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ABSTRACT

Cyclin Dependent Kinase (Cdk) family members play a role in CNS development.
Cyclin Dependent Kinase 5 (Cdk5) is well known for its fundamental role in neuronal
development and axogenesis, as well as, cell death. Other Cdks include Pctaire and
Pftaire. Inhibition of Pctaire results in increased axon outgrowth, however, the role and
function of Pftaire is unknown. Pftairel is a novel member of the Cdk family that was
initially detected in a screen for cdc2-like kinases. Unpublished data from our lab reveals
that Pftairel (Eip63E) deficiency in Drosophila melanogaster results in defects in the axon
and neuronal structure of the ventral nerve cord (VNC). In mammals, Pftairel is highly,
expressed in the CNS. Here, we proposed that Pftairel might have a role in axon
outgrowth. To investigate the role of Pftairel in mammals, the first germline Pftairel
knockout mice were generated. Considering the severe effects of Eip63E deficiency in
Drosophila and the homology between mammalian and fly Pftairel, CNS defects in the
mouse were anticipated. However, to date, no gross abnormalities have been detected
in the overall morphology, fertility, life span, or anatomical brain structures of the Pftairel
deficient mice. This may be due to the presence of other post-mitotic Cdk proteins that
are highly similar to Pftairel. For instance, mammals possess Pftaire (1, and 2), as well as,
Pctaire (1, 2, and 3), while Drosophila only possess the Pftairel orthologue where the
Pftaire2 and Pctaire (1, 2, and 3) are absent. Furthermore, the mice were of mixed
background. In spite of this, we demonstrated that Pftairel deficient neurons showed
increased axon length, in the initial phases of culture. This was confirmed by expression

of dominant negative (DN) D228N-Pftairel in wild type neurons. Also classification of



axons into different ranges, reveals a higher percentage of hyperextended neurites in
D228N and Pftairel knockout mice. The mechanism by which Pftairel controls axon
outgrowth is unknown. In this study we show that, Pftairel interacts physically with the
small GTPase proteins Racl, Cdc42, and RhoA. Importantly, we showed that Pftairel
phosphorylates GDP-RhoA on a serine residue. We propose that this regulates RhoA

activity, which in turn controls axon outgrowth.
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INTRODUCTION




1. INTRODUCTION

The human brain is an intricate structure containing a complex network of billions
of neurons and even more non-neuronal support cells. The development of the brain and
the whole nervous system is an intriguing event that relies upon a balance between
proliferation and differentiation. The final morphology and function of the nervous
system is determined by multiple events including cell division and arrest, differentiation,
migration, axonal targeting, synaptogenesis and apoptosis. Tight regulation of these
events is important not only in the developing brain but also in the adult brain to maintain
plasticity. Dysregulation at any step would result in neurological disorders. Plasticity
includes all mechanisms that involve learning, memory and repair so that the proper
function of the central nervous system is restored after injury. For instance, after a stroke
lesion, profound remodeling processes including neurogenesis, axogenesis, and
angiogenesis occur in the penumbra area of an injured adult brain to maintain neuronal
plasticity and restore proper function of the nervous system (Dancause 2006, Font, Arboix
et al. 2010). Nonetheless, functional recovery after injury is limited in the adult brain.
This limited ability may be due to intrinsic factors, loss of the capacity to express growth
associated proteins in the neurons to regenerate rapidly, and lack of an environment that
is supportive of axon outgrowth (Fawcett 1992, Stuermer, Bastmeyer et al. 1992).

Having an advanced understanding of the processes involved in the development
of the nervous system is indispensable for developing new protocols in directing
differentiation of stem cells to the neural lineage and other therapeutic protocols. Cyclin

Dependent Kinases (Cdks), are a family of kinases with diverse functions in the CNS from



cell cycle regulation to differentiation (Malumbres, Harlow et al. 2009). This chapter will
focus on the role of Cdks and their mechanism of action in the central nervous system
(CNS).
1.1. Cyclin Dependent Kinases

Cyclin Dependent Kinases, are a family of serine/threonine(S/T) kinases. Currently,
twenty-six genes have been distinguished to encode for twenty-one Cdks and five Cdk like
(CDKL) kinases (Malumbres, Harlow et al. 2009) that have been associated to cell cycle
progress, cell death and differentiation during development of the nervous system, and
also in the adult brain (Tsai, Delalle et al. 1994, Park, Levine et al. 1997, Park, Morris et al.
1998, Park, Morris et al. 1998, Giovanni, Wirtz-Brugger et al. 1999, Giovanni, Keramaris
et al. 2000, Park, Obeidat et al. 2000, Morris, Keramaris et al. 2001, Wang, Corbett et al.
2002, Rideout, Wang et al. 2003, Smith, Crocker et al. 2003, Weishaupt, Neusch et al.
2003, Rashidian, lyirhiaro et al. 2005).

1.1.1. Functions of Cdks

Cyclin Dependent Kinases (Cdks) were initially detected in the yeast and include a
growing family of cdc-2 related family of Serine/Threonine kinases (Hartwell 1974, Liu and
Kipreos 2000). The nomenclature cyclin dependent kinase was adopted since the first
identified Cdks, cdc28 and cdc2 (Cdkl), depended on binding to a cyclin regulatory
partner to become functional (Kaldis 1999, Liu and Kipreos 2000).

Cdks were initially defined specifically for their role in cell cycle regulation and
progression. For instance, Cdk1, Cdk2, Cdk3, Cdk4 and Cdk6 are Cdks with typical roles

during the cell cycle (John, Mews et al. 2001). However, later on other Cdks were



identified that had more diverse roles that were independent of their role in cell cycle
progress. For instance, Cdk7 (Kaldis 1999) and Cdk5 (Tang, Yeung et al. 1995) were
identified for their role in transcription (Kaldis 1999) and differentiation (Tang, Yeung et
al. 1995), respectively. Taking this into consideration, the Cdk family can be divided into

mitotic and postmitotic Cdks.

1.1.1.1. The Mitotic Cdks

The mitotic Cdks or cell cycle Cdks (Cdk1, 2,3, 4 and 6) have prominent roles in the
regulation of the cell cycle (Pines 1993, John, Mews et al. 2001), strictly depend upon a
cyclin partner for their regulation, and are responsible for transition between the gap
phases (G1 and G2) of cell replication by their kinase activity (John, Mews et al. 2001).
Other functions of the mitotic Cdks include, transcription, RNA splicing (Cdk7, 8,9 and 11)
(Loyer, Trembley et al. 2005, Loyer, Trembley et al. 2008), and activation of other Cdks
(Cdk7) (Kaldis 1999). In the CNS, mitotic Cdks have an important role in regulating the
guantity and time of proliferation of the neural progenitors (Cunningham and Roussel
2001, Li and DiCicco-Bloom 2004, Dehay and Kennedy 2007). For instance, Cdk2-cyclin A2
is suggested to be required for renewal of neural stem cells. Its regulation by p27, an
endogenous inhibitor of the Cip/Kid family inhibits neural differentiation and delays
migration of the neuronal precursors (Richard-Parpaillon, Cosgrove et al. 2004, Itoh,
Masuyama et al. 2007, Jablonska, Aguirre et al. 2007). Cdk4-cyclin D increases the basal

progenitor cells and delays neurogenesis (Lange, Huttner et al. 2009).

1.1.1.2. Post-Mitotic Cdks



Post-mitotic Cdks are expressed abundantly in post-mitotic tissue. The role and
function of most post-mitotic Cdk family members remains to be fully elucidated. They
are distinct from mitotic Cdks since their activation does not specifically depend on
binding to a cyclin partner. This group of cdc-2 related kinases include PSSALRE(CdkS5),
PFTAIREs (Cdk14/15), PCTAIRE 1-3, KKIALRE, PITALRE, PISSLRE, and PITSLRE which
descend from the same evolutionary ancestor (Lazzaro, Albert et al. 1997, Liu and Kipreos
2000). Comparison of the amino acid sequences of Cdk family members reveals high
similarity between murine Pftaire-1 with Cdk5 and Pctaire, respectively, at 50-52% and
61% amino acid-identity (Besset, Rhee et al. 1998).

The known functions of Cdks could be summarized as follows, (1) Cdk1-4 and
Cdke6, are classified as classical Cdks and regulate cell cycle progression (John, Mews et al.
2001, Malumbres, Harlow et al. 2009); (2) Cdk5, is considered an atypical Cdk and is
involved in transcription, differentiation, cell death, migration, and plasticity (Tang,
Yeung et al. 1995, Dhavan and Tsai 2001, Malumbres, Harlow et al. 2009, Futatsugi,
Utreras et al. 2012) ; (3) Cdk7 is a Cdk activating kinase (CAK) that partners with cyclin H
and Matl and triggers downstream effectors by phosphorylating Cdks on their T-loop
(Kaldis 1999, Malumbres, Harlow et al. 2009); (4) Cdk 8-13 and Cdk 19 (or 11) are
transcriptional Cdks that control RNA polymerase Il by phosphorylating its carboxy
terminal domain (CTD) (Loyer, Trembley et al. 2005, Loyer, Trembley et al. 2008,
Malumbres, Harlow et al. 2009) ; (5) Cdk 14-15 (PFTAIRE 1-2) (Lazzaro, Albert et al. 1997,
Besset, Rhee et al. 1998, Malumbres, Harlow et al. 2009) and Cdk 16-18 (PCTAIRE1-3)

(Okuda, Cleveland et al. 1992, Besset, Rhee et al. 1999, Malumbres, Harlow et al. 2009).



Although, typical Cdks contain a cyclin binding element in their primary structure; some
Cdks are activated by binding to non-cyclin partners where association with cyclins is not
essentially required for their activity (Meyerson, Enders et al. 1992, Okuda, Cleveland et
al. 1992, Brambilla and Draetta 1994, Grana, De Luca et al. 1994, Dhavan and Tsai 2001),
(6) Other Cdks have sequences similar to the original Cdks including cyclin activating
kinases-CAK (Cdk20-21), as well as, cdc2 like kinases including Cdc2L1 (KKIALRE) (Yen,
Kenessey et al. 1995), Cdc2L2 (KKIAMRE) (Sassa, Gomi et al. 2000), and Cdc2L6 and cell
cycle related kinases (CCRK)(Malumbres, Harlow et al. 2009, Malumbres 2014). (Tablel-

1)(Lim and Kaldis 2013)



Table 1-1-Summarized biological properties and functions of Cdks

Cdk Partner Type Function Reference
Cyc A, Cyc B, Cell Cycle Progression
Cdk1 Mitotic (John, Mews et al. 2001)
CycE (S, M Phase)
Cell Cycle Progression
Cdk2 CycA, CycE Mitotic (John, Mews et al. 2001)
(G1,5,G2 Phase)
Cell Cycle Progression
Cdk3 CycC Mitotic (GO,G1 Phase), RNAPII (John, Mews et al. 2001)
Transcription
Cell Cycle Progression (G1
(John, Mews et al. 2001,
Cdka CycD Mitotic Phase), RB/E2F
Lange, Huttner et al. 2009)
Transcription
Differentiation, Cell Death, (Tang, Yeung et al. 1995,
CycE, p35,
Cdk5 Postmitotic Cell Cycle Regulation (G1 Dhavan and Tsai 2001,
p39
Phase) Futatsugi, Utreras et al. 2012)
Cell Cycle Progression (G1
Cdké6 CycD Mitotic Phase), RB/E2F (John, Mews et al. 2001)
Transcription
Cdk7 CycH Mitotic RNA PII Transcription-CAK (Kaldis 1999)
Transcription, RNA PII (Loyer, Trembley et al. 2005,
Cdk8 CycC Mitotic
transcription Loyer, Trembley et al. 2008)
Transcription, RB/E2F (Loyer, Trembley et al. 2005,
Cdk9 CycT, CycK Mitotic
transcription Yu, Zhao et al. 2010)




Cdk10 CycM Mitotic Ets 2 Transcription (Loyer, Trembley et al. 2005)
(Loyer, Trembley et al. 2005,
Cdk11 CyclL Mitotic Transcription, RNA splicing
Loyer, Trembley et al. 2008)
Transcription, RNA PII (Loyer, Trembley et al. 2005,
Cdk12 Cyc K,CycL Mitotic
Transcription Loyer, Trembley et al. 2008)
Transcription, RNA PII (Loyer, Trembley et al. 2005,
Cdk13 Cyc K,CycL Mitotic
Transcription Loyer, Trembley et al. 2008)
Wnt/B-catenin pathway (Davidson, Shen et al. 2009,
Cdk14 | CycY, others | Postmitotic
regulation Pollack, Xiao et al. 2015)
Cdk15 unkown Postmitotic unknown
(Liu, Cheng et al. 2006,
Cdk16 CycY Postmitotic spermatogenesis
Mikolcevic, Sigl et al. 2012)
Cdk17 unknown Postmitotic unknown
Cdk18 unknown Postmitotic unknown
(Loyer, Trembley et al. 2005,
Cdk19 CycC Mitotic Transcription
Galbraith, Donner et al. 2010)
Cdk20 unknown Mitotic unknown
Cdk21 unknown Mitotic unknown




Although differentiation and cell cycle regulation would seem to be completely
independent processes there should be a cross-talk between differentiation and cell cycle
arrest, as the former normally follows the later (Hindley and Philpott 2012). Previous
studies signify the importance of Cdks in the tight regulation of proliferation in the
nervous system (Galderisi, Jori et al. 2003, Malumbres 2011). For instance, improper
activation of Cdks in a population of neurons that are terminally differentiated results in
apoptosis and neuronal death; both, in vitro (Freeman, Estus et al. 1994, Park, Farinelli et
al. 1996, Park, Levine et al. 1997, Park, Morris et al. 1997, Park, Morris et al. 1998, Park,
Morris et al. 1998, Giovanni, Wirtz-Brugger et al. 1999, Padmanabhan, Park et al. 1999,
Giovanni, Keramaris et al. 2000, O'Hare, Hou et al. 2000, Park, Obeidat et al. 2000, Morris,
Keramaris et al. 2001, Konishi, Lehtinen et al. 2002, Konishi and Bonni 2003, Rideout,
Wang et al. 2003, Sumrejkanchanakij, Tamamori-Adachi et al. 2003, Kruman, Wersto et
al. 2004, Liu, Biswas et al. 2004, Otsuka, Tanaka et al. 2004), and in vivo (Nagy, Esiri et al.
1997, Vincent, Jicha et al. 1997, Coelho and Leevers 2000, Osuga, Osuga et al. 2000, Wang,
Corbett et al. 2002, Nguyen, Boudreau et al. 2003, Rashidian, lyirhiaro et al. 2005).

1.1.2. The Structure of Cdks

Cdks are all relatively small ranging from 34 to 60 kDa and rarely up to 110 kDa on
SDS-PAGE gel. Cdk proteins possess a similar structure, in which catalytic domains are
conserved. These domains include: (1) “VALK” motif in subdomain Il of the kinase domain
that facilitates positioning of ATP in the active site, (2) “PCTAIRE/PSTAIRE” motif, a
characteristic of Cdk proteins, located in subdomain Il of the kinase domain that is mainly

responsible for the Cdk/cyclin interaction, (3) "HRD” motif in subdomain VIb that



catalyzes the transfer of y-phosphate, (4) "DFG” motif in subdomain VIl that coordinates
the position of Mg?*ions and ATP in the ATP-binding domain (Morgan 1995, Morgan
2007). (Figure 1-1)

Cdks have a preference for phosphorylating substrates that possess serine and
threonine residues at the consensus sequence of S/TPXK/H/R. (S/T* is the
phosphorylated serine or threonine, P is proline in the +1 position, X is any amino acid, K
is lysine, and R is arginine). (Dhavan and Tsai 2001, Morgan 2007). In their tertiary
structure, Cdks form a bilobal fold that includes a large carboxy-terminal lobe mainly
consisting of alpha helices, and a small amino-terminal lobe containing 5 anti-parallel beta
sheets, as well as, 1 alpha helix (Pines 1993, Shu, Lv et al. 2007). The carboxy-terminal
lobe, includes a flexible threonine-loop (T-loop) that is located adjacent to the active site
of Cdks and requires phosphorylation of T161 to acquire maximum activity and bind to
substrates (Shu, Lv et al. 2007, Odajima, Wills et al. 2011). Also, adjacent to the T-loop in
the carboxy terminal there is a L12 helix located approximately at residues 147-151; which
contributes to the structural modification and reorientation of amino acids in the ATP
binding site to promote full kinase activity (Pines 1993, Shu, Lv et al. 2007). The
conformation of the L12 helix changes from an alpha helix to a beta helix upon binding of
cyclin to the Cdk (Pines 1993, Shu, Lv et al. 2007). A conserved glycine-rich loop (G-loop)
related to the kinases with the consensus sequence (GxGxxGA) is part of the ATP binding
region and facilitates the alignment of ATP’s y-phosphate (Pines 1993, Shu, Lv et al. 2007).
The amino-terminal loop is responsible for the binding of Cdk to a cyclin partner and

consists of a glycine rich domain and the highly conserved “PSTAIRE” motif (Pines 1993,
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Shu, Lv et al. 2007). The amino-terminal lobe also contains inhibitory threonine (T14) 14
and tyrosine 15 (Y15) phosphorylation sites (Morgan 1995). The amino and carboxy -
lobes are connected to each other through a domain that acts like a flexible hinge
(Morgan 1995). This region is termed the catalytic cleft or the ATP binding domain. The
G-loop forms the peak of the cleft that blocks the catalytic region when the Cdk is
inactivated (Morgan 1995). The catalytic domain is composed of aspartate and lysine
residues that bind to the substrate and ATP, as well. These residues include aspartate at
position (D127), lysine at position (K129) and asparagine at position (N132), as well as
lysine (K33) and aspartate (D145) (De Bondt, Rosenblatt et al. 1993, Morgan 1995) (Figure

1-1).
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Figure 1-1 Structure of Representative Cdks

a) Alignment of sequences for human CDK2 (Accession: CAA43985.1), CDK5 (Accession:
CAG33322.1), CDK14 (Accession: NP001274064.1), CDK15 (Accession: Q96Q40.2), and
CDK16 (Accession: Q00536.1). Activation loop (yellow highlight), T14 and Y15 - inhibitory
sites ( red), S/T- activation site (green), conserved Cdk PSTAIRE motif (blue), VLAK, HRD,
DFG domains (respectively purple, red, green) (see text for further description). b)
Graphical summary of conserved domains of CDK2, CDK5, CDK14, CDK15, and CDK16
respectively with alignment footprint indicating region similarity. ¢) S/T kinases
highlighted in red in CDK2, CDK5, CDK14, CDK15, CDK16 (Modified from Table 1
(Malumbres and Barbacid 2005). 3D structure and relative position of conserved domains
d) CDK2 and e) CDK5 using PubMed, Cn3D tool (Wang, Addess et al. 2007, Marchler-

Bauer, Zheng et al. 2013).
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1.1.3. Modes of Regulation of Cdks
Cdks are commonly regulated through different mechanisms which include: (1)
binding to their cyclin partners, (2) phosphorylation of Cdk and/or cylin-Cdk complex at
their conserved serine/threonine residue by CAK (Cdk activating kinase), (3) inhibitory
phosphorylation of Cdks, (4) CDK inhibitory subunits also known as cyclin-dependent
kinase inhibitor protein (CDKls, CKls or CDIs) that result in cell cycle arrest during the G

phase of cell cycle progression (Morgan 1995, Morgan 2007).

1.1.3.1. Mechanism of Action of Cdks

1.1.3.1.1.  Activating Patterns

- Cyclin Dependent Activation

Cdks are generally inactive in their monomer form. In their inactive form the T-
loop (activation loop) located at the carboxy-terminal blocks the cleft thus the amino
acids in the side chain of the Cdk are not accessible for binding of ATP (Morgan 1995,
Morgan 2007). Upon binding of cyclin with Cdk at the conserved (PSTAIRE) motif,
conformational changes occur in the tertiary structure of the Cdk. The L12 alpha helix at
the carboxy-terminal changes to a beta sheet. The T-loop that is adjacent to it has a
flexible conformation thus the T-loop rearranges in a manner that it moves outwards from
the cleft entrance. Later, the PSTAIRE helix at the amino-terminal moves inwards. This
conformational change flattens of the carboxy-terminal lobe; which in turn results in an
optimal position for ATP to bind. ATP binds within the cleft in a manner that the

phosphates are positioned outwards and accessible for the transfer of phosphate. The
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Cdk substrate containing the S/TPXK/H/R sequence binds to the entrance of the cleft and
mainly positions towards the carboxy-terminal. (Russo, Jeffrey et al. 1996, Russo, Jeffrey
et al. 1996, Kim and Zhao 2005, Morgan 2007). Nevertheless, not all of the classic Cdks
become fully active upon binding to their cyclin partner and require binding to other non-
cyclin partners. For instance, the Cdk4/cyclin D complex is not fully active and it requires
binding to other non-cyclin partners including p34°€'! or Sertad1 for full activity (Sugimoto,
Nakamura et al. 1999, Li and DiCicco-Bloom 2004).

Cyclin dependent kinases are regulated by phosphorylation of different residues,
at different phases. The phosphorylation of Cdks may occur at residues that enhance the
activity of Cdks. For instance, the Cdk-activating kinase (CAK) phosphorylates some Cdks
(Morgan 1995) at threonine (T160) and increases the activity of Cdk7/cyclin H complex
in combination with MAT1 or Cdk2/cyclin A complex (Gu, Rosenblatt et al. 1992) by
stabilizing their binding (Kaldis 1999). Phosphorylation of the conserved tyrosine and
threonine residues in the ATP binding region of Cdk results in electrostatic repulsion
between the phosphate linked to the kinase and those of ATP (Russo, Jeffrey et al. 1996,

Russo, Jeffrey et al. 1996, Kim and Zhao 2005, Morgan 2007).

- Autophosphorylation
Despite the similarities in the conformation of the Cdks, Cdk9 has a different
phosphorylation pattern in comparison to classical Cdks. The interface area of Cdk9 with its
partner cyclin T is 40% less than classical Cdks, such as Cdk2 with its partner cyclin A. Due to this
reduced interface area, the threonine (T186) in the T-loop is only able to interact with two arginine

residues R148 and R172 on the side chains of Cdk9 and this results in autophosphorylation of Cdk9
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(Baumli, Lolli et al. 2008, Echalier, Endicott et al. 2010). Cdk14 has also been reported to have
autophosphorylation activity (Lazzaro, Albert et al. 1997) which suggests their independence from

Cdk7 kinase activity for becoming activated.

- Cyclin Independent Phosphorylation

Some of Cdks classified as atypical Cdks can become activated independent of
cyclin. Of pertinence to this matter is Cdk5 that does not bind to a cyclin partner to
become activated. Although Cdk5 has the ability to associate with cyclin partners such as
cyclin D and E, interaction with a cyclin partner in not essentially required for its
activation; (Patrick, Zhou et al. 1998, Dhavan and Tsai 2001, Bartova, Otyepka et al. 2005).
Instead, it partners with non-cyclin proteins p35 and p39 which induces transient
activation of Cdk5 (Tsai, Delalle et al. 1994, Patrick, Zhou et al. 1998, Dhavan and Tsai

2001, Malumbres 2014). Regulation of Cdk5 will be further discussed in the Cdk5 section.

1.1.3.1.2.  Inhibitory Phosphorylation Patterns

- Glycine-Rich Loop Inhibitory Phosphorylation
Phosphorylation can also regulate the function of Cdks by inhibiting their kinase
activity. This regulatory inhibition is important to control cell arrest or in response to DNA
damage. In the classic Cdks, Weel and Mytl kinase inactivate the Cdk, through
phosphorylation of the threonine 14 (T14) and tyrosine 15 (Y15) residues that are located
on the G-loop. The mechanism of inhibition is different for these two residues. In the case
of threonine (T14) residue, an intermediate compound forms with a shift in the position

of its Mg?*. This shift causes misalignment of the ATP in the loop. This misalighment in
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turn keeps the serine residue of the peptide and ATP apart; thus inhibition occurs. In the
case of the tyrosine (Y15) residue, the side chains of ATP will take on a “swing out”
position, therefore the binding of substrate is prohibited (Morgan 2007, Zhang, Tan et al.

2007, Echalier, Endicott et al. 2010).

- Cdk Inhibitory Proteins (CDKIs/CKls/CDls)

CDKlIs are responsible for cell cycle arrest at G1. They are mainly classified into
two groups based on their structures and their Cdk targets: The INK4 family and the
Cip/Kip family (Denicourt and Dowdy 2004).

The INK4 family consists of multiple ankyrin repeats and regulates the activity
of Cdk4/Cdk6 by inhibiting the formation of Cdk4 or Cdk6 - cyclin complex. This group
includes p16/Nk4a p15INKab 51 8INKic and p19'NK4d (Sherr and Roberts 1999, Denicourt and
Dowdy 2004).

The Cip/Kip proteins have a broad spectrum and regulate the activity of most
Cdks and cyclins A and E. The Cip/Kip proteins bind to the Cdk and cyclin through the
motifs of their amino-terminals. This group includes p21%P1, p27XP1 and p57%P2, They act
as inhibitors for cyclins A and E but have an activating effect on cyclin D (Sherr and Roberts
1999, Denicourt and Dowdy 2004).

Cdk4/6 and cyclin D form a complex together and phosphorylate the tumor
suppressor protein retinoblastoma protein (pRB) in G1 phase of the cell cycle, as a result
the pRb becomes inactivated (Sherr and Roberts 1999, Munger and Howley 2002,
Bartkova, Gron et al. 2003, Denicourt and Dowdy 2004, Das, Hashimoto et al. 2005,

Korenjak and Brehm 2005). Thus, the inhibition on cell cycle progression is removed and
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the cell transits from G1 to S phase. On the other hand, cyclin D sequesters the Cip/Kip
proteins. Subsequently, Cdk2 becomes active and forms a complex with cyclin E. Cdk2-
cyclin E, then, phosphorylates Rb and p27. Phosphorylation of p27 triggers its degradation
through the proteasomal pathway. Phosphorylation of Rb in late G1 disrupts the
association of Rb with E2F and disrupts its repression; since the repression is removed the
transition throughout S-G2 and M phases is facilitated (Sherr and Roberts 1999, Munger
and Howley 2002, Stevaux and Dyson 2002, Denicourt and Dowdy 2004).
1.1.4. Cdk5

Cdk5 has been best characterized among the post-mitotic Cdks. Cdk5 was
detected in a screen for cdc2 family members in 1992 (Hellmich, Pant et al. 1992, Lew,
Winkfein et al. 1992, Meyerson, Enders et al. 1992). Initially, it was named neuronal-like2
kinase. Cdk5 was classified as a cdc2-like kinase since it was detected in terminally
differentiated neurons rather than being active in the cell cycle (Hellmich, Pant et al.
1992).

Cdk5 regulates various functions at the cellular level including morphology,
communication, motility (Dhavan and Tsai 2001); with a main role in the development of
the CNS, regulating neuronal migration, survival (Ohshima, Ward et al. 1996, Dhavan and
Tsai 2001, Ohshima, Hirasawa et al. 2007), dopamine signaling (Bibb, Snyder et al. 1999),
axonal transport, and synaptic transmission (Rosales, Nodwell et al. 2000, Dhavan and
Tsai 2001, Smith and Tsai 2002, Cheung and Ip 2004, Cheung, Fu et al. 2006, Zhang, Tan
et al. 2007), synaptic plasticity, learning and memory (Hawasli and Bibb 2007). Cdk5

dysregulation can trigger neurons to re-enter the cell cycle after arrest and result in
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neuronal death (Weishaupt, Neusch et al. 2003, Lopes, Oliveira et al. 2009), both in vitro
(Patrick, Zukerberg et al. 1999, Coelho and Leevers 2000, Kusakawa, Saito et al. 2000,
O'Hare, Kushwaha et al. 2005), and in vivo. Thus, Cdk5 dysregulation can be one of the
factors resulting in a variety of neurodegenerative diseases, including Alzheimer’s disease
(Cruz and Tsai 2004), Parkinson’s disease (Smith, Crocker et al. 2003), stroke (Wang, Liu
et al. 2003, Rashidian, lyirhiaro et al. 2005), amyotrophic lateral sclerosis (ALS) (Nguyen
and Julien 2003), and Niemann-Pick type C (NPC) (Bu, Li et al. 2002).

Expression of the dominant negative form (DN-Cdk5) inhibits axonal outgrowth
in cultures of primary cortical neurons (Nikolic, Chou et al. 1998). Deficiency of Cdk5 is
lethal in mice and results in embryonic lethality at E18, due, at least, to defective neuronal
migration and differentiation of the cortex (Ohshima, Ward et al. 1996, Gilmore, Ohshima
et al. 1998). Cell cycle regulation is disrupted in Cdk5 knockout embryos but expression
of wild type Cdk5 is able to rescue this deficit (Cicero and Herrup 2005). The migration
and lamination of cortical interneurons depends on p35/Cdk5 proper activity. In newborn
mice that have p35 deficiency and as a result lack p35/Cdk5 kinase activity, disrupted
migration of cortical interneurons results in the formation of new interneurons in the

|ll

cortex and reverses its typical “inward-outward” lamination (Nikolic, Dudek et al. 1996,
Chae, Kwon et al. 1997, Ohshima, Hirasawa et al. 2007, Sonja Raki¢ 2009). Furthermore,
in Cdk5 mutants growth of axons projecting to the thalamus (Gilmore, Ohshima et al.
1998) and development of dendrites (Ohshima, Hirasawa et al. 2007) is disrupted. Also,

in Cdk5 deficient mice the morphology of pyramidal neurons is disrupted mainly due to

abnormal dendrite structure. Hence, neurons adopt a multipolar morphology rather than

21



the normal bipolar structure (Ohshima, Hirasawa et al. 2007). Despite the severe effect
of Cdk5 deficiency during embryonic development and its lethality, the deficiency of Cdk5
does not completely prevent axons from projecting; (Gilmore, Ohshima et al. 1998,
Connell-Crowley, Vo et al. 2007); suggesting that other post-mitotic Cdks may play a role

in axogenesis.

1.1.4.1. Regulation of Cdk5 function

Like other Cdks, Cdk5 does not show catalytic activity in its monomeric form
and it has been known to bind to non-cyclin partners such as p35 (Tsai, Delalle et al. 1994)
or its isoform p39 (Tang, Yeung et al. 1995, Kwon and Tsai 2000, Ko, Humbert et al. 2001)
and their cleavage products p25 and p29, respectively (Patrick, Zhou et al. 1998, Dhavan
and Tsai 2001). Despite their differences with cyclins in their sequence identity, p35 and
p39 resemble cyclins in their ternary structure (Lew, Huang et al. 1994, Tsai, Delalle et al.
1994, Tang, Yeung et al. 1995, Tarricone, Dhavan et al. 2001, Lin, Wang et al. 2008, Jiang,
Gao et al. 2009). In spite of the ubiquitous expression of Cdk5, binding to its non-cyclin
neural-specific partner, p35 (Tsai, Delalle et al. 1994) or its isoform p39 (Tang, Yeung et
al. 1995, Kwon and Tsai 2000, Ko, Humbert et al. 2001) activates Cdk5, predominantly, in
the nervous system (Johansson, Lilja et al. 2005, Hawasli and Bibb 2007, Ohshima,
Hirasawa et al. 2007).

Cdk5 normally associates with the membrane due to the myristoylation signal
on p35 or p39 (Tsai, Delalle et al. 1994, Tang, Yeung et al. 1995, Patrick, Zhou et al. 1998,
Tarricone, Dhavan et al. 2001, Asada, Yamamoto et al. 2008, Lin, Wang et al. 2008). p35

directed activation of Cdk5 results in transient activation due to proteasomal
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degradation. The deficiency of either Cdk5, or p35 and p39 in mice results in phenotypes
that are similar, which confirms the dependence of Cdk5 activity on p35 and p39 (Patrick,
Zhou et al. 1998, Patrick, Zukerberg et al. 1999). Furthermore, under pathological
conditions, calpain-mediated cleavage of p35 can result in formation and binding of p25
to Cdk5. Since, p25 lacks the myristoylation signal, it results in prolonged activation of
CdkS5 in the cytosol (Patrick, Zhou et al. 1998, Dhavan and Tsai 2001) therefore it interacts
with a different subset of substrates that induce neuronal death (Dhavan and Tsai 2001)
through phosphorylation of MEF2 (Smith, Mount et al. 2006) and Prx2 (Qu, Rashidian et
al. 2007) in Parkinson’s disease and Stroke (Rashidian, Rousseaux et al. 2009), as well. At
early stages of Alzheimer’s disease Cdk5 kinase activity is increased. Cdk5/p25 complex
hyperphosphorylates Tau and enhances the formation of neurofibrillary tangles (NFTs)
which is a hallmark of Alzheimer’s and Parkinson’s disease (Ishiguro, Takamatsu et al.
1992, Pei, Grundke-Igbal et al. 1998) . Inhibition of Cdk5 by an inhibitor such as roscovitine
inhibits cell cycle progress to death (Lopes, Oliveira et al. 2009). Also, Cdk5 inhibition in
models of stroke and MPTP a model of Parkinson’s disease, in-vivo, results in
neuroprotection (Smith, Mount et al. 2006, Qu, Rashidian et al. 2007, Rashidian,
Rousseaux et al. 2009).

Despite not always depending on a cyclin partner for activation, association of
Cdk5 with cyclins D and cyclin E has been observed (Miyajima, Nornes et al. 1995, Patrick,
Zhou et al. 1998, Dhavan and Tsai 2001). Cyclin E has been attributed a role in cell cycle
regulation in the CNS and has been detected in conjunction with Cdk5 in adult brains;

however, in embryonic brain only Cdk1 and Cdk2 are associated with it (Odajima, Wills et
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al. 2011, Lim and Kaldis 2013, Kawauchi 2014). In its inactive state Cdk5 forms a ternary
complex with p27XP1 in association with cyclin E that is also enriched in adult brain tissue.
It is possible that contrary to most cyclins that activate their Cdk partner (John, Mews et
al. 2001, Loyer, Trembley et al. 2005, Lange, Huttner et al. 2009), cyclin E inactivates Cdk5
by inhibiting its association with its activating p35/p39 partner (Dhavan and Tsai 2001,
John, Mews et al. 2001, Lim and Kaldis 2013, Kawauchi 2014). One possibility is that Cyclin
E decreases synapse number and functionality by inactivating Cdk5; thus, contributing to
decreased synaptic plasticity in neurological conditions such as Alzheimer’s disease
(Dhavan and Tsai 2001, Cruz and Tsai 2004). Park2, a Parkinson’s disease associated gene
with neuroprotective effect exerts its function through targeting cyclin E function and its

ubiquitination (Lucking, Durr et al. 2000, Staropoli, McDermott et al. 2003).

1.1.4.2. Cdk5 Structure and Mechanism of Action

Cdk5 contains the conserved PSTAIRE motif of Cdks with alanine (A) and leucine
(L) replacing threonine (T) and isoleucine (l); respectively, forming the PSAALRE motif
(Zzhang, Tan et al. 2007). Similar to other Cdks, Cdk5 has a preference for the consensus
sequence (S/T) PX (K/H/R), the proline in +1 position, as well as, basic residues at +3
position (Zhang, Tan et al. 2007). As a result of this change, phosphorylation of the T-loop
is not essentially required for Cdk5 activation.

In studies on the mechanism of function of Cdk5, a variety of substrates are
involved including cytoskeletal elements (Xie, Samuels et al. 2006), signaling molecules
and regulatory proteins. In this section the signaling cues that have a role in Cdk5

regulation will be described briefly. A more detailed explanation will be included later on
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in this chapter. Cdk5 has an important role in neurite formation. It inhibits the stimulatory
effect of nerve growth factor (NGF) on neurite outgrowth in PC12 cells (Harada, Morooka
et al. 2001). Cdk5 regulates both dendrite outgrowth and axonal outgrowth and guidance.
In hippocampal neurons, dendrite outgrowth is regulated by phosphorylating Trk B at
serine (S478) which in turn activates brain-derived neurotrophic factor (BDNF) (Cheung,
Chin et al. 2007). Cdk5 dependent axon outgrowth is regulated via phosphorylation of
MAP1b (Del Rio, Gonzalez-Billault et al. 2004) which in turn enhances axon outgrowth and
regulates its guidance via netrinl and ephrinA5, respectively. The kinase activity of Cdk5
is suppressed by s-nitrosylation at cysteine (C83) (Zhang, Yu et al. 2010, Ye, Fu et al. 2012).
The loss of kinase activity, inhibits ephrinA5 induced growth cone collapse in retinal
ganglion neurons (Cheng, Sasaki et al. 2003). On the other hand, increase in Cdk5 kinase
activity through its phosphorylation on tyrosine (Y15) induces epherin4d dendritic spine
retraction (Fu, Chen et al. 2007). Contrary to classical cell cycle Cdks, phosphorylation of
the tyrosine 15 (Y15) residue in Cdk5 has an activating effect on Cdk5. In classical Cdks,
phosphorylation of Tyrosine 15 (Y15) occurs through Weel and this causes an inhibitory
effect. However, in Cdk5 this phosphorylation occurs through c-abl and Cables (an
adaptor protein for Cables), this causes a different conformational rearrangement upon
phosphorylation. It is suggested that in this case, the phosphorylated side chains fail to
take on a “swing out” position thus binding of the substrate is not inhibited (Zhang, Tan
et al. 2007). Rho GTPases are essential factors for the growth cone machinery and are
activated as Cdk5 targets. Cdk5 interacts with Racl via p35 in a GTP dependent manner

(Nikolic, Chou et al. 1998, Rashid, Banerjee et al. 2001). Cdk5/p35, Rac and Pak1 kinase
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co-localize in the periphery of the neurites and regulate its outgrowth. Cdk5/p35 kinase
complex induces Pakl hyper-phosphorylation. This downregulates the kinase activity of
Pakl, which results in actin re-organization and increases neurite outgrowth (Nikolic,
Chou et al. 1998). Cdk5 phosphorylates p27Kip1 in neurons, and this stabilization is critical
to keep the proper level of F-actins in the leading processes during migration (Nikolic,
Chou et al. 1998, Dhavan and Tsai 2001, Kawauchi, Chihama et al. 2006). Cdk5 increases
the activity of Rac and RhoA through phosphorylation of downstream proteins such as
kalirin7 (Xin, Wang et al. 2008) and ephexinl (Fu, Chen et al. 20077?). Cdk5 also activates
calpain dependent protein degradation through phosphorylation of RasGRF1
(Kesavapany, Amin et al. 2004, Kesavapany, Pareek et al. 2006).
1.1.5. Other Post-Mitotic Cdks

The amino acid sequence of post-mitotic Cdk’s is highly identical. Pftaire-1,
Pctaire, show 50-52% and 61% similarity to Cdk5, respectively (Besset, Rhee et al. 1998).
Cdk5 has a central role in the in the development of the nervous system and cell death.
Similar to Cdk5, Pctaire and Pftairel are all highly expressed in the brain (Liu and Kipreos
2000). However, Pctairel (Liu, Cheng et al. 2006, Mikolcevic, Sigl et al. 2012) and Pftairel
(Besset, Rhee et al. 1998), as well as, mitotic Cdk4 has also been detected in non-dividing
sertoli cells (Rhee and Wolgemuth 1995). Pctaire is absent in Drosophila. Initially, Sauer
et al. (Sauer, Weigmann et al. 1996) reported detection of Drosophila Pctaire-1 but
further investigation by Besset et al. (Besset, Rhee et al. 1998) showed that the detected
gene had higher homology with murine Pftaire-1 rather than Pctaire, 75% versus 58%,

respectively. Furthermore, comparison of the conserved kinase domain of murine Pftaire-

26



1 with Drosophila reveals higher similarity in their amino acid sequences as compared to

other Cdk family members (Besset, Rhee et al. 1998).

1.1.5.1. PCTAIRE

PCTAIRE is another post mitotic Cdk protein, which is highly conserved through
evolution (Cole 2009). It is conserved among most of clade holozoa but absent in
Drosophila. PCTAIRE includes three homologues, Pctaire 1-3 (Cdk 16-18) that are distinct
in their c-terminal but more conserved in the N-terminal and central domain (Cole 2009).
Pctairel-3 proteins are expressed at high levels in the testis (Hirose, Kawabuchi et al.
2000, Mikolcevic, Sigl et al. 2012) and the brain (Okuda, Cleveland et al. 1992, Hirose,
Kawabuchi et al. 2000, Fu, Cheng et al. 2011, Mikolcevic, Sigl et al. 2012). Pctairel has
been detected at high levels in growth cones of newly developing neurons and also in
dendrites (Fu, Cheng et al. 2011). However, in post-mitotic tissue Pctairel is not detected
in the axons. It is only present in cell bodies and in the proximal region of neurites which
indicate it might not be directly involved in axon outgrowth and only have a role in the
transfer of cytoskeletal elements to the neurites (Besset, Rhee et al. 1999). Similarly,
Pctaire2 has been detected in neurons and neurites, as well (Hirose, Kawabuchi et al.
2000). The activity of Pctairel-3 has a negative effect on neurite outgrowth. When the
activity of Pctaire 1-3 is abolished, there is an increase in neurite outgrowth; for instance,
overexpression of the kinase-dead form of Pctaire (K194R) results in increased neurite
outgrowth (Cole 2009). Phosphorylation of Pctaire at serine 153 by PKA decreases the
kinase activity of Pctairel which increases neurite outgrowth. On the contrary,

phosphorylation of Pctairel at serine (S95) by Cdk5, in neurons, increases it kinase activity
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(Cole 2009). Mutations in the position serine (S95) of Pctairel interfere with regular
dendrite development (Cole 2009). Cdk5 could be a potential regulator of Pctairel activity

since the activity of Pctairel changes are in line with Cdk5 activity (Fu, Cheng et al. 2011).

1.1.5.2. PFTAIRE: (Pro, Phe, Thr, Ala, lle, Arg, Glu)

Pftairel was, initially, identified in a screen for neuronal cdc2-like kinases by
Lazzaro et al in 1997 (Lazzaro, Albert et al. 1997). Later in 1998, Besset et al (Besset, Rhee
et al. 1998), reported the detection of the same protein and named it Pftairel.
Nevertheless, the latter group reported a small difference in the cDNA sequence; in
which, three single amino acids are varied, as well as, 46 amino acids in the amino-
terminal. They reported transcripts that are different from the ones reported by Lazzaro
et al (Lazzaro, Albert et al. 1997). The first group had reported one single transcript with
the size of 5 kb, expressed almost exclusively in the nervous system; whereas, Besset et
al (Besset, Rhee et al. 1998) reported two transcripts at the sizes of 4.9 and 5.5 kb which
showed significant expression in the nervous system, testis, and embryo but a ubiquitous
and lower expression in the other tissues (Lazzaro, Albert et al. 1997, Besset, Rhee et al.
1998).

At present, the consensus is that PFTAIRE is highly conserved among different
species from yeast to mammals (Liu and Kipreos 2000). Nonetheless, the fly and worm
genome code for only one complex gene known as Eip63-Ecdysone-induced protein 63E
that is 70% identical to the mouse homolog Pftairel (Liu and Kipreos 2000, Stowers, Garza
et al. 2000) and Pftaire-interacting factor 2-pa (PubMed Gene ID: 9953769). In mammals,

PFTAIRE includes 2 separate genes: (1) Pftairel/ PFTK1/CDK14 (PubMed Gene ID: 5218).
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The human PFTAIRE1 and mouse Pftairel are located at (7q21-q22) and (5 Al; 2.61 cM)
(Lazzaro and Julien 1997), respectively, and show considerably high homology of
95%(Lazzaro, Albert et al. 1997, Yang and Chen 2001). (2) Pftaire2/PFTK2/Als2cr7/CDK15
(PubMed Gene ID: 65061) is recognized in GenBank database; although, to date no
research is reported on Pftaire2. The human PFTAIRE2 and mouse Pftaire2 are located at
(2933.2) and (1 C1.3; 1), respectively. There are 14 known transcripts for the mouse

Pftairel gene (ENSMUSG00000028926). Only six of the isoforms result in a coded protein.

Two of the transcripts are putative isoforms and another two are incomplete in the 3’
coding region. Thus, only two of the sequences are bona fide (1) Cdk14-002

(ENSMUST00000030763 ) results in a transcript with a total of 15 exons of which the last

exon only contains 3’'UTR and no coding sequence. It produces a transcript of 4,851
bps that translates into a protein product with 469 residues; and (2) Cdk14-09

(ENSMUST00000115452) a transcript with a total of 14 exons, of which 13 are coding and

results in a 4,866 bps mRNA and a protein product with 451 residues.

Similar to Cdk5, Pftairel transcript is concentrated in the brain (Lazzaro, Albert
et al. 1997, Besset, Rhee et al. 1998). The localization of Pftairel in the brain is exclusive
to the marginal layer that consists of differentiated cells. No Pftairel was detected in deep
layers or layerl, which is mainly composed of axons and dendrites (Lazzaro, Albert et al.
1997, Besset, Rhee et al. 1998). This is different from the expression pattern of cdc2 that
is detected in proliferative tissue and only inner layers of the brain (Lazzaro, Albert et al.
1997, Besset, Rhee et al. 1998) and Cdk5 that concentrated in the axons (Tsai, Takahashi

et al. 1993). In comparison, Pftairel is expressed in neuronal cell bodies and close
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proximities (Lazzaro, Albert et al. 1997). The expression of Pftairel in comparison to the
more ubiquitous expression of cdc-2 (Lazzaro, Albert et al. 1997, Besset, Rhee et al. 1998)
suggests a more eminent role for Pftairel in the development of the nervous system.
Interestingly, Cdk14 is expressed highly in testicular tissue as well (Shu, Lv et al. 2007),
(Besset, Rhee et al. 1998). However, there is no evidence with regards to Pftairel’s role
in the nervous system.

In the adult mouse, Pftairel mRNA is located both in neuroglia and neurons
(Lazzaro, Albert et al. 1997, Besset, Rhee et al. 1998) in different regions of the brain such
as cortex, hippocampus, thalamus, cerebellum, and also in the spine. Pftairel is localized
to neuronal cell bodies but not neurite extensions. Pftairel mRNA is also strongly
expressed in the testis and lung; yet, it does not translate to a protein (Lazzaro, Albert et
al. 1997). There is also low expression of Pftairel in the heart but no expression is
detected in spleen and thymus which supports the notion that Pftairel is primarily and
mainly expressed in the nervous system in adult mice (Lazzaro, Albert et al. 1997). During
mouse development, Pftairel mRNA is expressed at very low levels at embryonic days
12.5, 15.5, and even 18.5 but there is a rise right after birth, at P 10.5, it reaches a
maximum that is similar to its level in adult mice. This is different from the expression
pattern of Cdk5 that has a continuous increase from embryonic day 12, followed by a
significant increase at birth (Lazzaro, Albert et al. 1997). The expression pattern of human
PFTAIRE1 differs from mouse Pftairel to some extent. Similar to mouse Pftairel, the
expression level of human PFTAIREL1 is relatively high in the brain and testis; however, in

human it is also highly expressed in the pancreas, kidney, heart and ovary. It is also
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detected at lower levels in other tissues such as placenta, lung, liver, skeletal muscle,
prostate, small intestine, colon, and peripheral blood leukocyte, but is minimal in spleen
and thymus (Yang and Chen 2001, Shu, Lv et al. 2007). The expression pattern of human
PFTAIRE2 resembles that of PFTAIREL and is expressed highly in the brain and testis and
also in prostate, kidney, and skin (Yang and Chen 2001), PubMed Cdk15 Gene ID: 65061).

To determine potential interacting partners of Pftairel, different methods have
been applied. In a 2D-PAGE mass spectrometric analysis B-actin and Transgelin2
(TAGLN2), a tumor suppressor protein, heat shock protein 70, aldehyde dehydrogenase,
and 14-3-3 proteins were identified as Pftairel substrates (Leung, Ching et al. 2011). In a
yeast two-hybrid screen for proteins interacting with human PFTAIRE1, seven proteins
were detected including (1) two non-cyclin proteins such as KIAA0202 (septin8) (Yang,
Gao et al. 2002) and 14-3-3 isoforms B,g,n,t (Gao, Jiang et al. 2006), (2) cyclin proteins
such as cyclin Y (CCNY) (Jiang, Gao et al. 2009) and cyclin D3 (CCND3) (Shu, Lv et al. 2007),
(3) p2i©Pl (Shu, Lv et al. 2007), (4) PLZF protein (Gao, Jiang et al. 2006).

B-actin and TAGLN2 (Transgelin2), an actin binding protein, reveal the most
intensified signal in a 2D-PAGE mass spectrophotometric analysis. The biological
relevance of this interaction was examined in vitro. In HEP3B and Human Hepatocellular
Carcinoma (HCC) cells upon PFTAIRE1 suppression, the total level of B-actin remains
unchanged; however, the levels of TAGLN2 increases (Leung, Ching et al. 2011). TAGLN2
exhibits actin binding ability in its unphosphorylated state. Increase in PFTAIRE1 levels
increases phosphorylation of serine on TAGLN2, upon phosphorylation by PFTAIRE1, at

serine 83 and serine 163 residues, the interaction of TAGLN2 and actin is disrupted (Fu,
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Subramanian et al. 2000, Leung, Ching et al. 2011) and the inhibitory effect of TAGLN2 on
actin dynamics is removed, actin gets depolymerized and HCC become motile (Pang, Bai
et al. 2007, Leung, Ching et al. 2011).

Caldesmone, 82 kDa, is another substrate for PFTAIRE1 detected in human
hepatocellular carcinoma (HCC) cells. Caldesmone and human PFTAIRE1, physically
interact with each other in vitro, in Hep3B cells and the level of caldesmone
phosphorylation is affected by the kinase activity of hPFTAIRE1. Inhibition of PFTAIRE1
decreases the levels of threonine and tyrosine phosphorylation and disrupts the
caldesmone-actin interaction. Phosphorylation of caldesmone enhances the actin binding
ability of caldesmone and determines its localization to membrane ruffles and stress
fibers (Leung, Ching et al. 2011).

At the subcellular level, ectopically expressed human PFTAIRE1 was localized to
the cytosol of Hela cells (Yang and Chen 2001), cytosol and nucleus of immature sertoli
cells, primary NHBE (normal human bronchial cells) (Pollack, Xiao et al. 2015), and also in
the plasma membrane of HEK293 cells through its interaction with cyclin Y (Jiang, Gao et
al. 2009) in vitro. Also, in cytosol, nucleus of the cell body of the motor neurons of the
spinal cord of adult C3H mice, (Lazzaro, Albert et al. 1997), and mouse testis (Jiang, Gao
et al. 2009) in vivo. Although, Pftairel has two nuclear localization sequences (NLS) at
residues 66 to 72 (PEDKKVR) and 113 to 119 (PKVRRHS) (Yang and Chen 2001) it is
predominantly localized in the cytosol (Lazzaro, Albert et al. 1997, Yang and Chen 2001)
and in the plasma membrane (Jiang, Gao et al. 2009). Generally, proteins that contain a

NLS sequence shuttle between the nucleus and the cytoplasm through binding to an
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importin /R complex. It is suggested that KIAA0202 or human septin8 which is a
cytosolic protein, interacts with PFTAIRE1 and localizes PFTAIRE1 to the cytoplasm (Yang,
Gao et al. 2002). We speculate that the presence of the highly phosphorylated 58-60 kDa
protein that was detected among the substrates of Pftairel in adult mouse brains lysates
(Lazzaro, Albert et al. 1997) and is similar to the size of Septin 8 (Yang, Gao et al. 2002)
could be a possible explanation to this. In an assessment for the kinase activity of Pftairel
in @ mouse brain lysate sample, a subset of three endogenous phosphoproteins were
suggested to interact with Pftairel. Of the three substrates, the 58-60 kDa protein was
highly phosphorylated and considered specific to Pftairel; whereas, the phosphoproteins
in 200-205 kDa range are believed to be unspecific and detected in association with Cdk5
(Lazzaro, Albert et al. 1997). Similar to all Cdk proteins, Pftairel contains three conserved
regulatory phosphorylation residues that include serine (S99), tyrosine (Y100), and serine
(5243). The equivalent of these residues in other Cdk family members are threonine (T14),
tyrosine (Y15), and threonine (T161) (Lazzaro, Albert et al. 1997).

As mentioned above, the 14-3-3 proteins also interact with PFTAIREL. Four of
the 14-3-3 (R, ¢, M,, ) isoforms are detected in association with PFTAIRE1 (Gao, Jiang et
al. 2006). These isoforms are mainly cytoplasmic and abundant in the CNS. It is suggested
that similar to KIAA0202, 14-3-3 proteins have the ability to localize PFTAIREL to the
cytoplasm (Muslin and Xing 2000, Voigt, Liebich et al. 2000, Gao, Jiang et al. 2006). Two
consensus binding motifs (1) RSxpSxP, and (2) Rx1-25x2-3S (Fu, Subramanian et al. 2000)
are detected in 14-3-3 proteins. It is suggested that the consensus motif RHSSPSS (117 to

120) of 14-3-3 overlaps with the second NLS of the PFTAIRE1 protein and interacts with it
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through phosphorylation of 14-3-3 on the serine (5199) residue (Muslin and Xing 2000,
Voigt, Liebich et al. 2000).

Retinoblastoma protein (Rb) is a substrate for hPFTAIRE1 in vitro in many
different cell lines including human embryonic kidney cells (HEK-293) (Shu, Lv et al. 2007,
Jiang, Gao et al. 2009), SH-SY5Y, and SK-N-SH human neuroblastoma cells (Shu, Lv et al.
2007). The phosphorylation of retinoblastoma protein (Rb) is activated by the association
of human PFTAIRE1 with CCND3 (cyclin D3) and inhibited by interaction with p2¢P! (Shu,
Lv et al. 2007). This might suggest that the activity of PFTAIRE1 is regulated by (CCND3)
cyclin D3 (Shu, Lv et al. 2007) and CCNY (cyclin Y) (Jiang, Gao et al. 2009) and inhibited by
the p21 (Shu, Lv et al. 2007). Since, phosphorylation of Rb results in inhibition of its activity
(Shu, Lv et al. 2007); this indicates a role in cell cycle regulation for Pftairel. Furthermore,
overexpression of human PFTAIRE enhanced cell cycle progression in human
osteosarcoma U20S cell line through transition from G1 to S (Shu, Lv et al. 2007).
Although phosphorylation of Rb occurs only in the cytoplasm, interaction of PFTAIRE1
with the membrane-associated cyclin Y in vitro, in HEK cells, recruits PFTAIRE1 to the
plasma membrane through its N-terminal myristoylation (Jiang, Gao et al. 2009). This
interaction is facilitated through phosphorylation of CCNY on the serine residues by
PFTAIRE1 kinase activity (Jiang, Gao et al. 2009). The interaction of PFTAIRE1 with Cyclin
Y phosphorylates low density lipoprotein receptor related protein 6 (LRP6) in vivo, which
also requires Cdc25 activity (Davidson, Shen et al. 2009). LRP6, on the other hand,
modulates the Wnt signaling pathway that is involved in neurogenesis (llle, Atanasoski et

al. 2007, Davidson, Shen et al. 2009). Wnt signaling in combination with CCND regulate
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spermatogenesis during mouse development (Golestaneh, Beauchamp et al. 2009, Kerr,
Young et al. 2014) and in postmitotic cells, as well (Pollack, Xiao et al. 2015).
Downregulation of Pftairel disturbs Wnt signaling and B-catenin levels (Pollack, Xiao et
al. 2015) and result in cell-cycle arrest (Shu, Lv et al. 2007).

PLZF protein interacts with other proteins including hPFTAIRE1 and PCTAIRE1,
through (1) a proline-rich domain (Pro domain) in the linker region, (2) the 9 Kriippel zinc
finger domains in its carboxy terminal, and (3) the conserved POZ/BTB domain at its
amino terminal (Li, English et al. 1997). PLZF proteins are highly conserved (Cook, Gould
et al. 1995) and contain a consensus sequence for cdc2 phosphorylation (Cook, Gould et
al. 1995) that contains serine and threonine residues (Ball, Melnick et al. 1999). PLZF
negatively regulates cell cycle progress by inhibiting cyclin A (Yeyati, Shaknovich et al.
1999). Ectopic expression of PLZF inhibits growth and results in apoptosis by arrest of cell
cycle progression at G1 (Shaknovich, Yeyati et al. 1998). Taking this into consideration, we
hypothesize that Pftairel might also regulate cell cycle through PLZF and cyclin A.
Nevertheless, no biological function for this interaction has been examined yet.

Thyrotropin-Releasing Hormone (TRH) is a neuropeptide expressed in
hypothalamus and other regions of the brain. TRH regulates the expression of Pftairel in
mice cerebellum through NO-cGMP pathway. TRH acts on anterior pituitary cells that
secrete thyroid stimulating Hormone (TSH). This suggests an active role for Pftairel in
postnatal tissue, as a downstream target of TRH, perhaps playing a role in differentiation

rather than cell proliferation (Hashida, Yamada et al. 2002).
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In Drosophila, the Pftaire homologue Eip63E is crucial for development and its
absence is embryonically lethal (Stowers, Garza et al. 2000). Expression of its conserved
kinase domain can reverse this lethality (Stowers, Garza et al. 2000). Also, data from our
lab described later in this chapter, suggests the importance of Eip63E in axogenesis in
Drosophila (Rodriguez Gonzalez and S. 2011). Our study on Pftairel is novel, as it focuses
on the neuronal function and targets of Pftairel. To date, no reports exist on the role and
mechanism of action of Pftairel in the nervous system.

1.2. Neuronal Development and Migration

Cdks regulate different aspects of neurogenesis from proliferation and
differentiation to apoptosis and cell death. One of the pathways that are renown for
regulating progenitors and cell lineage fate is Wnt signaling which is important in insects
and vertebrates , (Zechner, Fujita et al. 2003, llle, Atanasoski et al. 2007, Grigoryan, Wend
et al. 2008). As mentioned earlier Pftairel mediates Wnt signaling (Davidson, Shen et al.
2009). Neurogenesis is defined as the process by which neurons are developed
from neural stem cells and progenitor cells. In addition to neurons, glial cells originate
from the stem cells. Neurogenesis is highly active both perinatally and later during
adulthood. During development, initially proliferative divisions occur in stem cells, they
increase in number and produce progenitor cells. Upon neurogenesis, the progenitor cells
undergo an asymmetrical division and different types of progenitor cells are produced
(Kawauchi, Shikanai et al. 2013). This division is followed by symmetric, differentiating
divisions of progenitor cells that produce immature neurons (neuroblasts), which still do

not possess processes. Commonly, the new neurons are formed in locations, different
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from the position that they finally acquire. These immature neurons have the ability to
migrate to new positions and reside at their final destination in the mature brain (Rakic
1990). The migration of these neuroblasts is controlled by “leading processes” that are
structures at the tip of the migrating neurons. The leading processes sense the
environmental cues and direct the neuroblasts to their new locations (Tabata and
Nakajima 2003). Migration occurs in two stages, locomotion and somal translocation
(Nadarajah, Brunstrom et al. 2001). During locomotion (1) neuroblasts extend a leading
process, (2) nucleokinesis occurs and the prenucleous compartment (centrosome and
Golgi apparatus) moves into the leading process along with the nucleus. Remodeling of
the leading process facilitates its movement. Once the migrating neuron reaches its
destination, it undergoes somal translocation and once again remodeling and
nucleokinesis occur in the leading process of the neuroblast, then the extended leading
tip shrinks (Rakic 1990, Miyata, Kawaguchi et al. 2001, Nadarajah and Parnavelas 2002,
Tabata and Nakajima 2003, Miyata and Ogawa 2007, Marin, Valiente et al. 2010).
Migration mainly occurs through two main modes: radial migration and
tangential migration (Umeshima and Kengaku 2013). Radial migration occurs mainly
during early development of the brain, as opposed to tangential migration that occurs
during final stages of development. The ventricular zone contains the soma of radial glial
cells and gives rise to the neurons that form the cortical plate. The neuroblasts migrate
perpendicular to the ventricular zone and all the way through the developing cortex to
reach their final destination. A single extended process named the leading process aids

the neuroblasts in locating their path during migration as they follow the long processes
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of the radial glial cells (Rakic 1990, Campbell and Gotz 2002, Marin, Valiente et al. 2010).
Membrane bound cell adhesion molecules such as astrotactin, neuregulin, and integrins
aid the interaction of the neurons with the radial glial cells during migration (Anton,
Marchionni et al. 1997, Anton, Kreidberg et al. 1999, Adams, Tomoda et al. 2002, Marin,
Valiente et al. 2010). Other regulators of the migration process include environmental
cues such as slits, netrins, semaphorins, and reelin (Marin, Valiente et al. 2010). Inhibition
of Cdk5 activity results in lengthening of radial fibers into the white matter of cerebellum
and disrupted radial migration of neurons (Umeshima and Kengaku 2013).

In tangential migration of neuroblasts, the leading process forms two branches
with a steady angle. They possess a dynamic structure and depending on the direction of
migration, only one branch remains active at each migratory cycle and the other branch
retracts (Ward, Jiang et al. 2005, Martini, Valiente et al. 2009). The migration path of
tangential cells is parallel to the ventricular surface and orthogonal to the radial glia
palisade (Polleux, Whitford et al. 2002, Yokota, Gashghaei et al. 2007, Martini, Valiente et
al. 2009). Rather than interacting with radial glial cells (Corbin, Nery et al. 2001, Marin
and Rubenstein 2001) , the tangentially migrating neurons interact with a variety of cells
either homotypic or heterotypic in nature as they pass through different environments
(Marin, Valiente et al. 2010). Homotypic interactions usually occur when neurons migrate
through unpermissive environments. In this case, a cluster of neuroblasts migrate
together and utilize neighbouring cells as their substrate (Marin, Valiente et al. 2010). An
example of homotypic interaction is the formation of the interneurons of the olfactory

bulb which migrate through the lateral ventricles of the telencephalon (Wichterle, Garcia-
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Verdugo et al. 1997, Marin, Valiente et al. 2010). Contrary to the movement of
neuroblasts in clusters, inhibitory homotypic interactions may occur. This assists the
neuroblasts to move to low density areas. An example of this movement is the dispersion
of Cajal-Retzius cells (which originate from the cortical hem) over the surface of the
cerebral cortex, during early corticogenesis (Borrell and Marin 2006). Tangential
migration may also be heterotypic in which case the direction of migration is determined
by the environmental cues that are present in the surface of other cells including axons.
For instance, the neurons that produce Gonadotropin-releasing hormone (GnRH) pass
through the forebrain following vomeronasal axons (Wray 2002, Marin, Valiente et al.
2010). The guidance cues that regulate tangential migration of neuroblasts are mainly the
same cues that regulate axon guidance, which include slits, netrins, semaphorins, as well
as, growth factors including BDNF, NT4, and HGF or morphogenetic proteins (Polleux,
Whitford et al. 2002, Pozas and Ibanez 2005, Marin, Valiente et al. 2010). Once the
neuroblasts reach their final destination, the new neurons become polarized and take up
various morphological changes dendrites and axons form and extend toward long-
distance targets (Kawauchi and Hoshino 2008).
1.3. Axon Outgrowth and Cellular Signaling

In addition to the aforementioned functions the timing of Pftairel expression
could be an important factor in regulating axon outgrowth and fasciculation (Sanchez-
Soriano and Prokop 2005). Precise connectivity within the nervous system is important
for proper development and plasticity in the adult nervous system. Our knowledge about

the patterns of axogenesis in the nervous system began over a century ago, when Golgi
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and Cajal stained brain sections using the Golgi method (Cajal 1906, Mazzarello 1999).
This resulted in Cajal’s remarkable discovery of the axonal structure and the growth cone
and our cellular and molecular understanding of the biology of neurons and their
outgrowth has continued to develop especially during the recent decades. The polarized
structure of neurons plays an important role in relaying information in the nervous
system. The growth cone is the motile terminal of the neurite that leads the axon through
the complex environment of the tissues. The structure of a growth cone includes actin
microfilaments and cytoskeletal microtubules in the peripheral and central region,
respectively (Nikolic 2002, Huber, Kolodkin et al. 2003). The peripheral actin
microfilaments are connected to the central microtubular region by the actin arc. Upon
axonal outgrowth cohered rearrangements occur in the actin superstructure of a growth
cone (Condeelis 1993, Rodriguez, Schaefer et al. 2003).

This guidance of an axon is modulated through multiple events at the growth
cone and axogenesis occurs in a few stages, as defined in neuronal cultures in vitro. At
the time of plating, unpolarized sphere-shaped neurons are cultured. The neuron then
becomes polarized and axogenesis initiates: (1) During initiation, the actin structure of
the immature postmitotic neurons goes through rearrangement and cellular protrusions
appear in the form of sheet like structures and lamellipodia and filopodia microspikes;
respectively (Nikolic 2002); (2) Lamellipodia and filopodia give rise to immature neurites;
(3) In the next step elongation occurs, the neuron becomes asymmetrical, one particular
neurite grows rapidly and forms the axon while the remaining become retracted and form

dendrites. The attribute to become an axon or dendrite is inherited from the progenitor

40



cells that give rise to these neurites in vivo (Polleux and Snider 2010). One possible
mechanism in determining the fate of an axon is that the axon sends out inhibitory signals
to dendrites and excitatory signals to itself; (4) While the axon continues to grow rapidly,
arborization of the dendrites occurs; (5) Neurons become differentiated, axons and
dendrites become specialized, the dendritic spines and synapses form (Dotti, Sullivan et
al. 1988, da Silva and Dotti 2002).

Polarity in the neuron and axon outgrowth is modulated by signaling cues.
During axon outgrowth, extracellular guidance cues bind to the receptors at the periphery
of the growth cone and link to downstream signaling cascades (Nikolic 2002, Jaffe and
Hall 2005). The signaling pathways may become activated or deactivated (Huber, Kolodkin
et al. 2003) depending upon repulsive and attractive cues. While excitatory cues enhance
axon outgrowth, the Inhibitory cues result in growth cone collapse and arrest of axon
growth (Nikolic 2002, Lowery and Van Vactor 2009). The direction and rate of axon
growth also depends upon these signaling cues (Dickson 2002, Huber, Kolodkin et al.
2003) which are present in a gradient. The growth cone integrates different guidance
cues, modifies the actin superstructure and alters the morphology of the growth cone.
Thus, axons are either directed to their targets or retracted from them (Nikolic 2002).

Signaling cues including intrinsic factors, Rho GTPase regulatory molecules,
developmental morphogens, mature neurotrophins, receptors, neurotransmitters,
extracellular matrix and adhesion molecules and cell adhesion molecules (CAMs),

regulate the formation of neurites (Nikolic 2002, Jaffe and Hall 2005).
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Intrinsic factors that appear to be important and regulate cytoskeletal dynamics
and axon growth include proteins such as transcription factors, GAP-43, cell adhesion
molecules, cytoskeletal proteins, the Rho-family of GTPases (Hall and Lalli 2010), and Cdk5
(Ye, Fu et al. 2012). We hypothesize that Pftairel plays a role in the growth cone
machinery, as well.

Developmental morphogenes are signaling cues that are present in a gradient
and exert different responses with regards to axon outgrowth depending on their
absolute concentration. They alter the transcription of their target cells. (Gurdon and
Bourillot 2001, Schnorrer and Dickson 2004). Among the morphogenes are sonic
hedgehog (Shh) (Charron, Stein et al. 2003), Wnt (Yoshikawa, McKinnon et al. 2003) and
bone morphogenic protein (BMP)s (Butler and Dodd 2003).

Neurotrophins play an important role in neurite outgrowth and differentiation.
Neurotrophin precursors split and form mature neurotrophins (Sun, Lim et al. 2012) and
usually enhance axon outgrowth through Trk receptors. The Ras linked tyrosine kinase
receptor Trk is a regulator for the Rho family of GTPases (Nusser, Gosmanova et al. 2002,
Huang and Reichardt 2003). Nerve Growth Factor NGF regulates neurite formation by
activating Racl and Cdc42 (Aoki, Nakamura et al. 2004) and deactivating RhoA (Nusser,
Gosmanova et al. 2002, Huang and Reichardt 2003). The Brain derived neurotrophic
factor (BDNF) enhances neurite outgrowth in an inhibitory environment (Huang and
Reichardt 2003, Williams, Williams et al. 2005). There are also various downstream
molecules that trigger intercellular signaling. For instance, Pak interacts with LIM kinases

that are serine/threonine kinases that phosphorylate and deactivate the destabilizing

42



protein cofilin (Maekawa, Ishizaki et al. 1999). This induces the formation of stress fibers
and enhances the outgrowth of axon (Yang, Higuchi et al. 1998, Amano, Tanabe et al.
2001, Bernard 2007). Pak can inactivate myosin light chain kinases (MCLK) and as a result
control retrograde formation of F-actin (Arber, Barbayannis et al. 1998, Yang, Higuchi et
al. 1998). Also, the Src-family of tyrosine kinases including Src, Fyn, Lck regulate axon and
dendrite outgrowth through their effector the small GTPase TC10, a Cdc42-GAP, and the
CAP-associated complex (Liu, Nakazawa et al. 2006). A number of actin-binding proteins
like cofilin and profilin inhibit neurite formation. Profilin Il is mainly expressed in the brain
(Witke, Podtelejnikov et al. 1998, Da Silva, Medina et al. 2003). In addition, profilin-
binding proteins of the vasodilator stimulated phosphoprotein (Ena/VASP) or EVH family
regulate actin polymerization (Bear, Svitkina et al. 2002, Huber, Kolodkin et al. 2003).
Other effector proteins include Wiskott -Aldrich -syndrome protein (WASP) and neuronal
N-WASP that are scaffolding proteins that are regulated by Cdc42 and regulate branching
(Rohatgi, Ma et al. 1999). SCAR/WAVE proteins that are regulated by Rac and
subsequently regulate the actin related proteins 2 and 3 (Arp2/3 complex) which increase
actin nucleation (Machesky, Mullins et al. 1999, Rohatgi, Ma et al. 1999, Higgs and Pollard
2001). Filamin (Revenu, Athman et al. 2004) is another effector that regulates
cytoskeleton remodeling and neurite outgrowth (Stuermer, Bastmeyer et al. 1992, Hall
1998, Burridge and Wennerberg 2004, Langhorst, Jaeger et al. 2008, Hall and Lalli 2010,
Stuermer 2010). Inhibitory molecules such as those with the inhibitory effect of glia
(Schwab and Thoenen 1985, Carbonetto, Evans et al. 1987, Savio and Schwab 1989),

oligodendrocyte myelin glycoprotein (OMgp) (Wang, Corbett et al. 2002), myelin
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associated glycoprotein (MAG) (McKerracher, David et al. 1994, Mukhopadhyay, Doherty
et al. 1994), Nogo (Caroni and Schwab 1988) are responsible for the collapse of the growth
cone and retraction of the axon (Negishi and Katoh 2002, Fujita Y 2014). cAMP mediated
inhibition of NogoA through the proteosomal pathway induces axon outgrowth (Sepe,
Lignitto et al. 2014). In vivo studies show that in NogoA mutant mice axon outgrowth is
enhanced. However, deficiency of MAG and OMgp does not affect neuron outgrowth in
vivo (Filbin 2003, Cafferty, Duffy et al. 2010).

There are four key families of proteins that act as signaling molecules in axonal
guidance and include semaphorins, ephrins, slits and netrins (Huber, Kolodkin et al. 2003).
The receptors are usually located at the extracellular side of the growth cone membrane
(Stuermer 2010) and detect these molecules. Semaphorins or collapsins, are membrane
associated proteins that are detected by plexin proteins and interact directly with Rac or
indirectly with RhoA (Huber, Kolodkin et al. 2003, Govek, Newey et al. 2005). Semaphorins
include 3A (Sema3A), semaphorin 3D (Sema3D)(Vastrik, Eickholt et al. 1999) , semaphorin
4D (Sema 4D) and collapsin response mediator protein2 (CRMP2) that is a substrate of
Rho kinase proteins and modulates the actin cytoskeleton to induce growth cone collapse
and prevent outgrowth of the axon (Arimura, Inagaki et al. 2000, Hall, Brown et al. 2001).
Ephrins, act as ligands for the receptor tyrosine kinases (RTK) and are classified as ephrin
A and ephrin B which are involved in growth cone collapse and axon retraction (Wilkinson
2001, Cutforth and Harrison 2002, Huber, Kolodkin et al. 2003). Slit proteins, modulate
axon guidance/repulsion at the midline by recruiting dedicator of cytokinesis (Dock) and

p21-activating kinase (Pak) to the roundabout (Robo) receptor (Fan, Labrador et al. 2003).
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Netrins, are a family of proteins that modulate the guidance of commissural and
peripheral axons by acting as chemoattractants (Sun KLW 2011). Their function is
controversial. Different netrin receptors include uncoordinated locomotion-5 (UNC5) and
is absent in colorectal cancer (DCC) family members. If netrin binds to DCC homodimers
it acts as a chemoattractant but if it binds to UNC5/DCC heterodimer it acts as a
chemorepellent (Huber, Kolodkin et al. 2003).

NMDA and GABA neurotransmitters regulate axon outgrowth and fasciculation.
They exert their action on axonal guidance through glutamate and Ca?* influx (Georgiev,
Taniura et al. 2008, Sernagor, Chabrol et al. 2010). Ca?* has an important role in regulating
neuronal development. Changes in the frequency of Ca%* release regulate
neurotransmitter expression and neurite outgrowth. This regulation is achieved through
fast Ca®* spikes and slow Ca?* waves, respectively (Gu, Olson et al. 1994, Gu and Spitzer
1995, Gomez and Spitzer 1999, Ciccolini, Collins et al. 2003).

CAMs include cadherins and integrins, which are important regulators of
plasticity in the nervous system, as mentioned earlier in this chapter. They modulate a
variety of processes from migration to differentiation, axon outgrowth, synapse (Walsh,
Meiri et al. 1997, Hansen, Berezin et al. 2008) formation by regulating intracellular Ca %*
levels and are usually located at the extracellular side of the membrane (Stuermer 2010,
Sheng, Leshchyns'ka et al. 2013).
1.4. Rho Family of GTPases

Cell signaling at the growth cone is essential for proper axonal outgrowth and

guidance. Rho GTPase family members are critical regulators in the process of axon
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specification and elongation. Rho GTPases were initially identified about 30 years ago
(Madaule and Axel 1985) but their Rho GTPase activity was not discovered until 1992
(Ridley and Hall 1992). The Rho family of small GTPases is a subfamily of the Ras
superfamily of GTPases (Negishi and Katoh 2002). The Rho family includes 7 subgroups of
small monomeric GTPases with 23 representatives in mammals (Wherlock and Mellor
2002); including Rac (1,2,3), Cdc42, Rho(A,B,C,D), and Rho(G and H) (Negishi and Katoh
2002, Burridge and Wennerberg 2004). Racl, Cdc42, and RhoA, respectively, stimulate
formation of veil-shaped lamellipodia, mirospiked filopodia, stress fibers, and focal
adhesions (Nobes and Hall 1995, Hall and Lalli 2010). They have an essential role in neurite
outgrowth and guidance by regulating the dynamics of the actin and microtubule
cytoskeleton via their associated kinases and these roles may overlap at times (Jalink, van
Corven et al. 1994, Luo, Hensch et al. 1996, Zhao and Manser 2005).
1.4.1. Structure of Rho GTPases

The structure of Rho GTPases governs its spatiotemporal regulation. They
contain: (1) a conserved G domain that includes 5 motifs (G1-G5) involved in the
positioning of Mg?* and nucleotide binding for the base guanine (Vetter and Wittinghofer
2001, Wennerberg, Rossman et al. 2005, Wittinghofer and Vetter 2011); (2) 2
homologous switch domains which are responsible for GEF binding (V43 in RhoA) and GTP
hydrolysis (Z63). Formation of hydrogen bonds between the Y-phosphate of GTP and T37
and G62 residues in Rho-GTPases results in conformational changes that regulate the
interaction of effector proteins (Vetter and Wittinghofer 2001, Wennerberg, Rossman et

al. 2005, Wittinghofer and Vetter 2011); (3) an insert region, involved in the binding of
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GEF and effector proteins which in RhoA includes residues 123-137; (4) a hypervariable
C-terminal and a CAAX motif that mediate association with the membrane (Wennerberg,
Rossman et al. 2005, ten Klooster and Hordijk 2007) and binding of effector proteins

(Schaefer, Reinhard et al. 2014). (Figure 1-2)
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Figure 1-2 Structure of CDC42, RAC1, RHO A

a) Alignment of the CDC42 (AAM21109.1), RAC1 (AAM21111.1) and RHOA (AAM21117.1)
amino acid sequences. G domain sequences (red), Switch I, switch Il, respectively (green
highlight), the insert region (yellow highlight) and the hypervariable C-terminus (grey
highlight). b) Graphical summary of conserved domains of GTPase proteins, CDC42, RAC1
and RHOA, respectively with alignment footprint indicating region similarity. 3D structure
of and relative position of conserved domains ¢) CDC42, d) RAC1 and e) RHOA using

PubMed, Cn3D tool (Wang, Addess et al. 2007, Marchler-Bauer, Zheng et al. 2013).

51



Cdc42/Racl and RhoA bind to downstream effectors such as Pak (p21-activated
kinase) and ROCK (Rho-kinase) (Manser, Leung et al. 1994, Totsukawa, Yamakita et al.
2000). They contain (1) a kinase domain (Amano, Chihara et al. 1999), (2) a Rho Binding
Domain (RBD) which is located within a putative a-helix coiled coil (Dvorsky, Blumenstein
et al. 2004, Tu, Li et al. 2011) or a p21 Binding domain (PBD) (Manser, Leung et al. 1994,
Daniels and Bokoch 1999) also known as Cdc42/Racl Interactive Binding domain (CRIB)
(Burbelo, Drechsel et al. 1995, Daniels and Bokoch 1999, Stepanova and Chernoff 2008),
(3) a pleckstrin domain (PH), and a Cysteine Rich Domain (CRD) in RhoA (Dvorsky,
Blumenstein et al. 2004, Zhao and Manser 2005) or 5 proline rich domains in Pak (Daniels
and Bokoch 1999, Stepanova and Chernoff 2008). GTP-Rho or activated Rho binds to the
RBD and releases it from the kinase domain; thus, the inhibition on ROCK is disturbed and
the Rho GTPase becomes activated and recruits effector proteins to the membrane
(Ishizaki, Maekawa et al. 1996, Riento, Guasch et al. , Riento and Ridley 2003, Kubo,
Yamaguchi et al. 2008, Fujita Y 2014) (Figurel-3) (Daniels and Bokoch 1999, Dvorsky,
Blumenstein et al. 2004, Zhao and Manser 2005, Stepanova and Chernoff 2008, Tu, Li et
al. 2011).

Typically, Rac and Cdc42 induce neurite formation through phosphorylation of Pak
(Manser, Leung et al. 1994, Daub, Gevaert et al. 2001). On the contrary, Rho usually
inhibits neurite formation through ROCK (Luo, Hensch et al. 1996, Totsukawa, Yamakita

et al. 2000, Etienne-Manneville and Hall , Da Silva, Medina et al. 2003).
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Figure 1-3 Schematic view of ROCK1 and Pacl domains

a) ROCK | consists of an N-terminal serine/threonine kinase domain (green), a Rho binding
domain (RBD) located within the central putative coiled-coil domain (blue), and a C-
terminal cysteine-rich domain (CRD) that is located within a pleckstrin homology (PH)
domain (orange). Upon activation of Rho, GTP-Rho it binds to the RBD and disturbs the
inhibition on ROCK (modified from FigurelA (Dvorsky, Blumenstein et al. 2004)). b) p21-
activated kinase (Pak) consists of an N-terminal p21-binding domain (PBD) (blue) followed
by a Pak inhibition domain (PID) (red), 5 proline rich domains that are the binding site for
-SH3 units (orange), and a C-terminal kinase domain (green). Upon activation of
(Rac/Cdc42) GTP-Rac/Cdc42 binds to the PBD, unfolds the molecule and activates Pak

(Modified from Figure (Stepanova and Chernoff 2008)).
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1.4.2. Regulators of Rho GTPases

Rho GTPase molecules transit between a GTP-bound and a GDP-bound state in
the cell. Generally, the GTP-bound state of the GTPase is deemed active; however,
occasionally the GDP state acts as regulatory; for instance, GDP-Cdc42 regulates MAPK
(Arozarena, Matallanas et al. 2001). The higher concentration of GTP in the cell acts in
favor of GTP-bound state (Schaefer, Reinhard et al. 2014). Guanine nucleotide Exchange
Factors (GEFs), GTPase activating proteins (GAPs), and guanine nucleotide dissociation
Inhibitors (GDIs) regulate this transition and Rho GTPase signaling (Jaffe and Hall 2005,
Hall and Lalli 2010).

GEFs are multidomain proteins, most of them consisting a Dbl homology (DH)
domain and a Pleckstrin homology (PH) domain.GEFs enhance the GTP bound state by
catalyzing GTP (Schmidt and Hall 2002). The invasion inducing-lymphoma and metastasis1
protein (Tiam1) is a Rac-GEF that is expressed in the developing nervous system (Ehler,
van Leeuwen et al. 1997) and is enriched in the neurite that is destined to become an
axon and also in the growth cone of the developing axon (Kunda, Paglini et al. 2001).
Other GEFs include Kalirin that contains GEF domains for both Racl and RhoG and
modulates axon protrusion (Ma, Johnson et al. 2001, Penzes, Johnson et al. , May, Schiller
et al. 2002) . The Rac-GEF, SIF and Tiam like exchange factor (STEF) that is involved in
neurite formation (Hoshino, Sone et al. 1999), Ost (Horii, Beeler et al. 1994), Dock 180,
Sos (Ng and Luo 2004), and Rho-GEF KIAAQ380 that is usually present in the tip of neurites

(Togashi, Nagata et al. 2000).
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On the contrary are GAPs that enhance the hydrolytic activity of GTPase and act
in favor of the GDP bound state by dissociating GTP. GAP proteins include CrGAP/Vilse,
p190RhoGAP (Brouns, Matheson et al. 2001), a-chimaerin (Hall, Michael et al. 2001),and
oligophrenin-1 (Billuart, Bienvenu et al. 1998, Bernards and Settleman). GAPs usually
interact with the P-loop and switch | and Il regions of GTPases and their activity normally
results in neurite retraction (Dvorsky and Ahmadian 2004, Cherfils and Zeghouf 2013,
Schaefer, Reinhard et al. 2014).

GDIs are Chaperon proteins, which lack enzymatic activity and consist of an N-
terminal domain that interacts with switch domains | and Il within the GTPase and a C-
terminal that binds to the switch Il region and acts as an membrane anchor (Longenecker,
Read et al. 1999, Hoffman, Nassar et al. 2000, Scheffzek, Stephan et al. 2000, Schaefer,
Reinhard et al. 2014). GDlIs inhibit dissociation of GDP and transfer of phosphate. RhoGDIly
is an example of a GDI that is mainly located in the nervous system (Adra, Manor et al.
1997).

Nonetheless, the regulation of axon outgrowth is not always a straightforward
process and depending on the receptors different results could be observed. This
variation depends on the developmental stage and type of neuron and also the
subcellular localization of the GTPases, as well as, the upstream and/or downstream
signaling that becomes activated. In their active state, Rho GTPases recruit effector
proteins to the membrane. Rac, as well as Rho, have dual functions. For instance, if Rac is
modulated through Rac GEFs (such as Tiam, STEF and Dock 180) and then activates

IQGAP3 as its downstream target, axon outgrowth is stimulated (Aoki, Nakamura et al.
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2004). On the contrary, Rac suppress axon outgrowth if it is activated by Trio to
phosphorylate cofilin through Pak and LIMK (Aoki, Nakamura et al. 2004). Also, Slit
dependent activation of Rac which is regulated by GEF Sos and GAP CrGAP/Vilse via
Drosophila Dock/vertebrate Nck (Dreadlocks), Pak and Robo complex results in axon
retraction (Hall and Lalli 2010). Interaction of Rac with plexinAl causes a change in the
cytoplasmic tail of plexin and results in receptor endocytosis (Hall and Lalli 2010). This
enhances the activity of Rho/Rock signaling cascade and the inhibition of axonal
outgrowth. Furthermore, Rac inhibits axon outgrowth when it is activated as a
downstream target of plexinB1 (Hall and Lalli 2010). p2190RhoGAP which is a RhoA-specific
GAP transiently downregulates the activity of Rho but activates Rho activity through Rho
GEFs (PDZ-RhoGEF and LARG) in a Sema dependent manner (Hall and Lalli 2010). In
contrast, if Rho is activated through a GEF such as Kailirin9 or if it functions through
Diaphanous related formin (mDia), axon outgrowth is stimulated (Hall and Lalli 2010).
Inactivation of Rho through Rap/RA-Rho GAP or p190RhoGAP stimulates axon growth, as
well; whereas, phosphorylation of cofilin through ROCK and Pak activated LIMK inhibits
axon outgrowth (Govek, Newey et al. 2005). IRSp53 modulates neurite outgrowth by
recruiting actin cytoskeleton effectors (Kast, Yang et al. 2014). Cdk5/p35 complex
hyperphosphorylates Pak and disrupts its kinase activity (Govek, Newey et al. 2005).
(Figurel-4) (Modified from (Govek, Newey et al. 2005, Hall and Lalli 2010)).

The activation and inactivation of the Rho GTPases controls downstream signaling
cascades; which regulate actin disassembly and growth cone regulation including

outgrowth and axonal guidance (Nikolic 2002, Jaffe and Hall 2005). Cdc42 may play an
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important role in polarity of neuron as it is a downstream effector of small GTPase (Ras
proximatel). Accumulation of active Rapl and the selective degradation of its inactive
form is one possible mechanism of regulation while the neuron acquires polarity
(Schwamborn and Puschel 2004, Schwamborn, Muller et al. 2007). Cdc42 may also
interact with atypical protein kinase C (aPKC) through mPar6 and modulate apical/basal
polarity of Drosophila neuroblasts and rat astrocytes (Kemphues 2000, Ohno 2001,
Etienne-Manneville and Hall 2002). In Drosophila, mutant forms of Racl inhibit axon
outgrowth whereas dendrites are not affected (Hakeda-Suzuki, Ng et al. 2002, Ng,
Nardine et al. 2002). In comparison, Cdc42 mutants affect both axon and dendrite
outgrowth and migration and RhoA mutants have no effect on axon outgrowth but extend
the dendrite and reduce its branching (Lee, Winter et al. 2000, Aoki, Nakamura et al.
2004). Loss- of- function mutations in the Rac genes of Drosophila result in defects in
axonal outgrowth and guidance (Hakeda-Suzuki, Ng et al. 2002). Deficiency of Ena/Vasp
family members in flies, worms, and mice causes defects in axonal outgrowth and
guidance (Lanier, Gates et al. 1999, Wills, Bateman et al. 1999, Yu, Hao et al. 2002).

The Rac signaling pathway is modulated by Cdk5. In Xenopus, neuronal
morphology of retinal ganglion cells (RGCs) is regulated by Rac via Cdk 5/p35 (Ruchhoeft,
Ohnuma et al. 1999). Cdk5 interacts with Racl via p35 in a GTP dependent manner
(Nikolic, Chou et al. 1998, Rashid, Banerjee et al. 2001). P35/Cdk5, Rac and Pak1 kinase
co-localize in the periphery of the neurites and regulate its outgrowth. P35/Cdk5 kinase

complex induces Pakl hyper-phosphorylation. This downregulates the kinase activity of
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Pakl and actin re-organization which results in increased neurite outgrowth (Nikolic,

Chou et al. 1998).
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Figure 1-4 Schematic illustration of main Rho GTPase effectors involved in axon
outgrowth

Rho and Rac can inhibit or activate axon outgrowth depending on their upstream and/or
downstream effectors. To simplify the pathway, different colors are utilized for
illustrating each GTPase protein and its upstream and downstream effectors, i.e. Rac,
Cdc42, RhoA and their effectors are illustrated in black, purple and blue, respectively.
Also, the final enhancement (green) and suppression (red) of axon outgrowth is illustrated
(See text for further description- Modified from Figurel (Govek, Newey et al. 2005) and

Figure3 (Hall and Lalli 2010))
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1.5. Statement of Study
1.5.1. Rationale

Pctaire, Pftaire and Cdk5 are post-mitotic Cdk proteins that share the same most
recent common ancestor. Previous research indicates that Cdk5 and Pctaire have
important roles in the nervous system. For instance, Cdk5 inactivation leads to inhibition
of axonal growth (Nikolic, Dudek et al. 1996, Nikolic, Chou et al. 1998). Furthermore,
deletion of Cdk5 results in abnormal brain structure and embryonic lethality at embryonic
day 18 (Ohshima, Ward et al. 1996). Pctaire has been detected at high levels, in growth
cones of newly developing neurons and also in dendrites (Hirose, Kawabuchi et al. 2000,
Fu, Cheng et al. 2011). The activity of Pctairel-3 negatively regulates neurite outgrowth
(Cole 2009). In addition, Pctaire seems to be a target of Cdk5 since the activity of Pctairel
changes is in line with Cdk5 activity (Fu, Cheng et al. 2011).

Pftairelis highly expressed in the nervous system (Lazzaro, Albert et al. 1997, Yang
and Chen 2001). Our lab has previously, examined the role of Pftaire (Eip63E, ecdysone-
induced protein) in Drosophila. Initially, Jafar-nejad P (unpublished data), showed that
commissural and longitudinal axons of the VNC were defasciculated and disrupted in two
Eip63E mutant Drosophila lines (1) Df (L63) E1 and (2) L63%'. Homozygosity for both of
these mutant alleles are embryonic lethal. Df(L63)E1 consists of a large deletion including
the transcription initiation point and almost the entire conserved kinase domain resulting
in no L63 (fly PFTAIRE) expression; whereas L6328 represents a smaller 48bp (226-241) in-
frame deletion within the conserved kinase domain resulting in a allele that is possibly

null (Stowers, Garza et al. 2000) due to the loss of a highly conserved lysine residue K234
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that is a part of the ATP binding domain in the Cdk2 protein (Jeffrey, Russo et al. 1995).
Deficiency of the Pftairel homologue in Drosophila results in severe defects in axon
patterning. This includes axon misguidance and defasciculation accompanied by
disorganization of neuronal and cell bodies, as well as, abnormal arrangements of both
commissural and longitudinal axons of the Ventral Nerve Cord (VNC) (Rodriguez Gonzdlez
and S. 2011). Furthermore, our lab showed disorganization of cell bodies and diffused
expression of elav, (neuronal marker for soma), in Eip63E mutants. Additionally, staining
with HRP (sensitive axonal marker), reveals premature axonal growth along with
defasciculation and misguidance. Eip63E deficiency results in concerted defects in axons
and neurons of the Drosophila VNC. The defects emerge at stage 11 of embryonic
development. The penetrance of the defects increases during development (Rodriguez
Gonzalez and S. 2011) and the flies dye at early larval stages (Stowers, Garza et al. 2000).
The majority of the flies die during larval development; a few of them survive to form
pupae that are smaller in size and rarely a fly survives to adult life. Taking into
consideration the smaller size of the fly, one could infer that Eip63E may play a direct or
indirect role in the size of the organism. For instance Eip63E may indirectly affect the size
of the flies through disrupting the proper development of the nervous system (Stowers,
Garza et al. 2000).

By analogy to Cdk5 and Pctaire, we speculated that Pftairel may play a role in
neuronal development that could be more significant than that of Pctaire, as Pctaire is

absent in Drosophila whereas Pftairel is highly conserved through evolution (Liu and
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Kipreos 2000). This hypothesis is further supported through the study our lab is
conducting on flies in parallel as mentioned above (Rodriguez Gonzalez and S. 2011).

We also speculate that Pftairel may interact with Rho GTPases since they are
involved in the regulation of neurite outgrowth. Nikolic et al. had shown that Cdk5 kinase
interacts with Rac and regulates the activity of Pakl (Nikolic, Chou et al. 1998). Since, Cdk5
interacts with the Rac family members, we propose that Pftairel may interact with Rho
GTPases, as well. Our lab’s study on flies supports this notion as functional interaction of
Eip63E and RhoA is observed and the co-expression of Eip63E and RhoA modifies the
axonal defects.

1.5.2. Hypothesis

We hypothesized that Pftairel is critical for neuronal development and
differentiation, particularly in axon outgrowth and guidance, during the CNS
development. However, we did not expect the lack of Pftairel to be lethal in mice due to
the presence of the other homologues including Pftaire2 and Pctaire 1, 2, and 3; thus,
only some degree of CNS abnormalities was anticipated.

We next proposed that Pftairel may functionally interact with known pathways
relevant to axon guidance / outgrowth. Rho family GTPases (Racl/RhoA/cdc42) may
interact with Pftairel and modulate Pftairel’s function in the neurons. Based on previous
reports by Nikolic et al. on Cdk5 (Nikolic, Dudek et al. 1996, Nikolic, Chou et al. 1998), we
wonder if Pftairel negatively regulates axogenesis, similar to the function of Pctaire and
opposite to Cdk5 (Nikolic, Dudek et al. 1996).

1.5.3. Objective
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The purpose of this study was to examine the effect of Pftairel on axonal features.
To execute this goal, the length of axons of Pftairel mutants in primary cortical cultures
was compared with wild type controls. We also examined the interaction between
Pftairel and the well-known Rho GTPases, which are confirmed to regulate neurite
outgrowth.

To have a better understanding of the function of Pftairel in vivo, TIGM (Texas
A&M Institute for Genomic Medicine) commercially designed Pftairel standard knockout
mice specifically for our usel. Morphological, functional, and anatomical factors were
examined in this transgenic mouse model, which lacked the Pftairel allele. To this end,
we compared the differences between this group and their wild type littermates to
pinpoint possible abnormalities that were caused by the absence of the gene and which
would aid in determining the cellular role of Pftairel.

We are cognizant that due to the presence of two highly similar Pftaire genes in
the mammalian system, Pftaire2 could compensate for any defects related to the
disruption of Pftairel. To have a clearer understanding, this study needs to be continued

with analyses of the Pftaire2 gene individually and in conjunction with Pftairel.

1 Pftairel was commercially obtained from TIGM (Texas A&M Institute for Genomic

Medicine)
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2. METHODOLOGY

2.1. Transgenic Mice Systems

All experimental animal studies were conducted in accordance with the guidelines
of the University of Ottawa Animal Care Committee and conformed to the guidelines set
forth by the Canadian Council on Animal Care and Canadian Institutes of Health Research.

2.1.1. Generation of Pftaire 1 deficient Mice

Pftairel heterozygote mice were generated for the first time, specifically for our
use, by the Gene Targeting and Transgenic Facility of Texas A&M Institute for Genomic
Medicine (TIGM), on mixed (129/ SvEvBrd x C57BL/6) background. To generate the
mutant allele, Pftairel Gene (MGI: 894318) and the transcript sequence of Pftairel or

(Cdk14-002 ENSMUST00000030763) located on chromosome 5 (4,803,391-

5,380,197) (reverse strand) was targeted. Exon 6 of Pftairel was partially deleted, starting
from nucleotide 18 of exon 6, extending up to nucleotide 1 of exon 7. The targeted
genomic sequence is highlighted below:
(GCTTCCCTGTTGAAAGG“ACTAAAGCACGCCAACATCGTGTTGCTTCACGACATCATCCACACT
AAGGAAACCCTGACCCTTGTCTTTGAATACGTG”gtaagcgagataagaaggggtctagactgcatgtgtca
cgtttgaataaaactctcagtgttagtgagttggtttttaagttgctctatgaaatgaatgttttttctgagtacatgtgacata
catttgcataaaatcatggccatgtgacaggcttttgagtatgcatttcgttagacatgtggtttatttatagect”).

A b-geo (IRES/ bGeo/ PolyA) cassette was introduced in place of the deleted
sequence via homologous recombination.

The mutant allele was transformed into 129/SvEvBrd embryonic stem cells via

homologous recombination. Positive ES clones were isolated and screened. Their
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sequences were confirmed by Polymerase Chain Reaction (PCR) and Southern blot
hybridization analysis. Positive clones were delivered into C57BL/6 blastocysts by
microinjection and implanted into pseudo-pregnant foster mothers to produce chimeras.
Chimeric mice were bred with wild type mice to produce the Pftairel heterozygote
deficient mice. PFTAIRE F1 generation homozygote/null mice were obtained by breeding
heterozygous parents and their genotypes were confirmed by Polymerase Chain Reaction
(PCR). To establish Pftairel knockout line on a pure C57BL6 background we backcrossed
mixed (129/SvEvBrd x C57BL/6) heterozygote mice from the Pftairel deficient line with
C57BL6 for 10 generations (Figure 3-2 b)

Germ line chimera was confirmed by Southern blot followed by PCR analysis using
primers recommended by the Jackson Laboratory as described in their protocol. To
confirm genotypes, primers for Southern blot screening were designed as follows:
5’probes, A: (5'-CATACATCAGGCATCCAGGGTA) and B: (5'- GGCTGGACTCCTGACTTCACCA);
to generate a 644 bp product. 3’probes, C: (5'- CTTAGGAGAATTTGACATCCTCA) and D: (5’
— CAGTGAGTTCCGGAGCTAGTCT); to generate a 684 bp product. Furthermore, to confirm
successful disruption of Pftairel gene in Pftairel final mouse strain, PCR primers were
designed as follows: (fwd. 5’-TGACCCTTGTCTTTGAATACGTG-3’ and 5'-
GGAAGCCTAAATTGTAAGGATCAGG-3’) and (fwd. 5'-GCAGCGCATCGCCTTCTATC-3’ and
5’-GGAAGCCTAAATTGTAAGGATCAGG-3’); to generate a 418 bp product and reverse to
generate a 341 bp product for wild type and knockout, respectively.

PCR mix was run with GoTaq Green Master Mix 2x (Promega, M712B). The PCR

amplification process was as follows: initial amplification designed as touchdown PCR
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including: 6 cycles of denaturation 98 °C for 17 sec, annealing 69 °C (touchdown, -1°C per
cycle) for 15 sec, amplification 72°C for 15 sec, and further amplification of the target
genes was as follows: 35 cycles of 98 °C for 17 sec, 60 °C for 15 sec, and 72 °C for 15 sec.
PCR products were resolved on a 1.5 % agarose gel- Ultra Pure Agarose (Invitrogen,
15510-027) and visualized by ethidium bromide (Ethyl hexadecyl dimethyl bromide
C20H44BrN) (Sigma Ultra, C5335-1000).

2.2. Real Time PCR (Quantitative RT- PCR)

All steps were performed in RNAase-free environment. To ensure RNA-free
surface, RNase away (MBP Molecular Bioproducts, 7003) was applied. Total RNA was
extracted from mouse embryo whole brains/cortices at embryonic day E 13.5-14.5 using
Trizol Reagent (Ambion, 15596026) based on Invitrogen protocols. 25 ng of extracted RNA
was used per reaction. To determine disruption of Pftairel transcription the SuperScript
[l Platinum SYBR Green One-Step RT-PCR kit (Invitrogen, 204174) was used. Negative
controls, no RNA and no RT were run in parallel with both the GAPDH housekeeping gene
and Pftairel. Each sample was run in quadruplets and n=3. Results were normalized
against GAPDH. Primers used for amplification of the target genes were as follows:
(GAPDH-Fwd.: 5’-GGTGAAGGTCGGTGTGAACG-3’, GAPDH-Rev: 5’-
CTCGCTCCTGGAAGATGGTG-3') to generate a 233 bp product and (Pftairel-Fwd: 5'-
CAGCGATCTGCCTCCACGGC-3’) designed  within  exonl13. (Pftairel-Rev: 5'-
GGCCCTCATGCTCTCTCCAGC-3’) designed within exon 14, to generate a 341 bp product.
The primers would also be able to produce a short heptamer within mutated region (exon

8); thus, it could not interfere with mRNA levels for Pftaire1-KO. The program for RT-PCR
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amplification was as follows: 48 °C for 30 min, 95 °C for 10 min, and 40 cycles of 95 °C for
15 sec, 60 °C for 30 sec and 72°C for 30 sec. The RT-PCR products were resolved on a 1.5
% agarose-ethidium bromide gel as well.
2.3. Semi-Quantitative Reverse Transcriptase RT-PCR

All steps were performed in RNAase-free environment. To ensure RNA-free
surface, RNase away (MBP Molecular Bioproducts, 7003) was applied. Total RNA was
extracted from whole brains/cortices of WT-Pftairel and KO-Pftairel mouse embryo at
embryonic day E 13.5-14.5 using Trizol Reagent (Ambion, 15596026) based on Invitrogen
protocols. 50 ng of extracted total RNA was used per reaction for cDNA synthesis and
gene amplification using SuperScript Il Platinum SYBR Green One-Step RT-PCR kit
(Invitrogen, 204174). Targeting primers designed for RhoA were as follows: (RhoA-fwd:
5-GACCTTCGGAATGACGAGCA-3’ and RhoA-Rev: 5-TTCCCACGTCTAGCTTGCAG-3’).
Results were normalized against S12 and primers were as follows (5'-
GGAAGGCATAGCTGCTGG-3' and 5'-CCTCGATGACATCCTTGG-3') (Gonzalez, Zhang et al.
2008, Biswas, Zhang et al. 2010). cDNA synthesis was performed at 45°C for 45 min. Then,
amplification was performed by a 2 min initial denaturation step at 94°C, followed by 24
cycles of 94°C for 30 sec, 60°C melting temperature (Tm) for 30 sec, and 72°C for 1 min,
and 72°C for 10 min . RT-PCR products were resolved on a 2% agarose (Invitrogen)—
ethidium bromide gel, and correct band for RhoA, 197 bp was processed by densitometry
using Image J. Transcript levels were normalized against S12 signals and results were
reported as relative mRNA level (normalized value). Data is represented as (Mean +SEM)

of at least three independent experiments.
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2.4. Cell Culture
2.4.1. Immortalized Cell Line

Human Embryonic Kidney cells (HEK-293T) were cultured in Dulbecco's Modified
Eagle Medium (DMEM) (High Glucose 4500 mg/L with 4 mM L-Glutamine without Sodium
Pyruvate 0.1 um sterile filtered) (ThermoScientific, SH30022-01) supplemented with 10 %
Fetal Bovine Serum (FBS) (Hyclone, SH30397.03) and 1 % Antibiotic/ Antimicotic
Solution100x (10,000 units/ml of penicillin, 10,000 pug/ml of streptomycin, and 25 pug/mi
of Amphotericin B, 0.2 um filtered) (ThermoScientific, SV30079.01) at 37°Cina 5% CO;
atmosphere.

2.4.2. Primary Cortical Neuron Cultures

Cortical neuron cultures were prepared either from wild-type CD1 mouse embryos
purchased from Charles River or from heterozygous crosses between Pftairel mice, at
gestational day /embryonic day E 13.5-14.5. Embryos were considered E 0.5 d, at the time
vaginal plug was detected. Embryos were removed from the uterine horns and
transferred to Hanks' Balanced Salt Solution (HBSS) (modified without Calcium and
Magnesium) (Hyclone Gibco, SH3003102). Brains were excised by cutting the skull open
at the midline, from base of the head towards the front. Two lateral incisions were made
under the cerebral cortices and skull was peeled off, meninges were removed and
individual cortices were transferred to HBSS containing 8 pl Trypsin (25g/L in 0.9 % NaCl)
(Sigma, T4549), incubated for 20 min at 37 °C with agitation. 10.7 pl of Trypsin inhibitor
in neurobasal medium was added to stop trypsinization, and 13.34 ul DNasel (10 mg /

ml) (Boehringer Mannheim Roche Diagnostics, 10137100) to degrade extracellular DNA
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medium were added to the solution. Cells were pelleted at 1000 x, for 5 min at 4 °C and
10.7 ul of trypsin inhibitor and 13.34 ul of DNase were added. Cells were triturated; viable
cells were counted using sterile filtered trypan blue solution (0.4 %) (Sigma, T8154).
(Number of cells per ml was calculated by: cell count in the central square x dilution factor
x 10%). Cells were diluted to desired concentration for culture, in Complete Neurobasal
Medium containing: Neurobasal medium (Gibco LifeTechnologies, 21103-049), B27
supplement (Invitrogen, 17504-044), N2 supplement (Invitrogen, 17502-048), L-
Glutamine 200 mM (Gibco, 25030-081) and Penicillin-Streptomycin. Primary cortical
neuron cells were plated into 24 or 6 well plates. Plates were coated with Poly-D-Lysine-
Hydrobromide (1 mg/ml, sterile) (Sigma, P0899) prior to use. Poly-D-Lysine incubation
was performed for at least 30 min and then plates were washed. For immunostaining,
sterilized coverslips were placed into 24 well culture dishes and then coated with poly-D-

lysine. Cultures were incubated at 37 °C in a 5% CO, atmosphere and fixed or lysed at

varied times.
2.5. Exogenous Gene Expression
2.5.1. Expression Vectors

Plasmids for transfection: GFP subcloned into pCig2 vector (generously gifted by
Carola Sherman), FLAG-Tagged: WT-Pftairel and D228N-Pftairel cDNA (mutation of
conserved aspartic acid residue to asparagine, by a point mutation) (1284 kb) subcloned
into pCMV vector (generously gifted by Dr. Paul Albert and Maribeth Lazzaro) (Lazzaro,
Albert et al. 1997); GST-Tagged: WT-Racl, G12V-Racl, S17N-Racl subcloned in pEBG

vector; GST-tagged: WT-Cdc42, G12V-Cdc42, S17N-Cdc42 subcloned in pEBG vector and
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MYC-tagged: WT-RhoA, CA-RhoA Q63L, DN-RhoA L19N in pRK5 vector. Rho GTPases
(generously gifted by Dr. Gary Bokoch and Dr. Margaret Chou, University of Pennsylvania).
Constructs were sequenced at Ottawa Genomic Center, using following primers: (1) For
Racl and Cdc42 constructs in the pEBG backbone: (pGEX 5' Sequencing Primer: 5'-
[GGGCTGGCAAGCCACGTTTGGTG]-3' and pGEX 3' Sequencing Primer 5'-
[CCGGGAGCTGCATGTGTCAGAGG]-3') (2) To sequence Pftairel, CMV virus backbone:
(pCMV 5' Sequencing Primer: 5'-CGCAAATGGGCGGTAGGCGTG-3’ Pftairel GC rich region
at 3’ end: 5-GGGGGAGTTGAAGCTGGCAG-3’). Sequencing was performed 100 bp
upstream of start codon and 100 bp downstream of stop codon. Plasmids were
transformed with Top10 competent cells. Transformed cells were cultured on Ampicillin
resistant agar plates (LB Agar Granulated, Molecular Genetics BP-1423-500). A single
colony was picked and grown in Luria-Bertani (LB) Broth (Miller Amresco, J-106-500G).
DNA was purified using the Pure Yield Plasmid Midi Prep System (Promega, A2495).
2.5.2. Transient Transfection with Lipofectamine

HEK 293T Cells were cultured to 70% confluency, then co-transfected with Flag
tagged (WT-Pftairel or D228N-Pftairel) and GST tagged [WT-Racl, G12V-Racl
(constitutively active), S17N-Racl (dominant negative inactive)] or GST tagged [WT-
Cdc42, G12V-Cdc42 (constitutively active), S17N-Cdc-42 (dominant negative inactive)] or
GST tagged [WT-RhoA, Q63L- RhoA (constitutively active), LI9N-RhoA (dominant negative
inactive)], as well as, the reporter vector (GST::PEGB, MYC::PRK5, Flag::CMV using
lipofectamine 2000 reagent (1mg/ml) (Invitrogen, 11668-019 ). Opti-MEM (Minimal

Essential Medium), 1x Reduced Serum (Gibco, 31985-070) was used to dilute the plasmid
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and lipofectamine according to the manufacturer’s instructions. Diluted plasmid and
lipofectamine were mixed and incubated for 20 minutes at room temperature. Cell
culture medium was changed to media without FBS at the time of transfection. The
plasmid-lipofectamine complex was added to culture media in droplets. 24 hours post
transfection, cells were triturated off culture plates by scraping, cells were collected into
ice cold PBS and spun down at 1.4 x g for 1 min for pull down assay.
2.5.3. Viral Infection

Gene delivery via Adenoviral (AV) infection was performed at the time of plating.
Adenovirus expressing WT-Pftairel (Ad ET-CMV-3x Flag-WT-Pftaire1, Pfu: 1.00 x 10*? CsCl
Pure, Plaque pure), D228-Pftairel (Ad ET-CMV-3x Flag-D228N-Pftaire1, Pfu: 9.20 x 10!
CsCl Pure, Plagque pure), and GFP (Ad ET-CMV-EGFP, Pfu: 4.89 x 10* CsCl Pure, 3x Plaque
pure), was mixed with neuronal cortical culture cells at 50 -100 MOI (multiplicity of
infection). Cells were fixed or lysed, at different time points, post-culture, for further
analysis, depending on the nature of the experiment.
2.6. Neuronal Death Assay

Cortical culture cells from mouse embryos at E13.5-14.5 were seeded at (1 x 10°)
in 96 well plates and infected/co-infected with AV viruses (GFP alone or GFP + WT-
Pftairel, D228N-Pftairel) at MOI=100 at the time of plating, for survival assay. Cells were
washed with 1X PBS and then fixed with 4% PFA 12, 16 and 24 hours post-infection and
then stained with Hoechst 33258 (1:10000) (Sigma-Aldrich B2883) in 1x PBS and
incubated for the minimum of 30 min for nuclei staining. Intact nuclei were counted

against condensed and fragmented nuclei to determine live neurons versus dead ones.
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To determine survival the number of live GFP positive neurons were assessed in each well,
each treatment was performed in triplets, and the average for each treatment was
calculated. Survival was assessed for WT-Pftairel or D228N-Pftairel as the percent of live
GFP positive neurons in comparison to GFP. Survival percentage represents the ratio of
GFP expressing neurons with morphologically intact nuclei at (12, 16, and 24 h) in WT-
Pftairel or KO-Pftairel to the total number of GFP expressing neurons. The values were
normalized to GFP alone as control. Data are presented as (Mean+ SEM) of at least three
independent experiments.
2.7. Total Protein Extraction

To compare protein expression levels, whole brain lysates were prepared from
mouse brains at E13.5-14-5 or from mouse pups at P21. Basically, mouse brains were
dissected and washed with ice-cold PBS. Brains were homogenized in lysis buffer: [50mM
Tris-HCI (pH=7.5), 150mM NaCl,1 mM MgCl,, 1ImM EDTA, 1% triton X-100 (Boehringer
Mannheim, 789704), 1mM L-Dithiothreitol (DTT , C4aH100,S2) (Sigma Aldrich, D0632-5G),
protease inhibitor (Halt Protease inhibitor Cocktail EDTA-free 100x (Roche, 87785)] for 20
min, at 4 °C, with agitation. Lysates were clarified by centrifugation at 19500 x g, 4 °C, for
20 min. Supernatant was collected (approximately 2mg of protein was collected per
brain), mixed with 0.1% w/v bromophenol blue/ DTT sample buffer and heated at 100°C,
for 10 min.
2.8. Immunoprecepitation (IP)

All steps were performed on ice. Cell lysate was prepared as described, previously.

Lysate was prepared using lysis buffer 50 mM Tris-HCl (pH=7.5), 150 mM NaCl, 1 mM
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MgCl,, 1ImM EDTA, 1% Triton X-100 (Boehringer Mannheim, 789704), 1mM DTT (L-
Dithiothreitol, C4H1002S;) (Sigma Aldrich, D0632-5G), protease inhibitor, for 20 min, at 4°C
with agitation. Lysates were clarified by centrifugation at 19500 x g, 4°C, for 20 min.
Supernatant was collected and incubated with 20 pl of washed bead per reaction. After
immunoprecipitation, beads were pelleted at 1000 x g , washed five times with wash
buffer (Tris-HCl (pH=7.3-7.5), NaCl, EDTA, Triton 10 %, DTT), then mixed with 0.1 % w/v
bromophenol blue / DTT sample buffer, and heated at 100°C, for 10 min to release the
protein complex. Proteins were resolved on 12 % SDS-polyacrylamide gels.

For immunoprecipitation of ectopically expressed GST tagged proteins, GST beads
- (Glutathione Sepharose 4b beads, particle size 45 um - 165 um, GE Healthcare 17-0756-
05) were incubated with the lysate overnight, at 4 °C, on a rotor. For immunoprecipitation
of endogenous protein, Trueblot Anti Rabbit IgIP beads - (eBioScience, 00-8800-25) or
Anti mouse IgIP beads - (eBioScience, 00-8811-25) were used, depending on the origin of
the bait antibody. Lysate was collected and precleared by incubating 20 ul of the washed
bead that was to be used for IP, for 30 min, at 4 °C, on a rotor. Supernatant was cleared
by centrifugation at 1000 x g, 1 min, at 4°C. 4 - 8 ug of antibody per reaction, normal
mouse IgG (SantaCruz, sc-2025) or normal rabbit 1gG (SantaCruz, sc-2027) and Pftaire-1
(H-140) (1:500) rabbit polyclonal IgG (SantaCruz, sc-50475), RhoA (1:500) mouse
monoclonal IgG (SantaCruz, sc-418), Racl (C-11) (1:500) rabbit polyclonal IgG (SantaCruz,
sc-95), Cdc42 (1:500) rabbit polyclonal IgG (SantaCruz, sc-87) was incubated with the

cleared supernatant, overnight, at 4°C, on a rotor. Pftairel was used to IP GTPase and vice
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versa. 20 ul of the washed beads were incubated with the antibody-lysate mix for 3 hours,
at 4 °C, on a rotor to precipitate the antibody.
2.9. SDS-PAGE and Western Blot

Protein extracts were resolved on a 10 or 12 % SDS - polyacrylamide gel, along
with Molecular Marker, Blueye Prestained Protein Ladder (GeneDirex, P14007-0500).
Transfers were done on 0.45 um PolyVinylidene DiFluoride (PVDF) Transfer membrane
(Immobilon-P, IPVH00010). Membrane was blocked in 10 % non-fat dry milk in 1 x PBST
[Phosphate Buffered Saline (pH=8.0) and 0.1 % Tween] at room temperature, for 1 hour.
Proteins were detected using antibodies. Primary antibodies were diluted in [ 3 % Bovine
Serum Albumin (BSA) fraction V (Fisher, BP1600-100) in PBST and 0.1 % Sodium Azide
NaNs (Sigma Ultra, s-8032)] as follows: Pftairel (H-140) (1:500) rabbit polyclonal IgG,
(SantaCruz, sc-50475), Pftaire2 (CDK15) (1:500) rabbit polyclonal (Life Span Biosciences,
LS-C119219/34326), RhoA (1:500) mouse monoclonal IgG (SantaCruz, sc-418), Racl (C-
11) (1:500) rabbit polyclonal IgG (SantaCruz, sc-95), Cdc42 (1:500) rabbit polyclonal IgG
(SantaCruz, sc-87), Cdk5 (C-8) (1:500) rabbit polyclonal IgG (SantaCruz, sc-173), Pctairel
(CDK16) (1:500) rabbit polyclonal, (Life Span Biosciences, LS-C112292/34325), Anti-Flag
(1:500) rabbit monoclonal 1gG (Sigma, F7425), Anti-GST (1:500) mouse monoclonal 1gG
(SantaCruz, sc-138) and incubated with the membranes overnight, at 4 °C, with agitation.
Membranes were washed and then incubated with secondary antibodies diluted in 5 %
non-fat milk, for 1 hour, at room temperature [goat anti-mouse 170-6516 or goat anti-
rabbit 170-6515 IgG (H+L) HRP conjugate (Bio-Rad)] were all used at 1:2000 in 3 % BSA in

0.1 % Tween 20 (PBS/T). Immunoreactivity was detected using Immobilin Western
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Chemiluminescence HRP substrate (Millipore, WBKLS0500) or Pierce ECL Western
Blotting Substrate (Thermo Scientific, 32106) and visualization HyBlot CL Autoradiography
film, Denville Scientific. Protein levels were normalized against B-actin signals, and results
were reported in reference to control values (untreated control for each individual
experiment).
2.10. Pftairel Kinase Assay

Kinase assay was performed using immunoprecipitated WT-Pftairel protein or IgG
as a control. Briefly, Neuronal cortical cells prepared from WT-Pftairel mouse embryos
E13.5-14.5 were cultured in Neurobasal media (Gibco, 21103-049) containing B27
(Invitrogen, 17504-044) and N2 (Invitrogen, 17502-048), in 12 well plates, at the ratio of
1 embryo per well, for 18-20 hour, at 37°C, 5 % CO,. After washing with ice-cold 1x PBS,
lysates were collected directly from plates by scraping into ice-cold immunoprecipitation
(IP) buffer (Tris-HCL 25mM (pH 7.4) , NagP>07 10 mM, NazVO4 25 mM, NaF 50 mM, EDTA
1 mM, Digitonin 2 mg/ml) and sonicated twice, for 3 cycles, with a 20 minute incubation
in between the 2 set of cycles, and then supernatant was cleared by centrifugation at
14000x g, 4°C, for 10 min. 1 mg of protein( adjusted to the volume of 300 pl was incubated
with 4 pg antibody either normal rabbit 1gG (200 pg/0.5 ml) or Pftairel (200 pg/ml)
antibodies, overnight, at 4°C, on the shaker. IP-ed, WT-Pftairel and IgG were mixed with
40 ul of pre-equilibrated (performed washes with IP wash buffer) Trueblot anti-rabbit IgIP
beads per reaction and incubated for 2 hours, at 4°C, on the shaker. Beads were then
washed and pelleted at 2000rpm, for 1 min, at 4°C, with IP wash buffer and kinase assay

buffer [HEPES 50 mM (pH 7.5) and 1mM DTT], respectively. Next, kinase reaction buffer
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(HEPES 50 mM (pH 7.5), 1 mM DTT, 10 mM MgCl, and 20 uM ATP)) was added to a final
volume of 25 pl. 10 pg of RhoA substrate His-Recombinant human RhoA (Prospec, pro-
057), was added to reactions with or without (5 pl, 100 x) GDP. Reactions were incubated
overnight, at 30°C. Samples were then centrifuged at 2000 rpm, for 1 min, at 4°C, then
supernatant was collected and subjected to either western blot for rabbit polyclonal I1gG
phosphoserine (Invitrogen, 61-8100) signal; or G-LISA assay to assess RhoA activity as
described below.
2.11. Assessment of Rho GTPase Activity

Activation of RhoA, as a function of Pftairel kinase activity was determined using
commercially available “RhoA Activation Assay Kit (CellBioLabs, STA-403-A)” according to
the manufacturer's instructions. Primary Cortical Culture Cells were prepared from Het x
Het crosses at embryonic day 13.5-14.5, at the density of 1 embryo per well, in 1.5 ml,
cultured in complete Neurobasal media supplemented with B27 and N2, in 12 well plates,
and incubated at 37 °Cand 5 % CO,. 18-20 hours post-plating cells were washed with ice-
cold PBS and GTPase assay was performed according to the manufacturer’s kit. To
decrease rapid hydrolysis of active GTP bound to inactive GDP bound protein all following
procedures were performed on ice. Briefly, cells were incubated on ice, for 20 minutes,
with 1x Assay / lysis buffer provided with the kit (Part No. 240102) (containing 125 mM
HEPES, pH 7.5, 750 mM NaCl, 5% NP-40, 50 mM MgCI2, 5 mM EDTA, 10% Glycerol) and
then collected by scraping. Due to very low expression of RhoA same-genotype extracts
were pooled to achieve large amounts of Protein. Total protein was quantified by

Bradford protein assay to achieve at least 800ug of protein for each sample/assay. Cell
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lysates were clarified by centrifugation at 14,000 g x, at 4 °C, for 10 min. (at least 800 ug
protein per reaction). 100x GTPyS (Part No. 240103) and GDP (Part No. 240104) were
added to the cells for positive and negative control, respectively. Control samples were
incubated for 30 minutes, at 30 °C, with agitation, and the reaction was terminated by
adding 1M MgCl, to the samples. Volume of sample per reaction was adjusted to be
identical in all reactions and 40 ul of bead added per reaction. Active-proteins were
immunopercipitated with respective rhotekin RBD agarose beads for RhoA. Beads were
pelleted by centrifugation at 14000 x g, for 10 seconds, and washed three times with 1x
Assay buffer supplied in the kit. Afterwards, beads were resuspended in SDS-PAGE sample
buffer and boiled for 5 minutes for detection by western blotting. Separated proteins
were visualized using RhoA, Mouse Monoclonal antibody (Part No. 240302) provided with
the kit.

To quantify Rho GTPase activity after the pftairel Kinase assay, in a more
accurate/sensitive manner, G-LISA RhoA activation assay biochem kit (Absorbance based)
(Cytoskeleton, BK124) was used according to the manufacturer’s protocol. Samples from
the kinase reactions, (I1gG-IP: RhoA, IgG-IP: RhoA+GDP, Pftairel-IP: RhoA and Pftairel-IP:
RhoA+GDP) were diluted and pre-equalized with ice cold lysis buffer /binding buffer (Part
# GL37). To pre-equalize samples, protein concentration was determined at 600nm, using
Precision Red™ Advanced Protein Assay Reagent (Part # GL50) as suggested by the
manufacturer. Same buffer mix (no protein) and RhoA (provided by manufacturer), were
respectively, used as blank and positive control for the assay. Next, samples were

transferred to 96 well Rho-GTP binding plates (Part # GL25), equipped with pre-washed
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GLISA assay strips, incubated at 4°C, on an orbital microplate shaker at 400 rpm, for
30min. Samples were then washed with wash buffer (Part # GL38) and incubated with
Antigen Presenting Buffer (Part # GL45) for 2 min, washed again with wash buffer, then
incubated at room temperature for 45 min, on orbital microplate shaker at 400rpm, with
anti-RhoA primary antibody (Part # GLO1) (1:250) in Antigen dilution buffer (Part # GL40)
and washed subsequently. Samples were next incubated with (1:62.5) secondary
horseradish peroxidase (HRP) conjugate antibody (Part # GLO2) at room temperature, for
45 min, on an orbital microplate shaker at 400 rpm and washed afterwards. Then samples
were incubated with HRP detection reagents A (Part # GL43) and B (Part # GL44) (1:1 ratio
) for 15 min, at 37 °C, and reaction was stopped by adding HRP Stop Buffer (Part # GL80),

and absorbance measured at 490 nm using a microplate spectrophotometer. To measure

GLISA value(ng)

ELISA value(ng) 100 =

RhoA activity, values were determined as follows, (

normalized % of active RhoA). The detected signal was normalized against total RhoA
using G-LISA and E-LISA (BK # 150) kits side by side. To determine if any significant
difference existed in the activity of RhoA among samples, two way ANOVA was performed
in the grouped data followed by Bonferroni’s post-hoc test. Results were presented as
average of at least three independent experiments.
2.12. Histology and Staining
2.12.1. Brain Sectioning

Brains were collected from the Wt-Pftairel and KO-Pftairel mice at 8 weeks of

age. Animals were humanely anesthetized with euthasol and transcardially perfused with

0.9 % saline, followed by fixative solution 4 % Paraformaldehyde (PFA) (EMD, PX0055-3)
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in 1x PBS at pH=7.4. Brains were then removed from the skull and fixed further with 4 %
PFA, at 4 °C, for 24 hrs. Fixed brain tissue was cryopreserved in 20 % sucrose in 0.1 M
phosphate buffer and stored at 4°C, over a 3 day course, and the solution was changed 3
times per day. Brains were then snap-frozen with Nitrogen balanced with CO; and then
embedded with O.C.T. (Tissue - Tek /O.C.T compound, 4583) for sectioning. 14 um coronal
sections were collected from the brains; starting at the frontal cortex at Bregma: ~ 2.710
mm up to the 4" ventricle at Bregma: ~ - 4.20 mm. For collecting, 3 sections were skipped
in between each selection. Sections were directly mounted onto SuperFrost Plus
microscopic slides 25 x 75 x 1.0 mm (Fisher brand, 12-550-15) and subjected to2 % cresyl
violet staining as described below.
2.12.2. Cresyl Violet Staining

Sections were thawed on slide warmer for 15-20 min, at 35 °C, and then placed in
distilled water for 5 min. Sections were then stained with 2 % filtered cresyl violet
(pH=3.5) cresyl violet acetate (CisHisN3Os, Sigma C5042-10G), for 10-30 minutes
depending on the stain concentration. Sections were then dehydrated in graded ethanol
solutions from 50 % to 100 %, followed by defatting with xylene. Sections were mounted
with coverslips using toluene.

2.12.3. Immunostaining

Cells plated on glass coverslips were fixed in 4 % PFA in 1 x PBS, for 15 min. Fixed
cells were permeabilized and blocked simultaneously in 0.1 % Triton X-100, and 5 % BSA
in 1x PBS, respectively, for 20 min, at room temperature. Coverslips were incubated with

primary antibodies diluted in 5% BSA in 1x PBS: Taul clone 46 (1:500) mouse monoclonal
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IgG (Sigma-Aldrich, T-9450), GFP (H-140) (1:500) mouse monoclonal IgG (Abcam, ab1218),
Pftairel (H-140) (1:500) rabbit polyclonal IgG (SantaCruz, sc-50475), MAP2 (H-300)
(1:500) rabbit polyclonal IgG (SantaCruz, sc-20172) for 1lhr, at room temperature.
Coverslips were washed; incubated with FITC-secondary antibodies: Alexafluor 488
(1:2000) Goat-Anti-mouse (Molecular Probes, A11001), Streptavidin Alexafluor 488
(1:2000) Goat-Anti-mouse (Molecular Probes, $11223), Streptavidin Alexafluor 546
(1:1000) Goat-Anti-mouse (Molecular Probes, $11225), Alexafluor 594 (1:1000) Goat-
Anti-mouse (Molecular Probes, A11005), Alexafluor 594 (1:1000) Goat-Anti-rabbit
(Molecular Probes, A11037), Alexafluor 594 (1:1000) Donkey-Anti-Goat (Molecular
Probes, A11058) were diluted in 5% BSA in 1x PBS, and then incubated with coverslips for
30 min, at room temperature. To detect intact nuclei, cells were stained with Hoechst
33258 (1:10000) (Sigma-Aldrich B2883) in 1x PBS, incubated for the minimum of 30 min,
at room temperature. Slides were immersed in distilled water to remove excess salt and
then mounted on slides applying approximately 25 ul of Vectashield Mounting Medium
(Vector laboratories, H-1200).
2.13. Microscopy and Imaging

Images were taken using upright Zeiss Axioskop 2 Mot or inverted Zeiss
AxioObserver-Z1 fluorescent microscope with Northern Eclipse Software or Zeiss and
Axiovision Rel. 4.8 software, captured in XY mosaic format, in rectangle mode. Images
were taken at 20x, 32x, and 40 x magnification lenses. To determine the total diameter of
the field of view for each objective, Ocular Field of View (F.0.V.) number (32) was divided

by objective magnification and following measurements were obtained: for 20x (1500
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um), for 32x (719 um), and for 40x (575 um). Images were processed for length
measurements using Axiovision software Rel. 4.8, spline mode to trace axon length or
Stereo Investigator microscopy imaging system (version 6; MicroBrightField, Williston,
VT) software using contour mapping mode and tracing the length of axons. The distance
from the cell body of the GFP expressing neuron or Taul to the distal region of the longest
neurite was measured as axon/lengthiest neurite.
2.14. Quantification of Signal Density on Images

Immunoblots were further analyzed by Image J software to compare the
density/intensity of the bands of an agar gel or a western blot membrane. Following
imaging of the blots, representative bands were selected and their intensity was
guantified. Then quantified measurements were transferred to excel and results were
normalized against relative controls (B-actin for western blot and S12 for RT-PCR).
2.15. Statistical Analysis

Experiments were performed for a minimum of 3 times and each treatment was
done in replicates of 3. Data and graphs were represented in the format of (Mean + SEM)
or percentage. Graphs were plotted as column charts for probability of getting a specific
range of values, to compare the mean of the experimental groups. To compare axon
lengths among different litters and to avoid divergence and variability between different
litters, data was either transformed to log10 format or classified into length intervals and
then data was plotted onto a linear or bar graph, respectively. To classify measurements,
the average and median axon lengths were calculated for each time-point. The maximum

and minimum numbers related to average and median were considered as average range
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for that time-point and neurites diverting from this range were considered as either short
or long, relatively. Comparison against different litters was performed, as well. Statistical
analysis was performed using excel, Eviews 6 and SPSS software and processed using chi
square, Levene's Test for Equality of Variances, student’s two tailed t-Test considering the
variance between the two experimental groups equal, or one way and two way ANOVAs

followed by Student-Newman-Keuls post-hoc test or Bonferroni’s test.
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3. RESULTS

3.1. Pftairel Transgenic Mice
3.1.1. Generation of Pftairel Transgenic Mice
To examine the role of PFTAIRE1 in the CNS, Pftairel deficient mice were
generated*2. These mice are the first of their type since no other Pftairel deficient mice
exist, to date. To generate the Pftairel deficient mouse, Pftairel heterozygotes were
designed by replacing the majority of exon 6, starting from nucleotide 18, of the Mus

Musculus Pftairel transcript (ENSMUST00000030763) (Figure 3-1, 3-2 a) with the

neomycin (Neo) resistance cassette via homologous recombination (Figure3-2 b). The
transgenic mutation produced in the Pftairel gene causes a frame shift which alters the
open reading frame and leads to a premature stop codon and produces a truncated
protein that does not have the full kinase domain (Figure3-3); thus, is expected to degrade
or lack kinase activity. The DNA sequence of the 129/SvEvBrd embryonic cells that were
transformed with Pftairel mutant allele was confirmed by Polymerase Chain Reaction
(PCR) and Southern blot hybridization analysis. The transformed Pftairel allele was easily
detectable in the transformed mice through the agouti coat color of the chimeras. The
produced chimeric mice were viable and fertile; after being crossed with wild type mice
they also produce the Pftairel heterozygote deficient mice that were viable and fertile.

Pftairel F1 generation, homozygote (null) mice, which were obtained by breeding

2 pftairel deficient mouse was designed and developed for our use by the TIGM (Texas
A&M Institute for Genomic Medicine) company.
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heterozygous parents were also viable and fertile. To establish Pftairel knockout line on
a pure C57BL6 background we backcrossed mixed (129/SvEvBrd x C57BL/6) heterozygote
mice from the Pftairel deficient line with C57BL6 for 10 generations, which continue to
be viable (Figure 3-2 b). Nevertheless, due to the length of time the complete cleaning of
the genomic background entitles; in most cases the results included in this thesis were

obtained using mice of 6™ backcross generation or lower.
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Start codon
CAGATGTGCGACCTCATTGAACCGCAGCCGGCCGAGAAGATCGGCAAGATGAAGAAGTT

GAGGAGAACTTTGTCCGAGAGTTTCAGCCGCATCG..CTCTGAAGAAAGAGGACACCACC

TTTGATGAG..ATATGTGTCACAAAGATGTCTACCCGGAACTGCCAGGGGACAGATTCAG

TGATCAAGCACCTGGACACAATTCCTGAAGACAAGAAAGTCAGGGTTCAGAGGACGCAG

AGCACTTTTGACCCATTTGAGAAACCAGCCAACCAAGTCAAAAGGGTCCATTCTGAGAA

CAATGCATGCATTAACTTTAAATCCTCCTCTGCTGGCAAAGAGTCACCTAAAGTTCGGC

GGCACTCCAGCCCCAGCTCG...CCAACGAGTCCCAAATTTGGAAAAGCTGACTCATACGA

ATP Binding Domain
L G E G S*  Y* A T V

AAAACTGGAAAAACTGGGGGAAGGATCTTATGCAACAGTGTACAAAGGGAAAAGCAA.A

\Y% A L K \% I
GTGAATGGGAAGCTGGTGGCTCTAAAGGTGATCCGGCTGCAGGAAGAAGAGGGCACACC

P F T A 1 R E N I \Y
TTTCACAGCCATCAGGGAAG...CTTCCCTGTTGAAAGGACTAAAGCACGECCAACATEGTG

L L H D F E Y V
TFGCTTCACGACATCATCCACACTAAGGAARCCCTGACCCTIGTCT I TGAATACGTEGSC

H T D L c O Y
ACACTGATTTATGTCAGTACATGGACAAGCACCCTGGAGGACTCCATCCAGATAATGTG
AAG.TTGTTTTTATTTCAGCTGCTGCGAGGACTGTCTTACATCCACCAGCGTTATATTT

R D L K P Q N K L
TGCACAGAGACCTGAAACCGCAGAACCTTCTCATCAGCGATACGGGGGAGTTGAAGCTG

A D F G L A R S*
GCAGATTTCG..GTCTGGCAAGAGCAAAATCCGTCCCTAGCCACACATACTCCAATGAAG
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T L W Y R P P D V L
TGGTTACCTTGTGGTACAGACCTCCAGATGTTCTTCTGGGCTCTACAGAATATTCCACC

D M W G Vv G C I
TGCCTTGACATGTG..GGGAGTTGGCTGTATCTTCGTTGAGATGATCCAAGGAGTTGCTG

D O L E R I F L \% L G
CGTTTCCAGGAATGAAAGACATTCAGGATCAACTTGAACGGATATTTCTG...GTTCTTGG

T P N E D T w P

AACACCGAATGAGGACACGTGGCCTGGAGTTCATTCTTTACCACATTTTAAGCCAG..AA

CGCTTTACCGTGTACAGCTCTAAAAGCCTTAGACAAGCATGGAATAA..GCTCAGCTATG

L O ¢C S P K N

TAAATCATGCTGAAGACTTGGCCTCCAAGCTTCTCCAGTGTTCCCCAAAGAACAGGCTA

TCAGCACAGGCCGCCTTGAGCCATGAGTATTTCAGCGATCTGCCTCCACGGCTATGGGA

GCTGACTGATA..TGTCTTCTATTTTTACCGTCCCAAATTGAGATTGCAACCAGAAGCTG

GAGAGAGCATGAGGGCCTTTGGAAAAAACAATAGTTATGGGAAAAGCCTATCGAACAGC

AAACACTGA

Stop codon
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Figure 3-1 The 14 coding exons of Pftairel in Mus Musculus

Coding sequence for Pftaire1-(ENSMUST00000030763), Strikethrough font illustrates the

deleted nucleotides in the pftairel knockout allele. The deletion results in a frame-shift.
For the wild type allele, exons 4-13 translate into kinase domains, ATP binding site (yellow
highlight), inhibitory sites (red), and S/T activation site (green). Conserved PFTAIRE motif
highlighted (blue); VLAK, HRD and DFG domains, respectively, (purple), (red), (green).
Potential phosphorylation sites presented by (*). Start and stop codon (grey highlight).

Dotted regions illustrate introns.
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a) Deleted Sequence

GCTTCCCTGTTGAAAGGACT
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Figure 3-2 Generation of Pftairel knockout mice

a) Sequence deleted from mutant line, b) Schematic drawing illustrating the targeted
deletion of exon 6 and the following intronic sequence to disrupt Pftairel gene. Exon 6 is
replaced by Bgal-neo cassette via homologous recombination in 129SvEvBrd/ES cells.
Exons are depicted by x, domains likely to have kinase activity x*. ES cells were injected
into C57BL/6 blastocysts to obtain Heterozygous Pftairel mice. Pfairel heterozygotes
were crossed to obtain Pftairel knockouts, followed by backcrossing for 10 generations
to obtain a pure background. c) Following digestion by Bgl Il and Acc 65 |, southern blot
was performed using 3?P labeled probes outside the targeting vector, at 5° and 3’
terminals, respectively. 5’ terminal probe of 644 bp produces WT band: 10.9 kb, mutant
band: 15.9 kb and 3’ terminal probe of 684 bp produces: WT band: 11.2 kb, mutant band:
13.5 kb bands. d) PCR forward genotyping primers were designed within the
deleted/replacing regions to ensure successful differentiation between wild type and
knockout alleles; whereas a common reverse primer was designed with the conserved
area of intron 6-7 for both alleles. Polymerization of wild type and knockout bands

produces oligomers of 418 bp and 341 bp, respectively.
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Successful removal of exon 6 and its replacement with the neo cassette in the
Pftairel gene of Pftairel knockouts was confirmed by PCR genotyping on mouse tail
genomic DNA at the time of weaning (P21). To ensure primer specificity, forward primers
were designed specifically within the deletion cassette of exon 6 (the last 23 nucleotides
of exon 6) and within the Neo cassette, for wild type and knockout, respectively. Also,
Reverse primer was designed within a conserved area of intron 6-7 (Figure 3-2). Pftairel
wild type and knockout mice, respectively, produced bands of 418 bp or 341 bp.
Heterozygote mice were identified by the presence of PCR bands from both wild type and
knockout alleles (Figure 3-2 d).

Subsequently, to determine if the translation of full length Pftairel is abolished in
the Pftairel knockout mice, we examined for the presence of the full Pftairel product by
western blot analysis of whole brain lysates from mouse embryos at E13.5-14.5 and adult
mice, as well. Protein was extracted from brains of individual mice from each genotype
and resolved on 12 % SDS-PAGE gels and then probed for Pftairel rabbit polyclonal
antibody. Wild type, heterozygote mutants or homozygote mutants of Pftairel were
compared for Pftairel protein expression. When processing embryonic samples, a band
was detected for wild type Pftairel at about 48 kDa; the intensity of the signal was lower
in heterozygote mice. No band was detected when blotting for Pftairel in the knockout
(Figure 3-3 d). Previous reports by Lazzaro et al. (Lazzaro, Albert et al. 1997) and Besset
et al. (Besset, Rhee et al. 1998), confirm that Pftairel protein migrates at 47.5 (Lazzaro,
Albert et al. 1997) to 53 kDa (Besset, Rhee et al. 1998). However, Besset et al. detected

an extra band at 39 kDa in brain extracts (Besset, Rhee et al. 1998). In our case, when we
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processed adult and pups samples, we observed a double band for Pftairel in wild type
and the heterozygote mutant of Pftairel but none in Pftairel homozygote mutants
(Figure 3-3 d). This observation is consistent with the splice forms reported for Pftairel,

Cdk14-002 (ENSMUST00000030763) and Cdk14-09 (ENSMUST00000115452), which

translate into a protein product with 469 and 451 residues, respectively. As discussed
previously, the transgenic mutation produced in Pftairel gene results in a frame shift
mutation and a premature stop codon. Next, we examined whether disruption of Pftairel
affects the protein levels of any of its close family members. We did not observe any
difference in the levels of Pftaire2, Pctairel, and Cdk5 among wild type and knockout
Pftairel mice pups at P21 (Figure 3-4). The equal level of these Pftairel family members
in the knockout mice suggests that they may not be compensating for any Pftairel deficits

at the expression level. However, their kinase activity needs to be determined.
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Figure 3-3 Pftairel protein expression is successfully disrupted in Pftairel homozygote

mutant mice

Disruption of Pftairel in knockout mice in comparison to wild type mice observed. Equal
loading was confirmed by B-actin probing. a) Western blot of Pftairel extracted from
whole brain lysates from the progeny of a Het x Het intercross. Whole brain lysates were
prepared from mouse embryos E13.5-14.5. Pftairel was probed with Pftairel rabbit
polyclonal antibody (SantaCruz). b) Column graph illustrating quantification of Western
blot by densitometry analysis for representative blot shown above in section a, ¢) Column
graph representing quantification of signal for western blot b, columns represent (Mean
+ SEM), n=3 for wild type and knockout quantification s p=0.003 ** denotes significant
at p<0.01. d) Western blot of Pftairel extracted from whole brain lysates from the
progeny of a Het x Het intercross. Whole brain lysates were prepared from mouse pups
at P21, respectively. Pftairel was probed with Pftairel rabbit polyclonal antibody
(SantaCruz). e) Quantification of Western blot by densitometry analysis for representative
blot shown beside in section d. Columns represent fold changes of Pftairel expression in

wild type, heterozygote and homozygote mutants of Pftairel normalized to B-actin.
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Figure 3-4 Expression level of Pftairel homologues is not affected by Pftairel deficiency

Western blot of total protein extracted from whole brain lysates of the progeny of a Het
x Het cross in mouse embryos at P21 and immunolabelling for Pftaire2, Pctairel, and Cdk5
proteins with related antibodies. Disruption of Pftairel in knockout mice does not appear
to affect the levels of Pftaire2, Pctairel, and Cdk5 as revealed by western blot. This
indicates neither of these genes compensate for the loss of Pftairel. Equal loading was
confirmed by B-actin probing. b) Column graph illustrating quantification of Western blot
by densitometry analysis for representative blot shown beside in section a. Columns
represent fold changes of Pftaire2, Pctairel, and Cdk5 expression, respectively, in wild

type, and Pftairel knockouts normalized to B-actin.

Since, the Pftairel allele is mutated in the germ cells we determined the survival

of Pftairel-knockout mice by evaluating the Mendelian ratios. The mice were genotyped
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by PCR as described earlier and Mendelian ratios were obtained using the chi’test
(p<0.05). We evaluated a total of F1: n=21 (Het x Het) breeding crosses that were
backcrossed with C57BI6, at least for a minimum of 9 times (Table 3-1). Heterozygote
intercrossing of Pftairel mice F1: (Het x Het) produces F2 offspring of wild type,
heterozygote, and homozygote mutant that do not differ significantly from the expected
1:2:1 Mendelian ratios.

At the approximate age of E13.5-14.5, from a total of F1: (Het x Het) of 15 breeding
pairs, F2 produced a total of 132 mice, of which 28% (n=37) were knockout mice, which
is not significantly different from expected Mendelian ratios (x> = 5.8, p = 0.055) (Table 3-
1 a). At the approximate age of P21 (time of weaning), from the total of F1: (Het x Het) of
6 breeding pairs, F2 produced a total of 37 mice of which 24.3% (n=9) were knockout
mice, which is not significantly different from expected Mendelian ratios (x*> = 0.46, p =
0.79) (Table 3-1 b). Also among another 18 breeding pairs that were not fully backcrossed
were compared, F1: (Het x Het) of 18 breeding pairs, F2 produced a total of 128 mice of
which 18.8% (n=24) were knockout mice, which is not significantly different from
expected Mendelian ratios (x*> = 3.3, p = 0.2) (Table 3-1 c¢) (Figure 3-5). Moreover, within
our observations the Pftairel-knockout mice seem to survive to adulthood and be
normally fertile. Four Pftairel-knockout animals (n=4) were maintained for over eighteen
months. These mice were mated as two individual breeding pairs (n=2), which remained
fertile up to 13 months and 18 months of age, respectively. The aged mice were humanely

culled at the age of 18 months. To conclude a normal lifespan within Pftairel- knockout
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mice, investigation is required upon completion of backcrossing into C57BL6 background,

with higher number of mice.
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Table 3-1 The number of Pftairel homozygote mutant mice does not differ significantly
from Mendelian ratios.

2) Genotype HET WT KO Expected KO | Total mice
Number of mice 74 21 37 33 132
Total percent 56.0% 15.9% 28.0% 23% 100
b)

Genotype HET WT KO Expected KO | Total mice
Number of mice 17 11 9 9.2 37
Total percent 45.9% 29.7% 24.3% 25% 100

c)
Genotype HET WT KO Expected KO| Total mice
Number of mice 73 31 24 32 128
Total percent 57.0% 24.2% 18.8% 25% 100
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Table 3-1 summarizes the PCR results of the F2 offspring. F2 offspring from F1
intercrossed (HET x HET) mice were genotyped for Pftairel gene by PCR. A total of 39
breeding crosses were evaluated which were subsequently divided into 3 categories.
Percentage of knockout mice does not differ from Mendelian ratios, significantly (p >
0.05). a) Mouse embryos at E13.5-14.5, backcrossed with C57BI6 for a minimum of 9
times, b) Mouse pups at P21, backcrossed with C57BI6 for a minimum of 9 times, and c)

Mouse pups at P21, not fully backcrossed to C57BI6.
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Figure 3-5 Survival percent of Pftairel homozygote mutant mice does not differ

significantly from Mendelian ratios.

Column graph representing Mendelian ratios in F2 progeny. Effect of genotype on percent
of survival of progeny resulted from heterozygous intercrossing of Pftairel mice plotted

on a chart. Significance determined by x? test (p>0.05).
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3.1.2. No abnormal phenotype detected in Pftairel null mice

Since PFTAIRE deficiency leads to embryonic lethality in fruit flies (Stowers, Garza
et al. 2000); we questioned whether loss of Pftairel could have a significant impact on
mouse development. Macroscopic and morphological examination of Pftairel knockout
mice, in comparison to their wild type littermates revealed no abnormal phenotype
within our observations to date: the pups are viable, age normally and do not show any
obvious morphological defects during their life span. We did not detect any obvious
alterations in brain morphology within our observations.

3.1.3. Microscopic Analysis of Brain Section

3.1.3.1. Brains of adult Knockout Pftairel mice did not show any gross anatomical
abnormality by cresyl violet staining

Microscopic analysis of coronal sections of the adult mice brain on a mixed C57BI6
background revealed no major abnormalities upon cresyl violet staining. Brain sections of
two month old, adult wild-type (n=3) and Pftairel null mice (n=3), were collected starting
at the frontal cortex at bregma: ~ 2.710 mm up through the 4th ventricle at bregma: ~-
4.20 mm. The structure of the cortex, septostriatal region, the organization of the
hippocampus, shape of the dentate gyrus, diencephalon, mesencephalon, all follow the
normal gross anatomy of the brain. Sections representing bregma 1.98, 1.70, 0.74, 1.00,
1.64, and 2.75 mm are presented, respectively, in section “a-f” and “g-I” (Figure 3-6).
These results suggest that Pftairel loss, alone, in mice, might not have the same effects
observed with L63E deficiency in the fly (Rodriguez Gonzdlez and S. 2011). However, the

effect of Pftairel on development of the brains needs to be examined during younger
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ages including the embryonic period using different methods. For instance, silver staining

could give us a better idea with regards to the structure of the brain.
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Figure 3-6 Cresyl violet stained sections from Pftairel knockout mice reveals no gross

abnormality in comparison to wild type mice

Sections representing bregmas: 1.98, 1.70, 0.74, 1.00, 1.64, and 2.75 mm are presented,

III

respectively, in section “a-f” for wild type (n=3) and “g-1” for knockout (n=3). Brains were
collected from three month old adult mice, perfused and fixed for sectioning. 14um
sections were collected from cryopreserved samples, sections were collected starting
from the cortex at bregma: ~ 2.710 mm up through the 4th ventricle at bregma: ~-4.20
mm. Sections were then stained with cresyl violet to examine the gross anatomy of the
brain. Histological examination following cresyl violet staining of Pftairel knockout mice
brain, reveals no abnormality in the structure of the cortex, septostriatal region,

hippocampal organization, shape of the dentate gyrus, diencephalon, and

mesencephalon.
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3.1.4. Disruption in Pftairel does not lead to any difference in basal survival in
primary cortical cultures

We investigated whether manipulating Pftairel activity has any effect on its basal
cell survival or it acts in a manner similar to Cdk5 (O'Hare, Kushwaha et al. 2005). To
determine cell viability upon disruption of Pftairel activity, we co-infected primary
cortical neurons (MOI=100) with GFP along with WT Pftairel or the dominant negative
form of Pftairel, (D228N), in which the highly conserved aspartic acid residue of Pftairel
at residue 228 was mutated to asparagine, by a point mutation (Lazzaro, Albert et al.
1997) as a kinase inactive control for transient transfections. This residue is highly
conserved among all protein kinases, and inhibits the endogenous kinase activity of cdc2
kinases in its mutated form upon ectopic expression (Taylor, Knighton et al. 1993, van den
Heuvel and Harlow 1993). Neurons were cultured for 12, 16, and 24 hours post-infection,
then fixed and stained with Hoechst for detection of morphologically intact healthy
nuclei. GFP expressing neurons with viable nuclei were counted. We did not observe a
difference in basal survival rate among neurons expressing GFP with Pftairel or D228N-
Pftairel and GFP alone (Table 3-2), (Figure 3-7). From a total of n=1602, (77.1 + 1.8%), of
n=2293, (77.8 + 1.0%), of n=4533, (92.9 + 0.6% )of D228N expressing neurons survived at
12, 16, and 24 hours, respectively, which does not significantly differ (p>0.05 ) from GFP
control and WT (Table 3-2), (Figure 3-7). Our result, suggests that Pftairel and its

dominant negative form D228N do not affect cell viability under normal circumstances.
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Table 3-2 Pftairel overexpression or disruption does not affect basal survival rates of

cortical neurons in vitro.

Mean tSEM
Time-point GFP WT DN
12 hrs 79.4%1.5 78.3%2.7 77.1t1.8
16 hrs 78.2t1.0 76.0t1.0 76.8t1.0
24 hrs 93.5%0.2 54.510.4 52.910.6
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Table 3-2 represents survival of cortical neurons as (Mean + SEM), n=3 and 3 replicas per
treatment. Basal survival rates of Pftairel wild type and D228N vs control is not significant

as per ANOVA and Newman-Keuls for means p>0.05.
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Figure 3-7 Pftairel overexpression or disruption does not affect basal survival rates.

Column Graph representing percent of survival for each treatment with relation to its
incubation period. Primary cortical neurons derived from CD1 mice were infected with
GFP alone, or co-infected with GFP and WT-Pftairel or D228N-Pftairel (MOI=100),
incubated for 12, 16, and 24 hours, followed by fixation, and Hoechst 33258 staining.
Percentage of survival was calculated as percentage of morphologically intact live nuclei
over total GFP-expressing neurons. Data/columns represent the (Mean + SEM), n=3 and
3 replicas per treatment. p>0.05 ANOVA, t-Test: paired two sample for means is N.S., no
significant difference is observed in basal survival rates of Pftairel wild type and D228N

vs control.
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3.2. Pftairel negatively regulates axon length in primary cortical cultures of mouse
embryos at E13.5-14.5
3.2.1. Dominant Negative D228N-Pftairel expression in vitro increases axonal
length in cortical cultures
Previous research indicates that Cdk5 inactivation leads to inhibition of axonal
growth (Nikolic, Dudek et al. 1996, Nikolic, Chou et al. 1998). In addition, Pctairel-3
negatively regulates neurite outgrowth (Cole 2009). We speculated whether
manipulation of Pftairel activity would also have an impact on axon outgrowth. To test
this notion, primary cortical cultures were prepared from CD1 mouse embryos at E 13.5-
14.5 days and subjected to adenoviral infection with GFP tagged-D228N Pftairel, GFP
tagged-wild type Pftairel or GFP control alone, at the time of plating. After allowing
cultured neurons to grow and differentiate, they were fixed at subsequent time points:
12, 24, and 48 hours post-infection (Figure 3-8). Neurites were then stained with GFP for
an enhanced infection signal and reliable tracing. Also, Hoechst 33258 staining was
performed to assess viability of neurons (Figure 3-8 a). Digital images were acquired with
Zeiss Axioskop 2 Mot microscope. The total length of neurites was measured on digitally
acquired images utilizing Stereo-investigator (version 6; MicroBrightField, Williston, VT)
software using the contour mapping mode and tracing the length of axons. Lengths were
determined measuring at the 40X objective magnification and diameter of field of view
was 575 um. Measurements were commenced from the edge of the GFP expression in
the cell body to the distal terminal of the neurite using the longest neurite for

comparative purposes. Each experiment was repeated for a minimum of 3 times and each
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treatment was replicated in triplets. The change in axon length is represented and the
significance is determined by one way-ANOVA followed by Student-Newman-Keuls post—
hoc test and Bonferroni. At 12 hours, a total of 372 neurites were measured. For D228N-
Pftairel infected neurons, n=124 and (Mean + SEM) was (14.5 + 0.6) was statistically
significant, as confirmed by one way ANOVA (p<0.001) followed by Student-Newman-
Keuls method, from GFP control (10.9 £ 0.7 um) (p=8.2E-06) and WT-Pftaire1 (10.16 + 0.5
um) (p=2.9E-07) but not WT relative to GFP (p=0.3) (Figure 3-8 b). At 16 hours, a total of
1408 neurites were measured and for D228N-Pftairel infected neurons, n=509, (Mean +
SEM) was (33.0 + 0.8 um) that was statistically significant by one way ANOVA (p<0.001)
with Student-Newman-Keuls method from GFP control (24.5+0.7 um) (p=7E-13) and WT-
Pftairel (24.6+£0.8 um) (p=3E-11) but WT relative to GFP (p=0.9) (Figure 3-8 b). At 24
hours, a total of 891 neurites were measured. For D228N-Pftairel infected neurons,
n=241 (Mean * SEM) was (129.6 + 3.6 um) that was statistically significant (p<0.001,
ANOVA) with Student-Newman-Keuls method from GFP control (97.9 + 3.9 um) (p=6.4E-
09) and WT-Pftairel (89.5 + 2.6 um) (p=3.4E-18) but not WT relative to GFP (p=0.07)
(Figure 3-8 b). At 48 hours, a total of 724 neurites were measured. For D228N-Pftairel
infected neurons, n=283, (Mean + SEM) was (253.6 + 9.1 um) that was not statistically
significant (p > 0.05, ANOVA) with Student-Newman-Keuls method from GFP control
(275.0 £ 10 um) (p=0.1) and WT-Pftairel (241.3 + 12.4 um) (p=0.4); also, GFP and WT
(p=0.03) were not significant (Figure 3-8 b). According to our data the D228N-Pftairel
expressing neurons, showed an enhanced ability to elongate when they were compared

to wild type and GFP control expressing neurons, at early time-points (12-24 hours);
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however, later at 48 hours, they do not show any difference with GFP control or wild type
mice (Figure 3-8 b, c, and d). Also, we show that the percentage of difference to GFP
control, in mean neurite length, is higher in D228N expressing neurons. At 12, 16, and 24
hours, we observe a 32.4%, 34.7%, and 32.3% increase in mean neurite length compared
to GFP which significantly differs from GFP but not WT in comparison to GFP (Figure 3-8
c). Also, average of log10 of axon measurements of D228N expressing neurons, revealed
a linear distribution with higher measures as compared to wild type, at 12, 16, and 24
hours (Figure3-8 d). Furthermore, classifying axons into groups based on their length,
reveals a significant difference (p < 0.0001) between the GFP, wild-type and the D228N-
Pftairel group, as determined by chi-square test. We classified neurons into three groups
based on the length of their neurites. To classify, average and median were calculated for
each time-point. The maximum and minimum numbers related to average and median
were considered as average range for that time-point and neurites diverting were from
this range were considered as either short or long, relatively. In neurons expressing
D228N-Pftairel, a significantly higher percent of neurons, had longer axons at early time-
points 12 (p= 7E-09), 16 (p= 1.6E-12), and 24 hours (p= 1.9E-14) but this difference
became insignificant at 48 hours (p= 0.07) (Figure 3-8 d, e). Our data suggests that there
is an increase in neurite length in vitro upon ectopic expression of D228N-Pftairel.
Previous studies report that loss of Cdk5 results in a decrease in axon length (Nikolic,
Dudek et al. 1996). Our observations, suggest that D228N might have an effect that is
opposite to that of Cdk5 on axon growth in vitro. Thus, we postulate that Pftairel might

have a role opposite to Cdk5 in regulating axon growth.
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Figure 3-8 Overexpression of dominant negative Pftairel, enhances axon outgrowth in

primary cortical cultures

Image, representing immunostaining of infected neurons with GFP, Hoechst, and merged.
Staining was performed to enhance GFP signal for reliable neurite tracing and to
determine the viability of neurons assessed. b) Column graphs, representing (Mean +
SEM) at different time points (12, 16, 24, and 48 hours post infection. ¢) Column graph,
representing percent of difference in mean neurite length of WT and D228N neurites in
relation with GFP control. d) Same data, represented as log10 of neurites at different time
points to homogenize the different distribution pattern over time for easier comparison.
e) Also, classification of axons into different group based on their lengths (Sh: short, Avg:
average, and L: long. Cut off values for each category are 9-14.4; 23.3-33; 85.4-129.5; and
201-275 um at 12, 16, 24, 48 hrs respectively) reveals more neurons with longer axons
especially at earlier time points in the D228N-Pftairel cultures, as opposed to, GFP control
and WT. Primary cortical cultures were prepared from mouse embryos at E13.5-14.5,

infected with AV-virus expressing Pftairel, D228N-Pftairel and GFP (MOI=100), and fixed
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at different time points post infection, stained with GFP and Hoechst to enhance signal
strength to determine cell viability, respectively. Each experiment was performed for a
minimum of three times (n=3) and each treatment was replicated three times.
Fluorescent pictures were taken and measurements were done using stereoinvestigator
software, as described earlier. The measurements were statistically tested with one way

ANOVA (p < 0.05) followed by student Newman-Keuls test to determine significance.

3.2.2. Primary neuronal cultures of Pftairel null mice produce longer axons

Ectopic expression of dominant negative Pftairel in vitro, resulted in enhanced
axon length in cortical cultures (Figure 3-9). To investigate, whether the effects of D228N
overexpression on axon outgrowth could be replicated by Pftairel deficiency, we studied
populations of axons in primary cortical cultures from Pftairel deficient mice. We crossed
heterozygote Pftairel mice to obtain littermates that were either Pftairel wild types or
homozygote mutants. Cultures were prepared from mouse embryos at gestation days
13.5-14.5 from generation 6 backcrossed animals. To detect the genotype of the
littermates, samples were taken from each embryo at the time of dissection but all further
processing of axon assessment was done in a blind manner. The cells were plated and
fixed and stained at 16 and 24 hours after seeding (Figure 3-9 a). At both time points, the
axon length of Pftairel-knockout neurons was found to be significantly longer than WT
cultures (p < 0.0001, upon student’s paired two tailed t-test) (Figure 3-9). At 16 hours,
axons from primary cortical cultures prepared from 3 different Het x Het crosses (litters)

were compared, in 3 replicates, and a total n=15 (wild type n=6, knockout n=9) mice were
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examined. Axons were detected using Tau-1 microtubule marker and viability of neurons
was assessed using Hoechst 33258 (Figure 3-9 a). Length of axons was measured, on
digitally acquired fluorescent images at the 40X objective magnification with a diameter
of field of view of 575 um using Northern Eclipse Zeiss on Zeiss Axioskop 2 Mot fluorescent
microscope, utilizing Stereo-investigator (version 6; MicroBrightField, Williston, VT)
software using the contour mapping mode. Measurements were commenced from the
edge of the Tau-1 expression in the cell body to the distal terminal of the axon. We
observed a significant increase in the length of axons of KO-Pftairel neurons when
compared to WT-Pftairel. (Mean + SEM) was (131.2 £ 1.9) um (n= 2510) for KO axons and
(90.0 + 1.6) um (n=1738) for WT axons (p=2E-37) (Figure 3-9 b). The same trend was
observed at 24 hours while fluorescent Digital images were acquired with Zeiss Axioskop
2 Mot fluorescent microscope at objective 20 x magnification with a field of view diameter
of 1150 um. For measuring, axons were traced on digitally acquired images using Stereo-
investigator (version 6; MicroBrightField, Williston, VT) software utilizing the contour
mapping mode. At 24 hours, among two different litters n=6 (wild type n=3, knockout
n=3), (Mean = SEM) was (204.0 % 3.3) um (n= 1499) for KO axons and (158.68 + 3.0) um
(n=1272) for WT axons (p = 2E-37) (Figure 3-9 b). In other words, KO axons revealed a
45.6% and 28.5% increase in relative axonal length in comparison to WT axons, prepared
from the progeny of Het x Het crosses primary cortical neurons, at 16 and 24 hours,
respectively (Figure 3-9 c). Also, average of logl0 of axon measurements of knockout
Pftairel axon lengths revealed a linear distribution with higher measures, as compared to

wild type, both at 16 and 24 hours (Figure 3-9 d). Next, axons were binned according to
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their lengths into short, average, and long ranges, as explained previously. The maximum
and minimum numbers related to average and median were considered as average range
for that time-point and neurites diverting were from this range were considered as either
short or long, relatively and statistical significance was determined by chi-square (p <
0.001). At 16 hours, KO and WT neurons consisted of 40.8% and 25% long axons (p =
2.12E-64), respectively. At 24 hours, the KO and WT neurons consisted of 41.8 % and 28.3

% longer axons (p= 9.58E-15), respectively (Figure 3-9 e).
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Figure 3-9 Knockout of Pftairel results in enhanced axonal growth, at 16 and 24 hours

in vitro

a) Image, representing immunostaining of neurons with Tau-1, Hoechst, and merged.
Staining was performed to immunolabel axon for tracing and to determine viability of
neurons measured. b) Column graphs, representing (Mean + SEM) for different time
points. At 16 and 24 hours, the knockout neurons have significantly longer axons in
comparison to the WT (p<0.001) groups. c¢) Column graphs representing percent of
difference in axonal length in knockout relative to wild type d) Linear graph, represents
log10 of axons to simplify comparison at different time points due to changes in length.
e) Also, classification of axons into different groups based on their lengths (Sh: short, Avg:
average, and L: long) reveals more neurons with longer axons KO-Pftairel cultures as
opposed to WT as determined by chi square (p < 0.001). Primary cortical cultures were
prepared from mouse embryos at E13.5-14.5 from Pftairel Het x Het crosses and fixed at
different time points. Fluorescent pictures were taken and measurements were done
using stereo-investigator software as described earlier. Statistical significance of the

measurements were determined with student’s paired two tail t-test (p < 0.001).
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3.3. Pftairel regulates axon outgrowth through RhoA GTPase
3.3.1. Identification of RhoA as a Pftairel interacting protein

PFTAIRE may affect signals known to regulate neurite outgrowth including the
small Rho GTPase proteins. Rho GTPases are important regulators of neurite outgrowth
(Jalink, van Corven et al. 1994, Luo, Hensch et al. 1996). Cdk5, indirectly interacts with
Racl to regulate neurite outgrowth (Nikolic, Dudek et al. 1996, Nikolic, Chou et al. 1998,
Rashid, Banerjee et al. 2001). Based on the similarities in the expression pattern, and
sequence of Pftairel and Cdk5, in this study, we investigated the possibility of a physical
interaction between Pftairel and the Rho GTPases. To determine whether Pftairel
physically interacts with Rho GTPases and if that interaction depends on the ability of
Pftairel to act as a kinase; we transfected HEK293T cells with dominant negative D228N-
Pftairel, as well as, the wild type form of the Rho GTPases utilizing lipofectamine2000. As
mentioned earlier, the dominant negative form of Pftairel, D228N, in which the aspartic
acid is altered to asparagine, is suggested to diminish the phosphorylation capacity of
Pftairel in interaction with its endogenous effectors (Lazzaro, Albert et al. 1997). We
show that expression of GST-Rac1/Cdc42 and Myc-RhoA but not a GST and Myc control
plasmid immunoprecipitate with Pftairel. We, initially, confirmed the physical interaction
between D228N-Pftairel and wild type Racl (Figure 3-10 a), Cdc42 (Figure 3-10 b) and/or
RhoA (Figure 3-10 c). To ensure the specificity of Pftairel interaction with each Rho
GTPase and impede the possibility of interaction with other members of the family, we
investigated whether their constitutively active form is able to interact with Pftairel. The

substitution of the glycine at amino acid 12 with a valine, and glutamine at position 63
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with leucine, respectively, in constitutively active (G12V-Racl), (G12V-Cdc42), and (Q63L-
RhoA) inhibits endogenous and GAP-stimulated GTPase activity; thus, Racl, Cdc42, and
RhoA retain a permanent active GTP-bound state and signal constitutively to their
effector proteins. The physical interaction of D228N-Pftairel with (G12V-Rac1l) (Figure 3-
10 a), (G12V-Cdc42) (Figure 3-10 b) and, (Q63L-RhoA) (Figure 3-10 c) was confirmed, once
again. Furthermore, to test whether interaction of Pftairel with Rho GTPases depends on
their activation, we used inactive forms (S17N-Rac1l), (S17N-Cdc42), and (L19N-RhoA) in
which serine and leucine were, respectively, mutated to asparagine. Upon ectopic
expression of D228N-Pftairel with dominant negative forms of either Racl, (S17N-Racl)
(Figure 3-10 a) or Cdc42 (S17N-Cdc42)(Figure 3-10 b) we were able to detect a physical
interaction between D228N-Pftairel and (S17N-Racl) (Figure 3-10 a) and (S17N-Cdc42)
(Figure 3-10 b), suggesting that their physical interaction is independent of the activity of
Pftairel and Racl or Cdc42. Interestingly, the interaction was abolished between the
dominant negative form of RhoA (L19N-RhoA) and the dominant negative Pftairel
(D228N-Pftairel)( Figure 3-10 c) whereas, wild type and constitutively active RhoA (Q63L-
RhoA) both interacted with dominant negative Pftairel (D228N-Pftairel). This may
suggest that the interaction of Pftairel and RhoA occurs only when RhoA has the ability
to become activated. In summary, our data suggests that Pftairel physically interacts with
small Rho GTPase proteins including RhoA. We decided to focus our study on RhoA as the
level of Racl and Cdc42 remained the same in WT and KO Pftairel. This could also give us

a better understanding of the reason that Pftairel discriminates between different forms

131



of RhoA. We next decided to examine the level of RhoA in Pftairel deficient mice and

investigate the possibility of an endogenous interaction between Pftairel and RhoA.
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Figure 3-10 Pftairel physically interacts with Rho GTPase proteins in vitro

Western blots representing a) physical interaction of D228N-Pftairel with Rac1, wild type
(WT-Racl), constitutively active (G12V-Racl) and dominant negative (S17N-Racl). b)
D228N-Pftairel also interacts with wild type (WT-Cdc42), constitutively active (G12V-
Cdc42) and dominant negative (S17N-Cdc42), c) D228N-Pftairel interacts with both wild
type RhoA and constitutively active (Q63L-RhoA) but not with dominant negative (L19N-
RhoA). Ectopic expression of Flag-D228N-Pftaire and GST-Racl, GST-Cdc42 or Myc-RhoA
in HEK293T cell line via lipofectamine transfection. 24 hours post transfection cells were
collected and lysed for pull down assay. Pftairel, input samples were collected and GST
tagged Racl and Cdc42 were precipitated using GST glutathione sepharose beads. In case
of RhoA samples were immunoprecipitated using myc antibody and mouse —IgG True blot
beads. Protein complexes were then resolved on a 12% SDS-gel followed by western

blotting. Membranes were probed for Flag protein.
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3.3.2. RhoA protein is upregulated in the cortex of Pftairel knockout mice

We next examined whether Pftairel levels had an effect on RhoA expression, in
vivo. Upon, examination of endogenous levels of RhoA protein, by western blot analysis
of cortical neuronal lysates from wild type and knockout Pftairel mice at E13.5-14.5 days,
we observed significantly higher levels of RhoA in Pftairel knockout mice in comparison
to wild type mice (Figure3-11 a and b). To explore whether Pftairel regulates RhoA gene
expression at transcriptional level, we assessed the RhoA mRNA levels in wild type and
Pftairel knockouts, utilizing reverse transcription polymerase chain reaction (RT-PCR)
analysis, and no difference in RhoA levels were observed among wild type and knockout
Pftairel mice (Figure 3-11 c and d). This indicates Pftairel deficiency increases the

expression of RhoA protein.
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Figure 3-11 Pftairel knockout mice exhibit higher levels of basal RhoA protein

a) Western blot assessment using RhoA antibody, representing basal levels of RhoA
protein in cortical neuronal extracts of E13.5-14.5 d of wild type and knock out Pftairel
mice. b) Basal levels of RhoA protein expression are quantified by densitometry analysis,
(n=7), p= 0.005, ** denotes p<0.001. c) Basal levels of RhoA mRNA detected by RT-PCR
extracted from cortical neuronal extracts of E13.5-14.5 d wild type and knockout Pftairel
mice. d) Basal levels of RhoA mRNA quantified by densitometry analysis, (n=3), N.S.
Significance is determined by paired two tail t-Test. Mean is N.S., no significant difference
is observed in basal levels of Pftairel expression levels of wild type and knockout Pftairel

neurons.
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3.3.3. RhoA interacts with Pftairel in mice brain

Next, we examined the possibility of an endogenous interaction between Pftairel
and Rho GTPase. The endogenous expression level of RhoA GTPase is low and it is rapidly
subject to hydrolysis. Thus, for immunoprecipitation purposes high amounts of protein
(approximately 2000 ug of total protein) was required per reaction. Moreover, due to
high sensitivity of Rho GTPases to temperature, all steps were performed at 4°C using ice
cold solutions to ensure the stability of reactions. Protein lysates were extracted from
embryonic mouse brains at E13.5-14.5. We immunoprecipitated endogenous Pftairel
utilizing rabbit polyclonal Pftairel (H-140) antibody from SantaCruz and used rabbit
polyclonal IgG as control antibody. Our result indicates physical interaction of Pftairel
and RhoA at an endogenous level (Figure 3-12).

To determine whether the activity of RhoA has any effect on this interaction we
added GTPyS to stabilize the active form. Both the endogenous form of RhoA and GTP

bound RhoA interacted with Pftairel (Figure 3-12).
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Figure 3-12 Pftairel and GTPase protein Rho A interact at an endogenous level

Western blot representing physical interaction of Pftairel and RhoA in vivo, on whole
brain extracts from wild type CD1 mouse embryo at E13.5-14.5 d. Inputs and
immunoprecipitated proteins were separated on 12% SDS gel, followed by western blot.
Immune complexes were detected using RhoA antibody. Pftairel antibody and RhoA
antibody were used for western blotting. To immunoprecipitate, lysates were collected
and incubated with Pftairel antibody and true blot rabbit IgG beads. GTPyS was loaded
with the interactions to determine the effect of GTP bound RhoA on interaction with

Pftairel.
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3.3.4. RhoA activity could not be detected in Pftairel deficient neurons by
GTPase assay in vitro
Our data revealed an increase in levels of RhoA protein in primary cortical cultures
of Pftairel knockout mice, p=0.005 (Figure 3-11 a). To further investigate the relationship
between the activity of RhoA and Pftairel; the GTPase activity of RhoA was examined
under conditions where Pftairel was absent. The activation level of RhoA was determined
by Rho GTPase activity assay utilizing GTPase activation kit from Cell Biolabs, on cell
lysates as described earlier in methodology. Briefly, cell extracts were prepared from
cortical cultures of Pftairel wild type and knockout littermates at E13.5-14.5 and then
incubated with Rho-binding domain (RBD) of Rhotekin PBD beads provided with the kit
which exclusively pull down the active form of RhoA from the endogenous cell lysate. We
immunoprecipitated rhotekin /active RhoA complex with the provided PBD beads. Active
RhoA levels were revealed by western blotting probing with RhoA specific antibody. The
detected signal would correlate with the activity level of RhoA. Interestingly, in spite of
RhoA protein upregulation in Pftairel knockout mice, we did not detect RhoA activity in

the KO extracts (Figure 3-13).
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Figure 3-13 RhoA activity was undetectable in the absence of Pftairel

Western blot representing RhoA activity as a function of Pftairel. The activity of RhoA
seems to be disrupted in Pftairel knockouts as opposed to wild type mice in primary
cortical cultures from mouse embryos at E13.5-14.5 d. Rho GTPase activity assay was
performed on cell lysates as described earlier. Active RhoA binds to its downstream target
Rhotekin, and regulates signaling of downstream effectors. Rho-binding domain (RBD) of
Rhotekin PBD beads exclusively pulls down the active form of RhoA of the endogenous

cell lysate. Image represents of experimental replicates (n=4).
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3.3.5. Pftairel phosphorylates RhoA on a Serine residue in vitro

Since according to our results, RhoA activity was undetectable in Pftairel
knockout cortical neurons in spite of its upregulation (Figure 3-11 a, 3-13), we decided to
investigate whether Pftairel has direct kinase activity over RhoA in vitro. We performed
an in vitro kinase assay using immunoprecipitated Pftairel. Briefly, we
immunoprecipitated Pftairel from mouse embryonic cortical neurons at E13.5-14.5, as
described in methods section. Immunoprecipitated Pftairel was incubated overnight with
human recombinant RhoA substrate for kinase assay. The reaction was then resolved on
a 12% SDS gel and subjected to western blotting. Phosphorylated RhoA was detected
using phosphoserine antibody. Our results revealed Pftairel mediated the
phosphorylation of RhoA but IgG control had no effect (Figure 3-13a). We next examined
the ability of Pftairel to phosphorylate the GDP bound form of RhoA. Upon adding GDP
to our reactions we observed increased phosphorylation of RhoA-GDP as opposed to
RhoA alone. Our results suggest RhoA as a direct in vitro substrate of Pftairel (Figure 3-
14 a).

3.3.6. Pftairel mediated RhoA phosphorylation leads to RhoA activation

To investigate the effects of pftairel mediated phosphorylation over RhoA activity
more accurately, we analyzed RhoA activity following kinase activity utilizing an
absorbance based G-LISA assay biochem kit from Cytoskeleton as described by the
manufacturer. We performed the in vitro Kinase Assay as described earlier, with or
without GDP in the reaction mix followed by the G-LISA reaction. A significant increase in

RhoA activity was detected as a function of Pftairel versus IgG control, as determined by
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two-way ANOVA (p= 0.046). Post-hoc Bonfferoni’s test, revealed that the highest
difference was associated with the presence of GDP, suggesting that RhoA-GDP is the
most efficient target for Pftairel phosphorylation (p= 0.033). In summary, in the presence
of GDP, Pftairel-RhoA reveals significantly higher activity when compared to IgG-RhoA

(Figure 3-14 b).
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Figure 3-14 Pftairel phosphorylates RhoA and activates RhoA in vitro

a) Western blot analysis, representing in vitro kinase assay using IP-Pftairel or IP-1gG from
wild type mouse embryonic cortical neurons at E13.5-14.5. Human recombinant RhoA
was used as substrate. Beads were incubated with RhoA O/N at 4 °C and then reactions
were separated on a 12% SDS-PAGE gel followed by western blotting. Blots were probed
with polyclonal rabbit phosphoserine antibody to detect RhoA phosphorylation. Pftairel
but not control IgG phosphorylates RhoA. GDP bound RhoA reveals a significantly stronger
phosphorylation pattern as compared to RhoA alone as detected by phosphoserine
antibody. b) RhoA activity assay following in vitro kinase assay. Reactions were prepared
in the presence and absence of GDP and analyzed by G-LISA as described earlier. A
significant difference was observed following GDP treatment of the Pftairel reaction with
IgG control p= 0.046 between Pftairel and control groups, as determined by two-way
ANOVA. Post-hoc Bonfferoni’s test suggests significant difference between GDP-RhoA is

the most significant target for Pftairel (p=0.033).
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DISCUSSION
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4. DISCUSSION

4.1. Summary

Neurodegenerative diseases result from disturbed function and structure of
neurons that lead to progressive damage in the CNS and PNS. Presently, much focus has
been directed on developing therapies and strategies to prevent or reverse these
conditions. Success in developing therapeutic protocols, depends on a profound
understanding of the function of the nervous system. Cdks have a crucial role in cell cycle
regulation and neurogenesis. Numerous studies, including work done in our laboratory,
support the indispensable role of Cdks especially postmitotic Cdks, including Cdk5 in the
regulation of the nervous system. In the work presented here, we focus on a novel
postmitotic Cdk family member, Pftairel (Cdk14), and we explore its effect on axon
outgrowth during the development of CNS.

Pftairel, is a novel serine/threonine protein kinase that was identified when
cloning for cdc2 related kinases (Lazzaro, Albert et al. 1997). Our lab, described the effect
of Pftaire (Eip63E) deficiency on CNS development in Drosophila, for the first time
(Rodriguez Gonzdlez and S. 2011). Eip63E deficiency results in concerted defects in axons
and neurons of the Drosophila ventral nerve cord (VNC). Premature axonal outgrowth, as
well as, defasciculation and misguidance of the commissural and longitudinal axon tracks
at the ventral nerve cord (VNC) were among the phenotypic features detected in Eip63
deficient embryos. This suggested a role for Eip63E in the regulation of axon development
in Drosophila (Rodriguez Gonzalez and S. 2011). Furthermore, Stowers et al. had

previously shown that Eip63E deficient flies die mainly during larval development and
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only a few that survive to pupae are smaller in size (Stowers, Garza et al. 2000). We
speculate that the smaller size of Eip63E mutants could be due to loss of functionality in
the nervous system. Considering the severe effects of Eip63E deficiency in Drosophila,
and the high degree of similarity (about 75 %) with the mammalian homologue, one could
infer that Pftairel has an important role in the development of axons in the mammalian
system, as well. Taking this into consideration, in addition to the high expression of
Pftairel in the central nervous system (Lazzaro, Albert et al. 1997, Besset, Rhee et al.
1998, Yang and Chen 2001), we anticipated defects in the mouse system with Pftairel
deficiency. While this is complicated by the presence of two Pftaire genes (Pftaire 1 and
2) in the mammalian system; we nonetheless, focused on evaluating the effects of
Pftairel, in of Pftairel deficient mice. In our study, presented in “Chapter Three” of this
thesis, we developed?® Pftairel homozygous deficient mice, for the first time, to explore
the role and function of Pftairel in the CNS. We initially focused on obtaining and
characterizing Pftairel homozygous mice. Then, we examined the effects of Pftairel
deficiency on axon length, in vitro; and finally we investigated the possible mechanism of
action of Pftairel. Our study, provides evidence that Pftairel deficiency results in
premature axon outgrowth, in vitro; and interacts physically with RhoA by
phosphorylating it, in vitro.

4.2. Overview

4.2.1. Pftairel: A Novel Protein and newly generated knockout mice

3 Pftairel was commercially obtained from TIGM (Texas A&M Institute for Genomic
Medicine)
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In the first part of this thesis, we report, for the first time, the design of a standard
germline Pftairel knockout mouse model, specifically for our study. We hypothesized that
Pftairel is critical for neuronal development. In this knockout line, the 6th exon (out of a
total 15) was replaced by the IRES / bGeo / PolyA cassette via homologous recombination
and successful replacement was confirmed by PCR genotyping of the DNA samples (Figure
3-1, and 3-2). This replacement interferes with the coding sequence and results in a
frameshift that translates into a truncated protein. Loss of full length Pftairel protein in
the 48 kDa was confirmed by western blot (Figure 3-3). It is unlikely that the produced
truncated protein (about 18 kDa) could have any kinase activity. In their tertiary structure,
Cdks form a bilobal fold which includes a large carboxy-terminal lobe, a small amino-
terminal lobe and a flexible hinge that connects the two lobes to each other and acts as
the ATP binding domain or the catalytic cleft. This mutated protein lacks the carboxy
terminal and the majority of the subkinase domains except subdomains I-lll. It also does
not have the flexible threonine-loop (T-loop) that binds to the substrate. Taking into
consideration, the structural and functional characteristics of Cdk family members; we
speculate that the truncated protein lacks the L12 helix, which contributes to the
structural modification and reorientation of amino acids site in the ATP binding site
though it likely contains the conserved glycine-rich loop (G-loop), which facilitates the
binding and alighnment of y-phosphate of ATP for transfer(Dhavan and Tsai 2001, Bartova,
Otyepka et al. 2005, Morgan 2007).

The Pftairel deficient mice that were designed for the purpose of this study,

followed normal Mendelian ratios (Table 3-1, Figure 3-5) and no gross abnormalities were
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detected in their morphology, fertility, or life span at early mix background generations.
Also, upon cresyl violet staining of brain sections collected from Bregma: ~ 2.710 to 4.20
no gross abnormality was detected in the anatomical structure of the brain within our
observations (Figure 3-6). However, the possibility of abnormal structure cannot be ruled
out until more specific methods, for instance Golgi staining, are utilized to examine the
structure of the brain further. Additionally, axonal guidance during development of the
nervous system is an important feature to further study considering that Pftaire (Eip63E)
deficiency results in concerted defects in axons and neurons of the Drosophila VNC
(Rodriguez Gonzdlez and S. 2011). Although, the lack of gross developmental defects is
not inconsistent with effects on axon length since the latter might not be readily
observable by gross analyses due to the presence of other post-mitotic Cdk genes. For
instance, Pftaire2, Pctairel-3, and Cdk5 thus more careful observation of Pftairel and
detection of the kinase activity of other genes is required.

The question that arises is why does there appear to be a lack of apparent gross
CNS phenotype with Pftairel loss in comparison to the fly? One possible explanation
could be the methods and the age of the mice in our study. In this study, we examined
the structure of the brain in 2 month old adult mice and E17.5-18.5 embryos using cresyl
violet (Figure 3-6). The defects in axons of Eip63E flies appeared as early as stage 11 of
embryonic development (Rodriguez Gonzéalez and S. 2011). Although, this might not be a
major problem due to survival of the mouse embryos to adulthood. It would be
interesting to have a closer investigation. Furthermore, the adult Pftairel null mice were

still on a mixed background as opposed to a pure C57BL6 background. To rule out any
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possible differences, the gross structure of the brains need to be examined at younger
ages, during embryonic period, on fully backcrossed mice. Another, obvious explanation
is that Drosophila merely possess the Pftairel homologue Eip63L but not Pftaire2 and
PCTAIRE kinases. In comparison, mammals contain two highly similar Pftaire kinase
proteins, Pftairel and 2 that are about 68 % similar, as well as, three Pctaire kinases,
Pctaire 1-3, which are about 61 % similar to Pftairel and are all highly expressed in the
mouse brain (Okuda, Cleveland et al. 1992, Hirose, Kawabuchi et al. 2000, Cole 2009,
Mikolcevic, Sigl et al. 2012). The presence of these highly similar genes in the mammalian
system could compensate for the lack of Pftairel and result in a lower level of
abnormalities in the knockout mice. This concern was taken into consideration by
examining levels of Pftaire2, Pctairel and Cdk5 proteins in Pftairel knockouts. No
increase was observed in the level of these proteins in wild type mice versus Pftairel
knockouts (Figure 3-4 a, b), yet, this does not rule out the possibility of functional
redundancy between any of them and pftairel. Nevertheless, we have already generated
a Pftarie2 deficient mouse line and it would be critical to determine the phenotype of this
mouse, as well as, a double Pftairel/2 knock out mouse. Finally, although Pftairel
deficiency did not affect basal cell survival levels of cortical cell cultures at E13.5-14.5
(Figure 3-7), there is the possibility that loss of Pftairel may result in abnormal features
under stress. There is precedence for this. Cdk5, another neuronal Cdk member has been
shown to be associated with the degenerative process in animal models of CNS disease

(Patrick, Zhou et al. 1998, Dhavan and Tsai 2001, Cruz and Tsai 2004, Rashidian, lyirhiaro
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et al. 2005, Smith, Mount et al. 2006). It would be interesting to determine whether this
is true for Pftairel.
4.2.2, Axon outgrowth in vitro and Biological Relevance of Pftairel

Our studies indicate that Pftaire-1 plays a role in regulating axon length. Cdk5 and
Pctaire, two close family members of Pftairel have been implicated in axon outgrowth.
For instance, Cdk5 inactivation leads to inhibition of axonal growth (Nikolic, Dudek et al.
1996, Nikolic, Chou et al. 1998), while Pctairel negatively regulates neurite outgrowth
(Graeser, Gannon et al. 2002, Cole 2009). Ectopic expression of dominant negative
Pctairel (K194R) in Neuro-2A neuroblastoma cells resulted in a 5 % increase in neurite
outgrowth of Pctairel mutants, as opposed to their wild type counterparts (Graeser,
Gannon et al. 2002). Likewise, our data suggests a role for Pftairel in regulation of axonal
length. A significant increase, about 32.4%, 34.7%, and 32.3%, change in axonal length
relative to GFP control was observed upon ectopic expression of dominant negative
D228N-Pftairel in cortical neurons at 12, 16, and 24 hours, respectively (Figure 3-8 c).
Also, a45.6% and 28.5% increase in relative axonal length is observed in cultures prepared
from primary cortical neurons of Pftairel knockout mice, at 16 and 24 hours, respectively
(Figure 3-9 c). The higher percent of change at earlier time-points might indicate that
Pftairelis more importantin regulating the initiation of axon outgrowth rather than being
involved in the growth of axon afterwards. Interestingly, categorizing the axons to
different ranges, based on their lengths, reveals that in Pftairel deficient mice, the
percent of neurons with longer axons are higher at 16 hours 40.8% and 48.3%; in

comparison to at 24 hours 43.1% and 43.3%, in D228N infected and knockout cortical
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cultures, respectively (Figure 3-8 e, 3-9 e). Furthermore, at 48 hours D228N infected
neurons do not differ significantly from wild type and GFP (Figure 3-8 e). This indicates
that the rate of axonal outgrowth as a function of time decreases in Pftairel deficient
cortical cultures and supports the notion that Pftairel negatively regulates the initiation
of axon growth and later on this effect is diminished. The rate of axon outgrowth as an
effect of Pftairel could be easily assessed using special gridded glass bottom culture
dishes that sustain CO. and facilitate tracing individual cells at different time points.
Another interesting observation is that not all cultures obtained from Pftairel deficient
embryos showed increased axonal length when compared to wild type cultures (although
collectively the data shows a difference). This could indicate a partial penetrance
phenotype, which requires further investigation. In this regard, epigenetic control of gene
expression results in diversity of phenotypes within a population independent of their
genotype. Epigenetic inheritance occurs in multiple kingdoms of life including: plants,
fungi (Henderson and Jacobsen 2007, Jablonka and Raz 2009), flies, mice and humans
(Roemer, Reik et al. 1997, Cavalli and Paro 1998, Morgan, Sutherland et al. 1999, Hitchins,
Wong et al. 2007, Cropley, Dang et al. 2012) and it may be an explanation for observing
different phenotypes among the knockouts of a same litter; specifically, given the fact
that the assessments were done in generation 6" embryos.
4.2.3. Pftairel: Possible Mechanism of Action

How Pftairel regulates axon outgrowth is still unknown. In line with our data, we

suggest that it does so through regulation of RhoA. In this thesis, we revealed a physical

interaction between Pftairel and RhoA both upon ectopic expression and at endogenous
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state. To test if pftairel, like its family members, would interact with molecules known to
regulate axon development, we performed a biased investigation focusing on Rho
GTPases. We hypothesized that Pftairel interacts with known regulators of growth cone
machinery, Rho GTPases specifically RhoA. Rho GTPases are implicated in neurite
outgrowth, the activation and inactivation of the Rho GTPases controls downstream
signaling cascades which in return regulate outgrowth and guidance of an axon (Nikolic
2002, Jaffe and Hall 2005). Furthermore, the Rac signaling pathway is shown to be
modulated by Cdk5. Cdk5 inactivation leads to inhibition of axonal growth (Nikolic, Dudek
et al. 1996, Nikolic, Chou et al. 1998). In Xenopus, neuronal morphology of retinal ganglion
cells (RGCs) is regulated by Rac via Cdk5/p35 (Ruchhoeft, Ohnuma et al. 1999). Cdk5
interacts with Racl via p35 in a GTP dependent manner (Nikolic, Chou et al. 1998, Rashid,
Banerjee et al. 2001). Our investigations indicate that RhoA interacts with Pftairel both
under expressed (Figure 3-10 c) and endogenous (Figure 3-12) conditions. In HEK293T
cells, LION-RhoA inactivates the endogenous RhoA and disrupts the interaction (Figure 3-
10 c). We initially, interpreted that this interaction depends upon the ability of RhoA to
become activated but not on the kinase activity of Pftairel. Interestingly, RhoA activity
was undetectable in the absence of Pftairel (Figure 3-13), whereas, RhoA basal levels
were higher in Pftairel knockouts (Figure 3-11).

These results in conjunction with the observed effects of Pftairel deficiency on
axon length is suggestive of a model by which Pftairel regulates outgrowth through its
effects on RhoA. This infers that GTP-RhoA impedes excessive axon outgrowth; thus,

regulates axon phenotype. We speculate that the inactive or not activated RhoA becomes
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upregulated or does not get eliminated in the absence of Pftairel. In spite of the
interaction of active RhoA with Pftairel, our in vitro kinase assay results suggest that GDP
increases phosphorylation of RhoA by Pftairel (Figure 3-14 a). Furthermore, our GLISA
assay results suggest the kinase activity of Pftairel, results in a significant increase in the
activity of RhoA bound GDP (Figure 3-14 b). How might this occur? One possibility is that
under basal circumstances Pftairel interacts with active RhoA and regulates its function.
We show that Pftairel phosphorylates GDP-RhoA on a serine residue. We speculate that
Pftairel may directly phosphorylate RhoA, in vivo, in cortical neurons, as well. We propose
that this leads to an increase in RhoA activity (Figure 3-13), which in turn controls axon
outgrowth. Alternatively, we speculate in Pftaire1 deficient cortical neurons, upregulation
of basal RhoA levels might be in an attempt to compensate for the low basal activity of
RhoA. We speculate that hyperextention of axons in D228N and Pftairel knockouts in
vitro (Figure 3-8 and 3-9) is due to impediment of the negative regulation of RhoA on axon
outgrowth (Sebok, Nusser et al. 1999). However, we need to further investigate this by
determining whether RhoA function can be modulated in the absence of Pftairel to
reverse the axon effects of Pftairel loss. Also, it is necessary to determine if RhoA is able
to rescue the phenotype of knockout-Pftairel cortical neurons.

We have shown that in vitro, Pftairel phosphorylation of RhoA leads to an
increase in RhoA activity. Nevertheless, this neither does rule out the possibility of
Pftairel regulating the pathway of axon outgrowth at different levels nor suggest RhoA
as the universal target for Pftairel. At the moment, we cannot explain how

phosphorylation of RhoA leads to increased activity. Could it be due to a conformational
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change? This is hard to test at this point. One possibility is that in vivo Pftairel may
phosphorylate other targets in addition to RhoA, which in turn could affect RhoA activity.
For instance, we have not tested whether Rho regulating proteins, like GDI or GEFs, are
Pftairel targets. Moreover, we have shown that other Rho GTPase proteins like Cdc42
and Racl physically interact with Pftairel in vitro (Figure 3-10 a and b). However, we do
not know, yet, if any of the Rho GTPase proteins are Pftairel targets. That is important
because any changes in their activity levels could affect RhoA activity due to the fact that

they share most of their regulators.
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Figure 4-1 A proposed model for the mechanism of action of Pftairel

circumstances, Pftairel (black) and RhoA (green) physically interact. Pftairel
phosphorylates (yellow star), GDP-RhoA on a serine residue (yellow-green star), activates
it and regulates axon outgrowth in a negative manner. Potential factors that may be
involved include but are not limited to, are exemplified and demonstrated by question
marks (?) in the blue background. pi (yellow), GDIs (gray), GEFs (purple), other Rho GTPase
proteins, , Cdc42 (red), Racl (pink), GDP to GTP (brown) exchange, also other unknown

factors (???).
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4.3. Conclusion

The role of Pftairel in the development of the CNS is virtually unknown. We are
the first to develop / obtain Pftairel deficient mice and study its effect on axon
outgrowth. Our in vitro data, suggests a role for mammalian Pftairel in axogenesis from
a phenotypic aspect, revealing a hyperextension in axonal length upon inhibition or
absence of Pftairel. Furthermore, our study, confirms a physical interaction between
Pftairel and the small GTPase proteins Racl, Cdc42, and RhoA. RhoA, is known to
negatively regulate axon outgrowth (Sebok, Nusser et al. 1999). Importantly, we showed
that Pftairel phosphorylates GDP-RhoA on a serine residue. We propose that this leads

to an increase in RhoA activity, which in turn controls axon outgrowth.
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Introduction
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sim et all, 2007). In Hne with this cbeervation, samarous stad-
l=s dermomstrated that DI-1 s nearo under oxidative
condfibons (Aleyasim et al., 2007, 2010 Les e al., 2009). The
mechamlsms through which Dl-1 exerts 1= antloxidami-
meuroprobective role are largely undear.

To 1dentify potential D- 1 -Interacting proteins, we performed
an unblased mas speciromesry screem, which Imdicated Yo
Hipps Lindaxa (YHL} prodeim a= a polential Interactisg partner.
VHL 1= 2 ‘tumor-suppressor proteim (Lonser et al,
2003] and 1ts best- known biodhemical rode 15 25 am E3 nbhigquitin-
ligase complex {Lonergan et al., 1952). Une of the best-defined
substrates of VHL is the ar-mbanit of hypoxta-indocble Goor-1
(HIF-lk«), a transcription factor tmportant in the hypoxikc
respomee |(Kamura et al., 2000: Tanimoto et al., 2000]). Usder
mormal levels of cxygem or ROS, HIF-Lx 1s hydroxylated by
prolyl-hydrmoxylase proteins {PHDs: Berma =t al, 20030, nbbqen-
mated by VHL protetn. and fmnally degraded by the proteasome.
Hypoxta or imcreased bevels of BOS, howeser, Inhibit FHL, which
Im ' Ishibtts VHL-medizted degradation of HIF-Lke and in-
duces transoiption of genes tmvolved In cellular adaptation o
hypoxic and exidative siress condition, sach as vascolar endothe-
ltal growth factor (VEGF) amd erythropotetin (EP). Interesi-
Imgly. HIF-ler expresgiom amd It downsiream targels are
downregolated in the 3Nc of PLY braime (Ektner e al, 2001).
Cosrversely, Increase of H1F- 1o amdfor s targeis are protective in
several modsls of PI) (Cenc et al, 2000; Lz ot all, 20090 HIE- L
abo upregulaies tymosine hydromylaze amd increases dopamime
release n PCIZ cells amed et ventral alkc cells: (Ichan-
sem et al, ro00). Given these links of HIF-Lx 1o P1IY and our
chservations that VHL could potentially isteract with TH- 1, we
exploced whether DI-1 could regulate the VHL-HIF patnaay.
Pres=ntly. we provide evidence o support a mods by which DI-1



