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ABSTRACT

CdkS is a cell cycle related protein found in many tissue types. with its highest
expression in the brain. For activation, CdkS3 requires binding to another protein. p33.
which is predominantly found in neuronal cells. Although it is well established that
normal astrocytes are devoid of Cdk35 expression. previous studies from our
laboratory showed that both Cdk3 and p35 proteins were aberrantly expressed in both
human malignant glioma cell lines and human glioma biopsy specimen:s.

To study the expiession and localization profiles of Cdk3 and p35 protein in
human malignant glioma cells. we have examined the in vivo distribution of Cdk3 and
p35 protein in human glioma biopsy tissue as well as their subcellular localization in
a human glioma cell line. To evaluate the functional role of Cdk5/p33 kinase in
apoptotic cell death. the association of radiation-induced apoptosis with Cdk3 and
p35 protein expression and Kinase activity was examined in human malignant glioma

cells.
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[. INTRODUCTION

1.1 Astrocytic Tumors and Their Precursor Astrocyte Cells

As supporting cells of the nervous system, astrocytes function in close
association with neurons in the brain. Astrocytic functions include: (1) provision of
structural support for nerve cells, (2) production of neurotrophic factors required for
neuronal survival and maintenance such as nerve growth factor (Goss er al., 1998),
brain-derived growth factor (Inoue, e al., 1997) and glial-derived neurotrophic factor
(Moretto ez al.. 1996). (3) aiding in rapid nerve impulse conduction by regulating the
neuronal microenvironment through rapid uptake of ions. neurotransmitters and their
metabolites (Travis. 1995: Nicholls, 1992), (4) generation of slow waves of potassium
and calcium transient currents (Dietzel et al., 1989; Nicholls. 1992: Parpura er al..
1995; Nedergaard et al.. 1994), and lastly, (5) interacting with neighboring cells via
gap junctions (Travis. 1995).

Within the vertebrate CNS. astrocytes are classitied into two principal groups:
fibrous astrocytes and protoplasmic astrocytes. Fibrous astrocytes contain tilaments
such as the intermediate filament, GFAP, and are more prevalent among bundles of
myelinated nerve fibers within the white matter of the brain (Nicholls, 1992). Two
subtypes of tibrous astrocytes (type I and type II) have been identified in rat optic
nerve which vary with respect to morphology, embryological origin and
immunological reaction in culture. Type II astrocytes arise from the same precursor as

oligodendrocytes but appear later in development. They associate with



oligodendrocytes at the neuronal nodes of Ranvier which are the focal areas of
synaptic transmission. Type I astrocytes arise from a different precursor and are
found in the mature optic nerve where they envelop and influence capillaries. It is
unclear whether this subtype classification of fibrous astrocytes are present in other
areas of the brain. Protoplasmic astrocytes contain less fibrous material and are more
abundant in the grey matter surrounding neurons. Both protoplasmic and fibrous
astrocytes make contact with neurons and capillaries in the brain (Nicholls. 1992).

Under normal circumstances. astrocytes have small. round nuclei and no
visible cytoplasm. Fibrous astrocytes extend short cytoplasmic processes from the
cell which contain GFAP. In reaction to brain injury. astrocytes develop enlarged.
visible cytoplasms with an increase in filaments. Their cytoplasmic processes
become thicker and elongated. These enlarged. reactive astrocytes are termed
gemistocytes (Levin, 1996).

Astrocytic tumors. the most common primary CNS tumor in humans, retain
the general appearance of normal astrocytes from which they are derived. The
prognosis and survival of patients with astrocytic tumors is dependent on the tumor’s
cellular type and histologic grade. both of which cover a wide pathologic spectrum.
Two general categories of astrocytic tumors are diffuse infiltrative astrocytomas and
low grade, non-infiltrative astrocytomas. Diffuse infiltrating neoplasms of the
cerebral hemispheres are derived from either protoplasmic astrocytes of the cerebral
cortex or, more commonly, from fibrillary astrocytes of the white matter.
Astrocytomas of protoplasmic astrocytic origin arise within the cortex itself and are

relatively filament-poor. They have short, delicate processes and weak GFAP

[£9]



immunoreactivity. Astrocytomas derived from fibrillary astrocytes arise in the
subcortical white matter and produce highly variable amounts of GFAP often
depending on the grade of the tumor. By immunohistochemistry. highly anaplastic
gliomas express less GFAP than do well-differentiated gliomas (Deck er al.. 1978)

Three major variants of fibrillary astrocytic neoplasms are recognized by the
World Health Organization (WHO): low grade astrocytomas, anaplastic astrocytomas
and glioblastoma multiforme (GBM). These tumors show a range of features that
become more prominent with increasing grades of malignancy. These features
include degree of cellularity. nuclear and cytopiasmic pleomorphism. mitotic activity.
vascular changes and tumor necrosis. Other histologic teatures that suggest tumor
malignancy but are not considered for histologic grading are cortical tumor invasion.
presence of microcysts or gemistocytes, and pial or subpial invasion (Levin. 1996).

Low grade astrocytomas show increased cellularity compared to normal white
matter. and mild to moderate pleomorphism with slightly enlarged nuclei. No mitotic
figures are seen. vessels appear normal and necrosis is not evident. Microcysts may
be a distinctive feature and may contain proteinaceous fluid (Levin. 1996).

Anaplastic astrocytomas express a moderate degree of cellularity and nuclear
and cytoplasmic pleomorphism. Frequent mitotic figures are also evident. Although
necrosis is generally absent. any proliferative vascular change within the tumor
warrants a grade of anaplastic astrocytoma. I[n addition, any astrocytoma in which
20-60% of the cells are gemistocytic is considered anaplastic and is designated a

gemistocytic astrocytoma (Levin, 1996).



Glioblastoma multiforme (GBM) is the highest malignant grade of
astrocytoma and represents 15-23% of intracranial tumors and approximately 50% of
all astrocytomas (Levin. 1996). The most prominent histologic teature of GBM is the
presence of necrotic areas within the tumor. Tumor necrosis is accompanied by
peripheral pseudopalisading of neoplastic cells around the foci of necrosis. This
palisading is a common teature of GBM but is not required for the diagnosis of GBM.
As in anaplastic astrocytomas. microvascular proliferation. mitotic activity and
nuclear and cytoplasmic pleomorphism are evident (Schold et al.. 1997).

Although specitic histologic features are used for grading the malignancy of
astrocytomas, most GBMs display variable histological features from one area of a
tumor to another area. This tumor heterogeneity is thought to arise from the presence
of different transtormed clones of astrocytes in ditterent areas of the neoplasm during
tumor growth. Due to its highly heterogeneous nature. glioblastomas have been
appropriately designated. "multiforme™ (Levin. 1996).

Pilocytic astrocytomas, the most common non-infiltrative astrocytoma. are
widely assumed to be exclusively pediatric tumors with a restricted site of origin.
However. they occur throughout all decades of life and in all areas of the CNS
including the optic pathway. cerebral hemisphere. cerebellum. brain stem. spinal cord
and thalamus/hypothalamus. The designation pilocyte reflects the presence of
elongated, spindle astrocytes with spindie-shaped nuclei and long, thin eosinophilic
cytoplasmic processes extending from the cell. Although pilocytic astrocytomas are
diverse in their histologic appearance, a common lesion is a spongy, microcyst-rich

tissue located amongst GFAP-positive elongated cells and Rosenthal fibers. Unlike



fibrillary astrocytic tumors, proliferative vascular changes and necrosis are
occasionally present in pilocytic astrocytomas but neither are considered evidence of
anaplasia (Schold et al.. 1997).

Treatments for astrocytomas include surgical resection. radiation.
chemotherapy. and immumotherapy. Prognostic factors estimating a patient’s
outcome with fibrillary astrocytic neoplasms are histologic grade. age at diagnosis
and clinical performance status. The median survival period following diagnosis
decreases with histologic progression to a higher-grade tumor. I[n addition. younger
patients have a better outcome in all histologic groups. Last of all. patients with
extensive neurologic symptoms probably have larger tumors or tumors located in
critical regions of the brain (Schold er a/.. 1997).

GBM is a lethal malignancy with a poor prognosis (Halperin er al.. 1988).
Treatment of GBM is palliative rather than curative. Although metastases from these
tumors are rare. they trequently show extensive infiltration of malignant cells into the
normal brain tissue (Halperin er al.. 1988). This infiltration renders complete surgical
resection almost impossible and increases the probability of tumor recurrence
(Halperin ez al.. 1988). Surgical resection palliates symptoms and prolongs survival
but few patients survive more than three years following diagnosis (Leibel et al..
1975; Ramsey and Brand. 1973; Wara, 1985). This has lead to an increased interest

in the biology and treatment of malignant gliomas.



1.2 Cyclin-Dependent Kinases

Eukaryotic cell proliferation is regulated by the coordinated activity of a
family of serine/threonine protein kinases. each acting at a discrete transition point in
the cell cycle. Members of this kinase family are heterodimeric proteins comprised of
a catalytic subunit [a cyclin-dependent kinase (Cdk 1-9)] and a regulatory subunit [a
member of the cyclin family (cyclin A-H)] (Morgan. 1995). As the name suggests.
cyclins are proteins whose levels oscillate with specific phases of the cell cvcle and
thus determine the timing of Cdk activation as well as their substrate specificity
(Dirks and Rutka. 1997). The activity of these kinases is further regulated by an
intricate system of protein-protein interactions and phosphorylation/
dephosphorylation events (Morgan. 1995).

Although members of the Cdk tamily share a high level of amino acid
sequence identity (40-70%) (Morgan, 1995). cyclins are a tamily of structurally
related proteins with low sequence identity. Homology among cyclins is limited to a
relatively conserved domain ot approximately 100 amino acids in the center of the
molecule. This domain is responsible for Cdk binding and activation and is referred
to as the “cyclin box™ (Nugent. 1991).

Human Cdk35 was initially identified as a structurally similar cdc2 (Cdk1)-
related kinase with 58% and 52% sequence identity to human Cdk1 and Cdk2,
respectively (Meyerson et al., 1992). Despite its high degree of homology, Cdk3 was
found to be functionally different to Cdk1 and Cdk2. CdkS5 did not complement

temperature sensitive budding yeast cdc-2 mutants used to identify kinases that play a
6



cdc2-like role in controlling vertebrate cell cycle (Meyerson er al.. 1992).
Independently. Cdk5 was discovered and purified from bovine brain as a proline-
directed kinase (Lew er al.. 1992). [t was also identified as a neuronal cdc2-like
kinase by screening a rat brain cDNA library (Hellmich er a/.. 1992) and isolated and
characterized as a cdc2-like kinase which phosphorylates KSP.YK motifs in
neurofilaments (Shetty ef al.. 1993). Further analysis identified CdkS3 as the catalytic
subunit of tau protein kinase II (Kobayashi et al.. 1993).

Active CdkS is purified from brain extracts as a heterodimer consisting of a
catalytic subunit. Cdk3. and a 25-kDa regulatory subunit (Ishiguro et al.. 1992; Lew
et al.. 1992). The molecular cloning of the 25-kDa regulatory subunit of tau protein
kinase II revealed it to be a proteolytic product of a larger 35-kDa protein, p33
(Ishiguro er al.. 1994: Tsai et al.. 1994: Lew et ul.. 1994). p335 is a novel protein that
displays very limited homology to members of the cyclin family and no homology to
any known protein. p35 shows only 8% overall identity to the cyclin box and
contains only one of tive highly conserved residues in this region (Lew et al.. 1994).
Therefore, despite its sequence homology to other Cdk’s. Cdk5 does not require

association with a classic cyclin regulatory protein for activation.

1.3  Molecular Biology of CdkS and p35

1.3.1 Cdk5 and p35 Genes
Human (Meyerson ef al., 1992), rat (Hellmich er al., 1992), mouse (Tsai et

al., 1993) and Drosophila (Hellmich et al., 1994) CDK3 homologs share high overall
2



sequence identity, indicating substantial conservation during evolution. The human
Cdk3 gene maps to chromosome 7q36 (Demetrick er al.. 1994) and encodes a ~1.4 kb
transcript (Meyerson er al.. 1992). The mouse Cdk3 gene contains 12 exons and 11
introns (Ohshima er al.. 1995). Several potential sequence motifs for positive and
negative transcription regulatory factors have been identitied in the G+C-rich
promoter region ot the mouse Cdk3 gene. including AP-1. AP-2 and a cAMP
responsive element (Ishikuza er al.. 1995). This suggests a complex control of the
regulation of Ck) transcription.

Similarly. p33 is highly conserved among vertebrates (Ohshima ef al..
1996a). Mouse p35 is located on chromosome 11 which shows conserved linkage to
human chromosome 17 (Ohshima et al.. 1996a). The human p33 gene has a
continuous coding region with absence of introns and encodes a ~4.0 kb transcript.
The G+C-rich promoter region lacks canonical TATA and CAAT motifs but contains
several potential transcription regulatory sequence motifs (Ohshima et al.. 1996a).

This indicates stringent regulation of the p33 gene (Delalle er al.. 1997).

1.3.2  Structural Properties of CdkS and p35 Proteins

The CdkS5 protein is 293 amino acids in length (Ohshima ¢t al.. 1995) and has
a molecular weight of 33 kDa (Lew er al., 1992). It shares conserved secondary
structural elements with other protein kinases at important functional sites such as
those involved in ATP-binding and catalysis. Similar to other protein-
serine/threonine kinases, CdkS5 contains eleven conserved subdomains (I-XI).

Through homology modeling using the protein structure of Cdk2, CdkS5 is predicted



to fold into a two-lobed structure. The N-terminus. which includes subdomains [-[V,
is organized predominantly into anti-parallel B-sheets. This lobe is responsible for
anchoring and orienting the nucleotide. ATP. The C-terminus. including subdomains
VI-XI. is predominantly an a-helical structure. The C-terminus is involved in
substrate binding and the phosphotransfer process. Subdomain V. which spans and
forms a cleft between the two lobes. is the site of catalysis (Moorthamer e al.. 1998).
The human Cdks3 activator. p35. is a 35 kDa protein composed of 307 amino
acids that also exists as a 25 kDa proteolytic derivative. p23 is generated by cleavage
of the first 98 amino acids at the N-terminus but retains the Cdk>-activating
properties of p35 (Uchida ef al.. 1994). Although p35 shares minimal sequence
homology to cyclins. computer modeling predicts a similar cyclin-like tertiary
structure and similar tunctional sites for kinase activation (Poon ef al.. 1997). Two
functionally important domains of p35 include residues 150-200 involved in Cdk5
binding in vitro and residues 279-229 which are critical for Cdk3 activation (Poon er

al.. 1997).

1.3.3 Localization of Cdk3 and p35 Expression

Human cultured cell lines. including both primary and immortalized cell lines,
contain uniformly high levels of Cdk3 protein (Tsai ef al.. 1993) and transcript
(Meyerson et al.. 1992). Although the in vivo tissue distribution of Cdk3 protein is
quite variable (Lew and Wang, 1995), CdkS protein and transcript are expressed at

basal levels in most human tissues. both in cycling and non-cycling cells (Meyerson



eral., 1992; Lew and Wang, 1995: Tang et al., 1996). Of exception are the central
and peripheral nervous systems in which the expression of CdkS3 is several-fold
greater (Meyerson er al.. 1992: Lew er al., 1994). Cdk3 protein distribution in mice is
similar to humans where highest levels are detected in the forebrain (Tsai er al..

1994). Murine and rat models have indicated Cdk3 is also expressed at intermediate
levels in the gonads (Tsai er al.. 1993: Ino er al.. 1994). muscle cells (Lazaro ¢t dl..
1997 Philpott er al.. 1997) and fiber and epithelial cells of the developing lens (Gao
et al.. 1997).

Within the normal brain. Cdk3 protein is expressed in most postmitotic
neurons. although there are some exceptions such as cerebellar granule cells (Ino ez
al..1994).  In vivo. both mitotically active cells and glial cells in normal brain. such
as astrocytes and oligodendrocytes. are devoid of Cdk35 expression (Tsai er al.. 1993
[no er ul.. 1994: Nakamura er al.. 1998: Hayashi er /.. 1999). Recently however.
Cdk3 expression has been reported in a variety of oligodendrocyte cultured cell lines
(Tang et al.. 1998: Tikoo er al.. 1997 ; Casaccia-Bonnefil er al.. 1997). Lack of an in
vivo correlation of these findings indicates that they may be artifacts of in vitro tissue
culturing.

At a subcellular level. there are contradictory reports regarding exclusive
axonal protein localization vs. protein localization within the cell body of neurons
(Tsai et al.. 1993; Ino et al.. 1996: Terada et al., 1998: Nikolic er al.. 1996).
[nterestingly, the subcellular level of Cdk3 protein has been found to vary from cell

body to axon in various neurons during neuronal differentiation (Matsushita et al..



1995). In addition, redistribution of Cdk5 from the cytoplasm to the nucleus was
detected in differentiating myoblasts during early myogenesis (Lazaro et al.. 1997).

In contrast to the ubiquitous distribution of CdkS3, the p35 transcript is present
predominantly within neurons of the forebrain (Ohshima et al.. 1996a; Uchida er al..
1994: Delalle e al., 1997). Within the developing forebrain. p335 is excluded from the
ventricular zone. composed predominantly of proliferating cells. but is concentrated
within areas containing post-mitotic neurons such as the cortical plate (Tsai ef al..
1994). p35 expression in the peripheral nervous system (PNS) displays interspecies
variation. No p335 protein is detectable in embryonic mouse PNS tissue (Tsai e al..
1994). In contrast. p35 protein is expressed in both the peripheral dorsal root
ganglion and sciatic nerve ot adult rat (Terada er /.. 1998).. At a subcellular level.
p35 is found in both the nucleus and cytoplasm as well as along the entire length of
neurites (Nikolic er al.. 1996: Terada er al.. 1998: Hayashi 1999).

Recent reports of the association of Cdk3/p35 with apoptotic cell death in
various developmental and experimental systems broadens the tissue distribution of
CdkS5 and p35 expression. These systems include atretic ovarian follicles. prostate
regression after androgen withdrawal and embryonic mouse limb (Ahuja et al., 1997;
Zhang et al.. 1997). The role of Cdk5/p35 in apoptosis in these systems will be

discussed in a later section.

1.3.4 Post-Translational Regulation of CdkS Activity
CdkS5 kinase activity is regulated by various mechanisms including an

association with an activator protein, phosphorylation/dephosphorylation events and
11



proteolytic degradation of the regulatory subunit. Although Cdks5 is widely
expressed. its kinase activity is restricted by its requirement for a regulatory subunit.
As a result, CdkS kinase activity correlates with the presence of p33. not Cdk35 (Tsai
et al., 1994). Due to a limited tissue distribution of p35 protein. CdkS kinase activity
is predominantly found in the nervous system. both central and peripheral. where it is
restricted to postmitotic neural cells (Tsai ef al.. 1993: Terada er al.. 1998).

[n addition to its dependence on a regulatory protein for activity. Cdk5 has
been shown to be regulated by post-translational phosphorylation mechanisms similar
to those of other Cdks. Most Cdks require phosphorylation of Thr'**/Thr'® and
dephosphorylation Thr'"* and Tyr"® for full activation (Morgan. 1995). Identical
residues for all three sites are conserved in Cdk3 (Qi er al.. 1995. Lazaro et dl..
1996). Although these phosphorylation events are not required for Cdk3 activity (Lew
el al.. 1994), tyrosine dephosphorylation has been found to correlate with Cdk3
Kinase activity during cerebellum neurogenesis (Lazaro et al.. 1996). Furthermore.
mutation of the Tyr'® residue in Cdk3 results in reduced binding to p335 (Lazaro er al..
1996). A two step mechanism for Cdk3 kinase activation has been proposed. The
first step is binding of tyrosine-phosphorylated Cdk3 to p35. The second step is
tyrosine dephosphorylation resulting in full kinase activation (Lazaro et al.. 1996).

A third regulatory mechanism for CdkS activity is the proteolytic degradation
of p35. As discussed above, the availability of p35 appears to be the primary
determinant of CdkS activation. Within primary cultured rat neuronal cells, p35 has
a short half-life of approximately 20 to 30 min. This rapid turnover is mediated in

part by a ubiquitin-dependent proteosomal pathway (Patrick et al., 1998). The



degradation process occurs as a negative feedback response in which the active
Cdk5/p35 kinase complex is rapidly inactivated by autophosphorylation of p35 at four
consensus Cdk phosphorylation sites. This leads to ubiquitination of p35 and ATP-
dependent degradation of the p35 activator (Patrick er al.. 1998). [nterestingly, p25.
the proteolytic fragment of p335. lacks one of the Cdk phosphorylation motifs within
the N-terminus of p35 and is a more stable protein. This suggests that the cleaved N-
terminus is required for degradation and may mediate protein interactions with the

ubiquitination machinery (Patrick er al.. 1998).

1.3.5 Association of Cdk3 with Other Cellular Proteins

Although p35 and its proteolytic derivative are the predominant regulatory
proteins of CdkS. two other Cdks5 activators have been identified. p39 is a neuron-
specitic Cdk3 activator which shows 57% amino acid identity to p35 (Tang et al..
1995). p39 is also expressed exclusively in post-mitotic neurons in rat embryonic
brain. [n contrast to p35. p39 is expressed at higher levels in the spinal cord than in
the brain (Zheng er al.. 1998).

The second potential activator of CdkS enzymatic activity is Munc-18. Munc-
18 is a 67-kDa neuron-specific protein which is an essential component of the
synaptic vesicle fusion protein complex mediating the secretory process (Hata er al..
1993: Shuang er al.. 1998). Although Munc-18-stimulated CdkS5 kinase activity has
been demonstrated in vitro, in vivo studies using rat brain lysates do not confirm these

observations (Shetty et al.. 1995; Shuang et al., 1998).
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Interestingly, cyclin D and cyclin E (molecules which regulate Cdk activity in
proliferating cells) bind to. but do not activate Cdk5 (Xiong er al., 1992: Guidato et
al.. 1998). Cyclin D may act as a negative modulator of Cdk5/p35 activity (Guidato
et al., 1998). Also. Cdk5 and cyclin D may form protein complexes with other
cellular proteins in vivo. For example. p27. a Cdk inhibitor. can recognize a
CdkS/cyclin D2 complex without atfecting the activity of the Cdk3/p35 complex (Lee
et al., 1996b). Although no kinase activity has been detected with Cdk3 bound to
cyclin D or cyclin F. it could be argued that the cvclin D/Cdk3 or cyclin E/Cdk3
complexes may phosphorylate substrates that are vet unknown.

Cdk5/p35 kinase activity is also modulated by several molecules which
function as kinase inhibitors. One such protein is Cdk3i. a kinase-defective Cdk3
isoform. When complexed as a heterodimer with p35. Cdk5i displays appreciably
weaker kinase activity than the wild type Cdk5/p35 complex (Moorthamer er ul..
1998). In addition. Cdk3i/p35 cannot autophosphorylate either subunit as does
Cdk5/p35 (Moorthamer er al.. 1998). Theretore. expression of Cdk3i may affect wild-
type function by acting in the manner of a dominant negative mutant (Van de Heuvel
and Harlow. 1993). Recently. two novel Cdk3 kinase inhibitors have been identitied:
L34 and dbpA. Both L34. the 60S ribosomal protein (Moorthamer and Chaudhuri.
1999), and dbpA. a DNA-binding protein (Moorthamer er al.. 1999). potently inhibit
p33-activated Cdk5. This suggests a possible cellular role of Cdk3 in both

transcriptional and translational regulation.
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1.3.6  Substrates of Cdk5/p35

The substrate specificity of Cdk5/p35 kinase is similar to that of cdc? and
Cdk2. Phosphorylation occurs exclusively within a K(S/T)P.{(K/R) consensus motif
(Beaudette er al., 1993: Songyang et al.. 1996). The Cdk3/p35 complex can
phosphorylate both histone H1 and the retinoblastoma protein. two substrates
frequently used to confirm in vitro activity of Cdks (Tang and Wang, 1996: Lee ez al..
1997a). Activated Cdk5 phosphorylates a number of neuron-specific cytoskeletal
proteins in vitro including neurofilaments NF-M and NF-H, the microtubule-
associated proteins tau and MAP2. the actin-binding protein caldesmon. and brain
meromyosin [I-B (Lew and Wang. 1995: Tang and Wang. 1996: Lee ¢r al.. 1997b:
Pato er al.. 1996). In addition to these structural proteins. Cdk5/p35 also
phosphorylates proteins associated with synaptic vesicle neurotransmitter release such

as synapsin [ and Munc-18 (Matsubara ef al.. 1996: Shuang et ai.. 1998).

1.4 Physiological Function of Cdk5/p35 Kinase

1.4.1 Neuronal Differentiation and Neurogenesis

The vertebrate embryonic cerebral wall is composed of five basic cellular
zones. These zones. from the inner ventricular surface to the outer pial surface are the
ventricular zone, the intermediate zone, the subplate. the cortical plate and the
marginal zone. The early cerebral wall is a 2-layered structure composed of the
ventricular zone and the preplate (Caviness, 1982) with radial glial cells running the

length of the wall from the ventricular to the pial surface (Nicholls et al., 1992). The
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ventricular zone is the principal source of neurons and glia from where, following
terminal mitoses. neurons migrate to their final destinations and become postmitotic
(Rakic and Caviness. 1995; Nicholls e al.. 1992). The preplate is composed of
pioneer neurons and Cajal-Retzius cells in the marginal zone. Following migration of
early cortical plate neurons along radial glial fibers within the intermediate zone. the
preplate is split into two contingents: the marginal zone above and the subplate
below (Lambert de Rouvroit and Caviness. 1998). Cortical plate neurons are
precursors to most of the cortex which is composed of six cortical layers (I-VI) . As
subsequent neurons migrate to the cortical plate. they move past neurons generated
earlier and take more superticial positions in the cortical plate (Fig. 1). This
migration process results in an “inside-out™ layering order of sequentially generated
cortical neurons (Angevine and Sidman. 1961: Caviness. 1982: Luskin and Shatz.
1985). In mice. neuronal differentiation occurs largely between E11 and E17 while
glial formation takes place throughout the early postnatal period.

Various neurological mutants displaying cortical lamination defects have
provided insight into the mechanisms by which cortical patterning is regulated.
Reelin is an extracellular-matrix glycoprotein secreted most intensely by Cajal-
Retzius cells in the marginal zone (D’ Arcangelo et al.. 1997). It is believed to act at a
distance on target cells, such as cortical plate neurons. in a cell-repulsive fashion
(Lambert de Rouvroit and Goffinet, 1998). Reelin knockout mice exhibit a reeler
phenotype characterized by an inversion of cortical layering, failure of preplate
separation into marginal zone and subplate, and a lack of cortical layer I (Fig. 1)

(Caviness, 1982; Rakic and Caviness, 1995). Scrambler and yotari mice which have
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a splicing defect in the transcript for mdab . display very similar cortical phenotypes
to those exhibited by mdab! knockout mice (Howell er al.. 1997a; Goldowitz er al.,
1997; Sheldon et al. 1997; Ware et al.. 1997). mdab! encodes a cytoplasmic protein
that is expressed in reelin-responsive neurons (Sheldon et al. 1997: Howell et al.
1997a). It is postulated that through its function as a tyrosine kinase adaptor. mDab1
is a key component in a reelin-initiated transduction cascade involved in regulation of
neuronal migration (Howell et al. 1997b: Goffinet. 1997).

Targeted disruption ot the Ckd and p35 genes in mice results in reeler-like
cortical lamination defects. neuronal pathology and lethality. (k3 knockout mice
exhibit accumulation of neurofilament proteins. These unique neuronal proteins are
suggestive of abnormal cytoskeletal architecture. Late embryonic and perinatal death
are associated with these lesions (Ohshima er al.. 1996b). In contrast. brain
malformations are more subtle in p33 knock-out mice. These mice display seizures
and sporadic adult lethality (Chae et al.. 1997). Reeler. mdab . Cdk3 and p33 mutant
mice all share an abnormal “outside-in" stratification of cortical neurons. As
mentioned above. cortical development arrests at the preplate stage in reeler and
mdab | mutant mice resulting in absence of preplate division. In contrast, cortical
development in Cdk3 (-/-) and p35 (-/-) mice is blocked at a later stage after
separation of the preplate and migration of early cortical plate neurons (Gilmore er
al., 1998; Kwon and Tsai et al., 1998). As Fig. 1 depicts. later-born neurons do not
pass the subplate and settle at a deeper level within the subplate and the periphery of
the intermediate zone than normal. This results in a disruption of the "inside-out’

cortical layered pattern.
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Fig 1. Model of cortical development. In the developing cerebrum, CP neurons
separate the preplate into two populations: MZ with Cajal-Retzius cells and SP.
Later migrating CP neurons migrate past earlier cells for an ‘inside-out' formation.
Reelin and m-dab! null mutants display defective CP organization during early
cortical development while disruption of the CP organization occurs later in Cdk5
and p35 mutants. Abbr.: ventricular zone (VZ), marginal zone, (MZ), cortical plate
(CP), subplate (SP), intermediate zone (IZ), ventricular zone (VZ). (Adapted from
Lambert de Rouvroit and Goffinet, 1998)




A tentative model of Cdk3 involvement in cortical development has been
proposed by Lambert de Rouvroit and Goffinet (1998). Early Cajal-Retzius cells
within the marginal zone secrete reelin. This protein is incorporated into the local
extracellular matrix and functions as a stop signal for migrating cortical plate neurons.
Through an unknown cell-surface/transducer system. an intracellular cascade
involving mDabl tyrosine kinase is initiated within reelin-responsive cortical
neurons. This results in detachment of the neurons trom their radial guides and
formation of a well-organized cortical plate. As later-migrating neurons must pass
through previously settled cortical layers. they require a stronger association with the
glial scatfolding. Fine control of migratory mechanics including regulation of the
cytoskeletal structure. is also required for this migration. Through its cytoskeletal
regulatory function. Cdk3/p35 kinase may be required tor later-generated neurons to
migrate past pre-eXisting neurons and reside within more superticial layers.

Temporal and spatial patterns of Cdk3 and p35 expression also suggest a
functional role for this kinase in cortical development. As mentioned previously.
Cdk3 and p335 are expressed in post-mitotic neurons and are excluded from the
ventricular zone (Tsai er al.. 1993; Ino er al.. 1994 Tsai ¢t al.. 1994). In mice. Cdk3
and its associated kinase activity gradually increase in parallel during neuronal
development from E11 to E15 with maximal expression and activity between E135 and
PO (Tsai er al.. 1993). p35 expression gradually increases from E12 with a rapid rise
from 18 days post-coitum to two weeks after birth. [t then declines at three weeks
(Tomiwaza et al.. 1996). In adult brain, Cdk5 levels remain constant. In contrast,

p35 expression gradually declines in adult brain, but remains high in highly plastic
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areas of the forebrain including the hippocampal formation, the olfactory cortex. and
the pyramidal layer of the neocortex (Nikolic ef al.. 1996). The developmental
pattern of Cdk3 and p35 therefore correlate with terminal neuron differentiation.
Neuronal difterentiation is morphologically characterized by the development
of neurite extensions. Expression of dominant negative mutants of Celk3. or
transfection of an antisense p33 construct in primary cultured cortical rat neurons.
results in neurite outgrowth inhibition. This inhibition can be rescued by co-
expression of the wild-type proteins (Nikolic et al.. 1996). These data suggest a

critical role for the Cdk5/p35 kinase in neurite outgrowth.

1.4.2 Ditferentiation of Non-Neuronal Cells

Several observations indicate Cdk5/p335 kinase involvement in muscle
development. Although present at lower levels than in the developing nervous system
in mice. both Cdk5 and p335 are detected in the myotome at E12 and continue to be
expressed in the premuscle mass and mature muscle in later stages (Zheng et al..
1998). In addition. cultured mouse myoblasts show Cdk35 histone HI kinase activity
which increases with induced differentiation (Lazaro ef al.. 1997). Cdk3 kinase
activity has also been shown to be required for muscle development in Xenopus
where a Cdk5 homologue and a p35 homologue (Xp33./) are expressed in developing
somites. Overexpression of Xp335./ or a Xenopus Cdk35 dominant-negative mutant
(DNKS35) disrupts somatic muscle patterning. Expression of the myogenic

determination factors, MyoD and MRF4, is also suppressed in the presence of DNK3



(Philpott e al.. 1997). The presence of both Cdk3 and p35 and their associated kinase
activity during myogenesis indicates a role for Cdk3/p33 in muscle development.

Another non-neuronal cell type in which Cdk5-associated kinase activity may
contribute to differentiation is oligodendrocytes. Oligodendrocytes are the
myelinating cells of the central nervous system and like neurons. their presursors arise
trom the ventricular zone where they migrate to populate the entire brain. Once
migration is completed. postmitotic oligodendrocytes activate myelin-specific genes
and extend multiple processes to ensheath neuronal axons. Cdk3 is expressed in
various oligodendrocytic cell lines (Tikoo er al.. 1997: Casaccia-Bonnetfil er al.. 1997:
Tang er al.. 1998). Although CdkS3 protein levels are equal in precursor and
postmitotic rat primary oligodendrocytes. Cdk3 activity is shown to increase two-fold
as oligodendrocytes differentiate (Tang er /.. 1998). As mentioned carlier. these
results do not correlate with immunohistochemical studies using mouse, rat. or human
tissue. No Cdk3 or p335 expression is detected in vivo within glial cells of the nervous
system (Tsai er al.. 1993: [no et al.. 1994: Nakamura er al.. 1998: Hayashi et al..
1999). Therefore the role of Cdk3/p335 activity in glial cells in vivo remains

undetermined.

1.4.3  Synaptic Vesicle Release

Membrane targeting and synaptic vesicle neurotransmitter release involve a
fundamental set of interactions between key proteins which is termed the SNARE
hypothesis. This hypothesis is based on the formation of a complex composed of

soluble cytosolic proteins (NSF and SNAPs) and proteins integral to the synaptic



vesicle and the target membrane (SNAREs). The soluble proteins include the ATPase
N-ethylmaleimide-sensitive fusion protein (NSF) and the soluble NSF attachment
proteins (SNAPs) which are required for membrane attachment and NSF activation.
SNARESs are SNAP-receptors found on both the synaptic vesicle (v-SNAREs) and the
target membrane (t--SNARESs). During the secretory process. the synaptic vesicle is
targeted to the membrane via the interaction between appropriate v-SNARESs and t-
SNARESs. This protein complex then turther recruits the cytosolic SNAPs followed
by NSF (Bennett and Scheller. 1993: Sollner er al.. 1993: Sughot er al.. 1993;
Rothman. 1994).

A number of factors regulate the secretory machinery either positively or
negatively. One such factor is Munc-18. a human homologue of Succharomyces
cerevisiae Seclp protein (Hata er al.. 1993). Munc-18 is both essential and inhibitory
to the secretory process. It is essential since Seclp was reported to be important for
vesicle trafticking (Hata er al.. 1993: Cowles ¢r al.. 1994: Pevsner. 1996). However.
the interaction between Munc-18 and syntaxin. a membrane-associated t-SNARE.
blocks the interaction of syntaxin with vesicle SNARE proteins (Hata ef al.. 1993;
Pevsner ef al.. 1994). Syntaxin is an essential component of the protein complex
mediating vesicle fusion (Rothman and Warren, 1994: Bennett and Scheller. 1993;
Sudhof et al.. 1993). As a result, any factor that regulates the interaction between
Munc-18 and syntaxin may provide an important mechanism of controlling the
secretory process (Fletcher et al.. 1999).

CdkS is a candidate regulator of secretory responsiveness through its

interactions with Munc-18 and syntaxin. CdkS5 copurifies with Munc-18 from rat



nervous system (Shetty ez al., 1995: Shuang er al.. 1998). Cdk3 phosphorylates
Munc-18 in vitro within a preformed Munc-18-syntaxin 1A complex. This results in
disassembly of this complex (Fletcher ez al., 1999). Cdk5 can also bind syntaxin 1A
and a complex of Cdk5/p35/Munc-18/syntaxin 1A can be formed in the absence of
ATP (Shuang er al.. 1998). Stimulation of secretion from neuroendocrine cells
produces a translocation of cytosolic Cdk3 to a particulate fraction and a
corresponding increase of Cdk5 kinase activity (Fletcher et al.. 1999). In addition. in
chromatftin cells. transfection and expression of the Cdk3 activator. p25. results in
increased evoked norepinephrine secretion whereas inhibition of CdkS5 activity
decreases nicotinic agonist-induced secretion (Fletcher e al.. 1999). These data
suggest a model depicted in Fig. 2 whereby p35-activated Cdk35 regulates the
secretory process by localizing to the syntaxin 1A-Munc18 complex through its
atfinity for both proteins. Cdk3 then phosphorylates Munc-18 allowing syntaxin 1A

to interact with upstream proteins of the secretory mechanims (Shuang er al.. 1998).

1.4.4  Apoptosis

Over the past few years. CdkS involvement in apoptotic cell death has been
demonstrated in both experimental and physiological model systems. For example.
the pattern of Cdk3 protein expression in oxidative stress-induced apoptosis in
sympathetic neurons changes as a function of the apoptotic process and coincides
with the commitment of cells to die (Shirvan ez al., 1998). Cdk5 protein expression
has been found to be correlated with apoptosis in a number of non-neuronal model

systems. These include atretic ovarian follicular cells, regions of the developing
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Fig 2. Model of CdkS5 regulation of exocytosis. (a) High affinity binding between
Munc-18 and syntaxin 1a (Synt) inhibits the association of vesicle SNARESs (v-Snare)
with syntaxin. (b) The p35-Cdk5 heterodimer becomes localized to the Munc-18-
syntaxin la complex by its affinity for both proteins. (c) Phosphorylation of Munc-18
by p35-activated CdkS5 permits interaction of syntaxin la with upstream protein
effectors of the secretory process.
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retina and nervous system. androgen-withdrawn regressing prostate and interdigital
zones of developing mouse hindlimbs (Zhang et al.. 1997: Henchcliffe and Burke.
1997. Ahuja et al.. 1997). Association of CdkS5 kinase activity with apoptotic cell
death was demonstrated in mouse embryonic hindlimbs where the increase in
apoptosis between E12.5 and E14.5 coincides with a concomitant 3.4-fold increase in
Cdk3 kinase activity (Zhang er af.. 1997). Interestingly. within the developing mouse
limb. both Cdk3 and p35 protein levels. not transcript. were found to be associated
with dying cells. This indicates that the regulation ot Cdk3 and p35 in apoptotic cells
occurs at the level of mRNA transport or translation (Ahuja er al.. 1997).

A specific function for Cdk35 in dying cells has not been determined. Given its
association with cytoskeletal proteins. it is hypothesized to mediate pathological
cytoskeletal processes. Rearrangement of the cytoskeleton is a distinct feature of
apoptosis (Brancolini ef al.. 1995: Levee et al.. 1996: Brown ¢t al.. 1997: Van
Engeland er al.. 1997). Cdk3 kinase activity may be responsible for. or involved in.

the formation of apoptotic bodies (Ahuja er al.. 1997).

L5 Role of Cdk5/p35 in Pathological Systems

1.5.1 Neurodegenerative Diseases
Dynamic changes of the neurocytoskeletal structure underlie many
histopathological features exhibited in neurodegenerative diseases. Cdk3

phosphorylates several cytoskeletal components in vitro and has been implicated in



the regulation of cytoskeletal dynamics in both physiological as well as pathological
conditions.

The occurrence of Lewy bodies (LB) in Parkinson’s disease and Lewy body
like inclusions (LI) in the anterior horn cells of ALS patients are major histological
hallmarks of these neurodegenerative diseases. LB's are eosinophilic inclusions
composed of aggregates of fibrils. These fibrils are made up of abnormally
phosphorylated neurofilament proteins. LI’s are round or rod-shaped eosinophilic
cytoplasmic inclusions formed with granule-associated tilaments in the core and are
surrounded by a halo ot aberrantly phosphorylated neurofilament proteins.

Neurotilament proteins (NF). members of the intermediate-tilament tamily.
are neuron-specific proteins that constitute the major cytoskeletal infrastructure in
axons and include NF-H. NF-M and NF-L subunits. The long C-terminal domains of
human NF-H and NF-M contain repeated KSP motifs which are phosphorylated in
vivo. This phosphorylation is thought to (1) influence the interactions between NF's
and other components of the axoplasm (Carden ¢ al.. 1987). (2) control
neurofilament transport (De Waegh er /.. 1992) and. (3) determine axon caliber (De
Waegh et al.. 1992: Nixon et al.. 1994).

Purified Cdk5 phosphorylates KSP motifs in the C-terminus of NF-H and NF-
M in vitro (Hellmich ez al.. 1992, Lew et al.. 1992, Shetty ef al.. 1993: Sun et al..
1996). Cdk3 protein expression has been observed in both LB's of patients with
Parkinson’s disease (Brion and Couck, 1995) and LI's of ALS patients (Nakamura et
al.. 1997). p35 expression is also detected within LB’s of the same patients

(Nakamura et al., 1997). [t is hypothesized that Cdk5’s involvement in



phosphorylation of the C-terminus of NF-H and NF-M in LB of Parkinson's disease
may be a crucial step for the conversion of neurotilament proteins into insoluble
fibrils. In addition. Cdk3 protein levels and activity are associated with ALS-like
neurofilament pathology in canine motor neuron disease (Green et al.. 1998). Cdk3
may play a critical role in the development of neurofilament-associated inclusions in
different neurodegenerative diseases.

Cdk3 is implicated the regulation of cytoskeletal dynamics in pathological
features of Alzheimer’s disease. Tau is a neuron-specific. microtubule-associated
protein which plays a role in the establishment and maintenance of neuronal polarity
(Goedert ¢t al.. 1991). Abnormally hyperphosphorylated tau is the main component
of the paired helical filaments (PHF) that constitute neurofibrillary tangles (NFT) in
Alzheimer’s diseased brains (Thara er al.. 1986). This hyperphosphorylated tau (PHEF-
tau) loses its ability to promote and stabilize microtubules. resulting in neuronal
dystunction (Yoshida and [hara. 1993). Cdk35 can phosphorylate tau protein in an
Alzheimer-like state in vitro (Ishiguro er al.. 1992. Baumann ef al.. 1993). The in
vitro phosphorylation sites correspond to those hyperphosphorylated in Alzheimer’s
diseased brains (Ishiguro et al.. 1992). Pre-phosphorylation of tau by CdkS was
shown to stimulate subsequent kinase-induced hyperphosphorylation of tau (Sengupta
et al.. 1997). Immunohistochemical analysis of Alzheimer’s brain specimens
indicates a preferential and consistent labeling of intraneuronal NFT's (Yamaguchi er
al., 1996: Pei et al.. 1998) particularly in neurons bearing early stage NFT's (Pei er
al., 1998). These data suggest that Cdk5 may be involved in the in vivo generation of

hyperphosphorylated tau within NFT’s at a relatively early stage in the neocortex.



Ischemic brain injury has profound effects on the cytoskeletal components of
neurons. Levels of cytoskeletal proteins including the microtubule associated
proteins, tau protein (Dewar and Dawson, 1995), MAPI (Matesic and Lin. 1994), and
MAP2. (Matesic and Lin. 1994) decrease in the neurons of ischemic brain.
Phosphorylation of various proteins at specific sites can induce depolymerization of
these cytoskeletal proteins (Yanigihara er al.. 1990: Schulze ez ul.. 1987). It has been
proposed therefore that Cdk5 may be involved in the neurocytoskeletal degradative
processes seen in ischemic brain (Green ez al.. 1997: Hayashi er al.. 1999). Both
Cdk5 and p35 immunoreactivity is increased in neurons within middle cerebral artery
occlusion-induced ischemic areas of rat brain (Hayashi er al.. 1999). In a post-
decapitation rat model of complete ischemia. Cdk3 tau phosphorylating activity
increased following ischemia (Green ef /.. 1997). This rat model of ischemia mimics
the ischemic brain injury that occurs under various clinical conditions including
cardiac arrest. brain edema due to massive head injury. sepsis and severe blood loss
(Green et al.. 1997). Thus. CdkS kinase activity may induce depolymerization of
neurocytoskeletal proteins in the brain after ischemia resulting in neuronal cell death.

Through its potential to phosphorylate various neurocytoskeletal components
invivo. Cdk3 and its associated kinase activity is implicated in the abnormal
phosphorylation of cytoskeletal proteins in various neuronal pathologies. As a result.
Cdk5 may play an essential role in the cytoskeletal disorganization and neuronal cell

death associated with various neurodegenerative diseases.



1.5.2  Glial Cell Pathologies

Glial cytoplasmic inclusions (GCI) are histological features found in the
oligodendrocytes of multiple system atrophy patients. They are composed of loosely
packed tubular filaments 20 to 30 nm in diameter (Murayama er al.. 1992; Abe er al..
1992) and are associated with major microtubule components such as tubulin subunits
(« and f3) (Papp and Lantos, 1989), MAPIB (Abe ef al.. 1992) and tau proteins (Abe
et al., 1992). Due to its tau- (Baumann er al.. 1993) and MAP2- (Lew and Wang,
1995) associated kinase activity in vitro. CdkS3 is suggested to be involved in the
development of GCI's (Nakamura et al.. 1998). Although Cdk35 is not normally
expressed in glial cells in normal brain tissue (including oligodendrocytes) (Tsai et
al.. 1993: Ino et ul.. 1994: Nakamura et al., 1998: Hayashi er al.. 1999). it was
detected in GCI's in brains of multiple system atrophy patients (Nakamura er u/..
1998). Considering the close association of GCI's with the microtubular cytoskeleton
and Cdk5 phosphorylating activity of tau and MAP2 proteins in vitro. ectopic
expression of Cdk3 may result in the abnormal phosphorylation ot microtubule-
associated proteins. This would result in GCI formation in the oligodendrocytes of

multiple system atrophy patients (Nakamura ef al.. 1998).



[I. EXPERIMENTAL OBJECTIVES

2.1.  What are the Expression Patterns of Cdk5 and p35 in Human Glioma

Cells?

2.1.1. Cdk5 and p35 Protein Expression in Human Glioma Biopsy Specimens

Analysis of normal human. rat and mouse brain tissue reveals an exclusive
neuronal expression pattern for Cdk5 and p35. These proteins are not normally found
in supporting glial cells including oligodendrocytes and astrocytes (Tsai er al.. 1993:
Ino er al.. 1994: Nakamura er al.. 1998: Hayashi ef al.. 1999). However. previous
studies have indicated that Cdk3 and p335 proteins were expressed in human glioma
cell lines and that the p35 protein was unexpectedly present in the “active” proteolvtic
form. p25. In addition. p35 was further detected by immunohistochemistry in 7 of 7
human glioma biopsy specimens. suggesting that its expression in glioma cells was
not an artifact of in vitro tissue culture.

Using a variety of non-malignant brain tissue samples and a spectrum of
cerebral astrocytic tumors of various histological grades. we wished to (1) confirm the
absence of Cdk5 and p35 proteins from normal astrocytes. and (2) determine if the
aberrant expression of Cdk35 or p35 in astrocytoma cells was associated with any

histopathological features of astrocytic tumors.



2.1.2. Localization of CdkS and p35 Protein in Cultured Glioma Cells

The subcellular localization of Cdk5 and p335 has been extensively examined
in neuronal cells. Both Cdk3 and p335 display unique expression patterns in the brain
as well as interspecies variation. Following the novel finding of the in vivo
expression of Cdk3 and p35 proteins in human glioma ceils, we wished to determine
the subcellular distribution of Cdk3 and p35 in cultured glioma cells and to examine
(1) if Cdk3 and p35 were nuclear or cytoplasmic proteins. and (2) if CdkS and p35

proteins displayed any unique expression patterns within human glioma cells.

2.2.  Is Cdk5/p35 Kinase Associated with Apoptotic Cell Death in Human

Glioma Cells?

Although the exact functional properties of Cdk3 remain to be determined. a
strong correlation between Cdk5/p35 protein expression and apoptotic cell death has
previously been reported in a number of developmental and experimental systems
(Arujaeral.. 1997: Zhang et al.. 1997). Apoptotic cell death is a feature of
anaplastic astrocytomas and glioblastoma multiforme (Kordek er al.. 1996: Tachibana
et al.. 1996: Ellison er al.. 1995) and has been suggested to increase with the degree
of anaplasia in astrocytic tumors (Kordek er al., 1996: Ellison er al.. 1995). Using a
panel of human malignant glioma biopsy specimens of varying histopathological
grades, we wished to examine the in vivo association of Cdk5/p33 protein expression

with apoptotic cell death.
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Human glioma cell lines which exhibit significant ditferences in
susceptibility to radiation-induced apoptosis provide a usetul model for examining the
role of Cdk35 in apoptosis. The human malignant glioma cell lines, M059J and
MO59K (isolated from different portions of the same glioblastoma specimen), have an
approximately 30-fold difterence in their inherent radiation sensitivities as measured
by surviving fraction at 2 Gy (SF2): M039K = 0.64 and M059J = 0.02 (Allalunis-
Turner et al.. 1993). This variance in radiosensitivities is. in part. the consequence of
differences in sensitivity to radiation-induced apoptosis (Leithotf e «/.. 1995). We
used M059J and MO59K cells to evaluate the functional role of Cdk3/p35 in apoptotic
cell death and to determine if Cdk5 and p35 protein expression and kinase activity

was associated with apoptosis in these cells.

2.3 Is p35 Subject to Rapid Turnover in Human Glioma Cells?

Recent studies examining p35 protein stability in cultured neurons have
shown p35 to be a short-lived protein with a half-life of approximately 20-30 min
(Patrick er al.. 1998: Saito ef al.. 1998). To determine whether the half-life of p35
protein in human glioma cells was similar to that determined for neuronal p35. M059J
cells were treated with cycloheximide for various times and analyzed for p35

expression.

LI
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III. MATERIALS AND METHODS

3.1 Glioma Model Systems

3.1.1 Human Glioma Cell Lines

The M059J and MO59K cell lines were isolated from different portions of the
same human glioblastoma multiforme surgical biopsy specimen (Allalunis-Turner er
al.. 1993). MO059J cells are approximately 30-fold more sensitive to ionizing
radiation than are MO59K (surviving fractions at 2 Gy equal 0.02 and 0.64.
respectively) and provide the only human example ot a cell line lacking DNA-
dependent protein kinase activity (Lees-Miller er «/.. 1995). M059J and M059K cells
in exponential growth phase were used for immunohistochemical staining of cytospin

preparations. western blot analyses and kinase assays.

3.1.2 Human Normal Brain and Brain Tumor Specimens

Paraffin-embedded histological sections of human astrocytoma and human
glioblastoma multiforme tumors were obtained from Dr. Bruce Mielke at the
University of Alberta Hospital. Paraffin-embedded histological sections representing
non-malignant brain and brain tumors were a gift from Dr. Chunghai Hao of the
University of Alberta Hospital. Brain tumor tissue sections included specimens
obtained from patients with medullablastoma and pilocytic astrocytoma. Drs. Bruce
Meilke and Chunghai Hao also provided neuropathological review of all the

immunohistochemical staining patterns.



3.2 Cell Culture

Cells were grown as monolayer cultures at 37°C in an atmosphere of 5% Cco,
in air and 90% relative humidity. Stock cultures were maintained in Dulbecco's
modified Eagles medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine
serum (Gibco BRL). 20 units/ml penicillin (Gibco BRL) and 500 uM L-glutamine
(Gibco BRL). Cells were passaged by regular trypsinization of confluent cultures. A

Coulter Z2 ¢lectronic particle counter was used for cell number determinations.

33 Immunological Reagents

Affinity-purified rabbit polyclonal antibodies to Cdk3 (C-8. Santa Cruz
Biotechnology. sc-173) raised against a peptide corresponding to an amino acid
sequence at the C-terminus of human Cdk35 origin was used for
immunohistochemistry (1 : 100). western blotting (1 : 1000). immunoprecipitation (1
ug) and confocal microscopy (1 : 300). Cdk3 peptide (Santa Cruz Biotechnology. cat
#sc-173 P. 10 X volume of antibody) was used as a control for confocal microscopy.
A mouse monoclonal Cdk3 antibody (Upstate Biotechnology. 1 : 333) raised against a
recombinant full length human Cdk3 protein was also used for confocal microscopy.

Affinity-purified rabbit polyclonal antibodies raised against a peptide
corresponding to amino acids 2-21 mapping to the N-terminus of p35 of human origin
(N-20, Santa Cruz Biotechnology. #sc-821) was used for immunohistochemistry (1:
100) and western blotting (1 : 200). A second p35 rabbit polyclonal antibody raised
against an epitope mapping to the C-terminus of human p35 (C-19. Santa Cruz
Biotechnology, #sc-820, 1 : 40) and a p35 control peptide (Santa Cruz Biotechnology,

# sc-820 P, 10 X volume of antibody) were used for confocal microscopy. A
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monoclonal anti-a-tubulin antibody (DM 1A. Sigma. . # T 9026. 1 : 1000) was used
for confocal analysis of co-localization with p35.

Secondary antibodies used include: peroxidase-conjugated. affinity-purified
goat anti-rabbit IgG (H+L) (Jackson Laboratories, #111-035-144. 1 : 50 000);
peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology. # sc-2004.
1 : 50 000): Alexa 488-conjugated highly cross-absorbed goat anti-rabbit [gG
(Molecular Probes. A-11034. 1 : 250): Cy3-conjugated goat anti-rabbit [gG (H+L)
(Jackson Laboratories. # 111-165-144. 1 : 200) and Cy5-conjugated goat anti-mouse
[gG (H+L) (Jackson Laboratories. #115-175-062. | : 250). Normal rabbit purified
[gG (Santa Cruz Biotechnology. # sc-2027) was used as a negative control for

immunohistochemistry (1 pg/ml) and immunoprecipitation (1 pg).

3.4 Irradiation Experiments

MO059J and MOS9K cells were trypsinized. replated at the density required per
procedure. and returned to the incubator for 1 to 4 days to allow for cell adherence to
occur and to re-establish exponential growth. A dose of 10 Gy y-rays was then
delivered using a "’Cs source (Sheperd Irradiator) at a dose rate of 1.41 Gy/min.
Control cultures were mock-irradiated. Following irradiation. cells were immediately

placed on ice and transported to the laboratory.

3.5  Cytospin Preparation of M059.J and M059K Glioma Cells

MO059J and M059K human glioma cells were plated at a density of 4 x 10°
cells per 75 cm’ flask. Cells were mock-treated or exposed to 10 Gy y-rays as
described above. Following irradiation, flasks were returned to the incubator for 15

min, 30 min, 1 h,3 h, 12 h, 24 h, 36 hor 48 h. Following incubation cells were
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trypsinized. counted and diluted in complete medium to yield a concentration of 8 x
10*cells/ml. Cytospins were prepared by adding 250 pl (2 x 10%) of the cell
suspension to the cytospin slide holder loaded with a poly-I-lysine-coated (Sigma)
glass slide and filter paper (Shandon). Slides were centrifuged at 400 rpm for seven
minutes at low acceleration (Cytospin 3, Shandon). All slides were immediately
fixed in 4% paratormaldehyde (Fisher Scientific). permeabilized in 0.1% Triton X-

100 (Sigma). air dried and stored at —20°C until further analysis.

3.6 Immunohistochemical Analysis of CdkS and p35 Protein Expression in

Human Glioma Cells

The biotin-streptavidin amplitied (B-SA) detection system was used tor
immunohistochemical detection (Super Sensitive Detection System. Santa Cruz
Biotechnology) of Cdk35 and p33 protein expression in paratfin-embedded human
gliomblastoma multiforme biopsy specimens and cytospin preparations of irradiated
and mock-treated M039J and MO59K cells. Paraftin-embedded human biopsy
specimens were de-waxed by three washes in xylene and rehydrated by passage
through a series of ethanol solutions (three times in 100% ethanol. once in 80%
ethanol. and once in 70% ethanol). Cytospin preparations and paraffin-embedded
tissue specimen slides were incubated for 30 min in 2.1% citric acid for antigen
unmasking. After two washes with 1 x PBS. slides were blocked for 30 min with
10% goat serum (Jackson Laboratories). Slides were placed in a humidified chamber
at room temperature, primary antibodies were added to cover the entire specimen and

incubated for 2 h. After two washes with PBS, slides were incubated with



biotinylated goat anti-rabbit IgG antibody (diluted 1:15) for 20 min. washed twice in
PBS and incubated with streptavidin-conjugated to alkaline phosphatase (diluted
1:15) for 20 min. Staining was detected using a Fast Red solution system (Biogenex)
and nuclei were counterstained with Harris Hematoxylin (Fisher Scientific). All
antibodies were diluted in common antibody diluent (Biogenex). For control. the

slides were incubated with rabbit IgG in 1% BSA and 0.02% azide.

3.7  Confocal Microscopy Analysis of CdkS and p35 Protein Distribution in

Human Malignant Glioma Cells

For cellular localization of p33. Cdk3 and tubulin in glioma cells. M039J cells
were seeded onto coverslips in rectangular eight-well dishes (Nunc Nalge) at a
concentration of 6 x 10" cells/slide in phenol red-free media (Gibco BRL). Cells were
grown for one day and then fixed in 4% paratormaldehyde. rinsed in | x PBS and
permeabilized in 0.5% Triton X-100 (Sigma). Following two washes in | x PBS.
cells were incubated with 25 ul of a mixed primary antibody solution on a parafilm-
covered glass plate for | h at room temperature. After 3 washes in 0.1% Triton X-
PBS. cells were incubated in 25 pl of a mixed secondary fluorochrome-labeled
antibody solution for 1 h at room temperature. For nuclear staining, cells were
incubated in Hoechst 33258 (0.1 pg/ml, Molecular Probes. # H-3569) for 2 min at
room temperature. Coverslips were mounted using 90% glycerol ( BDH) and
analyzed at 63x magnification using a Zeiss LSM 510 confocal microscope.

For analysis of p35 protein expression and apoptosis. paraffin-embedded
glioblastoma multiforme biopsy specimens were dewaxed by three washes in xylene
and rehydrated by passage through a series of ethanol solutions (three times in 100%
ethanol, once in 80% ethanol, and once in 70% ethanol). After incubation in 1 x PBS
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for 10 min, sections were treated with 20 pg/ml proteinase K (Gibco BRL) for 10 min
at room temperature. Sections were rinsed twice in 1 x PBS and then permeabilized
in 0.1% Triton X-100 in 0.1% sodium citrate (BDH) for 1.5 min on ice. Following
two washes in | x PBS, sections were incubated in the TUNEL reaction mixture (In
Situ Cell Death Detection Kit, Boehringer Manheim) containing fluorescein-labeled
d-UTP and TdT. for 30 min at 37°C. After three washesin | x PBS. the procedure
tor immunotluorescence staining was followed as described above. For negative

controls, the sections were incubated without addition of TdT.

38 Whole Cell Lysate Preparation

Whole cell lysates of irradiated or mock-treated M0359J and M0359K cells were
prepared at various times after irradiation (0. 30 min. | h. 3 h. 14 h. 24 h. 36 h. 72 h)
tor western blot analyses and kinase assays. In order to include apoptotic cells
detached from the substratum after irradiation. trypsinized cells were combined with
cells tloating in the media. Cells were counted using a Coulter counter. For western
blotting. cells (1 x 10*/ml) were lysed in RIPA lysis buffer (I % NP-40. 0.5 % sodium
deoxycholate. 0.1 % SDS. 10 pg/ml PMSF. 2 ug/ml aprotinin. 10 pg/ml sodium
orthovanadate). Lysate products were collected after passage through a 21 gauge
needle and centrifugation at 13 000 rpm for 20 min at 3 °C using a microcentrifuge.
For kinase assays. approximately 1x 107 cells were lysed in I ml lysis buffer (0.1 %
Triton X, 0.5 % sodium deoxycholate, 0.1 % SDS. 0.575 mM PMSF and 1pg/ml
aprotinin in PBS). Cell lysates were collected after passing through a 21 gauge
needle and centrifugation at 3000 rpm for 15 min at 3 °C. Protein concentrations of
each sample were determined by using a BCA protein assay (Pierce) according to

manufacturer’s instructions.



3.9  Western Blot Analysis of Cdk5 and p35 Protein Expression in Human

Malignant Glioma Cells

Proteins were separated by running equal amounts of lysate products (total
cellular protein trom 1x10° cells or equal protein) on 12% SDS-polyacrylamide gels at
200 V for approximately 30 min. Proteins were then transferred (1 h at 100 V) to a
nitrocellulose membrane (Hybond-C extra, Amersham). The loading and transter of
equivalent levels of protein was contirmed by staining with Ponceau S (Sigma). The
membranes were blocked by overnight incubation in a solution of 3% dry milk in
TBS (2 M Tris HCL. pH 7.5). probed with the primary antibody for 2 h, followed by
secondary HRP-conjugated goat anti-rabbit immunoglobulin for 1 h. The
immunocomplex was detected by chemiluminescence (ECL. Amersham or
Supersignal. Pierce) and autoradiography (Kodak XAR tilm). Autoradiographs were

quantitated by densitometric analysis.

3.10 Densitometric Analysis

Quantitation of western blots and kinase assays were performed by
densitometry using The Discovery Series (pdi. Huntington Station. NY) workstation
and Quantity One (Version 2.2, pdi) scanning and one-dimensional image analysis
software. The scanner was calibrated using an optical density step tablet.
Background subtraction was achieved by subtracting the average interlane optical
density for kinase assays and the average lane optical density for western blots. Band
width was set at 5 mm and bands were detected automatically using default detection
parameters. Band quantitation (O.D. x mm) was achieved by integrating the average
pixel optical density across the sample width and values were normalized relative to

the control. All blots were analyzed at a resolution of 176 x 176 pixels.
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3.11 Immunoprecipitation and Histone H1 Kinase Assay

Cell lysates were prepared as described for the western blot analyses. Equal
amounts of protein were incubated with 1 pg of rabbit [gG (Santa Cruz
Biotechnology) or IgG anti-CdkS5 (C-8) for 15 min at 4 °C. A rotating platform was
used to ensure adequate mixing. Immune complexes were then precipitated by
adding 20 pul Protein A-agarose to each sample (Santa Cruz Biotechnology) overnight
at 4°C with constant rotating. The agarose beads were washed by collecting the pellet
complex by centrifugation for 5 min at 2500 rpm at 4 °C and resuspending the pellet
in 1 ml lysis butfer. The beads were washed four times with lysis buffer and washed
once with kinase wash (50 mM Hepes pH 7. 10 mM MgCl, pH 7. | mM DTT. 1 uM
unlabeled ATP in distilled H,0). Pellets were centrifuged and excess liquid removed
using a micropipette.

Histone H1 kinase reactions were performed by incubating each sample with
45 pl kinase reaction buffer containing ATP (0.5 uM). histone (2 ug) (as a substrate)
and 5 pCi of y **P-ATP (10 pCi/(1) for 20 min at 30 °C. Sample buffer (50 ul of 2x
SDS-DTT) was added to each sample which was then boiled for 10 min. The
reactions were flash spun (5 s). loaded on a polyacrylamide gel (35 pl/ sample) and
phosphorylated histone H1 was separated by 12 % SDS-PAGE. Radioactivity was

detected by autoradiography and quantitated by densitometry.

3.12 p35 Protein Stability Experiments

M059J human glioma cells were plated at a density of 5 x 10° cells per 75 cm’
plate and grown for three days. Test cultures were treated with cycloheximide
(Sigma, final concentration of 75 ug/ml) for 4 h, 8 h, 24 h, or 36 h. Following

treatment, cells were lysed as described in Section 3.9 and proteins separated by
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running equal amounts of protein on 12% SDS-polyacrylamide gels at 200 V for
approximately 50 min. Proteins were then transferred (1 h at 100 V) to a
nitrocellulose membrane (Hybond-C extra, Amersham). The loading and transfer of
equivalent levels of protein was confirmed by staining with Ponceau S (Sigma). The
membranes were blocked by overnight incubation in a solution of 5% dry milk in
TBS (2 M Tris HCL, pH 7.5) and then probed with the p35 antibody for 2 h. followed
by HRP-conjugated goat anti-rabbit immunoglobulin for 1 h. The immunocomplex
was detected by chemiluminescence (ECL, Amersham or SuperSignal. Pierce) and
autoradiography (Kodak XAR tilm). Autoradiographs were quantitated by

densitometric analysis.



IV. RESULTS

4.1 Expression and Localization of p35 and CdkS

4.1.1 Immunohistochemical Analysis of Cdk3 in Non-Malignant Human Brain
The CdkS3 protein expression in four human non-malignant brain tissuc
specimens was examined by immunohistochemical staining. The formalin-fixed.
paratfin-embedded tissues were obtained from Dr. Chunhai Hao. Department of
Laboratory Medicine - University of Alberta Hospitals. and represented excess
pathological material. Acquisition of this material was in accordance with the
guidelines established by the Human Ethics Review Board. The pathological

description of these tissues is provided in Table 1.

Pathology

cortical dysplasia | surgical cortex / subcortical white
... malter
cortical dysplasia surgical hippocampal formation

surgical

residual uly gyria lilppocampélformatlon 7

hy poxic ischemic autopsy Rﬁ)ocaﬁﬁa—fomhnonw

encephalopathy

Table 1. Summary of non-malignant tissue analyzed for Cdk5 immunoreactivity.



Cdk5 immunoreactivity was detected in the form of fine dark red grains in all
samples examined. Upon examination of the hippocampal formation in three non-
malignant brain sections at higher magnification. Cdk3 immunoreactivity was
detected in the pyramidal cell layer in CA1. CA2, CA3 and CA4 as well as the
granular layer of the dentate gyrus (shown in Fig. 4a. top right corner). CdkS was
absent from white matter (Fig. 4a. bottom left corner). At a subcellular level. both
cell bodies and dendrites of pyramidal cells (Fig. 4¢) and granular cells were
positively stained for Cdk5. [n contrast. no positively stained axons in either the grey
matter or white matter of the hippocampus were detected.

The expression pattern of Cdk3 in the neocortex and subcortical white matter
revealed comparable Cdk5 immunoreactivity in neurons of all six cortical layers.
Cdk35 was localized to cell bodies (including both the cytoplasm and nucleus). and
dendrites. but was absent from the subcortical white matter composed predominantly
of axonal pathways. The lateral geniculate nucleus. a component of the thalamus.
observed in the autopsy slide of hypoxic ischemic encephalopathy. displayed a
similar Cdk35 staining pattern where neurons ot all six layers were positively stained
and axon bundles were negative.

In all non-malignant brain tissue specimens examined. Cdk35
immunoreactivity was absent from glial cells in both the predominantly axonal white
matter and the predominantly neuronal grey matter. As Fig. 4b shows, no
oligodendrocytes or astrocytes displayed positive Cdk3 staining in the neocortex.

subcortical white matter or hippocampus.



Fig. 4. Cdk5 immunoreactivity in non-malignant brain tissue. Paraffin-
embedded tissue sections were stained using Fast red substrate (red
stain) and counterstained with hematoxylin (purple stain). (a) Low
power view of residual ulygyria hippocampus demonstrates positively
stained grey matter (top right corner) and negatively stained white
matter (bottom left corner). (b) High power magnification of white
matter from hypoxic ischemic hippocampal tissue indicates both astrocytes
(striped arrow) and oligodendrocytes (thin arrow) are devoid of CdkS5
immunoreactivity. (c) High power magnification of Cdk5-positive
pyramidal cells (green block arrow) and Cdk5-negative astrocytes
(striped arrow) and oligodendrocytes (line arrow) from the same
hypoxic ischemic hippocampal tissue section as in (b) .
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4.1.2  Immunohistochemical Analysis of Cdk5 and p35 in Human Astrocytic

Tumors

The expression profiles of Cdk5 and p35 proteins were examined by
immunohistochemistry in 12 human astrocytic tumor specimens of varying
histological grades (one Grade 1. three Grade 1. four Grade I1I and six Grade [V).
Because of intra-tumoral heterogeneity. adjacent sections of several regions of the
same tumor were examined for Cdk5 and p35 immunoreactivity as described in Table
2,

Cdk35 and p35 expression was detected in all 12 tumors examined. Within
positively stained neoplastic cells. Cdk3 and p35 were detected in both the nucleus
and the cytoplasm of astroglial cells. with preferential cytoplasmic labeling for both
Cdk5 and p35. In general. Cdk3 staining was much more intense than p35 staining.
Other cell types which exhibited positive Cdk5 immunoreactivity included
lymphocytes within the vascular proliferative areas. neutrophils and macrophages.

Cdk5 and p35 immunoreactivity produced a weak correlation with the tumor
grade. However. Cdk35 staining in grade [I-IV astrocytomas (Fig. 5b) was
consistently stronger than Cdk5 immunoreactivity in a Grade [ pilocytic astrocytoma
(Fig. 5a). Although the pattern of immunoreactivity of both p35 and Cdk5 varied
considerably from neoplasm to neoplasm and even within a single tumor, intense
CdkS5 staining was preferentially observed in tumor cells surrounding large areas of
necrosis in half (3/6) of the Grade IV glioblastoma specimens (reviewed in Table 2).

This intense CdkS5 staining was not found in pseudopalisading cells surrounding focal
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Grade Tumor Sex Age #regions p3s Cdks Intense
cxamined staining staining Cdk3 in

per tumor peri-
necrotic

none to

very weak
1 F 24 2 none to very weak N
weak to weak
2 *M 7 7 very weak  very weak N
to medium  to strong
3 *M 7 4 very weak  weak to N
to medium  medium
1 F 73 5 weak medium N
2 M 39 5 none to weak to N
medium medium
1 xF 40 10 very weak  very weak N
to strong to strong
2 xF 41 4 absent to absent to Y
strong strong
3 M 43 3 absentto  very weak N
strong to strong
4 M 69 7 weak to weak to Y
medium strong
5 M 45 L absentto  very weak N
strong to strong
6 +M 45 5 absentto  very weak- Y
strong strong

Table 2. Summary of Cdk5 and p35 protein expression profiles in human glioma
biopsy specimens. Each symbol (*, x, +) indicates two tumor biopsies taken at
different times from the same patient.
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Fig. 5. CdkS5 immunoreactivity in varying grades of human
astrocytomas. Paraffin-embedded biopsy tissue sections

of (a) a pilocytic astrocytoma and (b) a Grade III anaplastic
astrocytoma were immunostained with anti-CdkS (C-8) antibody.
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necrosis. Although p35 immunoreactivity was observed diffusely without
preferential perinecrotic distribution. intense p35 staining was observed in rare.

isolated cells located within these areas.
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4.1.3 Subcellular Localization of p35 and Cdk5 in M059J Glioma Cells

MO059]J glioma cells were seeded onto glass coverslips and examined 24 h later
for p35 and Cdks3 protein distribution using confocal microscopy. p33 protein was
detected by indirect immunofluorescence labeling using a polyclonal antibody which
recognized an epitope in the C-terminus of p35 (C-19). followed by anti-rabbit [gG-
Alexa 488. The resulting staining pattern displayed a lattice-like distribution similar
to that of cytoskeletal proteins in both extended glioma cells (Figs. 6 & 7) and mitotic
cells (Fig. 8). p35 immunoreactivity was predominantly cytoplasmic (Figs. 6.7 & 8)
but was absent trom short glial processes (Fig. 8). p35 was also detected in the
nucleus of some cells as seen in a cross sectional view through the nucleus of a p35
immunostained M059J cell (Fig. 9). The staining pattern generated by this antibody
was disrupted by neutralization with purified peptide prior to staining (Fig. 10).

CdkS immunoreactivity in cultured M039J cells was examined by indirect
immunotluorescence using two different antibodies: (i) a polyclonal antibody
corresponding to an epitope in the C-terminus of Cdk5 (C-8) followed by anti-rabbit
IgG-Cy3 (red) and (ii) a monoclonal antibody raised against a recombinant full-length
human CdkS5 protein (Upstate Biotechnology) followed by anti-mouse IgG-CyS5 (red).
Although both antibodies detected Cdk35 as small granules within the cytoplasm and
nucleus, they differed with respect to the relative fluorescent intensities between the
cytoplasm and the nucleus. The monoclonal antibody produced stronger staining in
the cytoplasm (Fig. 11). While Cdk5 was detected within the nuclear structure, it was
absent from nucleoli (Fig. 12). On the other hand, the staining with polyclonal

antibody was ubiquitous throughout the cytoplasm and nucleus (Fig. 13) with nuclear
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Fig. 6. Confocal analysis of the subcellular distribution of p35 protein in mature
MO059J glioma cells. Cells were double immunolabeled using (a) Hoechst 33258
DNA stain (blue) and (b) anti-p35 (C-19) antibodies (green). The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three
images (a,b and c) is shown in (d).
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Fig. 7. Confocal analysis of the subcellular distribution of p35 protein in mature
MO059]J glioma cells. Cells were double immunolabeled using (a) Hoechst 33258
DNA stain (blue) and (b) anti-p35 (C-19) antibodies (green). The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three
images (a,b and c) is shown in (d).
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Fig. 8. Confocal analysis of the subcellular distribution of p35 protein in mitotic
MO059J glioma cells. Cells were double immunolabeled using (a) Hoechst 33258
DNA stain (blue) and (b) anti-p35 (C-19) antibodies (green). The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three
images (a,b,and c) is shown in (d).



Fig. 9. p35 nuclear inmunostaining of M059J glioma cells. This figure
depicts the cross-sectional view through the cell. p35 staining (green) is
present within both the nuclear structure (red stain) and the cytoplasm as
indicated by the arrow.
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Fig. 10. Effect of control peptide on p35 immunostaining in M059J glioma cells.
Following preincubation of antibodies with control peptide, cells were double
immunolabeled using (a) Hoechst 33258 DNA stain (blue) and (b) anti-p35
(C-19) antibodies (green). The overall cell morphology is depicted in (c) the
brightfield image. An overlay of all three images (a,b and c) is shown in (d).
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concentration observed in some cells. The staining intensity with C-8 antibody was
significantly reduced by pre-incubation with purified control peptide (Fig. 14)
indicating the specificity of the antibody towards the targeted epitope.

To colocalize p35 and Cdk3 proteins in the same glioma cell, M0359J cells
were stained using p35 (C-19) and Cdk5 (Upstate) antibodies. followed by anti-
rabbit-Alexa 488 (green) and anti-mouse-Cy3 (red) secondary antibodies.
respectively. As expected. both p35 and Cdk35 proteins were detected within the same
glioma cells and retained the staining patterns observed with single labeling
experiments in mature, extended cells (Fig. 15) and in mitotic cells (Fig. 16). Fig. 17
shows a high powered view of the glial process from the same cell in Fig. 15 and
tllustrates p35 and Cdk3 protein expression along the length of glial extensions as
well as the tip of these processes.

During early cytokinesis. as cells are beginning to separate. Cdk3 staining was
diffusely cytoplasmic (Fig. 18b) whereas p35 produced a focal staining point located
at the periphery of the hilum of the kidney-shaped nuclei (Fig. 18d). This staining
pattern was visualized in all rounded cells of M059J cultured cell preparations.
Strong CdkS3 staining in the midbody was apparent later during cytokinesis (Fig. 19a).
with very faint p35 immunoreactivity along the process separating the two cells (Fig.

19¢).
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Fig. 11. Confocal analysis of the subcellular distribution of Cdk5 protein in M059J
glioma cells. Cells were double immunolabeled using (a) anti-CdkS (Upstate)
antibodies (red) and (b) Hoechst 33258 DNA stain (blue). The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three images
(a,b and c) is shown in (d).
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Fig. 12. Cdk$ nuclear immunostaining of M059J glioma cells. This
figure depicts the cross-sectional view through the cell. Cdk3 staining
(red) is present within the nuclear structure (green) indicated by the blue
line arrow. Note the absence of CdkS stain within the nucleoli (pink
block arrow).
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Fig. 13. Confocal analysis of the subcellular distribution of CdkS5 protein in a
M059J glioma cell. Cells were double immunolabeled using (a) anti-Cdk5 (C-8)
antibodies (red) and (b) Hoechst 33258 DNA stain (blue). The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three images
(a,b and ¢) is shown in (d).
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Fig. 14. Effect of control peptide on Cdk5 (C-8) immunostaining in
MO059] glioma cells. Following preincubation of antibodies with control
peptide, cells were double immunolabeled using (a) anti-CdkS$ (C-8)
antibodies (red) and (b) Hoechst 33258 DNA stain (blue) . The overall cell
morphology is depicted in (c) the brightfield image. An overlay of all three
images (a,b and c) is shown in (d).
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fat:

Fig. 17. Colocalization of Cdk5 and p35 in glioma cell process extensions. M059J
glioma cells were double immunolabeled using (a) anti-CdkS (C-8) (red) and

(¢) anti-p35 (C-19) antibodies (green). The overall cell morphology is depicted

in (b) the brightfield image. An overlay of all three images (a,b and c) is shown in (d).
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Fig. 19. Colocalization of Cdk5 and p35 in the midbody of M059J glioma cells
during cytokinesis. Cells were double immunolabeled using (a) anti-CdkS5 (C-8) (red)
and (c) anti-p35 (C-19) antibodies (green). The overall cell morphology is depicted in
(b) the brightfield image. An overlay of all three images (a,b and ¢) is shown in (d).
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4.1.4 Double Immunofluorescent Staining of p35 and a-Tubulin in Untreated

and Microtubule-Disrupted Glioma Cells

To assess the possible association of p35 with the microtubule cytoskeleton in
M059J cultured glioma cells, cells were double-labeled with p35 (C-19) and anti-a.-
tubulin antibodies followed by anti-rabbit-Alexa 488 (green) and anti-mouse-Cy3
(red) secondary antibodies. respectively. The results indicate that p35
immunolabeling colocalizes with the microtubule structure as seen in Figs. 20e, 21e
and 22e.

To turther examine the relationship between p35 and microtubules.
nocodazole. an inhibitor of microtubule assembly. was used to treat M059]J cells prior
to double immunofluorescent labeling of p35 and tubulin. Nocodazole (2.5 pg/mt)
treatment resulted in the expected disassembly of the microtubule network as
exhibited by a non-specific. diftuse cytoplasmic tubulin staining pattern (Fig. 23a).
The normal. lattice-like staining pattern of p35 was also disrupted by nocodazole and
displayed a speckled appearance within both the cytoplasm and the nucleus (Fig.

23b).
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Fig. 23. p35 and a-tubulin immunostaining in nocodazole-treated M059)J
glioma cells. Cells were treated with nocodazole for 2 h, fixed and double
immunolabeled using (a) anti-a-tubulin antibodies (red) and (b) anti-p35 (C-19)
antibodies (green). The overall cell morphology is depicted in (c) the brightfield
image. An overlay of all three images (a,b and c) is shown in (d).
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4.2 Cdk5/p35 Kinase Involvement in Apoptotic Cell Death in Gliomas

4.2.1 Correlation of Cdk5 and p35 Protein Expression with Apoptosis in Human

Glioma Biopsy Specimens

As noted in Section 3.1.2. a small subset of cells in high grade glioblastoma
multiforme biopsy tissue specimens displayed morphological characteristics
consistent with apoptosis as well as intense Cdk3 immunostaining. To confirm the
apoptotic nature ot the Cdk3S-expressing cells. serial sections of the same
glioblastoma multiforme biopsy specimens were analyzed in situ for evidence of
DNA fragmentation. The DNA tragmentation assay revealed that a subset of cells
exhibiting p35 protein expression (Fig. 24b) and intense focal distribution of Cdk5
protein (Fig. 24¢) also showed evidence of chromatin fragmentation characteristic of

apoptotic cells (Fig. 24d).

4.2.2  Confocal Analysis of CDK5/p35 Protein Distribution and Apoptosis

A fluorescent double-labeling technique for in situ DNA fragmentation and
p35 protein detection was used to confirm the association between p35 protein and
apoptosis in individual cells of the same human glioblastoma multiforme tumor
biopsy specimen. This technique used FITC-labeled terminal d-UTP nick end
labeling (TUNEL) to detect DNA fragmentation (green fluorescence) and Cy3-
conjugated secondary antibody to detect p35 protein (red fluorescence). Although the
TUNEL assay produced diffuse low background staining, individual apoptotic cells

were identified by combining positive TUNEL labeling with overall morphological
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Fig. 24. Association of CdkS and p35 proteins with apoptosis in a

human glioblastoma multiforme biopsy specimen. In (a), (b) and (c),
tissue sections were stained using Fast Red substrate and counterstained
with hematoxylin for nuclear identification (blue). Pink staining (green
block arrow) or red staining (yellow line arrow) indicates positive (b) p35
or (c) CdkS staining. In (d), sections were treated with FragEl DNA
fragmentation assay (brown is positive) and counterstained with methyl
green for nuclear identification (green). (a) IgG control stain indicates
background levels of staining. A similar subset of cells displaying (b) p35
and (c) CdkS3 staining are positive for (d) DNA fragmentation assay.



appearance of the nuclei visualized by Hoechst DNA staining. Individual cells were
considered apoptotic when exhibiting both TUNEL-positive staining and condensed
nuclei or compact. round Hoechst-positive material indicative of apoptotic bodies.
Fig. 25 displays an individual apoptotic cell surrounded by viable cells within a tumor
tissue. This same apoptotic cell. seen in the absence of the brightfield image in Fig.
26. exhibited positive TUNEL-staining (~ 20-fold greater intensity than viable cells)
and met the morphological criteria as exemplitied by the bead-like structures within
the nucleus.

When biopsy tissue sections were triple-labeled with the TUNEL. p35 and
Hoechst stains. individual apoptotic cells displaying positive TUNEL staining and an
apoptotic morphology also exhibited intense p35 immunoreactivity. A typical
apoptotic cell surrounded by viable malignant cells in tumor biopsy tissue is seen in
Fig. 27 and displays the colocalization of p35 (red) and TUNEL (green) staining as
indicated by the yellow color. Fig. 28 displays the same cell seen in Fig. 27 with
removal of the brighttield and red images and confirms the apoptotic nature of the cell
through independent TUNEL staining (~ 20-fold increase above background) and
nuclear morphology. This same apoptotic cell also displayed p35 protein up-
regulation with ~ 8-fold increase in p35 immunoreactivity as compared to background

staining (Fig. 29).
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Fig. 25. DNA fragmentation assay of human glioblastoma multiforme tissuc.
Paraflin-embedded glioblastoma multiforme tissue sections were subjected to
TUNEL DNA fragmentation assay (positive is green) followed by Hoechst

33258 DNA
of the tissue.

stain (positive is blue). This picture includes the brightficld image
The chart below depicts the relative fluorescent intensitics of the

two stains detected along the length of the red arrow.
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Fig. 26. DNA-fragmentation assay of human glioblastoma multiforme tissue.

Paraflin-embedded glioblastoma multiforme tissue sections were subjected to
TUNEL DNA fragmentation assay (positive is green) followed by Hocechst
33258 DNA stain (positive is blue). This figure illustrates a TUNEL-positive
apoptotic cell surrounded by viable tumor cells. The chart below depicts the
relative fluorescent intensitics of the two stains detected along the length

of the red arrow.
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Fig. 27. Colocalization of p35 and DNA fragmentation assay in human
glioblastoma multiforme tissue. Paraftin-embedded glioblastoma biopsy tissue
sections were subjected to TUNEL DNA fragmentation assay (positive is

green) followed by p35 immunostaining (positive is red) and Hoechst 33238
DNA stain (positive is blue). Colocalization of p35 and TUNEL is observed as
a yellow color. This picture includes the brightficld image of the tissue. The
chart below depicts the profiles of the relative fluorescent intensities of all three
stains dctected along the length of the red arrow.
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Fig. 28. DNA fragmentation assay of human glioblastoma multiforme tissue.
Paratlin-embedded glioblastoma biopsy tissue sections were subjected to TUNEL
DNA fragmentation assay (positive is green) followed by p35 immunostaining

and Hoechst 33258 DNA stain (positive is blue). This figure illustrates a
TUNEL-positive cell with subtraction of the red image (p335 staining). The chart
below depicts the profiles of the relative fluorescent intensities of the green and blue
stains along the length of the red arrow.
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Fig. 29. p35 immunostaining of apoptotic cells in human glioblastoma
multiforme tissue. Paraffin-embedded glioblastoma biopsy tissue sections
were subjected to TUNEL DNA fragmentation assay followed by p33
immunostaining (positive is red) and Hoechst 33258 DNA stain (positive
is blue). This figure illustrates the same p35-positive apoptotic cell seen in
Fig. 29 with subtraction of the green image (TUNEL stain). The charnt below
depicts the profiles of the relative tluorescent intensities of red and blue
stains detected along the length of'the red arrow.
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4.2.3 Immunohistochemical Detection of Cdk3 and p35 Proteins in an [rradiated
Glioma Cell Line
To assess the association of p35 with apoptotic cell death in gliomas, p35
immunoreactivity was examined in cytospin preparations made from control and
irradiated (36 h post-irradiation) M039J glioma cells. The time point chosen is
consistent with peak incidence of radiation-induced apoptosis in this cell line.
Unirradiated M039J control preparations indicated a low level of p35 protein
expression with relatively diffuse, weak. pink staining accompanicd by several
aggregations of darker stained cells scattered thoughout the slide (Fig. 30a). Atter
36 h post-irradiation. p35 protein expression increased and all cells exhibited intense

p35 immunoreactivity (Fig. 30b).

+.2.4  Western Blot Analysis of p35 and Cdk3 Protein Expression in [rradiated

Glioma Cell Lines

To turther examine p35 and Cdk3 protein levels during radiation-induced
apoptosis. cell lysates were prepared from control and irradiated M059J and M059K
cells. Early (15 min. 30 min. lh and 3h) and later time points (24 h. 36 h and 48 h)
post-irradiation were analyzed by western blotting techniques. Cdk3 was present in
both cell lines as a single band of 33 kDa (Fig. 31a & b). consistent with the reported
size of Cdk3. Relatively high basal levels of Cdk3 protein were detected in control
cells. Densitometric analysis indicated that neither cell line showed any significant
change in CdkS5 protein levels after radiation (Fig. 32). Although CdkS protein levels

remained relatively constant in the radioresistant MO59K cells at all time points after
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Fig. 30. p35 expression in M059J glioma cells. (a) Unirradiated, control
cells display a diffuse, low level of p35 staining with multiple aggregations
of darker stained cells. (b) p35 immunoreactivity increases in M059J cells
36 h post-irradiation where all cells exhibit intense p35 staining.
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a. « 33 kDa

b. @ 33kDa

Fig. 31. Western blot analysis of Cdk5 protein expression in post-irradiated
M059J and MO59K glioma cells. (a) M059J and (b) MOS9K cultured glioma
cells after no exposure to ionizing radiation (lane 1) or 24 h (lane 2), 36 h
(lane 3), or 48 h (lane 4) after 10 Gy y -radiation.
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exposure to ionizing radiation (Fig. 32, lanes 4-6), a slight increase in the level of

CdkS was detected in post-irradiated M059J cells at later time points with maximum

expression at 36 h (Fig. 31. lanes 1-3).
Assuming that CdkS3 kinase activity is regulated by the presence of an

activator protein, p35 protein levels were also examined in control and irradiated

MO059J and MOS9K cells at similar time points post-irradiation. p35 was detected as a

25 kDa band in both cell lines suggesting the presence of the active proteolvtic
tragment of p35 (Fig. 33). In contrast to Cdk3. basal p35 protein levels were much
lower in both cell lines. p35 protein expression was increased at 24 hours post-
irradiation. with highest levels of expression reached after 36 h in both M059K cells
(Fig. 32, lanes 7-9) and MO0359J cells (Fig. 32. lanes 10-12). p35 levels were slightly
reduced by 48 h (60% and 67% ot maximal level as determined by densitometric
analysis of ECL blots for MO59K and M039J cells. respectively). although they
remained at higher levels than controls (Fig. 32. lanes 6 & 12. respectively).
Although p35 induction was detected in both cell lines. a more dramatic increase
relative to unirradiated controls was apparent in the radiosensitive M039]J cells as

shown in Fig. 32 (lane 8). Sample blots of p35 protein expression shown in Fig. 33

illustrate the up-regulation of p35 protein levels 24 h after radiation-induced apoptosis

with maximal expression at 36 h in both M039K (a) and M0359J (b) cell lines.



\
v

Optical Density ¢
(ODXMM)
2

v
v

Fig. 32. Densitometric analysis of western blots examining p35 and Cdk35 levels in
MO059J and MO59K glioma cells at 24-48 h post-irradiation. These values represent
the optical density (OD) of each band relative to the unirradiated control OD values
for each blot. Each group of three lanes represents a single experiment. Lanes 1-3
represent Cdk3 levels in M059J cells 24 h. 36 h. and 48 h post-irradiation. Lanes 4-6
represent CdkS level in MO59K cells 24 h. 36 h and 48 h post-irradiation. Lanes 7-9
represent p35 levels in M059J cells 24 h, 36 h and 48 h post-irradiation. Lanes 10-12
represent p35 levels in MOS59K cells 24 h. 36 h. and 48 h post-irradiation.

4.2.5 Cdk5 Histone HI Kinase Assay

Experiments were designed to assess whether increased Cdk3 and p35 protein
levels observed after radiation treatment are associated with induction of CdkS5 kinase
activity. Cdk5 protein was immunoprecipitated from control and irradiated M059J
and MO59K cells at 5 min and 36 h post-irradiation and examined for H1 histone

kinase activity. Normalized values were obtained by densitometric analysis of four



a. ‘ 25 kDa

Fig. 33. Western blot analysis of p35 protein expression in post-irradiated
M059J and MO59K glioma cells. (a) M059J and (b) M059K cultured glioma
cells after either no exposure to ionizing radiation (lane 1) or 24 h (lane 2),
36 h (lane 3), or 48 h (lane 4) after exposure to 10 Gy y-radiation.
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separate determinations of CdkS kinase activity in M059J cells and are displayed in
Table 3. The average level of Cdk5 kinase activity increased ~3.6 fold in M059]J cells
36 h post radiation-induced apoptosis as compared to unirradiated controls (Table 3).
This was shown to be a statistically significant increase (Student t-test. p<0.00).
Cdks5 kinase activity also increased in MO59K cells 36 h after exposure to ionizing
radiation as indicated by densitometric analysis of autoradiographs (Table 3).
However. there was greater inter-sample variation for MO39K cells. A representative
kinase assay of M059J and M059K cells in Fig. 34 illustrates the induction of Cdk5
kinase activity in M059J cells 36 h following exposure to ionizing radiation. A less
pronounced increase in MO59K cells 36 h post-irradiation is noted. Preincubation of
the Cdk5 C-8 antibody with the control peptide prior to use in immunoprecipitation
decreased histone H1 kinase activity in M059J cells 36 h post-irradiation by 23%

based on densitometric analysis.

NO39)

MOSOK

10.5

Table 3. Densitometric analysis of Cdk5 histone H1 kinase activity in M059J and
MO59K glioma cells. All values have been normalized relative to unirradiated
controls. (* statistically significantly different from (0); p < 0.01)
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Fig. 34. CdkS histone H1 kinase assay of post-irradiated M059]J

and MO59K glioma cells. (a) M059J and (b) M059K cells after

either no exposure to radiation (lane 1), 5 min after exposure to 10 Gy
y -radiation (lane 2) or 36 h post-irradiation (lane 3).
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3.3  p35 Protein Stability in Glioma Cells

Previous studies have demonstrated p35 to be subject to rapid turnover in
cultured neuronal cells with a half-life of approximately 20-30 mins (Patrick et al.,
1998; Saito er al., 1998). To examine p25/p35 protein stability in cultured glioma
cells. MO59J cells were treated with cycloheximide (75 pg/ml) for 4 h, 8 h,
12 h, 24 h and 36 h and protein levels examined by western blot techniques. p335 was
detected as a 25 kDa protein and was still present at appreciable levels 36 h after -

cycloheximide treatment (Fig. 35) indicating it to be a stable protein in glioma cells.

87



1 2 3 4 5

Fig. 35. p3S$ protein stability in M059J glioma cells. Cells were
untreated (lane 1) or exposed to cycloheximide for 4 h (lane 2),
8 h (lane 3), 24 h (lane 4) or 36 h (lane 5).
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V. DISCUSSION AND CONCLUSION

5.1 Introduction

Cdks is a member of the cyclin-dependent kinase family and is
expressed at basal levels in all tissues with highest levels in neurons of the forebrain
(Lew and Wang, 1995). Like other Cdk’s. the Cdk3 monomer is inactive and
requires binding of a regulatory subunit., p35. p35 also exists as a 25 kDa proteolytic
derivative (p25) and shows complete specificity in binding and activating CdkS3 (Tsai
et al., 1994). p35 shows no sequence homology to any known protein (Lew and
Wang. 1995: Lew et al.. 1994). Although it is well-established that normal astrocytes
are devoid of Cdk3 expression (Tsai er al.. 1993: Ino et al.. 1994: Nakamura er ul..
1998 Hayashi e al.. 1999). previous studies in our lab. using western blot
techniques. indicated that Cdk5 and p35 are aberrantly expressed in all glioma cell
lines examined. Also. p35 is unexpectedly present in the "active” proteolytic form (25
kDa) in all glioma cell lines tested. p35 was turther detected by
immunohistochemistry in 7 of 7 astrocytoma biopsies suggesting that its expression
in glioma cells is not an artifact of in vitro tissue culture. The aim of this study is to
characterize the expression patterns of CdkS5 and p35 in human malignant glioma cells

and to examine the functional role of Cdk5/p335 kinase in these cells.
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5.2.  Expression and Localization of CdkS and p35

Human non-malignant neocortical and hippocampal brain tissue of varying

pathologies was examined for Cdk5 protein expression using immunohistochemistry.
Cdk35 immunoreactivity is detected in neurons of all six cortical layers and the
pyramidal cell layer and granular layer of the hippocampus. Within these neurons.
Cdks3 is expressed in both dendrites and the cell body. including the cytoplasm and. to
a lesser extent. the nucleus. but is absent from axons ot the same neurons. Axonal
pathways within the white matter and glial cells. including both astrocytes and

oligodendrocytes. are devoid ot Cdk35 staining.

Immunohistochemical analysis of Cdk35 expression in murine paratfin-
embedded brain sections reveals similar Cdk35 staining patterns with both cytoplasmic
and nuclear protein expression in neurons of the CNS and PNS. and absence of
staining in glia and nucleoli (Ino and Chiba. 1996). Our methodology is similar to
that of Ino and Chiba (1996) as the same source of antibodies is used and all brain
sections are heat-treated prior to staining. [n contrast, Tsai ef a/. (1993) and
Tomiwaza et al. (1997) have reported an exclusively axonal Cdk3 expression pattern
in neurons of mouse and rat brain. This discrepancy may be due to differences in the
source of antibodies used and differences in preparation of tissue sections. Ino and
Chiba (1996) suggested that heat-treatment may be essential for unmasking nuclear
Cdk3. Neither Tsai et al. (1993) nor Tomiwaza et al. (1996) utilized this technique.

In situ hybridization studies in mouse (Ino er al., 1994) and rat (Zheng et al., 1998)
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further support our immunohistochemical analyses. In these studies, Cdk3 transcript
is observed in pyramidal and granular cells of the hippocampus and all layers of the
cerebral cortex except lamina . It is absent from axonal pathways within the white

matter and trom glial cells of the hippocampus and cortex.

After confirming that human astrocytes are devoid of Cdk3 protein
expression, we wished to determine if the aberrant expression ot Cdk3 and p35
proteins in astrocytoma cells is associated with histological grade or any pathological
features of astrocytic tumors. In these studies. surgical biopsy specimens of human
astrocytic tumors of varying grades were examined for Cdk3 and p35 protein
expression. Cdk5 and p35 protein expression weakly correlates with malignant grade.
To our knowledge. there is no previous systematic study of Cdk3/p35 protein
expression in human tumor tissues of varying histological grades. Because primary
and secondary glioblastomas are know to develop from a cascade of multiple genetic
alterations (Peraud er al.. 1999), it is not expected that changes in the expression of a

protein kinase would be a singular feature of tumor progression.

[nterestingly. our study of human brain tumor biopsy specimens shows that
Cdk3 and p35 immunoreactivity is strongly associated with cells in perinecrotic areas.
These regions within a tumor are known to contain populations of cells undergoing
apoptosis (Tachibana et al., 1996: Kordek et al.. 1996). This association with
apoptotic cell death will be discussed further when examining the functional role of

Cdk5/p35 kinase in gliomas.
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Our analyses of Cdk3 and p35 protein expression in human tumor specimens
provides strong evidence that the expression of these proteins occurs in vivo. We
used human glioma cells maintained in tissue culture to further examine the
intracellular distribution of Cdk3 and p335 proteins. Immunohistochemical staining for
CdkS protein using two different antibodies reveals two different patterns of
distribution. Although both antibodies detect Cdk3 protein within the nucleus and the
cytoplasm. the relative fluorescence intensity of the cytoplasmic vs. nuclear staining
is different. We believe these results reflect the fact that the two Cdk3 antibodies
recognize different epitopes on the protein. The Upstate antibody is raised against a
full-length recombinant protein and the specitic epitope recognized by this antibody is
unknown. The Santa Cruz (C-8) antibody is directed towards an epitope in the C-
terminus of the Cdk3 protein. At present. there is no crystal structure and/or
molecular model describing the three dimensional conformation adopted by Cdk3
when it is bound to its putative substrates. [t is possible that the C-terminal epitope
cannot be recognized by the Santa Cruz (C-8) antibody when the CdkS3 protein is
engaged in specific protein-protein interactions within the cytoplasm. If this is the
case. it provides at least a partial explanation for the somewhat ditterent staining

patterns observed using two different antibodies.

[n general. our results are consistent with previous reports which describe
both nuclear and cytoplasmic Cdk35 subcellular localization in both primary neuronal
cultures (Nikolic er al., 1996) and cultured proliferative rat myoblasts (Lazaro er al.,

1997). Interestingly, a redistribution of CdkS5 protein trom cytoplasm to nucleus has



been demonstrated in differentiating proliferative myoblasts (Lazaro er al., 1997).
Considering the nuclear localization of its activator protein. p335. CdkS3 kinase may
have a functionally distinct role in the cell nucleus which has yet to be determined.
Imunohistochemical staining for p35 protein reveals a cytoskeletal-like
distribution pattern with a minute amount of labeling detected in the nucleus of some
cells. The pattern of staining suggests an association of p33 with some component of
the microtubule infrastructure. Contocal microscopy and double labeling techniques
were used to further investigate this colocalization where we observe staining patterns
consistent with a colocalization of p35 and «-tubulin. When a-tubulin polymerization
is disrupted by nocodazole treatment. both the co-localization and the lattice-like
staining pattern of p35 and a-tubulin is lost. These results suggest that the p335/Cdk3

kinase may be associated with tubulin subunits.

Support for this hypothesis is provided by the work of several investigators.
Pigino er al. (1997) have shown that Cdk3 and p35 associate with the microtubule
cytoskeleton in the distal end of axonal processes and within the central region of
growth cones of cerebellar neurons. Furthermore. it has been demonstrated that
Cdk3. as well as other kinases and phosphatases. can bind to microtubules in vitro
(Ishiguro er al.. 1992: Pigino et al.. 1997). CdkS5 also phosphorylates various
microtubule-associated proteins including tau (Lew and Wang, 1995), MAP2 (Nikolic
et al. 1996). and MAP1B (Pigino et 4/., 1998) in vitro. The tumor suppressor
protein, adenomatous polyposis coli (APC), which binds microtubules in neurons. is

believed to regulate axonal transport through its interaction with Cdk35 (Ratner et al.,



1998). Furthermore. suppression of both Cdk5 and p335 expression by antisense
oligonucleotide treatment reduces MAP1B phosphorylation during laminin-enhanced

axonal growth (Pigino er al.. 1997: Paglini et al.. 1998).

Cdk5 and p35 may associate with a number of cytoskeletal components.
Extensive in vitro analyses suggest the possibility that the p35/Cdk3 kinase
phosphorylates a repertoire of cytoskeletal proteins. For example. the intermediate
filament proteins. vimentin and desmin both contain a Cdk3 consensus KSP.YK
phosphorylation motif (Inagaki er al.. 1996) and are both expressed in human
malignant gliomas (Osborn ef al.. 1981: Hirato e al.. 1994). Neurofilament proteins
are also possible CdkS substrates. In normal brain. neurotilament proteins are neuron-
specific intermediate filaments. However. NF-L. NF-M. and NF-H proteins (Bodey
et al.. 1991, Abaza et al.. 1998). as well as the neuronal microtubule-associated
proteins MAPIB (Tohyama et al.. 1993) and tau (Lopes er /., 1992: Miyazono et al..
1994) have been detected in primary human glioma specimens and are known in vitro
substrates ot Cdk3 kinase (Lew and Wang, 1995: Pigino e al.. 1998). Although
GFAP is another intermediate filament which contains a Cdk2/Cdk3 phosphorylation
motif (Tsujimura ez al.. 1994) and is an obvious candidate substrate for Cdk5 in
glioma cells. previous studies have shown that the M059J glioma cells used in this
study express low levels of GFAP transcript (Godbout ez al.. 1998) and protein
(Allalunis-Turner et al.. 1993). We have ruled out the possibility of a direct
association between p35 and microfilaments as staining patterns using p35 and actin

antibodies showed no evidence of protein colocalization.
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5.3  Cdk5/p3s Involvement in Apoptotic Cell Death

In our analysis of Cdk5/p35 protein expression in human primary brain tumor
specimens. we observe that positively stained cells are distributed in the perinecrotic
regions of the tumor. These regions are generally associated with apoptotic tissue.
To confirm the association between CdkS3 and p35 positivity and apoptosis. two DNA
fragmentation assays were used to detect apoptotic cell death and Cdk5/p35
immunoreactivity in perinecrotic areas of adjacent tissue sections and within
individual dying cells of human glioma biopsy sections.

The association between Cdk3/p35 immunostaining and apoptotic cell death
has been reported in a variety of physiological and experimental apoptosis model
systems using both adult and embryonic tissue. For example. p35 andCdk3
immunostaining has been found to correlate with apoptosis in atretic ovarian
follicular cells. regions of the developing retina and nervous system. androgen-
withdrawn regressing prostate and interdigital zones of developing mouse hindlimbs
(Zhang et al.. 1997; Henchcliffe and Burke, 1997: Ahuja et al.. 1997). To our
knowledge. there has been no study investigating a possible association between
p35/Cdk35 and apoptosis in a human tumor model. The results of our experiments
show that, within the panel of human glioma biopsy tissue sections examined. cells
positive for both Cdk5/p35 protein expression and DNA fragments characteristic of
apoptosis are observed almost exclusively in tumor cells surrounding foci of necrosis.
In accordance with these observations, apoptotic cell death has been shown to

correlate with tumor grade in astrocytic tumors. The proportion of cells undergoing
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apoptosis is greater in higher-grade tumors such as anaplastic astrocytomas and
GBM’s than in lower-grade astrocytomas (Kordek ez al., 1996). Also consistent with
our findings is the observation that apoptosis occurs more frequently in glioma cells
within perinecrotic areas of GBM tumors (Tachibana ef al.. 1996: Kordek et al.,
1996).

Our analyses of Cdk5/p35 protein expression and apoptosis in human primary
tumor specimens provide strong evidence for the association of this kinase in the
process of apoptosis occuring in vivo. We used human glioma cell lines to further
examine the role ot Cdk3/p35 in apoptosis induced following exposure to the DNA
damaging agent. ionizing radiation. Two glioma cell lines with ditfering sensitivities
to radiation-induced apoptosis are used for these studies. Consistent with the results
of our in vivo experiments, up-regulation of the p35 proteolytic fragment. p25. is
detected in apoptosis-sensitive cells by western blot analysis and
immunohistochemistry. p25 protein expression is maximally expressed 36 h after
radiation treatment and is more pronounced in the radiosensitive M039J cells. In
addition to increased protein expression, a concomitant increase in histone H1 Cdk3
kinase activity was observed 36 h post-irradiation in both M059J and M059K glioma
cells. Previous work from this laboratory shows that the peak incidence of radiation-
induced apoptosis in these cell lines occurs between 24 h - 48 h post-irradiation
(Leithoff, 1995). Our finding of increased p25 protein expression and Cdk5 kinase
activity at 36 h post-irradiation is consistent with this work. In addition, our
observations support the notion that Cdk5 kinase activity correlates with the amount

of p35/p25 activator protein and not Cdk5 (Tsai et al., 1994).
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Association of Cdk5/p35 protein up-regulation and induction of Cdk35 kinase
activity with apoptotic cell death has been demonstrated in several normal tissue
systems. For example. Ahuja er al. (1997) use western blotting to detect an increase
in Cdk35 and p35 protein expression that is associated with increased interdigital cell
death in developing mouse limbs. In chick sympathetic neurons, the pattern of Cdk5
protein expression in oxidative stress-induced apoptosis is reported to change as a
function of the apoptotic process and to coincide with the commitment of these cells
to die (Shirvan ez «/.. 1998). Finally. an association of Cdk3 kinase activity with
apoptotic cell death is shown in the mouse embryonic hindlimb where apoptosis
increases between E12.5 and E14.5 along with a concomitant increase in Cdk5 kinase
activity (Zhang et al.. 1997).

Although the specific role of Cdk5/p335 kinase in apoptotic cell death remains
to be elucidated. our in vivo and in vitro results suggest that Cdk3 may be involved in
the apoptosis signaling cascade in glioma cells. Cdk5 may mediate its functional role
through its association with the microtubule system. Rearrangement of the
cytoskeleton is a prominent feature of apoptosis frequently resulting in membrane
blebbing (Levee er al.. 1996: Van Engeland er al.. 1997). Various agents disrupt the
microtubule cytoskeleton during apoptosis. Many chemotherapeutic drugs that
disrupt microtubule turnover such as taxol, vinblastine and vincristine also promote
cell death through phosphorylation of various signaling proteins (Blagosklonny er al..
1997, Haldar er al., 1997). Glutamate-induced apoptosis in neurons results in
degradation of tubulin sub-units during early stages of apoptosis (Ankarcrona er al.,

1996). By confocal microscopy, we have demonstrated the possible association of
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p35, a CdkS activator, with the microtubule structure in glioma cells. Furthermore, it
is well established that CdkS3 is an in vivo kinase for various microtubule-associated
proteins, including tau (Lew and Wang. 1995). MAP2 (Nikolic et al.. 1996), and
MAPIB (Pigino et al.. 1997: Paglini et al.. 1998). Given its possible role in
regulation of phosphorylation of MAPs, it is reasonable to postulate that Cdk3-
mediated phosphorylation regulates rearrangement of the microtubule structure during
apoptotic cell death.

Interestingly. in these studies. p35 is detected in western blots as its 25 kDa
proteolytic derivative (p25). Previously. Cdk35 was detected in the purest fractions of
active kinase trom bovine brain as a holoenzyme complex with p25 (Lew et al..
1992). Tau protein kinase II. originally purified from bovine brain microtubules. was
also found to be composed of Cdk3 and p25 (Ishiguro ef al.. 1992). Although p35 is
the predominant form found in brain extracts and primary neuronal cultures (Tsai et
al.. 1994), both p35 (Tsai et al.. 1994) and p25 are tully competent for Cdk3
activation (Lew et al.. 1994. Lee and Johnston, 1997). Their differential expression

may be the result tissue- or species- specitic post-translational regulatory processes.

S.4  p35 Protein Stability in Glioma Cells

Recent studies using cultured rat cortical neurons indicate that p35 is a short-
lived protein with a half-life of approximately 20-30 mins (Patrick et al.. 1998; Saito
et al.. 1998). At present. there is no information about the stability of this protein in

non-neuronal tissue. We therefore undertook to determine whether the half-life of p35
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protein in human glioma cells is similar to that determined for neuronal p35. Our
results indicate that in glioma cells. the proteolytic p35 fragment. p25. displays
appreciably greater protein stability than that of the full-length p35 protein detected in
neurons. [n accordance with our observations, it has recently been demonstrated that
p25 lacks one of the four Cdk3 phosphorylation motifs within the amino-terminus
which mediate protein degradation. Absence of this motif would result in decreased
ubiquitination and ATP-dependent degradation. making the p25 activator a more

stable protein (Patrick et al., 1998).

5.5 Conclusion

This study is the first to demonstrate. in vitro and in vivo. the aberrant
expression of CdkS5/p35 kinase in glioma cells. In addition. it is the first to describe
the association of Cdk5/p35 protein expression and kinase activity with apoptosis in
human cells, in general. and cells of glial origin. in particular. Although we suggest
Cdk5/p35 may tunction in glioma cells as a signaling factor during apoptotic cell
death. we have shown that both Cdk3 and p35 are ubiquitously expressed at basal
levels in all glioma cells examined. This suggests that in addition. Cdk5 may mediate
normal functions within these cells.

One possible function is Cdk5-mediated phosphorylation of cytoskeletal
proteins involved in the migratory and invasive behaviour of glioma cells. Local
invasion is a hallmark of the progression of malignant gliomas and one of the most
important determinants of the poor prognosis associated with these tumors (Halperin

et al., 1998). Single migratory tumor cells can disseminate out of the primary tumor
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mass into adjacent normal brain parenchyma and can be found at distances greater
than 2 cm beyond the tumor margin (Halperin et al., 1988). The physical interaction
between cell surface integrins and extracellular matrix (ECM) proteins is believed to
mediate alterations in internal protein-scaffolding necessary for cell shape changes
and cell motility (Tysnes er al.. 1996: Haugland et al.. 1997 Giese ¢t al.. 1997: Knott
et af.. 1998; Uhm er al., 1999).

The distal growth cones in the axonal tip of cultured cerebellar neurons also
interact with ECM molecules to promote axonal extension and cell motility (Reichard
and Tomaselli. 1991). Neuronal cytoskeletal proteins are rearranged throughout this
process to maintain cell shape and promote axonal outgrowth (Julien and Mushynski.
1998). It has been suggested that Cdk5/p35 may serve as an important regulatory
linker between ECM molecules and constituents of the intracellular cytoskeletal
machinery (Paglini et al.. 1998: Pigino et al.. 1997). In neurons. it has been shown
that: (1) Cdk3 phosphorylates MAP1b. a neuronal microtubule-associated protein
involved in axon elongation (Pigino ef al.. 1998): (2) laminin. an extracellular matrix
molecule known to promote neurite outgrowth (Lein 1992). accelerates the
redistribution of Cdk3 to the axonal tip and increase its kinase activity: (3) inhibition
of Cdk3 kinase activity reduces laminin-mediated axonal elongation. and (4)
antibodies directed against integrin 1. a laminin receptor. significantly reduce Cdk5
kinase activity (Pigino et al., 1997: Paglini er al.. 1998). These data suggest that

Cdk5/p35 kinase plays an important role during laminin-mediated axonal elongation.
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Several aspects of axonal growth are shared by the ECM-mediated adhesive
and migratory behaviour of human glioma cells. These include: (1) glioma tumor
cells adhere and migrate on ECM proteins including laminin, a particularly potent
promoter of glioma cell adhesion and migration (Fukushima et al.. 1998); (2)
antibodies against integrin B1. a laminin receptor. significantly reduces laminin-
mediated glioma cell migration (Tysnes er al., 1996): and (3) GBM primary tumors
have been shown to express neuronal cytoskeletal proteins such as MAP1B (Tohyama
et al., 1993). MAP2 (Lopes et al.. 1992). tau (Miyazono et al.. 1993). NF-L. NF-M.
and NF-H proteins (Tohyama ef al.. 1993: Bodey er al.. 1992). Both NF proteins and
microtubule-associated proteins are known substrates of Cdk3/p335 kinase in neurons
(Lew and Wang. 1995: Nikolic er al.. 1996: Lee er al.. 1997b). As in neurons.
Cdk5/p33 kinase may regulate the phosphorylation of these neuronal proteins in
glioma cells. and through its modulation ot cytoskeletal elements. contribute to the
development of a motile and invasive phenotype of glioma cells. If this is the case.
Cdk3/p335 kinase would be an important target for anti-glioma therapies. Interference
with Cdk5/p35 activity would eliminate an important link between cytoskeletal
proteins and the extracellular environment required for glioma cell motility.

The lineage relationship between astrocytes and neurons is still somewhat
controversial. Multipotential progenitors may give rise to both astrocytes and other
CNS cells (Turner and Cepko, 1987; Gray and Sanes. 1992; Levison and Goldman,
1993). Alternatively, astrocytes and neurons may be derived from two separate

populations of stem cells (Levison and Goldman. 1993). As described above. glioma
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cells share a number properties with neurons including similar components of the cell
motility machinery and the expression a number of neuronal cytoskeletal proteins. In
addition to the neuronal cytoskeletal-associated proteins mentioned above. glioma
cells have been shown to express other non-glial (neuronal) proteins such as a number
of glutamate transporters (Boado et al.. 1994). neuron-specitic enolase (Vinores er al..
1984) and neuron-specific protein gene product 9.5 (PGP 9.3) (Giambanco ¢t a!..
1991). These data raise an intriguing question regarding the cell lineage of gliomas:

[s malignant glioma the transformation of a mature. difterentiated astrocyte or is it the
result of the malignant conversion of an earlier. multipotential progenitor stem cell?
Further insight into the origin and mechanisms of progression of malignant gliomas
will provide a greater understanding of the biology of human malignant gliomas and

aid in the development of more effective glioma-directed therapies.

102



VI. BIBLIOGRAPHY

Abaza MSI, Shaban F. Narayan RK. Atassi MZ. Human glioma associated

intermediate filament proteins: over-expression. co-localization and cross-

reactivity. (1998) Anticancer Res. 18: 1333-1340.

Abe H. Yagishita S. Amano N. Iwabuchi K. Hasegawa K. Kowa K. Argyrophilic

glial intracytoplasmic inclusions in multiple system atrophy:

immunocytochemical and ultrastructural study. (1992) Acta Neuropath. 84:

273-2717.

Ahuja HS. Zhu Y. Zakeri Z. Association of cyclin-dependent kinase 35 and its

activator p35 with apoptotic cell death. (1997) Dev. Genet. 21: 258-267.

Allalunis-Turner MJ. Barron GM. Day III RS. Dobler KD. Mirzayans R. [solation of
two cell lines from a human malignant glioma specimen differing in

sensitivity to radiation and chemotherapeutic drugs. (1993) Radiat. Res. 134:

349-354.

Angevine JB and Sidman RL. Autoradiographic study of cell migration during

histogenesis of cerebral cortex in the mouse. (1961) Nature 192: 766-768.

Ankarcrona M, Zhivotovsky B, Holstrom T. Diana A. Eriksson JE. Orrenius S.
Nicotera P. Lamin and beta-tubulin fragmentation precede chromatin

degradation in glutamate-induced neuronal apoptosis. (1996) Neuroreport 7:

2659-2664.

103



Baumann K. Mandelkow EM. Biernat J. Piwnica-Worms H. Mandelkow E.
Abnormal Alzheimer-like phosphorylation of tau-protein by cyclin-dependent

kinases cdk2 and cdk3. (1993) FEBS 336: 417-424.

Beaudette K. Lew J. Wang J. Substrate specificity characterization of a cdc2-like
protein kinase puritied from bovine brain. (1993) J. Biol. Chem. 268: 20825-

20830.

Bennett MK and Scheller RH. The molecular machinery for secretion is conserved

from yeast to neurons. (1993) Proc. Natl. Acad. Sci. USA 90: 2559-2563.

Blagosklonny MV. Giannakakou P. El-Deiry WS. Kingston DGI. Higgs PI. Neckers
L. Fojo T. Rat-1/bcl-2 phosphorylation: a step from microtubule damage to

cell death. (1997) Cancer Res. 37: 130-135.

Boado RJ. Black KL. Pardridge WM. Gene expression of Glut3 and Glutl glucose

transporters in human brain tumors. (1994) Mol. Brain Res. 27: 51-57.

Bodey B. Cosgrove M. Gonzales-Gomez [. Siegel SE. Martin SE. Gilles FH. Co-
expression of four intermediate filament subclasses in childhood glial

neoplasms. (1991) Modern Pathol. 4: 742-749.

Brancolini C. Benedetti M. Schneider C. Microfilament reorganization during
apoptosis: the role of Gas2. a possible substrate for [CE-like proteases. (1995)

EMBO J. 14: 5179-5190.

104



Brion JP and Couck AM. Cortical and brainstem-type Lewy bodies are
immunoreactive for the cyclin-dependent kinase 5. (1995) Am. J. Pathol. 147:

1465-1476.

Brown SB. Bailey K. Savill J. Actin is cleaved during constitutive apoptosis. (1997)

Biochem. J. 323: 233-237.

Carden MJ. Schlaepter WW. Lee VM. The structure. biochemical properties. and
immunogenicity of neurofilament peripheral regions are determined by

phosphorylation state. (19853) J. Biol. Chem. 260: 9805-9817.

Cassaccia-Bonnefil P, Tikoo R. Kiyokawa H. Friedrich V. Chao MV. Koff A.
Oligodendrocyte precursor differentiation is perturbed in the absence of the

cyclin-dependent kinase inhibitor p27**'. (1997) Genes and Dev. 11: 2335-

Caviness VS Jr. Neocortical histogenesis in normal and reeler mice: a developmental
study based upon ['H] thymidine autoradiography. (1982) Dev. Brain Res. 4:

293-302.

Chae T, Kwon YT. Bronson R. Dikkes P. Li E, Tsai L. Mice lacking p35, a neuronal
specific activator of cdkS5, display cortical lamination defects, seizures. and

adult lethality. (1997) Neuron 18: 29-42.

Cowles C. Emr S, Horazdovsky B. Mutations in the VPS45 gene, a SEC1

105



homologue. result in vacuolar protein sorting defects and accumulation of

membrane vesicles. (1994) J. Cell Sci. 107: 3449-3459.

D" Arcangelo G. Nakajima K. Miyata T. Ogawa M. Mikoshiba K. Curran T. Reelin is
a secreted glycoprotein recognized by the CR-50 monoclonal antibody.

(1997) J. Neurosci. 17: 23-31.

Deck JH. Eng LF. Bigbee J. The role of glial fibrillary acidic protein in the diagnosis

of cerebral nervous system tumors. (1978) Acta Neuropath. 42: 183-190.

Delalle I. Bhide PG. Caviness JR VS. Tsai L. Temporal and spatial patterns of
expression of p35. a regulatory subunit of cyclin-dependent kinase 3. in the

nervous system of the mouse. (1997) J. Neurocyt. 26: 283-296.

Demetrick DJ. Zhang H and Beach DH. Chromosomal mapping ot human cdk2,
cdk4. and cdk5 cell cycle kinase genes. (1994) Cytogenet. Cell Genet. 66: 72-

74.

DeWaegh SM. Lee VM. Brady ST. Local modulation of neurotilament
phosphorylation, axonal caliber, and slow axonal transport by myelinating

Schwann cells. (1992) Cell 68: 451-463.

Dewar D and Dawson D. Tau protein is altered by focal cerebral ischemia in the rat:
an immunohistochemical and immunoblotting study. (1995) Brain Res. 684:

70-78.

106



Dietzel I. Heinemann U, Lux HD. Relations between slow extracellular potential
changes. glial potassium buffering, and electrolyte and cellular volume

changes during neuronal hyperactivity in cat brain. (1989) Glia 2: 25-44.

Dirks PB and Rutka JT. Current concepts in neuro-oncology: the cell cycle - a

review. (1997) Neurosurg. 40: 1000-1015.

Ellison DW. Steart PV. Gatter KC. Weller RO. Apoptosis in cerebral astrocytic
tumours and its relationship to expression of the bel-+ and p33 proteins.

(1995) Neuropath. Applied Neurobiol. 21: 352-361.

Fletcher Al Shuang R. Giovannucci DR. Zhang L. Bittner MA. Stuenkel EL.
Regulation of exocytosis by cyclin-dependent kinase 5 via phosphorylation of

munc-18. (1999) J. Biol. Chem. 274: 4027-4035.

Fukushima Y. Ohnishi T. Arita N. Hayakawa T. Sekiguchi K. Intergrin «3p1-

mediated interaction with lamini-35 stimulates adhesion, migration and

invasion ot malignant glioma cells. (1998) Int. J. Cancer. 76: 63-72.

Gao CY. Zakeri Z. Zhu Y, He H. Zelenka PS. Expression of cdk3. p33. and cdk3-
associated kinase activity in the developing rat lens. (1997) Dev. Genet. 20:

267-275.

Giambanco I. Bianchi R. Ceccarelli P, Pula G, Sorci G. Antoniolo S. Bocchini V.
Donato R. *Neuron-specific’ protein gene protein product (9.5) is also

expressed in glioma cell lines and its expression depends on cellular growth

107



state. (1991) FEBS 290: 131-134.

Giese A, Laube B. Zapf S. Mangold U, Westphal M. Glioma cell adhesion and

migration on human brain sections. (1998) Anticancer Res. 18: 2435-2448.

Gilmore EC. Ohshima T. Goftinet AM. Kulkarni AB. Herrup K. Cyclin-dependent
kinase 3-deticient mice demonstrate novel developmental arrest in cerebral

cortex. (1998) J. Neurosci. 18: 6370-6377.

Godbout R. Bisgrove DA. Skolny D. Day RS III. Correlation of B-FABP and GFAP

expression in malignant glioma. (1998) Oncogene 16: 1955-1962.

Goedert M. Crowther RA. Garner CC. Molecular characterization of microtubule-

associated proteins tau and MAP2. (1991) TINS 14: 193-199,

Goffinet AM. Unscrambling a disabled brain. (1997) Nature 389: 668-669.

Goldowitz D. Cushing RC. Laywell E. D"Arcangelo G. Sheldon M. Sweet HO.
Davisson M. Steindler D. Curran T. Cerebellar disorganization characteristic
of reeler in scrambler mutant mice despite presence of reelin. (1997) J.

Neurosci. 17: 8767-8777.
Goss JR, O’Malley ME. Zou L. Styren SD, Kochanek PM. Dekosky ST. Astrocytes

are the major source of nerve growth tactor upregulation following traumatic

brain injury in the rat. (1998) Exp. Neurol. 149: 301-309.

108



Gray GE, Sanes JR. Lineage of radial glia in the chicken optic tectum. (1992)

Development 114: 271-283.

Green SL. Kulp KS. Vulliet R. Cyclin-dependent protein kinase 5 activity increases

in rat brain following ischemia. (1997) Neurochem. Int. 31: 617-623.

Green SL. Vulliet PR. Pinter MJ. Cork LC. Alterations in cyclin-dependent protein
kinase 5 (cdk3) protein levels. activity and immunocytochemistry in canine

motor neuron disease. (1998) J. Neuropath. Exp. Neurol. 57: 1070-1077.

Guidato S. McLoughlin DM. Grierson AJ. Miller CCJ. Cyelin D2 interacts with cdk-
5 and modulates cellular cdk3/p35 activity. (1998) J. Neurochem. 70: 335-

340.

Haldar S. Basu A. Croce CM. Bcl2 is the guardian of microtubule integrity. (1997)

Cancer Res. 57: 229-233

Halperin EC. Burger PC. Bullard DE. The fallacy of the localized supratentorial

malignant glioma. (1988) Int. J. Radiat. Oncol. Biol. Phys. 15: 505-509.

Hata Y. Slaughter CA. Sudhof TC. Synaptic vesicle fusion complex contains unc-/8

homologue bound to syntaxin. (1993) Nature 366: 247-350.

Haugland HK. Tysnes BB. Tysnes O. Adhesion and migration of human glioma cells
are differently dependent on extracellular matrix molecules. (1997)

Anticancer Res. 17: 1035-1043.

109



Hayashi T. Warita H. Abe K, [toyama Y. Expression of cyclin-dependent kinase 5
and its activator p35 in rat brain after cerebral artery occlusion. (1999)

Neurosci. Lett. 265: 37-40.

Hellmich MR. Kennison JA, Hampton LL. Battey JF. Cloning and characterization
of the Drosophila melanogaster cdk3 homolog. (1994) FEBS Lett. 356: 317-

321.

Hellmich MR. Pant HC. Wada E. Battey JF. Neuronal cdc2-like kinase: a edc2-
related protein kinase with predominantly neuronal expression. Proc. Natl.

Acad. Sci. USA 92: 10867-10871.

Henchcliffe C and Burke RE. Increased expression of cyclin-dependent kinase 5 in
induced apoptotic neuron death in rat substantia nigra. (1997) Neurosci. Lett.

230: 41-44.

Hirato J. Nakazato Y. Ogawa A. Expression of non-glial intermediate filament

proteins in gliomas. (1994) Clin. Neuropathol. 13: 1-11.

Howell BW. Hawkes R. Soriano P. Cooper JA. Neuronal position in the developing

brain is regulated by mouse disabled-/. (1997) Nature 389: 733-737.

Thara Y, Nukina N. Miura R, Ogawara M. Phosphorylated tau protein is integrated
into paired helical filaments in Alzheimer’s disease. (1986) J. Bioch. 99:

1807-1810.

110



Inagaki M. Matsuoka Y, Tsujimura K. Ando S. Tokui T. Takahashi T. [nagaki N.
Dynamic property of intermediate filaments: regulation by phosphorylation.

(1996) BioEssays 18: 481-487.

Ino H and Chiba T. Intracellular localization of cyclin-dependent kinase 5 (CDKS5) in
mouse neuron: CDK3 is located in both nucleus and cytoplasm. (1996) Brain

Res. 732 179-185.

[no H. [shizuka T. Chiba T. Tatibana M. Expression of cdk3 (PSSALRE kinase ).
neural cdc2-related protein kinase. in the mature and developing mouse

central and peripheral nervous systems. (1994) Brain Res. 661:196-206.

Inoue S. Susukida M. lkeda K. Murase K. Hayashi K. Dopaminergic transmitter up-
regulation of brain-derived neurotrophic factor (BDNF) and nerve growth
factor (NGF) synthesis in mouse astrocytes in culture. (1997) Bioch. Biophys.

Res. Comm. 238: 468-472.

Ishiguro K, Kobayashi S. Omori A. Takamatsu M. Yonekura S. Anzai K. Imahori K.
Uchida T. [dentification of the 23 kDa subunit of tau protein kinase Il as a

putative activator of cdk35 in bovine brain. (1994) FEBS Lett. 342: 203-208.

Ishiguro K, Takamatsu M. Tomiwaza K, Omori A, Takahashi M. Arioka M. Uchida
T. Imahori K. Tau protein kinase I converts normal tau protein into A68-like
component of paired helical filaments. (1992) J. Biol. Chem. 267: 10897-
10901.

111



Ishizuka T. Ino H. Sawa K. Suzuki N, Tatibana M. Promoter region of the mouse

cyclin-dependent kinase 5-encoding region. (1995) Gene 166: 267-271.

Julien JP and Mushynski WE. Neurofilaments in health and disease. (1998) Prog.
Nucleic Acid Res. 61: 1-23.

Knott JCA. Mahesparan R. Garcia-Cabrera [. Tysnes BB. Edvarsen K. Ness GO.
Mork S. Lund-Johansen M. Bjerkvig R. Stimulation of extracellular matrix

components in the normal brain by invading glioma cells. (1998) Int. J.

Cancer 75: 864-872.

Kordek R. Hironishi M. Liberski PP. Yanagihara R. Gajdusek DC. Apoptosis in glial
tumors as determined by in situ nonradioactive labeling of DNA breaks.

(1996) Acta Neuropathol. 91: 112-116.

Kwon YT and Tsai L. A novel disruption of cortical development in p35-/- mice

distinct from reeler. (1998) J. Comp. Neurol. 395: 510-522.

Lambert de Rouvroit C and Goffinet AM. A new view of early cortical development.

(1998) Bioch. Pharmacol. 56: 1403-1409.

Lazaro J, Kitzmann M. Cavadore J. Muller Y. Clos J. Fernandez A. Lamb NJC.
Cdk5 expression and association with p35™** in early stages of rat cerebellum
neurogenesis; tyrosine dephosphorylation and activation in post-mitotic

neurons. (1996) Neurosc. Lett. 218: 21-24.



Lazaro J, Kitzmann M, Poul M, Vandromme M, Lamb N. Fernandez A. Cyclin
dependent kinase 3, cdk3, is a positive regulator of myogenesis in mouse C2

cells. (1997) J. Cell Sci. 110: 1251-1260.

Lee KY. Helbing CC. Choi K. Johnston RN, Wang JH. Neuronal cdc2-like kinase
(Ncik) binds and phosphorylates the retinoblastoma protein. (1997a) J. Biol.

Chem. 272: 5622-3626.

Lee KY. Rosales J. Tang D. Wang J. Interaction of cyclii-dependent kinase 5 (cdk3)
and neuronal cdk35 activator in bovine brain. (1996a) J. Biol. Chem. 271:

1538-1543.

Lee KY and Johnston RN. Neurofilaments are part of the high molecular weight
complex containing neuronal cdc-like kinase (nclk). (1997b) Brain Res. 773:

197-202

Lee KY. Qi Z. Yu YP. Wang JH. Neuronal cdc2-like kinases: neuron-specific forms

of cdk5. (1996a) Int. J. Bioch. Biol. 29: 951-958.

Lee M. Nikolic M. Baptista CA. Lai E. Tsai L. Massague J. The brain-specitic
activator p35 allows cdk3 to escape inhibition by p27**' in neurons. (1996)

Proc. Natl. Acad. Sci. USA 93; 3259-3263.

Lees-Miller SP. Godbout R, Chan DW, Weinfeld M. Day RS III, Barron GM.

Allalunis-Turner J. Absence of p350 subunit of DNA-activated protein kinase



from a radiosensitive human cell line. (1995) Science 267: 1183-1185.

Leibel SA. Sheline GE. Wara WM. Boldrey EB. Nielsen SL. The role of radiation

therapy in the treatment of astrocytomas. (1975) Cancer 35: 1551-1557

Lein PJ, Banker GA, Higgins D. Laminin selectively enhances axonal growth and
accelerates the development of polarity by hippocampal neurons in culture.

(1992) Dev. Brain Res. 69: 191-197.

Leithott J. Apoptosis in human malignant glioma cells. (MSc Thesis. University of

Alberta) (1995).
Levee MG. Dabrowska MI. Lelli JL. Hinshaw DB. Actin polymerization and
depolymerization during apoptosis in HL-60 cells. (1996) Am. J. Physiol.

271: C1981-C1992.

Levin VA, Cancer in the Nervous System. 1996. Churchill Livingstone Inc.. NY.

p. 57-98

Levison SW and Goldman JE. Both oligodendrocytes and astrocytes develop from
progenitors in the subventricular zone of postnatal rat forebrain. (1993)

Neuron 10; 201-212.

Lew J. Beaudette K, Litwin CME, Wang JH. Purification and characterization of a
novel proline-directed protein kinase from bovine brain. (1992) J. Biol. Chem.

267: 13383-13390.

114



Lew J. Huang Q, Qi Z. Winkfein RJ. Aebersold R, Hunt T, Wang JH. A brain-

specific activator of cyclin-dependent kinase 5. (1994) Nature 371: 423-426.

Lew J and Wang JH. Neuronal cdc2-like kinase. (1995) TIBS 20: 33-37.

Lopes MB. Frankfurter A. Zientek GM. Herman MM. The presence of neuron-
associated microtubule proteins in the human U-251 MG cell line. A
comparative imunoblot and immunohistochemical study. (1992) Mol. Chem.

Neuropathol. 17: 273-287

Luskin MB and Shatz CJ. Neurogenesis of the cat’s primary visual cortex. (1985) J.

Comp. Neur. 242: 611-631.

Matesic DF and Lin RCS. Microtubule-associated protein 2 as an early indicator of
ischemia-induced neurodegeneration in the gerbil forebrain. (1994) J.

Neurochem. 63: 1012-1020.

Matsubara M. Kusubata M. Ishiguro K. Uchiba T. Titani K. Taniguchi H. Site-
specific phosphorylation of synapsin [ by mitogen-activated protein kinase
and cdk3 and its effects on physiological functions. (1996) J. Biol. Chem.

271:21108-21113.

Matsushita M. Tomiwaza K, Lu YF. Moriwaki A, Tokuda M, [tano T, Wang JH.
Hatase O, Matsui H. Distinct cellular compartment of cyclin-dependent

kinase 5 (cdk5) and neuron-specific cdk5 activator protein (p35nckSa) in the

115



developing rat cerebellum. (1996) Brain Res. 734: 319-322.

Meyerson M. Enders GH. Wu C. Su L. Gorka C. Nelson C. Harlow E. Tsai L. A
family of human cdc2-related protein kinases. (1992) EMBO J 11: 2909-
2917.

Miyvazono M. [waki T. Kitamoto T. Shin R, Fukui M. Tateishi J. Widespread
distribution of tau in the astrocytic elements of glial tumors. (1993) Acta

Neuropathol. 86: 236-241.

Moorthamer M and Chaudhuri. [dentification of ribosomal protein L34 as a novel

CdKS inhibitor. (1999) Bioch. Biophys. Res. Comm. 255: 631-638.

Moorthamer M. Zumstein-Mecker S. Chaudhuri B. DNA binding protein dbpA binds
Cdk35 and inhibits its activity. (1999) FEBS Lett. 446: 343-350.

Moorthamer M. Zumstein-Mecker S. Stephan C. Mittl P, Chaudhuri B. Identification
of a human ¢cDNA encoding a kinase-defective cdk3 isoform. (1998) Bioch.

-

Biophys. Res. Comm. 235: 305-310.

Moretto G. Walker DG, Lanteri P. Taioli F, Zaffagnini S. Xu RY. Rizzuto N.
Expression and regulation of glial-cell-line-derived neurotrophic factor
(GDNF) mRNA in human astrocytes in vitro. (1996) Cell and Tissue Res.
286: 257-262.

Morgan DO. Principles of cdk regulation. (1995) Nature 374: 131-134.

116



Murayama S. Arima K. Nakazato Y, Satoh J, Oda M. Inose T. [Immunocytochemical
and ultrastructural studies of neuronal and oligodendroglial cytoplasmic

inclusions in multiple system atrophy. (1992) Acta Neuropathol. 84: 32-38.

Nakamura S. Kawamoto Y. Nakano S. Akiguchi I. Kimura J. Cyclin-dependent
kinase 3 and mitogen-activated protein kinase in glial cytoplasmic inclusions

in multiple system atrophy. (1998) J. Neuropath. Exp. Neurol. 57: 690-698.

Nakamura S. Kawamotc Y. Nakano S. Ikemoto A. Akiguchi [. Kimura J. Cyclin-
dependent kinase 5 in Lewy body-like inclusions in anterior horn cells of a
patient with sporadic amyotrophic lateral sclerosis. (1997) Neurology 48:

267-270.

Nedergaard M. Direct signaling from astrocytes to neurons in cultures of mammalian

brain cells. (1994) Science 263: 1768-1771

Nicholls JG. Martin AR. Wallace BG. From Neuron to Brain. 3 ed. 1992. Sinauer

Associates. [nc.. Sunderland. Mass.. USA. p.146-183

Nikolic M. Dudek H. Kwon YT, Ramos YFM. Tsai L. The cdk3/p35 kinase is
essential for neurite outgrowth during neuronal differentiation. (1996) Genes

and Dev. 10: 816-825.

Nixon RA, Paskevich PA, Sihag RK, Thayer CY. Phosphorylation on carboxyl

terminus domains of neurofilament proteins in retinal ganglion cell neurons in

117



vivo: influences on regional neurofilament accumulation. interneurofilament

spacing, and axon caliber. (1994) J. Cell Biol. 126: 1031-1046.

Nugent JHA, Alfa CE, Young T. Hyams JS. Conserved structural motifs in cyclins

identitied by sequence analysis. (1991) J. Cell Sci. 99: 669-674.

Ohshima T. Nagle JW. Pant HC. Joshi JB. Kozak CA. Brady RO. Kulkarni AB.
Molecular cloning and chromosomal mapping of the mouse cyclin-dependent

kinase 5 gene. (1995) Genomics 28: 585-388.

Ohshima T. Kozak CA. Nagle JW. Pant HC. Brady RO. Kulkarni AB. Molecular
cloning and chromosomal mapping of the mouse gene encoding cyclin-

dependent kinase 5 regulatory subunit p35. (1996a) Genomics 35: 372-375.

Ohshima T. Ward J. Huh C. Longenecker G. Veerana, Pant HC. Brady RO. Martin
LJ. Kulkarni AB. Targeted disruption of the cyclin-dependent kinase 5 gene
results in abnormal corticogenesis. neuronal pathology and perinatal death.

(1996b) Proc. Natl. Acad. Sci. USA. 93: 11173-11178.

Osborn M. Ludwig-Festl M. Weber K. Bignami A. Dahl D. Bayreuther K.
Expression of glial and vimentin type intermediate filaments in cultures

derived trom human glial material. (1981) Differentiation 19: 161-167

Paglini G, Pigino G, Kunda P, Morfini G, Maccioni R. Quiroga S, Ferreira A, Caceres
A. Evidence for the participation of the neuron-specific cdk5 activator p35

during laminin-enhanced axonal growth. (1998) J. Neurosc. 18: 9858-9869.

118



Parpura V, Basarsky TA. Liu F, Jeftinija K, Jeftinija S. Haydon PG. Glutamate-

mediated astrocyte-neuron signaling. (1994) Nature 369: 744-777

Pato M. Sellers J. Preston Y. Harvey E. Adelstein R. Baculovirus expression of
chicken nonmuscle heavy meromysin I[-B. (1996) J. Biol. Chem. 271: 2689-

269

A

Patrick GN. Zhou P. Kwon YT. Howley PM. Tsai L. p33. the neuronal-specific
activator of cyclin-dependent activator of cyclin-dependent kinase 5 (cdk3) is
degraded by the ubiquitin-proteosome pathway. (1998) J. Biol. Chem. 273:

24057-24064.
Pei JJ. Grundke-Igbal I. Bogdanovic N. Winbald B. Cowburn RF. Accumulation of
cyclin-dependent Kinase 5 (cdk3) in neurons with early stages of Alzheimer’s

disease neurofibrillary degeneration. (1998) Brain Res. 797: 267-277.

Peraud A. Watanabe K. Schwechheimer K. Yonekawa Y. Kleihues P. Ohgaki H.

Genetic protile of the giant cell glioblastoma. (1999) Lab. Invest. 79: 123-129

Pevsner J. The role of seclp-related proteins in vesicle trafficking in the nerve

terminal. (1996) J. Neurosci. Res. 45: 89-95.

Pevsner J, Hsu S, Scheller RH. N-secl: a neural-specific syntaxin-binding protein.

(1994) Proc. Natl. Acad. Sci. USA 91: 1445-1449.

119



Philpott A, Porro EB. Kirschner MW. Tsai L. The role of cvclin-dependent kinase 35
and a novel regulatory subunit in regulating muscle differentiation and

patterning. (1997) Genes & Dev. 11: 1409-1421.

Pigino G. Paglini G. Ulloa L. Avila J. Caceres A. Analysis of the expression.
distribution and function of cyclin dependent kinase 5 (cdk3) in developing

cerebellar macroneurons. (1997) J. Cell Sci. 110: 257-270.

Poon R, Lew J, Hunter T. [dentification of functional domains in the neuronal cdk3

activator protein. (1997) J. Biol. Chem. 272: 5703-5708.

Qi Z. Huang Q. Lee K. Lew J. Wang JH. Reconsitution of neuronal cde2-like kinase
from bacteria-expressed cdk3 and an active fragment of the brain-specific

activator. (1995) J. Biol. Chem. 270: 10847-10854.

Rakic P and Caviness Jr. VS, Cortical development: view from neurological mutants

two decades later. (1995) Neuron 14: 1101-1104.

Ramsey RG and Brand WN. Radiotherapy of glioblastoma multiforme. (1973) J.

Neurosurg. 39: 197-202

Ratner N. Bloom GS,Brady ST. A role for cyclin-dependent kinase(s) in the
modulation of fast anterograde axonal transport: effects defined by
olomoucine and the APC tumor suppressor protein. (1998) J. Neurosci. 18:

7717-1126.



Reichard LF and Tomaselli K. Extracellular matrix molecules and their receptors:

functions in neural development. (1991) Annu. Rev. Neurosci. 14: 531-570.

Rothman JE. Mechanisms of intracellular protein transport. (1994) Nature 372: 55-

63.

Saito T. Ishiguro K. Onuki R. Nagai Y. Kishimoto T. Hisanaga S. Okadaic acid-
stimulated degradation of p35. an activator of cdk3. by proteosome in cultured

neurons. (1998) Bioch. Biophys. Res. Comm. 252: 775-778.

Schold SC Jr, Burger PC. Mendelsohn DB. Gladstein EJ, Mickey BE. Minna JD.

Primarv Tumors of the Brain and Spinal Cord. 1997. Butterworth-

Heinemann. Boston, USA. p.41-63

Schulze E. Asai DJ. Bulinski JC. Kirschner M. Posttranslational modification and

microtubule stability. (1987) J. Cell Biol. 105: 2167-2177.

Sengupta A, Wu Q. Grundke-Igbal K. Singh TJ. Potentiation of GSK-3-catalyzed
Alzheimer-like phosphorylation of human tau by cdk3. (1997) Mol. Cell
Biochem. 167: 99-105

Sheldon M. Rice DS. D Arcangelo G. Yoshima H, Nakajima K, Mikoshiba K.
Howell BW. Cooper JA, Goldowitz D, Curran T. Scrambler and yotari
disrupt the disabled gene and produce a reeler-like phenotype in mice. (1997)

Nature 389: 730-733.



Shetty KT, Kaech S, Link WT, Jaffe H, Flores CM. Wray S, Pant HC, Beushausen S.
Molecular characterization of a neuronal-specific protein that stimulates the

activity ot cdk5. (1995) J. Neurochem. 64: 1988-1995.

Shetty KT. Link WT, Pant HC. Cdc2-like kinase from rat spinal cord specifically
phosphorylated KSPXK motifs in neurofilament proteins: isolation and

characterization. (1993) Proc. Natl. Acad. Sci. USA 90: 6844-6848.

Shirvan A. Ziv L. Zilkha-Falb R. Machlyn T. Barzilai A. Melamed E. Expression of
cell cycle-related genes during neuronal apoptosis: is there a distinct pattern.

(1998) Neurochem. Res. 23: 767-777.

Shuang R. Zhang L. Fletcher A. Groblewski GE. Pevsner J. Stuenkel EL. Regulation
of munc-18/syntaxin [ A interaction by cyclin-dependent kinase 5 in nerve

endings. (1998) J. Biol. Chem. 273: 4957-4996.

Sollner T. Whiteheart SW. Brunner M. Erdjument-Bromage H. Geromanos S. Tempst
P. Rothman JE. SNAP receptors implicated in vesicle targeting and fusion.

(1993) Nature 362: 318-323.

Songyang Z. Lu KP, Kwon Y. Tsai L, Filhol O. Cochet C. Brickney D. Soderling T.
Bartleson C. Graves D. Demaggio A, Hoekstra M, Blenis J, Hunter T. Cantley
L. A structural basis for substrate specificities of protein ser/thr kinases:
primary sequence preference of casein kinases I and II, NIMA, phosphorylase
kinase, calmodulin-dependent kinase 1. Cdk3. and Erk!. (1996) Mol. Cell.
Biol. 16: 6486-6493.



Sudhof T, de Camilli P, Niemann H, Jahn R. Membrane fusion machinery: insights

from synaptic proteins. (1993) Cell 75: 1-4.

Sun D, Leung CL. Liem RKH. Phosphorylation of the high molecular weight
neurofilament protein (NF-H) by cdk5 and p35. (1996) J. Biol. Chem. 271:
14245-14251.

Tachibana O. Lampe J. Kleihues P. Ohgaki H. Preferential expression of Fas/APO1
(CD95) and apoptotic cell death in perinecrotic cells of glioblastoma

multiforme. (1996) Acta Neuropathol. 92: 431-434.

Tang D and Wang JH. Cyclin-dependent kinase 5 (cdk5) and neuron-specific cdk3

activators. (1996) Prog. Cell Cycle Res. 2: 205-216.

Tang D. Yeung J. Lee K, Matsushita M. Matsui H. Tomizawa K. Hatase O. Wang J.
An isoform of the neuronal cyclin-dependent kinase 5 (cdk3) activator.

(1995) J. Biol. Chem. 270: 26897-26903.

Tang XM. Strocchi P. Cambi F. Changes in the activity ot cdk2 and cdk5 accompany
differentiation of rat primary oligodendrocytes. (1998) J. Cell. Biochem. 68:

128-137.

Terada M. Yasuda H. Kogawa S. Maeda K, Haneda M, Hidaka H, Kashiwagi A,
Kikkawa R. Expression and activity of cyclin-dependent kinase 5/p35 in adult

rat peripheral nervous system. (1998) J. Neurochem. 71: 2600-2606



Tikoo R. Cassaccia-Bonnefil P, Chao MV. Koff A. Changes in cyclin-dependent
kinase 2 and p27kip! accompany glial cell differentiation of central glia-4

cells. (1997) J. Biol. Chem. 272: 442-447.

Tohyama T, Lee VM. Trojanowski JQ. Co-expression of low molecular weight
neurofilament protein and glial fibrillary acidic protein in established human

glioma cell lines. (1993) 5Am. J. Pathol. 142: 883-892.

Tomiwaza K. Matsui H. Matsushita M. Lew J, Tokuda M. [tano T. Konishi JH. Wang
JH. Hatase O. Localization and developmental changes in the neuron-specific
cyclin-dependent kinase 5 activator (p35™*") in the rat brain. (1996)

Neuroscience 74: 519-529,

Travis J. Glia: the brain’s other cells. (1995) Surg. Neurol. 43: 287-289.

Tsai L. Delalle I. Caviness Jr V. Chae T. Harlow. p35 is a neural-specific regulatory

subunit of cyclin-dependent kinase 5. (1994) Nature 371: 419-423.

Tsai L. Takahashi T, Caviness Jr VS, Harlow E. Activity and expression pattern of
cyclin-dependent kinase 5 in the embyonic mouse nervous system. (1993)

Development 119: 1029- 1040.

Tsujimura K, Tanaka J, Ando S, Matsuoka Y, Kusubata M, Sugiura H, Yamauchi,
Inagaki M. Identification of phosphorylation sited on glial fibrillary acidic

protein for cdc2 kinase and Ca (2+) -calmodulin-dependent protein kinase II.



(1994) J. Biochem. (116) 426-434

Turner DL and Cepko CL. A common progenitor for neurons and glia persists in rat

retina late in development. (1987) Nature 328: 131-136.

Tysnes BB. Larsen LF. Ness GO. Mahesparan R. Edvardsen K. Garcia-Cabrera [,
Bjerkvig R. Stimulation of glioma-cell migration by laminin and inhibition

by anti-a3 and anti-B1 integrin antibodies. (1996) Int. J. Cancer 67: 777-784.

Uchida T. Ishiguro K. Ohnuma J, Talamatsu M. Yokenura S. Imahori K. Presursor of
cdk5 activator. the 23 kDa subunit of tau protein kniase II: its sequence and

developmental change in brain. (1994) FEBS Lett. 355: 35-40.

Uhm JH. Gladson CL. Rao J. The role of integrins in the malignant phenotype of’

gliomas. (1999) Frontiers in Bioscience. 4: d188-199.

Van de Heuvel S and Harlow E. Distinct roles for cyclin-dependent kinases in cell

cycle control. (1993) Science 262: 2050-2053.

Van Engeland M. Kuijpers HJH, Ramaekers FCS. Reutelingsperger CPM. Schutte B.
Plasma membrane alterations and cytoskeletal changes in apoptosis. (1997)

Exp. Cell Res. 235: 421-430.

Vinores SA. Bonnin JM, Rubinstein LJ. Marangos PJ. Immunohistochemical
demonstration of neuron-specific enolase in neoplasms of the CNS and other

tissues. (1984) Arch. Pathol. Lab Med. 108: 536-540.



Wara WM. Radiation therapy for brain tumors. (1985) Cancer 55: 2291-2295

Ware ML. Fox JW, Gonzales JL, Davis NM. Lambert de Rouvroit C. Russo CJ . Chua
Jr SC, Goffinet AM. Walsh CA. Aberrant splicing of a mouse disabled

homolog. mdab!. in the scrambler mouse. (1997) Neuron 19: 239-249.

Xiong Y. Zhang H. Beach D. D type cyclins associate with multiple protein kinases

and the DNA replication and repair factor PCNA. (1992) Cell 71: 505-514.

Yamaguchi H. Ishiguro K. Uchida T. Takashima A, Lemere CA. Imahori K.
Preferential labeling of Alzheimer neurofibrillary tangles with antisera for tau
protein kinase (TPK) I/glycogen synthase kinase-3 beta and cyclin-dependent

kinase 3. a conponent of TPK II. (1996) Acta Neuropathol. 92: 232-241.

Yanagihara T, Brengman JM. Muchynski WE. Ditferential vulnerability of
microtubule components in cerebral ischemia. (1990) Acta Neuropathol. 80:

499-505.

Yoshida H and Thara Y. tin paired helica tilaments is functionally distinct form fetal

t: assembly incompetence of paired helical filament-t. (1993) J. Neurochem.

61: 1183-1186

Zhang Q, Ahuja HS, Zakeri ZF., Wolgemuth DJ. Cyclin-dependent kinase 3 is
associated with apoptotic cell death during development and tissue

remodeling. (1997) Dev. Biol. 183: 222-233.



Zheng M. Leung CL, Liem RKH. Region-specific expression of cyclin-dependent
kinase 5 (cdk5) and its activators p35 and p39 in the developing and adult rat

central nervous system. (1998) Int. J. Neurobiol. 35: 141-159.

127



