 activation on caspase activity during cell death

A. Dependency of Cdk5 activation on Apaf-1 and caspase-9 activity 

during cell death

B. Dependency of Cdk5 activation on caspase-3 activity during cell death

C. Dependency of Cdk5 activation on caspase cascade during cell death
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1. Objective:

As discussed in the Introduction, proteases are important components of cell death 

machinery, and proteolytic cleavages play a key role in cell death. Caspases are among 

the most important and most widely studied proteases involved in cell death. Although 

different signaling pathways are achieved in response to different stimuli, they always 

converge to a common mechanism leading to the cell’s demise, by activation of caspases. 

Activation of caspases mediates two major cell death pathways: extrinsic and intrinsic.

In the extrinsic pathway, the association of death factors to their ligands initiates 

activation of caspase-8, followed by caspase-3, -6 or -7  activation (Juo et al, 1998). 

Formation of Apaf-1/cytochrome c apoptosome, and activation o f caspase-9 and -3, -6 or 

-7  are involved in the intrinsic pathway (Slee et al, 1999; Zou et al, 1999; Jiang et al,

2003).

As discussed in the Introduction, the defects displayed in different caspase 

knockout mouse models indicate that many major caspases, including caspases-3,9 and 

caspase-activating factor Apaf-1, play an essential role in neuronal development (Colussi 

& Kumar, 1999). Cdk5 activation has also been shown to play a key part in neuronal 

development (Tsai et al, 1993; Nikolic et al, 1996; Fu et al, 2002) and neuronal cell death 

(Patrick et al, 1999; Lee et al, 2000; Nath et al, 2000; Town et al, 2002; Tseng et al, 

2002). However, the relationship between Cdk5 activation and caspase cascade during 

cell death has yet to be revealed.

In this chapter, we examine whether activation of caspases is required for Cdk5 

activation during cell death. To evaluate the dependency of Cdk5 on different caspases, 

such as caspase-3, -9, and Apaf-1, due to their important roles in the caspase cascade, we
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used caspase-3- and Apaf-1-deficient cells and embryos, as well as caspase-9 null cells. 

Finally, to further confirm the independency of Cdk5 activation on the caspase cascade 

during cell death, we inhibited the activation of different caspases in C8 using zVAD and 

evaluated the activation of Cdk5.
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2. Results:

A. Dependency of CdkS activation on Apaf-1 and caspase-9 function during cell 

death

Mitochondria-mediated cell death pathway is considered to be the intrinsic 

signaling pathway. In this process, cytochrome c is released upon mitochondrial 

permeablization transition (MPT) during apoptosis, and initiates dATP-dependent 

oligomerization o f Apaf-1 leading to formation of a large multimeric Apaf-1 /cytochrome 

c apoptosome. The apoptosome is sufficient to recruit and activate procaspase-9. Once 

activated, caspase-9 disassociates from the apoptosome and becomes available to cleave 

and activate downstream executioner caspases, such as caspase-3 (Zou et al, 1999).

Since Apaf-1 and caspase-9 are two major players in the intrinsic caspase cascade, we 

examined whether Cdk5 activation during cell death is Apaf-1- and caspase-9-dependent 

or -independent. We used both in vivo developing mouse embryo and in vitro cell line 

model systems.

a. Dependency o f  Cdk5 activation on Apaf-1 function during cell death

As mentioned in the Introduction, the brain development in Apaf-1-deficient mice 

is profoundly affected, exhibiting a variety of hyperplasias and a lower incidence of 

apoptotic cells in their hindbrains compared to wild type mice. Apaf-1 knockout mice 

also exhibit delayed interdigital mesenchymal cell death and alterations in the 

development of lens and retina (Colussi and Kumar, 1999). We conducted TUNEL assay 

and immunohistochemistry to examine cell death and Cdk5 protein expression on 

developing Apaf-1 null mouse embryos of ED12.5,13.5 and 15.5. Since the three
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different developing stages gave similar level o f cell death and Cdk5 protein expression, 

we showed only the results from ED13.5 embryos. In ED13.5 Apaf-1 knockout mouse 

embryos, many cells in the periphery of the liver were stained brown by TUNEL assay, 

indicating that these cells contained fragmented DNA and were undergoing apoptosis 

(Fig. 24A, black arrows). Immunohistochemistry using Cdk5 antibody exhibited many 

cells expressing Cdk5 protein in an adjacent section of the same region (Fig. 24B, black 

arrows). Furthermore, we saw an increased detection of Cdk5 protein expression due to 

the active form of Cdk5 in cells giving positive TUNEL labeling in both embryos (Fig. 

24A & B). Therefore, Cdk5 appeared to be activated in dying cells in Apaf-1 knockout 

mouse embryos.

To more specifically evaluate whether Apaf-1 is required for Cdk5 activation 

during cell death, we used Apaf-1-/- cells. Primary mouse embryonic fibroblast cells 

lacking Apaf-1 and wild type cells were kind gift from Dr. Lowe (CSHL; Materials and 

Methods). Both cells were treated with CHX (25 pg/ml) or CPT (20 pM) for 45 hrs. By 

24 hrs post-treatment, we examined the level of cell death, and did not see any obvious 

cell death in both Apaf-1-/- and wild-type cells. However, by 45 hrs after treatment,

CHX induced 40% cell death in wild type cells and 17% death in Apaf-1-/- cells. CPT 

induced 45% death in wild type and only 20% cell death in Apaf-1-/- cells (Fig. 25A). 

This indicated that Apaf-1-deficient cells are more resistant to cell death, corresponding 

to that Apaf-1 is an apoptogenic factor. This is also consistent with the finding that Apaf- 

1 null fibroblast cells are relatively resistant to apoptotic insults, such as tamoxifen (Rao 

et al, 2002).
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Protein samples were obtained from wild-type and Apaf-1-/- cells treated with 

CHX and CPT for 45 hrs. Western blot o f equal amounts of protein samples from both 

wild-type and Apaf-1-/- cells using Cdk5 antibody showed there was no change in the 

level of Cdk5 protein in both cells before or after the induction of cell death (Fig. 25B). 

However, western blot o f the same protein samples as above using p35 antibody 

exhibited the appearance of p25 induction in both cells induced to die by CHX and CPT 

(Fig. 25C). Since p25 induction is an indicator of the activation of Cdk5 during cell 

death as presented earlier (Zhu et al, 2002; Zhu, 2002), this also indicated that Cdk5 is 

activated in both wild-type and Apaf-1-/- cells induced to die by CHX and CPT. 

Additionally, the level o f p25 induction, which correlates with the level of Cdk5 activity, 

paralleled to that o f cell death (Fig. 25 A & C). Taken together, our data showed that the 

activation o f Cdk5 during cell death does not require Apaf-1.

b. Dependency o f  CdkS activation on caspase-9 activity during cell death

Deletion o f caspase-9 in mice yields a phenotype essentially identical to that of 

Apaf-1 null mice, displaying profound defects in the developing brain (Hakem et al, 

1998). Since the activation of caspase-9 depends on the functional cytochrome c/Apaf-1 

apoptosome, the independency of Cdk5 activation on Apaf-1 function during cell death 

as demonstrated above may suggest that Cdk5 activation during cell death is also 

caspase-9-independent. To examine this hypothesis, we used caspase-9 knockout cells. 

Both wild type and caspase-9 -/- primary mouse embryonic fibroblast cells were kind gift 

from Dr. Lowe (CSHL; Materials and Methods). Both cells were treated with CHX (25 

pg/ml) or CPT (20 pM) for 24 hrs and the level o f cell death was determined by trypan
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blue exclusion assay. 24 hrs after treatment, CHX induced 88% and 46% cell death in 

wild-type and caspase-9 knockout cells, respectively. CPT killed 65% wild-type and 

50% caspase-9 -/- cells (Fig. 26A). Therefore, cells lacking caspase-9 seemed to be more 

resistant to cell death induction, which may be due to the fact that caspase-9 is a pro- 

apoptotic factor. This is also consistent with the finding that the dominant negative 

caspase 9 expressing ovarian cancer PA1 cells are resistant to chemotherapeutic agent 

killing (Wu & Ding, 2002). Protein samples were obtained from both cells after different 

treatments as mentioned in Materials and Methods. Western blot of these protein 

samples using Cdk5 antibody displayed a constant level of Cdk5 protein in both wild type 

and caspase-9 -/- cells with or without cell death induction (Fig. 26B). However, western 

blot using p35 antibody showed an induction of p25 when cell death was induced by 

either CHX or CPT in both cells (Fig. 26C), which is indicative of the activation of Cdk5 

during cell death (Zhu et al, 2002; Zhu, 2002). Furthermore, the level of the p25 

induction (Fig. 26C) corresponded with that of cell death measured by trypan blue 

exclusion (Fig. 26A) in both wild-type and caspase-9-/- cells. The above data suggested 

that Cdk5 is activated during cell death, which is caspase-9-independent.

Therefore, taken together, our data suggest that the activation of Cdk5 during cell 

death does not require Apaf-1-and caspase-9.

B. Dependency of Cdk5 activation on caspase-3 activity during cell death

The activation of caspase-3 is generally a downstream event in cell death 

signaling transduction, which can be achieved either by caspase 9 or by caspase 8. As 

discussed in the Introduction, caspase-3 plays an indispensable role in brain development,
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and caspase-3 knockout mice die just before or upon birth exhibiting a variety of 

hyperplasias and disorganized cell deployment in the cerebral cortex, the hippocampus, 

and the striatum (Kuido et al, 1996). It has also been shown that Cdk5 is crucial in 

neurodevelopment. Mice lacking Cdk5 die perinatally, with significant defects of neurite 

outgrowth, neuronal migration, axonal guidance, and lamination (Ohshima et al, 1996). 

The fact that both caspase-3 pathway and Cdk5 activation play important roles in 

neuronal development prompted us to evaluate the interdependence of Cdk5 and caspase- 

3 activation during cell death. Since caspase-3 is downstream of caspase-9, the 

independency of Cdk5 activation on caspase-9 does not necessarily mean that Cdk5 

activation is caspase-3-independent. We therefore asked whether Cdk5 activation during 

cell death is caspase-3-dependent or -independent.

We started by examining the relationship between Cdk5 activation and caspase-3 

activity in caspase-3-deficient mouse embryos. Embryonic day (ED) 13.5 caspase-3 null 

mouse embryos were fixed and sectioned as described in Materials and Methods.

TUNEL assay and immunohistochemistry were conducted on near serial sections. 

TUNEL assay showed cells with brown staining in the olfactory lobe of brain, indicating 

dead cells with fragmented DNA (Fig. 27A, black arrows). This suggested that some 

neurons die in a caspase-3-independent manner. Immunohistochemistry using Cdk5 

antibody exhibited the expression of Cdk5 protein in many cells in the same brain area on 

an adjacent section (Fig. 27B, black arrows), indicating a caspase-3-independent Cdk5 

expression in neurons. There seemed to be an increased detection of Cdk5 protein 

expression in dying cells (Fig. 27B, black arrows). This is due to the production of the 

active form of Cdk5 protein during cell death, which is more easily recognized by the
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antibody as discussed in Chapter n. These data suggested that Cdk5 is activated during 

cell death in a caspase-3-independent manner.

To more specifically confirm that Cdk5 is activated during cell death under 

caspase-3 null condition, we used caspase-3 -/- primary mouse embryonic fibroblast 

cells. Both wild-type and caspase-3 null primary mouse embryonic fibroblast cells were 

gift from Dr. Lowe (CSHL; Materials and Methods). Two chemicals, CHX (25 pg/ml) 

and CPT (20 pM), were used to induce cell death in wild-type and caspase-3-/- cells. 24 

hrs after treatment, trypan blue cell death assay showed 27% and 35% of caspase-3 -/- 

cells were killed by CHX and CPT, respectively, in contrast with an 87% cell killing by 

CHX and 63% by CPT in wild-type cells (Fig. 28). This finding is consistent with the 

pro-apoptotic property of caspase-3, and further suggested that cells lacking caspase-3 are 

less susceptible to cell death induced by CHX and CPT. However, the cell death that was 

induced in caspase-3-/- cells represented a caspase-3-independent mode of cell death.

Having established this model system in which caspase-3-independent cell death 

can be induced, we asked whether Cdk5 is expressed and activated in caspase-3 -/- cells 

during cell death induction. Cell lysates from both wild-type and caspase-3 knockout 

cells treated with either CHX or CPT for 24 hrs were equally loaded on SDS-PAGE and 

assayed by western blot analysis using Cdk5 antibody (Fig. 29A) and anti-p25 antibody 

(Fig. 29B). There was no detectable change in the level of Cdk5 protein between wild- 

type and caspase-3 -/- cells with or without cell death induction (Fig. 29A). However, 

p25 was induced in both wild-type and caspase-3 -/- cells induced to die by either CHX 

or CPT (Fig. 29B). To further verify that Cdk5 was activated during cell death induced 

in caspase-3 -/- cells, we performed Cdk5 kinase assay using histone HI as an in vitro

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

substrate. The bands at 33 kDa given by phosphorylated histone HI indicated activation 

of Cdk5 in both wild-type and caspase-3 -/- cells induced to die by CHX and CPT (Fig. 

29C). The intensity of the phosphorylated histone HI bands corresponded to that of p25 

and induced cell death. This suggested that caspase-3 is not required for the p25- 

mediated Cdk5 activation during cell death.

C. Dependency of Cdk5 activation on caspase cascade during cell death

Data from the previous sections A and B suggest that Cdk5 can be activated 

during cell death in an Apaf-1-, caspase-9- and caspase-3-independent manner. Since 

Apaf-1, caspase-9 and -3  are the most important components of caspase cascade during 

cell death, these data also indicate that Cdk5 activation is likely to be caspase cascade- 

independent during cell death. We therefore evaluated the activation of Cdk5 during cell 

death when caspases are inhibited.

Previously, we have found cell death-associated Cdk5 activation in C8 cells, we 

therefore inhibited caspases activity in C8 cells to see whether Cdk5 activation was 

altered during cell death. C8 cells were treated with 20 pM of CPT in the presence or 

absence of 50 pM of zVAD-fmk for 18 hrs. zVAD-FMK (Z-Val-Ala-Asp(OMe)-CH2F) 

is a highly specific, cell-permeable inhibitor of caspases, including caspases-1, -3, -4 and 

-7, and it prevents the processing of caspase-3 to its active form (17 kDa; Thomberry & 

Lazebnik, 1998). Trypan blue assay showed that zVAD protected C8 cells from CPT 

killing to some degree (Fig. 30). The level of cell death dropped from 97% when zVAD 

was not added to 71% in the presence of zVAD (Fig. 30). zVAD by itself did not cause 

cell death (17%) compared to control cells without either CPT or zVAD (18%) (Fig. 30).
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Protein samples were obtained from C8 after different treatments and subjected to 

western blot analysis using different antibodies. Western blot analysis of the protein 

samples using active-caspase-3 antibody showed an induction of a 17-kDa band when C8 

cells were treated with CPT only. This 17-kDa band represents the active form of 

caspase-3 resulting from cleavage of pro-caspase-3, indicating the activation of caspase-3 

during cell death. On the other hand, the absence of this band suggested that caspase-3 

activation was blocked by zVAD when C8 cells were coincubatcd with CPT and zVAD 

(Fig. 3IB). Since caspase-3 is a downstream caspase that is activated by upstream 

caspases, such as caspase-9 or -8 , inhibition of caspase-3 by zVAD indicated the 

blockage of different caspases.

After establishing that caspases were inhibited by zVAD in C8 treated with CPT, 

we examined the activation of Cdk5 in this cell death situation. Western blot analysis of 

the C8 proteins using p35 antibody showed an induction of p25 in C8 treated with CPT in 

the absence or presence of zVAD, indicating that Cdk5 is still activated even when 

different caspases were inhibited during cell death (Fig. 31C). Furthermore, the level of 

p25 induction, which represents the level of Cdk5 activation, corresponded to that of 

induced cell death. For instance, there was a decrease of p25 induction when C8 cells 

were treated with CPT and zVAD compared with CPT only treatment (Fig. 31C), which 

coincided with a 26% (97% CPT only; 71% CPT + zVAD) drop of cell death when 

zVAD was coincubated with CPT (Fig. 30). In the contrary, the level of Cdk5 protein 

expression shown by western blot stayed the same regardless of the different treatments 

(Fig. 30B).
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These data supported the hypothesis that the caspase cascade is not required for 

Cdk5 activation during cell death.
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3. Discussion

In this study, CHX and CPT both induced cell death in Apaf-1-/-, caspase-9-/- and 

caspase-3-/- cells, which represents an Apaf-1-independent, a caspase-9-independent and 

a caspase-3-independent cell death, respectively. In addition, CPT-induced cell death in 

Apaf-1-/-, caspase-9-/- and caspase-3-/- as well as in C8 when zVAD was added suggests 

a caspases-independent cell death. That Cdk5 is activated in these cell deaths, on one 

hand indicates that Cdk5 activation during cell death does not require Apaf-1-, caspase-9- 

and caspase-3 as well as the caspase cascade; and further supports the hypothesis of a 

general correlation between Cdk5 activation and cell death in different situations 

including different modes of cell death. Since caspases activity is necessary for the 

classical apoptotic morphologies such as intemucleosomal DNA fragmentation (Leist & 

Jaatela, 2001), the Apaf-1-, caspase-9, caspase-3- and caspase cascade-independent cell 

death may represent a non-apoptotic mode of cell death. If so, we have demonstrated a 

correlation between Cdk5 activation and both apoptotic and non-apoptotic cell death. To 

more specifically evaluate the nature of these cell deaths, we are currently determining 

the intemucleosomal DNA fragmentation, in situ DNA fragmentation and chromatin 

fragmentation in Apaf-1-/-, caspase-9-/-, and caspase-3-/- cells as well as C8 incubated 

with zVAD via agarose gel, TUNEL assay and Hoechst staining.

The independency of Cdk5 activation during cell death on caspases may also 

indicate that Cdk5 activation either is upstream of caspases activation or parallels to the 

caspase cascade. Sandal et al have found that Cdk5 activation is located upstream of 

caspase-3 activation and Cdk5 activity is needed for cleavage o f pro-enzyme caspase-3 to
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its active form (17 kDa), in cAMP-induced apoptosis in rat leukemia cells (Sandal et al, 

2002). In addition, Cdk5-/- mice embryos develop normally until embryonic day (ED) 

16.5, and reveal lesions and disruption in neuronal layering of many brain structures, 

including the cerebral cortex, hippocampus, cerebellum and olfactory bulb by EDI 8.5 

(Oshima et al, 1996; 1999; Gilmore et al, 1998). However, by ED 12, the brain 

development is already profoundly affected in caspase-3 null mice, displaying a variety 

of hyperplasias and a deployment of cell masses between the cerebral cortex, 

hippocampus and striatum due to loss of cell death (Kuida et al, 1996). The more severe 

defects at earlier developmental stages in caspase-3-/- mice indicate that Cdk5 activation 

may be upstream of or parallel to caspase-3 activation during normal neuronal 

development.

In contrast, Li et al’s study has shown that there is caspase-3 activation during cell 

death in the brain of Cdk5 null mouse embryos (Li et al, 2002), which represents Cdk5- 

independent caspase-3 activation in neuronal cell death. Our finding has demonstrated 

that Cdk5 activation during cell death is caspase-3-independent. Therefore, these data 

together suggest that Cdk5 activation and caspase-3 activation may be independent of 

each other in neuronal cell death.

To evaluate whether Cdk5 activation is upstream of caspases and affects caspases 

activation or Cdk5 activation is irrelevant to caspases activation in our systems (such as 

C8), we will inhibit Cdk5 activation using either DN-Cdk5 or Cdk5 inhibitor roscovitine 

to see whether the activation of caspase-9 and -3  during cell death is altered or not. The 

finding will shed more light on the interdependence between Cdk5 activation and caspase 

cascade during cell death.
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CONCLUSION
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Conclusion

Previous findings from our lab and other groups have shown that Cdk5 activation 

is associated with apoptosis during development (Nikolic et al, 1996; Ahuja et al, 1997; 

Gao et al, 1997; Philpott et al, 1997; Pigino et al, 1997,1998; Zhang et al, 1997; Musa et 

al, 1998,2000; Session et al, 2001), in adult homeostatic maintenance of various tissues 

(Zhang et al, 1997; Lilja et al, 2001), and in neuronal cell death involved in 

neurodegeneration and neuronal injuries (Patrick et al, 1999, 2001; Lee et al, 2000; Nath 

et al, 2000; Bu et al, 2002; Hashiguchi et al, 2002; Kusadawa et al, 2002; Sisodiya et al, 

2002). Furthermore, it has been shown that Cdk5 is activated by calpain-mediated p25 

production during neuronal cell death (Lee et al, 2000; Nath et al, 2000).

In the study presented in this thesis, we first expanded the correlation between 

Cdk5 activation and cell death to a broader spectrum of systems, ranging from different 

pathological situations, including rat lungs suffering from Streptococcus pneumoniae 

type 25-caused pneumonia, mouse limbs infected with Leismania major, preterm lamb 

lungs after liquid or gas ventilation, and cyclophosphamide (CP)-treated mouse embryos, 

to different modes of cell death, including p53-, Apaf-1-, caspase-9, and caspase-3- 

independent cell death. Secondly, we further confirmed that Cdk5 is the only Cdk whose 

activation is associated with cell death, unlike other Cdks that are master regulators of 

cell cycle progression. Thirdly, we have demonstrated that Cdk5 is up-regulated at the 

post-translational level (kinase activity) during cell death. We next illustrated that Cdk5 

activation during cell death is p53-independent, and apoptosome/caspase-9/caspase-3- 

independent, as well as likely to be caspase cascade-independent. Lastly, we have shown
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that Cdk5 is activated by truncated p25 through calpain activation in non-neuronal cell 

death.

Having established that Cdk5 is activated in a variety of systems where cell death 

occurs, we can conclude that there is a general correlation between Cdk5 activation and 

cell death.

Given the fact that Cdk5 activation does not require p53, Apaf-1, caspase-9, -3 

and possibly other caspases during cell death, it seems that Cdk5 activation overrides 

different cell death signaling pathways during cell death, and may be a downstream part 

of a general signaling pathway that leads to a variety of types of cell death.

In our study, we demonstrate that Cdk5 is activated by p25 and p25 results from 

p35 cleavage by calpain activation during non-neuronal cell death. Taken together with 

the Cdk5/p25 involvement in neuronal cell death shown by other groups, this finding 

suggests a general regulation of Cdk5 activity, which is calpain-mediated Cdk5/p25 

activation in different types of cell death.

It has been shown that Cdk5/p35 can phosphorylate neurofilament proteins (Lee 

& Cleveland, 1996) and actin (Humbert et al, 2000a) during development. Furthermore, 

the microtubule-associated tau protein is the main substrate of Cdk5 kinase in 

pathogenesis of Alzheimer’s disease (Alvarez et al, 1999). Therefore, we postulate a 

model of the correlation between Cdk5 activation and cell death: in various situations 

where cell death is triggered, either through p53-dependent or -independent, Apaf-1- 

dependent or not, caspases-dependent or -independent pathway, Cdk5 is activated 

through calpain-mediated p25 induction from p35 cleavage. Cdk5 activation causes the
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phosphorylation of its substrates, possibly cytoskeletal components, leading to 

disassembly of the cellular cytoskeleton, which results in cell death (Diagram 2).

Diagram 2. The regulation of CdkS activation during cell death.
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The above model is just one possibility about how Cdk5 activation mediates cell 

death. Since Cdk5 plays a key role in neuronal cell death, where reactive oxygen species 

(ROS) produced by the mitochondria is always involved (for review, see Fleury et al, 

2002), we ask whether there is any interaction between Cdk5 activation and 

mitochondrial-mediated cell death pathway. In view of the general correlation between 

Cdk5 activation and cell death, we also ask whether calpain activation is the only 

upstream event that activates Cdk5 during cell death.
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Figure 1. Colocalization of TUNEL-positivity and Cdk5 expression in rat lung

tissues at 4 d after Streptococcus pneumoniae type 25 infection.

S. pneumoniae type 25 (~5 x 106 cfu) were introduced into Wistar rats as described in

Materials and Methods. Near serial sections were prepared.

A. TUNEL assay using fluorescein isothiocyanate (FITC)-conjugated antibody exhibited 

fragmented DNA in dying cells (green). 100X.

B. Cdk5 expression was detected with a Cy3-conjugated anti-Cdk5 antibody in cells 

expressing Cdk5 protein (red). 100X.

C. Composite using confocal microscopy showed the colocalization of Cdk5 expression 

and TUNEL positivity (yellow), indicating Cdk5 is expressed in dying cells. 100X
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Figure 2. Cell death and CdkS expression in mouse draining lymph node after 

infection with 5 x 106 Lm promastigotes.

Near serial sections were prepared as described in Materials and Methods.

A & B. TUNEL assay using peroxidase-conjugated antibody and DAB as substrate, 

showed dying cells with fragmented DNA. A, 100X; B, 400X.

C & D. Cdk5 expression detected by immunohistochemistry using anti-Cdk5 antibody, 

displayed Cdk5-positive cells in the same area as in A& B on a near serial slide. C, 

100X; D, 400X.
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Figure 3. Cell death and Cdk5 expression in ventilated (GV and LV) lungs.

Preterm lambs of 120 gestation day received either GV or LV as described in Materials 

and Methods. Near serial sections were prepared.

A & B. Fluorescent TUNEL assay using FITC-conjugated antibody was performed on 

sections of lamb lungs ventilated for 4 d with either GV (A) or LV (B), exhibiting dying 

cells with fragmented DNA. Scale bars: 50 pm. 100X.

C & D. Cdk5 expression was characterized by immunohistochemical staining with anti- 

Cdk5 antibody in GV (C) and LV (D) lungs. Scale bars: 20 pm. 400X.
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Figure 4. Cell death and CdkS expression in CP-treated mouse embryos by TUNEL 

assay and immunohistochemistry, respectively.

Pregnant female mice were injected with CP at gestation day 9.5, and embryos were 

removed 24 hrs later as described in Materials and Methods. Near serial sections were 

prepared.

A & B. DNA fragmentation by TUNEL assay showed many cells with fragmented DNA 

in CP embryos. A, 100X; B, 400X.

C & D. On the next serial section, many cells expressing Cdk5 protein were labeled by 

Cdk5 antibody. C, 100X; D, 400X.
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Figure 5. Cdk5 is the only Cdk whose expression is associated with cell death in CP- 

treated embryos.

The preparation was as in Figure 4. Near serial slides were exposed to different Cdk 

antibodies, Cdk2 (A), Cdk3 (B), Cdk4 (C), Cdk5 (D), and Cdk6 (E). While there were 

many cells labeled Cdk5 antibody, as indicated by the arrows in (D), there was no 

labeling by Cdk3, 4 and 6 antibodies (B, C, and E). Although Cdk2 antibody labeled 

some cells (A) this label was confined to proliferating cells (A, white arrows) but not 

dying cells (A, black arrows). 400X.
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Figure 6. CP treatment causes no change in CdkS mRNA level.

A. Northern blot probed with 32P-labeled Cdk5 RNA probe demonstrated an equal 

amount of Cdk5 mRNA in control (left, C) and CP (right, CP) embryos.

B. In situ hybridization with 35S-labeled Cdk5 RNA antisense probe demonstrated that 

expression of Cdk5 mRNA is not confined to dying cells in control (a) and CP (b) 

embryos. lOOx
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Figure 7. CP treatment causes no significant change in Cdk5 protein level detected

by western blot. The up-regulation of Cdk5 in CP-treated embryos is not due to de

novo Cdk5 protein synthesis.

A. Autoradiograph of total 35S-methionine, cysteine incorporation in control and CP 

embryos for 4 hrs. Equal amounts of lysates from control and CP embryos were run 

on SDS-PAGE and blotted onto a nitrocellulose membrane, which was exposed to a 

film. The appearance of many bands indicated that many different proteins were 

labeled during the incorporation time in both control and CP embryos.

B. Immunoblot of equal amounts of lysates from control and CP embryos exposed to 

Cdk5 antibody. There was no change in the level of Cdk5 protein in CP embryos.

C. Autoradiograph of Cdk5 immunoprecipitated labeled proteins. Equal amounts of 35S- 

labeled lysates from control and CP embryos were incubated with Cdk5 antibody for

1 hr, and the immunoprecipitates were run on SDS-PAGE and autoradiographed. The 

gel showed no radioactive signal, indicating no Cdk5 protein was synthesized during 

the 4 hr labeling time.

D. Western blot of the same Cdk5 immunoprecipitates as in C using Cdk5 antibody 

showed the presence of Cdk5 protein in the immunoprecipitates. The upper band 

(single arrow) was IgG. Cdk5 (double arrows) level was unchanged. In the above 

experiments, 12.5% acrylamide gel was used.
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Figure 8. CP treatment causes a dramatic increase in Cdk5 kinase activity.

A. Histone HI kinase activity in the Cdk5 immunoprecipitates from control and CP 

embryos. Cdk5 kinase activity of CP embryos rose substantially from undetectable 

level in control ones. 12.5% acrylamide gel was used.

B. Levels of Cdk5 kinase activity in control and CP embryos. There was a three-fold 

increase in Cdk5 kinase activity in CP embryos. The error bars represent the standard 

deviation from three trials of histone HI kinase assay quantified by densitometry.
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Figure 9. Cell death is induced in C8 (p53+/+) and A9 (p53-/-) cells by different 

stimuli.

Equal number of cells were plated in growth media 24 hrs before treatment and switched 

to media supplemented with 1% FBS for treatment. Cells were incubated with different 

death inducers, including ethanol (EtOH, 2.5%), cycloheximide (CHX, 25 pg/ml), and 

camptothecin (CPT, 20 pM), for 18 hrs. Levels of cell death were determined by trypan 

blue exclusion. A9 cells lacking p53 were more resistant to cell killing. The levels of 

cell death result from at least five independent trials o f experiment, and error bars 

represent the standard deviation.
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Figure 10. DNA ladder on agarose gel demonstrates that cell death induced in C8 

and A9 is apoptotic.

C8 and A9 cells were incubated in 1% FBS media in the absence or presence of different 

insults, including EtOH, CHX and CPT, for 18 hrs. Low molecular weight DNA samples 

were isolated form C8 and A9 cells and run on 2% agarose gel. The DNA ladder resulted 

from intemucleosomal DNA fragmentation is a hallmark of apoptosis. Lane 1-4, C8; 

lane 5-8, A9; lane 1 and 5, control; lane 2 and 6, CHX, 25 pg/ml; lane 3 and 7, EtOH, 

2.5%; lane 4 and 8, CPT, 20 pM.
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Figure 11. CPT-induced cell death in C8 and A9 is apoptotic shown by fragmented 

DNA and chromatin.

A-D, 18 hrs after CPT treatment, C8 and A9 cells were fixed with 3% paraformaldehyde, 

and DNA fragmentation was determined by TUNEL assay as described in Materials and 

Methods. TUNEL showed fragmented DNA in C8 (C) and A9 (D) cells treated with 

CPT for 18 hrs, compared with untreated C8 (A) and A9 (B) cells with normal 

morphological DNA. 400X.

E & F, CPT-treated C8 and A9 cells were fixed with 3% paraformaldehyde and stained 

with Hoechst fluorescent dye, which specifically binds to the nucleus. Hoechst staining 

exhibited condensed and fragmented nuclei in dying C8 (E) and A9 (F) cells. 400X.
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Figure 12. Activation of caspase-3 further demonstrates cell death induced in C8 

and A9 is apoptotic.

C8 and A9 cells were incubated with different death inducers, including ethanol (EtOH,

2.5%), cycloheximide (CHX, 25 pg/ml), and camptothecin (CPT, 20 pM), for 18 hrs.

Protein samples were isolated from C8 and A9 cells with RIPA buffer.

A. Western blot of equal amounts of lysates from C8 and A9 using active caspase-3 

antibody demonstrated the induction of cleaved caspase-3, indicating activation of 

caspase-3 in cell death induced in C8 and A9. 15% acrylamide gel was used.

B. Western blot of equal amounts of lysates from C8 and A9 using PARP antibody 

exhibited the cleavage of PARP to form a 85 kDa fragment, indicating activation of 

caspase-3 in cell death induced in C8 and A9. 8% acrylamide gel was used.
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Figure 13. There is no change in levels of Cdk5 protein expression in cell death in 

both in vivo and in vitro systems.

A. There was no significant change in Cdk5 protein level in C8 and A9 cells treated with 

different stimuli. C8 and A9 cells were treated with different insults, including EtOH 

(2.5%), CHX (25pg/ml) and CPT (20pM) for 18 hr. Cells were collected and lysed 

with RIPA buffer. Equal amounts of lysates were loaded on 12.5% SDS-PAGE 

followed by evaluation of Cdk5 protein levels by western blot using Cdk5 antibody.

B. There was no change in the level and pattern of cell death and Cdk5 protein 

expression in wild type and p53-/- mouse embryos. Both wild type and p53-/- mouse 

embryos (ED 13.5) were fixed and sectioned as described in Materials and Methods, 

a and b, TUNEL assay on sections of wild type (a) and p53-/- (b) embryos showed 

cells with fragmented DNA in the brain, indicating that these cells die by apoptosis in 

this region. 400X.

c and d, immunohistochemistry on near serial sections of that in (a & b) using active 

caspase-3 antibody demonstrated cells with active caspase-3, further indicating there 

was apoptotic cell death in this region of wild type (c) and p53-/- (d) embryos, 

e and f, immunohistochemistry on near serial sections of that in (a-d) using Cdk5 

antibody exhibited cells expressing Cdk5 protein in the same brain region of wild 

type (e) and p53-/- (f) embryos. 400X.
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Figure 14. Activation of Cdk5 correlates with cell death induced in C8 and A9.

A. Histone HI kinase activity of Cdk5 immunoprecipitates was induced in cell death 

induced in C8 and A9 cells. Following 18 hr treatment with EtOH (2.5%), CHX 

(25pg/ml) or CPT (20pM), C8 and A9 cells were collected and lysed with RIPA 

buffer. Kinase activity of Cdk5 immunoprecipitates was determined using histone HI 

as in vitro substrate in the presence of y[3,P]-ATP (for detail, see Materials and 

Methods). The incorporated y[32P] in phosphorylated histone HI was shown by 

exposing the gel onto a film. Compared with the control, cells induced to die by 

different stimuli showed differential levels o f kinase activity corresponding to that of 

cell death. 12.5% acrylamide gel was used.

B. Levels of Cdk5 histone HI kinase activity o f (A) quantified by densitometry.
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Figure 15. p25 is induced in cell death induced in C8 and A9.

A. Western blot o f equal amounts of lysates from C8 and A9 cells treated with different 

stimuli (EtOH, CHX, and CPT) for 18 hrs, using p35 antibody, showed p25 is 

induced during cell death induced in both C8 and A9.

B. Levels of p25 induction of (A) quantified by densitometry.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



165

C8 A9
C EtOH CHX CPT C EtOH CHX CPT

p25

B

inegQ.

Induction of p25 in Cell Death of C8 and A9

100%

80%

60%

40%

20%

□ C8
□ A9

. . . .  □  . . .

EtOH CHX CPT

Figure 15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



166

Figure 16. High transfection efficiency is achieved when sense or antisense p3S 

cDNA is introduced to C8 cells by retroviral vector pJim-lRES2-EGFP.

As described in Materials and Methods, C8 cells were incubated with viral supernatant 

overnight followed by culturing with normal growth media for 36 hrs.

A & C, C8 cells in phase contrast field 48 hrs after sense p35 (A) or antisense p35 (C) 

transfection. 250x

B & D, C8 cells transfected with sense p35 (B) or antisense p35 (D) fluorescence green 

48 hrs after transfection. 250x
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Figure 17. In C8 and A9 cells, blockage of p35 expression decreases CPT-induced 

cell death, coinciding with a reduction of p25 induction; over-expression of p35 

increases CPT-induced cell death, corresponding to an increase of p25 induction.

C8 and A9 cells were transfected with either antisense or sense p35 retroviral constructs. 

48 hrs after transfection, C8 and A9 cells with high transfection efficiency as detected in 

Figure 16 were treated with CPT for 18 hrs. Cells were collected for trypan blue cell 

death assay and lysed with RIPA buffer for western blot.

A & B, levels of CPT-induced cell death in C8 (A) or A9 (B) cells transfected with vector 

only, antisense or sense p35 by trypan blue exclusion.

C & D, western blot of equal amounts of lysates from C8 (C) or A9 (D) cells using p35 

antibody demonstrated the induction of p25 during CPT-induced cell death in cells 

transfected with different constructs (vector, antisense p35, sense p35). 15% acrylamide 

gel was used.
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Figure 18. Calpain is activated in CP embryos.

Activation of calpain is determined by the production of specific spectrin breakdown 

products (SBDPs) at 150 kDa and 145 kDa resulted from cleavage of non-erythroid a- 

spectrin by active calpain. Western blot of equal amounts of lysates from control and CP 

embryos using spectrin antibody. The dual bands at 145 kDa and 150 kDa indicated 

activation of calpain in CP embryos, compared to no detectable level of calpain activity 

in control embryos. 8% acrylamide gel was used.
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Figure 19. Calpain is activated during cell death induction in both C8 and A9 cells.

C8 and A9 cells were treated with different insults, including EtOH (2.5%), CHX 

(25pg/ml) and CPT (20pM) for 18 hr. Either of the two calpain inhibitors, calpastatin 

(10 pM) or PD150606 (10 pM), was coadministered with CPT to C8 and A9 cells for 18 

hrs. Cells were lysed with RIPA buffer. Production of specific spectrin breakdown 

products (SBDPs) at 150 kDa and 145 kDa resulted from cleavage of non-erythroid a- 

spectrin by calpain was used to examine calpain activity.

A. Western blot of equal amounts of lysates from C8 and A9 of different treatment 

(EtOH, CHX or CPT) using spectrin antibody showed the appearance o f dual bands at 

145 kDa and 150 kDa when cell death was induced in both C8 and A9 cells, indicating 

calpain is activated. 8% acrylamide gel was used.

B & C, western blot of equal amounts of lysates from C8 and A9 cells treated with CPT 

in the presence or absence of CS (B) or PD (C) using p35 antibody demonstrated a 

disappearance of p25 induction in CPT killing. CPT-induced cell death was reduced 

upon calpain inhibition by CS (B) or PD (C) in C8 and A9 measured by trypan blue.

D. Western blot of equal amounts of lysates from C8 and A9 cells treated with CPT in 

the presence or absence of CS or PD using spectrin antibody demonstrated a 

disappearance of 145- and 150-kDa dual bands in CPT killing, further confirming that CS 

or PD can inhibit calpain activation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



173

C8 A9

B

C EtOH CHX CPT C EtOH C H X  CPT

*

C8
CS CPT CPT+ C 

CS
CS CPT CPT+ 

CS
p25

Death% 15 11 90 70 4 5 70 50

C8
PD CPT CPT+ 

PD

A9
PD CPT CPT+ 

PD

Death% 15 10 95 11 69 50

D
C8 A9

C CS PD CPT CPT
+CS

CPT C 
+PD

CS PD CPT CPT CPT 
+CS +PD

x

Figure 19

150
SBPDs

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

Figure 20. There is a delayed induction of cell death in A9 cells compared to C8.

A. There were substantial levels of cell death in C8 cells treated with different stimuli 

(EtOH, CHX or CPT) for 8 hrs, compared to insignificant levels of cell death in A9 

cells, indicating a delayed onset of cell death due to lack of p53 in A9. C8 and A9 

cells were treated with different insults, including EtOH (2.5%), CHX (25pg/ml) and 

CPT (20pM) for 8 hrs. Levels of cell death were determined by trypan blue 

exclusion. The error bars represent standard deviations obtained from at least 3 trials 

of experiments.

B. Kinetic study of cell death induced by CPT in C8 and A9 showed that there was a 

delayed cell death induction in A9 cells treated with CPT. C8 and A9 cells were 

incubated with CPT (20pM), and cell death level was determined at different times 

(0, 3,6, 8,12,15, and 18 hr) by trypan blue exclusion. The error bars represent 

standard deviations obtained from at least 3 trials of experiments.
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Figure 21. There is a delayed activation of caspase-3, Cdk5 and calpain in CPT- 

induced cell death in A9 cells.

C8 and A9 cells were treated with CPT (20pM), and at different time points (0 hr, 3 hr, 6 

hr, and 12 hr), cells were collected and lysed in RIP A buffer. Equal amounts of cell 

lysates were run on 8% SDS-PAGE.

A. Western blot o f  equal amounts of lysates from C8 and A9 at different lime points 

using Cdk5 antibody exhibited an unchanged level of Cdk5 protein.

B. Western blot o f  equal amounts of lysates from C8 and A9 at different time points 

using active caspase-3 antibody demonstrateed a delayed activation of caspase-3 in 

A9 cells treated with CPT.

C. Western blot o f equal amounts of lysates from C8 and A9 at different time points 

using p35 antibody exhibited a delayed induction of p25, indicative of activation of 

Cdk5, in A9 cells treated with CPT.

D. Western blot o f equal amounts of lysates from C8 and A9 at different time points 

using spectrin antibody demonstrated a delayed activation of calpain in A9 cells 

treated with CPT.
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Figure 22. Kinetic study of cell death induced by UV in C8 and A9 shows that there 

is a delayed cell death in A9 treated with UV.

C8 and A9 cells were irradiated with 254 nm UV (50 J/m2) followed by incubating in 1% 

FBS media. At different time points (0, 8,12 and 18 hr), levels of cell death in both cells 

were determined by trypan blue exclusion. The error bars represent the standard 

deviations from at least three individual experiments.
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Figure 23. There is a delayed activation of caspase-3 and Cdk5 in UV-treated A9 

cells compared to C8.

C8 and A9 cells were irradiated with 254 nm UV (50 J/m2) followed by incubation in 1% 

FBS media. At different times (0, 8,12 and 18 hr), both cells were collected and lysed 

with RIPA buffer for western blot.

A. Western blot of equal amounts of lysates from C8 and A9 cell samples at different 

times using Cdk5 antibody demonstrated that there was no change in Cdk5 protein 

level during cell death induced by UV. 12.5% acrylamide gel was used.

B. Western blot of equal amounts o f lysates from C8 and A9 cell samples at different 

times using active caspase-3 antibody demonstrated that there was a delayed 

activation of caspase-3 in A9 cells treated with UV. 15% acrylamide gel was used.

C. Western blot of equal amounts o f lysates from C8 and A9 cell samples at different 

time points using p35 antibody demonstrated that there was a delayed induction of 

p25, indicative of a delayed activation of Cdk5, in A9 cells treated with UV. 15% 

acrylamide gel was used.
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Figure 24. Cell death and Cdk5 expression in the periphery of liver of Apaf-1 

knockout mouse embryos (ED 13.5).

Apaf-1 knockout mouse embryos (ED 13.5) were fixed and sectioned as described in 

Materials and Methods.

A. TUNEL assay demonstrated cells with fragmented DNA in the periphery of liver in 

Apaf-1 knockout embryo, indicating that these cells are undergoing cell death. 400X.

B. Immunohistochemistry of an adjacent section of (A) using Cdk5 antibody showed 

cells expressing Cdk5 protein in the same region, indicating that Apaf-1 is not 

required for Cdk5 expression. 400X.
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Figure 25. Cdk5 is activated during cell death in both wild type and Apaf-1-/- 

MEFs.

Wild type and Apaf-1-/- MEFs were treated with CHX (25 pg/ml) or CPT (20 pM) for 45 

hrs. Levels of cell death were measured by trypan blue and cells were lysed with RIPA 

buffer for western blot.

A. Cell death was induced in both wild type and Apaf-1 -/- MEFs by CHX or CPT, 

measured by trypan blue.

B. Western blot of equal amounts of lysates from wild type and Apaf-1-/- MEFs with 

different treatments (untreated control, 25 pg/ml CHX, 20 pM CPT) using Cdk5 

antibody, showed an unchanged level of Cdk5 protein. 12.5% acrylamide gel was 

used.

C. Western blot of equal amounts of lysates from wild type and Apaf-1-/- MEFs with 

different treatments (untreated control, 25 pg/ml CHX, 20 pM CPT) using p35 

antibody, showed an induction of p25 in both cells when cell death was induced, 

indicative of the activation of Cdk5. 15% acrylamide gel was used.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

«
0)
O

Cell Death in Apaf1+/+ and Apaf 1 -/-
100%

80%
□  W T 

E3 Apaf-1 -/-

60%

40%

20%

0% MSI-.
Control CHX, 25ug/ml CPT, 20uM

B

Apaf-1+/+
C CHX CPT

Apaf-1-/-

CHX CPT

c

Figure 25

Cdk5

p25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

Figure 26. Cdk5 is activated during cell death in both wild type and caspase-9-/- 

MEFs.

Wild type and caspase-9-/- MEFs were treated with CHX (25 pg/ml) or CPT (20 pM) for

24 hrs. Levels of cell death were measured by trypan blue and cells were lysed with

RIPA buffer for western blot.

A. Cell death is induced in both wild type and caspase-9-/- MEFs by CHX or CPT, 

measured by trypan blue. Caspase-9-/- cells are more resistant to cell death induced 

by CHX or CPT, indicated by the much lower levels of cell death induced (p<0.05). 

The error bars represent standard deviations obtained from 3 independent 

experiments.

B. Western blot of equal amounts of lysates from wild type and caspase-9-/- MEFs with 

different treatments (untreated control, 25 pg/ml CHX, 20 pM CPT) using Cdk5 

antibody, shows an unchanged level of Cdk5 protein. 12.5% acrylamide gel was 

used.

C. Western blot of equal amounts of lysates from wild type and caspase-9-/- MEFs with 

different treatments (untreated control, 25 pg/ml CHX, 25 pM CPT) using p35 

antibody, showed an induction of p25 in both cells when cell death was induced, 

indicative of the activation of Cdk5. 15% acrylamide gel was used.
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Figure 27. Cell death and CdkS expression in brain of caspase-3 knockout mouse

embryos (ED 13.5).

Caspase-3 knockout mouse embryos (ED 13.5) were fixed and sectioned as described in

Materials and Methods.

A. TUNEL assay demonstrated cells with fragmented DNA in brain region in caspase-3 

knockout embryo, indicating these cells undergo caspase-3-independent cell death. 

400X.

B. Immunohistochemistry of an adjacent section of (A) using Cdk5 antibody showed 

cells expressing Cdk5 protein in the same brain region, indicating that caspase-3 is 

not required for Cdk5 expression during cell death. 400X.
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Figure 28. Cell death is induced in wild type and caspase-3 -/- primary mouse 

embryonic fibroblasts (MEFs) by CHX or CPT.

Wild type and caspase-3-/- MEFs were treated with CHX (25 pg/ml) or CPT (20 pM) for 

24 hrs, and levels of cell death were measured by trypan blue exclusion. Caspase-3-/- 

cells are more resistant to cell death induction. The error bars represent standard 

deviations obtained from 3 independent experiments.
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Figure 29. There is an induction of p25 and activation of CdkS during cell death

induced in both wild type and caspase-3-/- MEFs.

Wild type and caspase-3-/- MEFs were treated with CHX (25 pg/ml) or CPT (20 pM) for

24 hrs, and cells were lysed with RIP A buffer.

A. Western blot of equal amounts of lysates from wild type and caspase-3-/- MEFs using 

Cdk5 antibody showed an unchanged level of Cdk5 protein during cell death. 12.5% 

acrylamide gel was used.

B. Western blot of equal amounts of lysates from wild type and caspase-3-/- MEFs using 

p35 antibody demonstrated an induction o f p25 when cell death is induced in both 

MEFs. 15% acrylamide gel was used.

C. Histone HI kinase activity of Cdk5 immunoprecipitates was induced in cell death 

induced in wild type and caspase-3-/- MEFs. Following 24 hr treatment with CHX 

(25 pg/ml) or CPT (20pM), cells were collected and lysed with RIP A buffer. Kinase 

activity o f Cdk5 immunoprecipitate was determined using histone HI as in vitro 

substrate in the presence of y[32P]-ATP (for detail, see Materials and Methods). The 

incorporated y[ P] in phosphorylated histone HI was shown by exposing the gel to a 

film. Compared with the control, cells induced to die by different stimulus showed 

different levels of kinase activity corresponding to that of cell death. 12.5% 

acrylamide gel was used.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



194

Figure 30. Inhibition of caspases activation by zVAD-fmk reduces cell death 

induced by CPT in C8.

C8 cells were treated with CPT with or without addition of 50 pM zVAD-fmk for 18 hrs. 

Levels of cell death were measured by trypan blue. The error bars represent standard 

deviations obtained from 3 independent experiments.
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Figure 31. Inhibition of caspases activity does not block Cdk5 activation during cell

death.

C8 cells were treated with 20 pM CPT with or without addition of 50 pM zVAD-fmk for

18 hrs. Cells were lysed with RDPA buffer.

A. Western blot of equal amounts of lysates from C8 with different treatments (untreated 

control, zVAD only, CPT only, CPT and zVAD) using active caspase-3 antibody, 

demonstrated that zVAD inhibits caspase-3 activation during CPT killing. 15% 

acrylamide gel was used.

B. Western blot of equal amounts of lysates from C8 with different treatments (untreated 

control, zVAD only, CPT only, CPT and zVAD) using Cdk5 antibody, showed an 

unchanged level of Cdk5 protein. 12.5% acrylamide gel was used.

C. Western blot of equal amounts of lysates from C8 with different treatments (untreated 

control, zVAD only, CPT only, CPT and zVAD) using p35 antibody, exhibited an 

induction of p25 when caspases are inhibited by zVAD in CPT killing, indicating 

Cdk5 activation is caspases-independent during cell death. 15% acrylamide gel was 

used.
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