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ABSTRACT OF THE DISSERTATION 

 

ROLES OF CARBOXYPEPTIDASE E (CPE) IN REGULATION OF THE MICROTUBULE 

CYTOSKELETON, NEURONAL MIGRATION, AND DENDRITE MORPHOLOGY 

 

By 

CHEN LIANG 

 

Dissertation Director: 

Bonnie L. Firestein 

 

Carboxypeptidase E (CPE) is a member of the M14 metallocarboxypeptidases family 

and is responsible for the proteolytic processing of peptide intermediates in 

endocrine cells and neurons. The importance of CPE in the nervous system has been 

elucidated in recent years. CPE-/- mice display a variety of neuronal deficits, 

including abnormal dendritic structure, spine morphology, and degeneration and 

deficits in learning and memory. It remains unclear whether and how CPE may 

contribute to neurodevelopment in addition to its role in prohormone processing, 

sorting, and transport. In this dissertation, I show that the level of CPE expression in 

mouse brain increases during embryonic and early postnatal development, and I 

demonstrate that it is enriched in and expressed throughout neurons. By 
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overexpressing or knocking down CPE in vivo using the in utero electroporation 

technique, I find that CPE is required for proper cortical neuron migration. In 

hippocampal neuronal cultures, both overexpression and knockdown of CPE result 

in decreased dendrite branching, indicating that a balance of CPE protein level is 

required for proper dendrite morphogenesis. Importantly, I report that the 

interaction between the CPE carboxyl terminus and p150Glued is critical for 

regulation of the subcellular localization of p150Glued, which may in turn affect the 

stability and dynamics of microtubule networks and may be responsible for the 

effects seen from CPE overexpression on dendrite morphology and neuronal 

migration. In addition, I identify a novel function for CPE in regulating tubulin 

polyglutamylation and show that the zinc-binding motif of CPE is required to 

mediate this activity. The role of CPE-mediated tubulin polyglutamylation in 

neuronal migration and dendrite branching is also examined, and my results show 

that this activity is not involved in regulation of these processes. Together, this study 

shows that CPE and its interactor, p150Glued, are important players in 

neurodevelopment. Moreover, the zinc-binding motif of CPE and its function in 

regulating tubulin polyglutamylation play distinctive roles than does the CPE 

carboxyl terminus during early brain development. 
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1. INTRODUCTION TO CPE PROTEIN 

Discovery of carboxypeptidase E (CPE) as a prohormone-processing enzyme 

Carboxypeptidase E (CPE) was first identified as a prohormone-processing enzyme 

in endocrine cells and neurons, where it is responsible for the proteolytic processing 

of peptide intermediates, generating bioactive hormones and neurotransmitters 

(Fricker and Snyder 1982, Hook, Eiden et al. 1982). As a metallocarboxypeptidase, 

CPE hydrolyzes single carboxyl terminal amino acids from polypeptide chains with 

specificity for basic residues lysine or arginine and it does so by coordination with 

zinc ions.  

 

Structure and distribution  

The CPE protein is a member of the N/E subfamily of the M14 family of 

metallocarboxypeptidases (Reznik and Fricker 2001) and is predicted to have the 

following functional domains (reviewed in (Cawley, Wetsel et al. 2012)): a 

zinc-binding site (conserved among M14 family members), a prohormone sorting 

signal binding site, an amphipathic α-helical transmembrane domain, and a 

cytoplasmic tail that interacts with microtubule (MT) binding proteins, such as the 

dynactin complex, dynein, kinesin-2 and kinesin-3 (Goldstein and Yang 2000, 

Berezuk and Schroer 2007). In the bovine pituitary gland, approximately 70% of 

CPE is soluble and 30% is membrane bound. Transmembrane CPE interacts with 

p150Glued, a core component of the dynactin complex (Parkinson 1992). However, a 
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common carboxyl terminal sequence is shared between the soluble and 

transmembrane form of CPE (Parkinson 1992), suggesting that both of them can 

interact with the dynactin complex. Specific interaction of CPE and p150Glued has 

been verified by co-immunoprecipitation in AtT20 cells (Park, Cawley et al. 2008).  

Distribution of CPE protein in various tissues has been studied extensively 

(reviewed in (Cawley, Wetsel et al. 2012)). CPE expression is detected in all major 

areas of the adult rat brain, with high levels of expression in pyramidal neurons of 

the hippocampus (Birch, Rodriguez et al. 1990). Expression patterns of CPE were 

examined by in situ hybridization of brain during rat embryonic development 

(Zheng, Streck et al. 1994). A low level of CPE mRNA is observed at embryonic day 

(E)10, mainly in the mantle layer of the neuroepithelium. Interestingly, expression of 

CPE is detected in neural tissues earlier than other known prohormone convertases, 

such as PC1 and PC2, indicating an unknown function of CPE at this developmental 

stage. As neurogenesis proceeds, CPE expression is observed in most brain regions 

and some peripheral tissues at a high level.  

 

Functions in the nervous system 

In addition to its carboxypeptidase activity, CPE function is far more complicated. 

Recent studies have reported its non-enzymatic functions in the endocrine and 

nervous systems, including prohormone sorting (Loh, Maldonado et al. 2002, 

Dhanvantari, Shen et al. 2003, Lou, Kim et al. 2005) and vesicle transport (Oiso, 



 

 

4

Takeda et al. 2009, Zhang, Li et al. 2009, Lou, Park et al. 2010). Prohormones and 

neuropeptide precursors synthesized at the rough endoplasmic reticulum are 

transported to the trans-Golgi network (TGN) and subsequently sorted and 

packaged with their processing enzymes into granules to the regulated secretory 

pathway. In this process, CPE can recognize and bind to the sorting motifs of the 

peptide intermediates (Loh, Maldonado et al. 2002, Dhanvantari, Shen et al. 2003, 

Lou, Kim et al. 2005). In order to reach the secretion site, the granules are 

transported by MTs and motors, in which CPE is also involved by directly binding to 

motor protein complexes as mentioned earlier (Goldstein and Yang 2000, Berezuk 

and Schroer 2007). One neuropeptide sorted and transported by CPE is 

brain-derived neurotrophic factor (BDNF). Disruption of CPE binding to 

BDNF-containing vesicles results in reduced BDNF localization to neurites of 

hippocampal neurons (Lou, Kim et al. 2005, Park, Cawley et al. 2008).  

Furthermore, recent studies suggest a neuroprotective role of CPE (Koshimizu, 

Senatorov et al. 2009). CPE acts extracellularly as a neurotrophic factor to protect 

neurons against oxidative stress-induced degeneration through Extracellular 

Signal-regulated Kinase (ERK) and AKT pathways (Cheng, Cawley et al. 2013). A 

single nucleotide polymorphism in the CPE gene was also discovered and in vitro 

studies suggest the loss of neuroprotective function with this mutation (Cong, Cheng 

et al. 2017). 
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Studies in mouse models and human 

The importance of CPE function in the brain has been further supported by studies 

on CPE-/- mice and humans. The knockout mice exhibit aberrant dendritic 

architecture and spine morphology, deficits in learning and memory, and 

neurodegeneration under stress (Woronowicz, Koshimizu et al. 2008, Woronowicz, 

Cawley et al. 2010). Studies on a spontaneous mutant mouse model, Cpefat/fat, which 

lacks CPE enzymatic activity due to a point mutation in the Cpe gene (Coleman and 

Eicher 1990, Fricker, Berman et al. 1996), revealed anxiety and depressive-like 

behaviors in these mice (Rodriguiz, Wilkins et al. 2013). Similarly, a truncation 

mutation of CPE was identified in a morbidly obese human female with intellectual 

disability (Alsters, Goldstone et al. 2015), suggesting that this protein plays a role in 

brain function in both species. 

More recently, a new mutation in the CPE gene from a patient with Alzheimer’s 

Disease was identified and examined in cell culture and transgenic mice (Cheng, 

Cawley et al. 2016). Their findings indicate this human CPE mutation may be 

involved in Alzheimer’s related neurodegeneration, memory deficits and depression. 

 

  



 

 

6

2. INTRODUCTION TO P150GLUED AND MOTOR PROTEINS 

Structure and binding partners of p150Glued 

Dynactin is a multi-subunit protein complex, of which p150Glued is the largest 

subunit and binds directly to MTs and motors. It is a binding partner and regulator 

of dynein, a retrograde motor protein, and it is indispensible for the functional 

motor activity of dynein (Schroer 2004). 

p150Glued, otherwise called DCTN1 or Dynactin p150, contains a 

cytoskeleton-associated protein Glycine-rich (CAP-Gly) motif within its amino 

terminus, which can interact directly with MTs and the MT plus-end binding protein 

EB1 (Berrueta, Tirnauer et al. 1999, Askham, Vaughan et al. 2002), one coiled-coil 

domain in the middle region, which provides binding platform for dynein and other 

motor proteins, such as kinesin family motors (Blangy, Arnaud et al. 1997, Deacon, 

Serpinskaya et al. 2003), and a second coiled-coil domain within the carboxyl 

terminus, which is less well defined but may be required for association with Arp1 

(McGrail, Gepner et al. 1995, Waterman-Storer, Karki et al. 1995), another subunit of 

the dynactin complex.  

 

Function in cargo transport  

Dynein is the major molecular motor responsible for cargo transport along the MT 

track towards the minus-end, while kinesins mediate transport towards the 

plus-end of MTs. In peptidergic neurons, neuropeptides, such as BNDF, are packaged 
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into dense-core vesicles and transported to secretion sites in axons and dendrites, 

and excess vesicles can be retrogradely transported back to the cell body (Kwinter, 

Lo et al. 2009). Through direct interaction with motors, dynactin is involved in 

coordination of the bi-directional cargo transport by regulating dynein-mediated 

retrograde transport, and anterograde transport mediated by kinesin-2 (King and 

Schroer 2000, Berezuk and Schroer 2007). p150Glued is required for the initiation of 

dynein-mediated vesicular transport (Lloyd, Machamer et al. 2012, Moughamian 

and Holzbaur 2012) and may also regulate the processivity of dynein and kinesin-2 

(Berezuk and Schroer 2007).  

 

Function in MT anchoring and cell cycle regulation 

In addition to regulation of motor activities, dynactin functions at the centrosome to 

anchor MTs and recruit cell cycle regulators independent of dynein (Quintyne, Gill et 

al. 1999, Quintyne and Schroer 2002). Loss of p150Glued at the centrosome results in 

delay in S phase entry without affecting dynein motility or its recruitment to the 

centrosome (Quintyne and Schroer 2002). The localization of p150Glued at the 

centrosome is also cell cycle-dependent (Chen, Syu et al. 2015). Specifically, 

p150Glued is concentrated at the mother centriole during G1/S phase, released 

towards the MT minus-end during G2/M stage, and extends to the mitotic spindle 

when the cell enters into mitosis.  
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Function in maintaining MT stability 

In addition, p150Glued also accumulates at MT plus-ends, where it forms a complex 

with CLIP-170 and EB1 (Ligon, Shelly et al. 2006). Recent studies found that 

full-length p150Glued, otherwise called p150Glued isoform 1A, is an anti-catastrophe 

factor that enhances MT stability by binding both to MTs and to tubulin dimers 

(Lazarus, Moughamian et al. 2013). In adult animal tissues, p150Glued 1A is expressed 

specifically in neurons, while alternatively spliced isoforms of p150Glued are found in 

both neurons and other cell types. Mutations in the dynactin gene (DCTN1), 

encoding p150Glued, are associated with Perry syndrome, characterized by 

early-onset Parkinsonism, depression, weight loss, and hypoventilation (Farrer, 

Hulihan et al. 2009, Wider, Dachsel et al. 2010), and one of the causal mutations for 

Perry syndrome present in p150Glued abolishes this anti-catastrophe activity 

(Lazarus, Moughamian et al. 2013). 

 

Involvement in neuronal migration  

During neuronal migration, the dynein/dynactin complex is thought mediate nuclear 

movement, but where and how the complex exerts its effects has not been 

well-defined. Current models suggest that the dynein/dynactin complex may 

associate with the nuclear membrane and generate a pulling force to power the 

forward movement of nuclei, or alternatively, the complex may interact with the 

distal cell cortex to allow the nucleus and the associated centrosome to be pulled 
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along MTs (reviewed in (Tsai and Gleeson 2005, Marin, Valiente et al. 2010)). Some 

of the interactors and regulators of the dynein motor complex, such as Lis1 and 

Ndel1, have been studied extensively and shown to play important roles in the 

nucleus and centrosome coupling of migrating neurons (Smith, Niethammer et al. 

2000, Dujardin, Barnhart et al. 2003, Li, Lee et al. 2005, Tsai, Bremner et al. 2007). 
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3. POST-TRANSLATIONAL MODIFICATIONS OF TUBULIN AND MTS 

MTs are the largest component of cytoskeleton in eukaryotic cells. Assembled from 

α-tubulin and β-tubulin dimers, MTs are highly dynamic and undergo cycles of 

polymerization and depolymerization. They are involved in intracellular transport, 

cell cycle, morphology and motility, and all of these functions are largely dependent 

on MT “dynamic instability” (Mitchison and Kirschner 1984). To achieve diversity 

and complexity in function, the dynamics of MTs have to be controlled precisely. One 

of the most important controllers is post-translational modification (PTM) of 

tubulins and MTs. 

PTM was first described in 1973 as the incorporation of tyrosine into the 

carboxyl terminus of α-tubulin by an RNA-independent enzyme (Barra, Rodriguez et 

al. 1973). Various types of tubulin modifications have been discovered since then, 

but correlating the temporal and spatial unique “codes”, generated by different 

tubulin modifications, and the specific cellular function of MTs still remains a 

challenge. Here, in this dissertation, the work focuses on the major PTMs: 

detyrosination and tyrosination, acetylation and deacetylation, and 

polyglutamylation. 

 

Detyrosination and tyrosination 

Detyrosination preferentially targets MTs rather than tubulin dimers (Gundersen, 

Khawaja et al. 1987). The enzyme that catalyzes the removal of terminal tyrosine 
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(detyrosination) is still unknown, but may be a member of the cytosolic 

carboxypeptidase (CCP) family (Kalinina, Biswas et al. 2007, Rodriguez de la Vega, 

Sevilla et al. 2007). Detyrosinated tubulins are subsequently tyrosinated by the 

tubulin tyrosine ligase (TTL) (Raybin and Flavin 1977), completing a 

detyrosination/tyrosination cycle. A complex network of detyrosinated tubulins and 

tyrosinated tubulins provide cues for MT interacting proteins, including the 

plus-end binding protein (+TIP) p150Glued and CLIP-170 (Bieling, Kandels-Lewis et 

al. 2008), which bind more efficiently to tyrosinated tubulins than detyrosinated 

tubulins. Detyrosination/tyrosination may also affect the functions of motor protein 

kinesins (Konishi and Setou 2009, Peris, Wagenbach et al. 2009, Ghosh-Roy, 

Goncharov et al. 2012), although a direct correlation remains unclear. 

 

Acetylation and deacetylation 

Although several acetylases (αTAT1, ELP3, ARD-1NAT1, GCN5) and deacetylases 

(HDACs, SIRTs) have been characterized (Witt, Deubzer et al. 2009, Akella, Wloga et 

al. 2010, Shida, Cueva et al. 2010, Perdiz, Mackeh et al. 2011, Yao and Yang 2011, 

Kalebic, Sorrentino et al. 2013), the regulation and function of acetylation on MTs 

are still not well understood. Acetylated-tubulin has long been considered as a 

marker of stable MTs; however, there is little direct experimental evidence indicating 

a correlation between acetylation and MT stabilization (reviewed in (Janke and 

Bulinski 2011)). Like other types of PTMs, MT acetylation can also affect protein 
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interaction with MTs and motor protein function (reviewed in (Song and Brady 

2015)). 

 

Polyglutamylation 

Polyglutamylation of tubulins was first described in mouse brain tissues (Edde, 

Rossier et al. 1990), and represents a major PTM in the brain (Audebert, Koulakoff 

et al. 1994). Since 2005, several polyglutamylases have been identified as members 

of the tubulin tyrosine ligase-like (TTLL) protein family (Janke, Rogowski et al. 2005, 

Ikegami, Mukai et al. 2006, van Dijk, Rogowski et al. 2007). Depending on the 

preference of the specific enzyme, glutamates can be added onto a Glu residue in the 

carboxyl terminus of either α-tubulin or β-tubulin, initiating side chains or 

elongating existing chains to variable lengths (van Dijk, Rogowski et al. 2007). Other 

players controlling side chain length are the deglutamylases, which are 

characterized as members of the cytosolic carboxypeptidase (CCPs) family (Kalinina, 

Biswas et al. 2007, Rodriguez de la Vega, Sevilla et al. 2007). CCPs share a conserved 

zinc-binding motif, which is a consensus sequence within the M14 carboxypeptidase 

family that CPE belongs to (Gomis-Ruth, Companys et al. 1999). Similar to 

polyglutamylases, CCPs differ in their specificity for substrates and reaction, either 

shortening long side chains or removing the branch point glutamates from α-tubulin 

or β-tubulin (Rogowski, van Dijk et al. 2010). 

Functionally, generating variable polyglutamyl chain length contributes to the 
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regulation of protein binding affinity to MTs. For example, the 

microtubule-associated proteins (MAP) Tau, MAP1B and MAP2, as well as kinesin 

motors, bind to MTs modified with three glutamyl units most efficiently, while the 

relative affinity decreases with a shorter or longer chain length (Boucher, Larcher et 

al. 1994, Larcher, Boucher et al. 1996, Bonnet, Boucher et al. 2001). More recently, 

quantitative evidence was provided to describe the graded control of spastin binding 

to MTs and its MT severing activity by polyglutamylation (Valenstein and Roll-Mecak 

2016). In specific, modulation of spastin activity by polyglutamylation is biphasic 

and is sensitive to glutamyl chain length. 

Together, various patterns of polyglutamylation can be generated on MTs and 

converted to sophisticated signals, conferring specificity to MAPs and motor 

proteins. Therefore, it is crucial to understand the spatial and temporal regulation of 

polyglutamylation. 

 

Roles of PTMs in undifferentiated cells and neurons 

In proliferating cells, tubulin detyrosination, acetylation, and polyglutamylation vary 

during the cell cycle. That is, they are enriched in the mitotic spindles and centrioles, 

and the net level of polyglutamylation increases during mitosis (Gundersen and 

Bulinski 1986, Piperno, LeDizet et al. 1987, Bobinnec, Moudjou et al. 1998, Regnard, 

Desbruyeres et al. 1999). Current experimental evidence indicates the involvement 

of PTMs, especially polyglutamylation, in regulating cell cycle and maintaining 
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centriole integrity (reviewed in (Janke and Bulinski 2011)). 

PTMs are most abundant in neurons (Janke and Bulinski 2011). Increased MT 

acetylation occurs during neuronal differentiation, and reduction of 

acetylated-tubulin results in defective cortical migration and dendrite branching 

(Falconer, Vielkind et al. 1989, Creppe, Malinouskaya et al. 2009). Moreover, 

knockdown of a β-tubulin specific polyglutamylase, TTLL7, results in decreased 

polyglutamylation levels and reduced MAP2-positive neurite outgrowth (Ikegami, 

Mukai et al. 2006). Studies in mouse models with deficiency in polyglutamylation 

revealed an involvement of polyglutamylation in synaptic function and neuronal 

degeneration. ROSA22 mice that lack a functional PGs1 subunit of the tubulin 

polyglutamylase complex display impaired KIF1A-based synaptic transport (Ikegami, 

Heier et al. 2007). Purkinje cell degeneration (pcd) mice that lack a functional 

deglutamylase CCP1 display neuronal degeneration (Mullen, Eicher et al. 1976, 

Greer and Shepherd 1982), which can be rescued by downregulation of 

hyperglutamylation caused by the lack of CCP1 (Rogowski, van Dijk et al. 2010). In 

addition, during postnatal brain development, glutamylated α-tubulin is abundant at 

early stages, while glutamylated β-tubulin is found at lower levels in young neurons 

and increases during development (Audebert, Koulakoff et al. 1994), which may 

indicate a role for polyglutamylation in stabilizing MTs and the extension of stable 

neurites.  
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4. INTRODUCTION TO BRAIN DEVELOPMENT AND DISORDERS 

Functional connectivity between neurons in the brain depends on where neurons 

are positioned and how their dendrites are shaped during development. Abnormal 

neuronal migration and dendrite patterning may result in brain disorders. Often, 

aberrant brain structure results from improper function or expression of a complex 

of proteins rather than of a single protein. Thus, studying the interaction between 

multiple proteins that regulate neuronal development will aid in our understanding 

of processes that result in abnormal brain function. Here, we mainly focus on the 

differentiation, migration and morphogenesis of excitatory pyramidal neurons. 

 

Cortical Development 

Neurogenesis 

As depicted in Figure 1 (reproduced from (Woodworth, Custo Greig et al. 2012)), 

during development of the cerebral cortex, lower layer pyramidal neurons are 

generated in the ventricular zone (VZ), a proliferative neuroepithelial region that 

lies adjacent to lateral ventricles, and upper layer neurons are generated in the 

subventricular zone (SVZ), another proliferative compartment in between the VZ 

and the intermediate zone (IZ) (reviewed in (Dehay and Kennedy 2007)). Radial 

glial cells, the neural progenitors, divide within the VZ to generate both postmitotic 

neurons and intermediate progenitor cells. Intermediate progenitor cells then divide 

within the SVZ to give rise to pairs of postmitotic neurons (Noctor, 
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Martinez-Cerdeno et al. 2004).  

Neuronal migration 

The newly born neurons migrate towards the pial surface following an inside-out 

pattern (Figure 1): later-born neurons migrate and pass earlier-born neurons to the 

cortical plate (CP) and reside more superficially in the CP, while earliest-born 

neurons reside in the deep layers of the cortex (Angevine and Sidman 1961, Rakic 

1974). The mammalian cerebral cortex consists of six layers, and neurons in 

different layers connect to distinct regions of the brain or spinal cord. Thus, 

disrupting their positioning may disrupt proper neuronal network circuitry and lead 

to defects in the functions of the cortex. 

Three modes of radial migration have been described, including somal 

translocation, multipolar migration, and glial-guided radial migration or locomotion. 

Earliest-born neurons leave the progenitor cell pool by somal translocation with a 

leading process inherited from the radial progenitor cell (Miyata, Kawaguchi et al. 

2001, Nadarajah, Brunstrom et al. 2001). Later-born neurons move through the SVZ 

towards the IZ in a distinct multipolar migration mode (Tabata and Nakajima 2003). 

These newly differentiated neurons possess multipolar morphology with neurites 

extending in random directions, and they undergo transition to bipolar morphology 

when they move through the SVZ to the IZ (Noctor, Martinez-Cerdeno et al. 2004) 

(Figure 2B, reproduced from (Sakakibara and Hatanaka 2015)). The multipolar to 

bipolar transition is critical for neuronal polarization and subsequent glial-guided 
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radial migration, and it relies heavily on MT dynamics (reviewed in 

(Ohtaka-Maruyama and Okado 2015)). Indeed, reduction or complete loss of Lis1 

protein, which is associated with MTs and the centrosome and involved in 

maintaining MT stability, results in the accumulation of multipolar cells in the IZ and 

failure in neuronal migration to the CP (Tsai, Chen et al. 2005, Youn, Pramparo et al. 

2009).  

Bipolar cells possess a thick leading process pointing towards the pial surface 

and a thin trailing process pointing in the opposite direction and migrate along the 

radial glial fiber towards their final destinations in the CP (Noctor, Martinez-Cerdeno 

et al. 2004). This is called glial-guided radial migration or locomotion, which is the 

most standard movement of pyramidal neurons (Rakic 2006). It consists of three 

major steps: leading process extension, nucleokinesis (the forward movement of the 

nucleus), and rear end retraction (Sakakibara, Ando et al. 2013).  

Neuronal migration is regulated by a variety of extracellular molecules, 

including BDNF, Ephrin-B1, and Reelin. (Ringstedt, Linnarsson et al. 1998, 

D'Arcangelo, Homayouni et al. 1999, Hiesberger, Trommsdorff et al. 1999, Assadi, 

Zhang et al. 2003, Beffert, Weeber et al. 2004, Gonzalez-Billault, Del Rio et al. 2005, 

Dimidschstein, Passante et al. 2013, Ortiz-Lopez, Vega-Rivera et al. 2017). 

Importantly, neuronal migration is also regulated intrinsically by cytoskeletal 

components. A network of MTs and associated proteins plays a critical role in 

leading process extension and nucleokinesis (reviewed in (Valiente and Marin 2010, 
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Jiang and Nardelli 2016)). Time-lapse imaging studies show that the centrosome is 

positioned in front of the nucleus during migration, and different models have been 

proposed to explain how the nucleus is pulled towards the leading edge (Tanaka, 

Serneo et al. 2004, Tsai and Gleeson 2005). Although the underlying mechanisms are 

not yet clear, the centrosome is generally thought to be critical in coupling the cell 

cortex and the nucleus (N-C coupling). Cytoplasmic MTs extend from the centrosome 

anteriorly to the leading edge and posteriorly to the nucleus. Upon dynamic changes 

to MTs, the centrosome advances into the leading process, and subsequently, the 

nucleus translocates forward. Several MAPs and motor proteins regulate 

nucleokinesis. For example, Lis1 and doublecortin (DCX) stabilize MTs and maintain 

N-C coupling in coordination with dynein (Smith, Niethammer et al. 2000, Bai, 

Ramos et al. 2003, Tanaka, Serneo et al. 2004, Tsai and Gleeson 2005, Tsai, Bremner 

et al. 2007). In addition, PTMs of MTs contribute to the regulation of neuronal 

migration by modulating protein interactions with MTs (Umeshima, Hirano et al. 

2007, Baudoin, Alvarez et al. 2008). Therefore, perturbations in MT stability or MT 

anchoring to the centrosome, N-C coupling, or localization of the dynein motor 

complex may result in disrupted migration.  

 

Dendrite morphogenesis and function 

After bipolar neurons reach their postmigratory destination, they differentiate into a 

multipolar morphology (Takano, Xu et al. 2015). The trailing process of a migrating 
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neuron eventually develops into an axon, and the leading process becomes the 

dendritic arbor. Dendrites differ from axons in many aspects. For example, axons 

only have plus-end oriented MTs, whereas dendrites contain MTs in mixed 

orientations, facilitating their highly branched dendritic tree (Baas, Deitch et al. 

1988, Burton 1988, Baas, Black et al. 1989, Baas and Lin 2011). In addition, 

dendrites are enriched in endoplasmic reticulum and the Golgi complex, which are 

transported by the minus-end MT motor dynein and contribute to dendrite growth 

(Horton, Racz et al. 2005, Cui-Wang, Hanus et al. 2012). As dendritogenesis proceeds, 

new branches form, are pruned, and mature to shape a complex dendritic tree. Even 

in adult life, dendritic arbors are dynamic structures and constantly change in 

response to environmental cues, neuronal activities, and stress and injury (reviewed 

in (Copf 2016)). 

In cultured rodent hippocampal neurons, multiple neurites extend during the 

first 2 days after plating, and axons are specified at approximately day in vitro (DIV) 

3 (Figure 2A, reproduced from (Sakakibara and Hatanaka 2015)). The remaining 

neurites then develop into primary dendrites and continue to grow until at least DIV 

10. Secondary and higher order dendrites begin to extend from DIV 6 through DIV 

12 and are pruned after DIV 12 until 3 weeks in culture (Dotti, Sullivan et al. 1988, 

Akum, Chen et al. 2004). 

Proper development of dendrite morphology, including shape, size, and 

patterning of the dendritic arbor, is critical for many aspects of neuronal function, 
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such as the number and type of synapses that will be formed along the dendrites, 

electrical properties of a neuron, and the positioning of a particular signal (London 

and Hausser 2005, Spruston 2008). The regulation of dendrite morphogenesis has 

been studied extensively both in vivo and intro. Molecules that shape the dendritic 

tree include transcription regulators, neurotrophic factors and receptors, 

cytoskeletal regulators and motors proteins, cell adhesion molecules, and other 

proteins involved in RNA localization and translation (reviewed in (Copf 2016)). For 

instance, brain-derived neurotrophic factor (BDNF), one of the major neurotrophic 

factors, increases proximal dendrites in pyramidal neurons (McAllister, Lo et al. 

1995, Horch, Kruttgen et al. 1999). The effect is dependent on CREB-activated 

expression of cypin (cytosolic PSD-95 interactor), a protein that influences dendrite 

morphogenesis by regulating MT assembly (Akum, Chen et al. 2004, Kwon, 

Fernandez et al. 2011). The MT motors dynein and kinesins play a role in neurite 

outgrowth by functioning in cargo transport (Hoogenraad, Milstein et al. 2005, 

Sachdev, Menon et al. 2007, Satoh, Sato et al. 2008, Braunstein, Eschbach et al. 2010). 

Spastin, a MT-severing protein, also influences neurite outgrowth by regulating MT 

dynamics (Riano, Martignoni et al. 2009, Zhang, Li et al. 2012). Although a variety of 

factors control dendrite morphology, their endpoint of control is often cytoskeletal 

reorganization, emphasizing the importance of understanding the role of the MT 

network and its regulators in development. 
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Developmental defects and brain disorders 

Various brain disorders have been linked to altered neurogenesis, neuronal 

migration, and post-migratory development (Barkovich, Guerrini et al. 2012). 

Impaired neuronal migration may result in brain malformations, such as 

lissencephaly, characterized by “smooth brain.” Several genes involved in MT 

polymerization and nuclear and centrosome movement, including LIS1, DCX, RELN, 

DYNC1H1 and a subset of tubulin encoding genes, are responsible for these 

disorders (reviewed (Mirzaa and Paciorkowski 2014)). Since these genes are 

involved in multiple processes during cortical development, the disorders may 

result from a combination of abnormalities. Moreover, defects in interneuron 

migration may disrupt the excitatory/inhibitory balance of neural circuitries and 

result in psychiatric disorders, such as depression, anxiety, and schizophrenia (Di 

Cristo 2007). 

Alterations in dendrite morphology have been observed in a number of 

neurodevelopmental disorders (reviewed in (Kulkarni and Firestein 2012)). Patients 

with autism spectrum disorders display decreased dendrite branching and 

increased spine density in the hippocampus (Raymond, Bauman et al. 1996, Hutsler 

and Zhang 2010), and neurons of patients with schizophrenia or Down syndrome 

show reduced dendritic arbor and spine density in different brain regions 

(Takashima, Ieshima et al. 1989, Becker, Mito et al. 1991, Garey, Ong et al. 1998, 

Glantz and Lewis 2000, Broadbelt, Byne et al. 2002, Kolluri, Sun et al. 2005, Hill, 
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Hashimoto et al. 2006). Given that many of the autism and schizophrenia high-risk 

genes actually regulate dendrite morphogenesis, it has been proposed that dendrite 

morphology may be essential in the etiology of neurodevelopmental disorders (Copf 

2016). 
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Figure 1. Neurogenesis and neuronal migration in the developing mouse 

neocortex 

The schematic depicts the generation of cortical projection neurons and their 

migration to different cortical layers. Starting at E11.5, radial glial cells (RG), neural 

progenitors, divide within the ventricular zone (VZ) to generate both postmitotic 

neurons and intermediate progenitor cells (IP). IPs then migrate and divide within 

the subventricular zone (SVZ) to produce a pair of postmitotic neurons. These newly 

born neurons, from both VZ and SVZ, migrate along radial glial fibers to reach their 

final destinations in the cortical plate (CP). Distinct subtypes of projection neurons 

are born sequentially during neurogenesis and migrate to cortical layers following 

an “inside-out” fashion: later-born neurons migrate and surpass earlier-born 

neurons and reside more superficially in the CP, while earlier born neurons reside in 



 

 

24

the deep layers of the cortex. CR, Cajal-Retzius cell; SP, subplate neuron; CThPN, 

corticothalamic projection neuron; CPN, callosal projection neuron; DL, deep layer 

(layers V and VI); oRG, outer radial glia; UL, upper layer (layers II/III and IV); NE, 

neuroepithelial cell; GC, granule cell. The schematic is reproduced from Woodworth 

et al., 2012. 
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Figure 2. Stages of neuronal development in vitro and in vivo 

Neuron developmental stages. A. In hippocampal neuron cultures, dendrites 

undergo 5 stages of development: Stage 1, formation of filopodia and lamellipodia in 

immature neurons; Stage 2, outgrowth of multiple minor neurites from the cell body; 

Stage 3, axon specification and extension; Stage 4, dendrite elongation and active 

branching; Stage 5, formation of spines and synapses. B. During embryonic brain 

development, (I) Immature neurons are generated in the ventricular zone (VZ) and 

subventricular zone (SVZ) and gain multipolar morphology; (II) A new process 

extends and becomes the axon; (III) Other neurites become dendrites and transform 

into a pia-directed leading process, and neurons gradually become bipolar; (IV) 
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Bipolar neurons migrate toward the pial surface and mature after reaching their 

final destination. The schematic is reproduced from Sakakibara and Hatanaka, 2015. 
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CHAPTER I: 

THE ROLES OF CPE AND ITS INTERACTOR, P150GLUED, IN REGULATION OF THE 

MICROTUBULE CYTOSKELETON, NEURONAL MIGRATION, AND DENDRITE 

MORPHOLOGY
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ABSTRACT 

Higher brain functions rely on proper development of the cerebral cortex, including 

correct positioning of neurons and dendrite morphology to ensure functional 

neuronal circuitry. Disruptions in the regulation of these processes may result in 

various neuropsychiatric disorders. Roles for carboxypeptidase E (CPE) in the 

nervous system have been reported, and mutations in the CPE gene have been linked 

to depression and intellectual disability. However it remains unclear whether CPE is 

involved in early brain development, and in turn, contributes to the pathophysiology 

of neuropsychiatric disorders. In this chapter, we investigate the expression profile 

of CPE in the developing mouse brain and explore the functional significance of the 

interaction between CPE and p150Glued. Our results show that in COS-7 cells, 

overexpression of CPE redistributes p150Glued from the centrosome through 

interaction of p150Glued with the carboxyl terminus of CPE. Using in utero 

electroporation, we demonstrate that CPE is required for cortical neuron migration 

during embryonic development in a p150Glued-dependent manner. In hippocampal 

neuronal cultures, both overexpression and knockdown of CPE result in decreased 

dendrite branching, suggesting that a balance of CPE levels is required for proper 

dendritogenesis. In summary, Chapter I identifies functions for CPE during early 

brain development and a potential involvement for CPE in the development of 

neuropsychiatric diseases. In addition, a model depicting the impact of CPE and 

p150Glued interaction in neurodevelopment is proposed.  
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INTRODUCTION 

Functional connectivity between neurons in the brain depends on where the 

neurons are positioned and how their dendrites are shaped during development. 

Abnormal neuronal migration and dendrite patterning may result in a various 

neurocognitive disorders due to developmental defects. Often, aberrant brain 

structure results from improper function or expression of a complex of proteins 

rather than of a single protein. Thus, studying the interaction between multiple 

proteins that regulate neuronal development will aid in our understanding of 

processes that result in abnormal brain function. 

Carboxypeptidase E (CPE) was identified as a prohormone-processing enzyme 

(Fricker and Snyder 1982, Hook, Eiden et al. 1982). Recent studies have reported its 

non-enzymatic functions in the endocrine and nervous systems, including 

prohormone sorting and vesicle transport (reviewed in (Cawley, Wetsel et al. 2012)). 

One neuropeptide sorted and transported by CPE is brain-derived neurotrophic 

factor (BDNF). Disruption of CPE binding to BDNF-containing vesicles results in 

reduced BDNF localization to neurites of hippocampal neurons (Lou, Kim et al. 2005, 

Park, Cawley et al. 2008). The importance of CPE function in the brain has been 

further supported by studies on CPE-/- mice and humans. The knockout mice exhibit 

aberrant dendritic architecture and spine morphology, deficits in learning and 

memory, and neurodegeneration under stress (Woronowicz, Koshimizu et al. 2008, 

Woronowicz, Cawley et al. 2010). Studies on a spontaneous mutant mouse model, 
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Cpefat/fat, which lacks CPE enzymatic activity due to a point mutation in the Cpe gene 

(Coleman and Eicher 1990, Fricker, Berman et al. 1996), revealed anxiety and 

depressive-like behaviors in these mice (Rodriguiz, Wilkins et al. 2013). Similarly, a 

truncation mutation of carboxypeptidase E (CPE) was identified in a morbidly obese 

human female with intellectual disability (Alsters, Goldstone et al. 2015), suggesting 

that this protein plays a role in brain function in both species. 

The mechanism by which CPE regulates neurodevelopment is still poorly 

understood, but one of its binding partners, p150Glued, may play an important role in 

CPE function. The cytoplasmic tail of CPE interacts with p150Glued (Park, Cawley et al. 

2008), the major subunit of the dynactin complex, which binds directly to 

microtubules and motor proteins (reviewed in (Schroer 2004)). Dynactin is involved 

in coordination of bi-directional cargo transport by regulating both retrograde 

transport mediated by dynein and anterograde transport mediated by kinesin-2 

(King and Schroer 2000, Berezuk and Schroer 2007). In addition to regulation of 

motor activities, dynactin functions at the centrosome to anchor microtubules and 

recruit cell cycle regulators (Quintyne, Gill et al. 1999, Quintyne and Schroer 2002). 

Mutations in the dynactin gene (DCTN1), encoding for p150Glued, are associated with 

Perry syndrome, characterized by early-onset Parkinsonism, depression, weight loss, 

and hypoventilation (Farrer, Hulihan et al. 2009, Wider, Dachsel et al. 2010). In 

addition, it was recently reported that full-length p150Glued is a neuron-specific 

anti-catastrophe factor of microtubules, and one of the causal mutations for Perry 
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syndrome present in p150Glued abolishes this anti-catastrophe activity (Lazarus, 

Moughamian et al. 2013). Thus, by regulating microtubule dynamics and molecular 

motors, p150Glued, may play a role in proper brain structure and function. 

As such, understanding the roles of CPE and p150Glued and their interaction in 

regulating brain development can provide insight into mechanisms underlying 

neurocognitive and neuropsychiatric disorders, such as major depressive disorder 

and Perry syndrome, as well as potential therapeutic targets these disorders. We 

previously reported the involvement of CPE in mediating Nitric Oxide Synthase 1 

Adaptor Protein (NOS1AP)-mediated decreases in dendritic arborization, but an 

understanding of the mechanism by which CPE itself regulates dendrite branching 

has not been fully elucidated. In addition, since CPE interacts with p150Glued, and 

members of the dynactin complex regulate cortical development (Smith, 

Niethammer et al. 2000, Tai, Dujardin et al. 2002, Dujardin, Barnhart et al. 2003), in 

the current study, we asked whether CPE plays a role in cortical neuron migration. 

We also investigated the effects of CPE overexpression or knockdown on dendrite 

branching and explored the role of its carboxyl terminal interaction with p150Glued in 

mediating these effects. We found that CPE is required for proper cortical neuron 

migration and that intermediate expression of CPE protein is needed to maintain 

dendrite morphology in hippocampal neurons. Furthermore, both of these CPE 

functions are dependent on the carboxyl terminus, and hence, interaction with 

p150Glued. These results underscore the importance of CPE during brain 
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development and suggest that disruption of CPE and p150Glued function may result in 

impaired brain function, such as that observed in patients with major depressive 

disorder and Perry syndrome. 
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METHODS AND MATERIALS 

DNA constructs and RNA interference 

Plasmids encoding rat full-length CPE protein were subcloned into pEGFP-C1 and 

pCAG-GFP vectors. The CPEΔC10 construct was generated by deleting the carboxy 

terminal 10 amino acids of the CPE full-length construct, and CPE-C10 construct 

contains the carboxy terminal 10 amino acids of the CPE full-length construct. 

Mutant forms of CPE (CPEΔC10, CPE-C10) were subcloned into pEGFP-C1 and 

pCAG-GFP vectors. siRNA against CPE and negative control siRNA were purchased 

from Life Technologies (CPE siRNA, Mouse S64324; CPE siRNA Rat S220210; 

negative control #1, cat# 4390743). shRNAs targeting the CPE transcript (5’- 

GGTGGAATGCAAGACTTCA-3’), and an un-related sequence 

(5’-GAGCATTTGTATGAGCGCG-3’) were designed and ligated into the pGE2hrGFPII 

vector (Agilent Technologies). pCAG-IRES-EGFP plasmid (pCIG) was a gift from 

Gabriella D’Arcangelo (Rutgers University) and pCAG-IRES-TagRFP plasmid (pCIR) 

was a gift from Marie-Catherine Tiveron (Institut de Biologie du Développement de 

Marseille, France). 

 

Antibodies and reagents 

Mouse CPE (BD 610758) and mouse MAP2 (BD 556320) primary antibodies were 

purchased from BD Pharmingen. Mouse Dynactin p150Glued antibody (SC-135890) 

was from Santa Cruz. Rabbit anti-pericentrin (ab4448) was from Abcam. Chicken 
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anti-GFP (PA-9533) was from Thermo Fisher. Mouse GAPDH (MAB374) and chicken 

β-III tubulin (AB9354) primary antibodies were from EMD Millipore.  

 

COS-7 cell transfection and immunocytochemistry 

COS-7 cells were plated at 15,800 cells/cm2 on 0.1mg/ml poly-d-lysine-coated 

coverslips and transfected 24hrs after plating with pEGFP-C1, pEGFP-C1-CPE, 

pEGFP-C1-CPEΔC10 or pEGFP-C1-CPE-C10 using Lipofectmine 2000 (Thermo 

Fisher) following the manufacturer’s protocol. Cells were fixed 2 days after 

transfection with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) 

for 15min and immunostained for GFP, pericentrin, and Dynactin p150Glued, followed 

by nuclear staining with Hoechst dye. Coverslips were mounted onto glass slides 

with Fluoromount G (Southern Biotechnology; Birmingham, AL). 

 

Immunofluorescent microscopy and p150Glued localization analysis 

Slides of COS-7 cells were prepared as described above. Images were taken at 600X 

using an Olympus Optical (Tokyo, Japan) IX50 microscope and fluorescent imaging 

system. For assessment of p150Glued localization, a straight line was drawn from one 

side of the cell through the centrosome (positive for pericentrin immunostaining) 

and nucleus (labeled by Hoechst dye) to the other end of the cell. To quantify the 

percentage of p150Glued concentrated on the centrosome, the intensity of p150Glued 

and pericentrin was plotted along the line. p150Glued intensity within the peak of 
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pericentrin was measured (value A), and its intensity within 1 micron away on each 

side was measured (value B). The ratio of A to B was calculated to get the 

percentage of p150Glued localized to the centrosome. 

 

Primary neuronal culture and dendrite branching analysis 

Neuronal cultures were prepared from hippocampi of rat embryos at 18 days of 

gestation as described previously (Firestein, Firestein et al. 1999). Cells dissociated 

from the hippocampi were plated at 10500 cells/cm2 onto 0.1mg/ml 

poly-d-lysine-coated coverslips and maintained in Neurobasal medium (Thermo 

Fisher) supplemented with B27 (Thermo Fisher), GlutaMAX (Thermo Fisher), 

penicillin, and streptomycin. Cultures were co-transfected with pCAG-mOrange and 

indicated CPE constructs or siRNA at day in vitro (DIV) 7 using Lipofectamine LTX 

with Plus (Thermo Fisher), fixed at DIV 10 with 4% PFA in PBS, and immunostained 

for GFP and MAP2. Images of neurons were taken using Olympus Optical (Tokyo, 

Japan) IX50 microscope and fluorescent imaging system, and dendrite morphology 

was assessed as previously described (Kutzing, Langhammer et al. 2010, 

Langhammer, Previtera et al. 2010). 

  

Co-immunoprecipitation and Western blot analysis 

Adult rat cortices were dissected and homogenized in HEPES/Sucrose buffer (20 

mM HEPES (pH 7.5), 320 mM sucrose, 1 mM EDTA, 5 mM DTT, 1 mM PMSF). 
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Neuro2a cells were transfected 24hrs after plating with pEGFP-C1, pEGFP-C1-CPE, 

or pEGFP-C1-CPEΔC10 using Lipofectmine LTX Plus, and then collected and lysed 2 

days after transfection in HEPES/Sucrose buffer. Rat cortical brain extracts and 

Neuro2a cell lysates were centrifuged at 350 x g to pellet unbroken cells or tissue 

debris. The supernatant was collected and centrifuged at 100,000 x g at 4oC for 1hr 

to fractionate cytosolic proteins. Equal amounts of cytosol proteins were 

pre-cleared with protein G agarose (50% slurry (GE Healthcare, Piscataway, NJ)) for 

1 hour and then subjected to immunoprecipitation with monoclonal Dynactin 

p150Glued antibody at 4oC overnight after addition of 0.05% bovine serum albumin 

(BSA) to the protein extract. Samples were then incubated with protein G agarose 

for 1 hour, and immunoprecipitates were washed with buffer (0.1% Triton X-100, 

50mM Tris, PH 7.4, 300mM Nacl, 5mM EDTA, 0.02% NaN3). Proteins were eluted 

with protein loading buffer and resolved by SDS-PAGE, and transferred to PVDF 

membranes. Membranes were probed for GFP or CPE, and Dynactin p150Glued. 

Immunoreactive bands were visualized with HyGlo quick spray (Denville Scientific; 

South Plainfield NJ), and resulting films were quantified with ImageJ software 

(http://rsb.info.nih.gov/ij/; National Institutes of Health, Bethesda, Maryland).  

 

In utero electroporation, immunohistochemistry, and microscopy 

In utero electroporation was performed as we previously described (Carrel, 

Hernandez et al. 2015). Pregnant Swiss mice at gestation day 14.5 (E14.5) were 
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anesthetized with isoflurane. The abdominal cavity was opened to expose the 

uterine horns. 1-3 μl of plasmids (2-2.5 µg/µl) with 1 mg/mL Fast Green (Sigma) 

were microinjected through the uterus into the lateral ventricles of embryos by 

pulled glass capillaries (Drummond Scientific, Broomall, PA). Electroporation was 

performed by placing the heads of the embryos between tweezer-type electrodes. 

Square electric pulses (35 V, 50 ms) were passed five times at 1-s intervals using a 

NEPA21 electroporator (SONIDEL Limited, Dublin, Ireland). Embryos were allowed 

to develop in utero for 3 days after electroporation (until E17.5). Mouse brains were 

dissected and fixed for 48 h in 4% PFA in PBS at 4°C. Brains were cryoprotected in 

30% sucrose in PBS, frozen in PolyFreeze (Sigma), and sectioned coronally at 16 µm 

using a cryostat. Images of fluorescent mouse brain sections were taken on a Zeiss 

Axio Observer.Z1 microscope using a 20× numerical aperture (NA) 0.8 objective, 

with a Clara E CCD Camera (Andor Technology Limited, Belfast, UK). 

 

Neuronal migration analysis 

TagRFP positive cells were counted using the image analysis software ImageJ 

(http://rsb.info.nih.gov/ij/; National Institutes of Health, Bethesda, Maryland). For 

each section analyzed, cortical regions of interest containing positive cells were 

manually selected using Hoechst staining of the nuclei. Then, for each region, we 

used a combination of ImageJ built-in minimum and unsharp mask filters to 

enhance the signal due to fluorescent cell bodies while lowering the signal due to 
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fluorescent processes. Cells were automatically counted as local maxima, while 

keeping the same level of noise tolerance for a given set of experiments (and after 

validation of this level by manual counting of three to four sections). To normalize 

the analysis, we used median sections in a series of sections containing transfected 

cells (two sections per brain at E20, separated by at least 48 mm). Therefore, brains 

that did not meet these two criteria were discarded. 
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RESULTS 

CPE expression in neurons of the developing rodent cortex 

To address the role of CPE in brain development, we examined the expression profile 

of CPE protein at different developmental stages. We studied CPE expression in 

mouse brain from embryonic day (E)12 to postnatal day (P)10, which is a crucial 

time window for positioning of neurons in different layers of the neocortex and in 

single neuron development (Jiang and Nardelli 2016). Cortices from mice at E12, 

E14, E16, P0, P10, and P60-90 were isolated and examined by Western Blot analysis. 

CPE expression is detected as early as E12, and remains stable from E12 to E16. The 

expression level significantly increases from E16 to P0, and P0 to P10. When 

growing into adulthood, CPE protein level drops and maintains at a similar level as 

seen in P0. (Figure I-1A, B). These results suggest that CPE may play an important 

role during embryonic and postnatal brain development. 

To further investigate CPE expression in specific cell types, we dissected brains 

from rats at E18 and immunostained for CPE and neuron-specific class IIIβ-tubulin 

(Tuj1) in the lateral neocortex. We observed that cells expressing high levels of CPE 

protein are, for the most part, positioned in the cortical plate (CP), while cells in the 

intermediate zone (IZ) and ventricular zone (VZ) show much lower CPE expression 

levels (Figure I-1C). Moreover, cells expressing CPE are Tuj1-positive (Figure I-1C), 

indicating that CPE is expressed specifically in neurons of the neocortex. 
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Finally, we examined the subcellular distribution of CPE in cultured primary 

hippocampal neurons. CPE protein is evenly distributed throughout dendrites and 

co-localizes with β-III tubulin (Figure I-1D), suggesting a function for CPE other 

than its previously reported role in vesicle transport (Park, Cawley et al. 2008). 

 

CPE overexpression affects p150Glued localization and are mediated by the 

carboxyl terminus of CPE 

It has been reported that in pituitary corticotrope tumor (AtT20) cells (Park, Cawley 

et al. 2008), CPE interacts with p150Glued, the largest subunit in the Dynactin protein 

complex. To confirm whether this interaction between CPE and p150Glued exists in 

neuronal cells, we performed a co-immunoprecipitation assay using rat brain lysates. 

As expected, p150Glued co-immunoprecipitates with CPE (Figure I-2A,B). In addition, 

CPE is thought to bind to p150Glued via its carboxyl terminus (Park, Cawley et al. 

2008). To confirm that CPE lacking the carboxyl terminal 10 amino acids (CPEΔC10) 

cannot bind to p150Glued，we transfected Neuro2a cells with constructs encoding GFP 

(control), GFP-tagged CPE, or GFP-tagged CPEΔC10. GFP antibody was used to detect 

the presence of GFP-tagged CPE (Figure I-2C). As predicted, CPE 

co-immunoprecipitates with p150Glued, whereas CPEΔC10 does not (Figure I-2D), 

demonstrating that CPEΔC10 can be used to study the involvement of the interaction 

of CPE and p150Glued in CPE function. 
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p150Glued predominantly localizes to the centrosome and is involved in 

anchoring microtubules to the centrosome and recruiting cell cycle regulators 

(Quintyne, Gill et al. 1999, Quintyne and Schroer 2002). Given that CPE interacts 

with p150Glued (Park, Cawley et al. 2008), it is possible that CPE affects the 

subcellular localization of p150Glued, which in turn alters the cytoskeleton and other 

downstream processes. To test this possibility, we overexpressed CPE in COS-7 cells, 

where CPE levels are low, and analyzed the subcellular distribution of p150Glued. 

Centrosomes were labeled by immunostaining of pericentrin, an integral component 

of the pericentriolar material (Doxsey, Stein et al. 1994). In cells expressing GFP, we 

observed abundant co-localization of p150Glued with pericentrin at the centrosome, 

while CPE overexpression results in a significant decrease in the percentage of 

p150Glued localized at the centrosome (Figure I-3A,B). 

We next asked whether the effect of CPE overexpression on p150Glued 

redistribution is dependent on the interaction of p150Glued with the carboxyl 

terminal 10 amino acids of CPE protein (Park, Cawley et al. 2008). Therefore, to 

answer the question, in addition to GFP-tagged CPEΔC10, we generated a construct 

encoding a GFP-tagged CPE protein of only the last 10 amino acids (CPE-C10). We 

hypothesized that expression of GFP-tagged CPEΔC10 would not affect p150Glued 

subcellular distribution, and expression of CPE-C10, serving as a dominant-negative 

control, would lead to a similar phenotype as observed with overexpression of CPE. 

As predicted, localization of p150Glued remains unaltered when CPEΔC10 is 
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expressed, and expression of CPE-C10 results in significantly less p150Glued localized 

to the centrosome, similar to what is observed with CPE overexpression. Taken 

together, these results support our hypothesis that CPE-promoted changes to 

p150Glued localization from the centrosome is dependent on the interaction between 

CPE and p150Glued. 

 

CPE is required for proper cortical neuron migration 

It has been reported that dynactin and associated proteins regulate cortical cell 

radial migration (Tsai and Gleeson 2005). Since CPE associates with p150Glued, we 

investigated whether CPE deficiency alters neuronal migration. Thus, we designed a 

short-hairpin (sh)RNA against CPE to examine the effect of CPE knock down in vivo. 

To test the specificity of the shRNA, we employed both Western blotting and 

immunohistochemistry. Rat cortical neurons expressing CPE shRNA demonstrate a 

50% decrease in CPE levels compared to neurons expressing control shRNA (Figure 

I-4A,B). Immunostaining for CPE in coronal brain sections after in utero 

electroporation (IUE) further support knockdown of CPE in single transfected 

neurons (Figure I-4C). 

To examine cortical neuron migration, we performed IUE in mice at E14.5, 

introducing either CPE shRNA or scramble control shRNA together with cDNA 

encoding red fluorescent protein (RFP) and analyzed the distribution of 
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RFP-positive cells in each cortical area at E17.5. In brain sections from mice 

expressing control shRNA, ~45% of transfected cells migrate to the cortical plate 

(CP), and ~40% of transfected cells are located in the intermediate zone (IZ). In 

contrast, only ~25% of transfected cells reach the CP when CPE is knocked down, 

and a significant amount of transfected cells stall in the IZ (Figure I-5A, B). 

We next tested the role of the carboxyl terminus of CPE in regulating neuronal 

migration. GFP-tagged CPE, CPEΔC10, CPE-C10, or GFP (control) was expressed in 

neural progenitor cells using IUE at E14.5, and neuronal migration was examined at 

E17.5. We observed no change in migration when CPE or CPEΔC10 was expressed. 

However, expression of CPE-C10 results in a significant decrease in the percentage of 

cells reaching the CP (Figure I-5C,D), suggesting that binding of an interacting 

protein, such as p150Glued, may be necessary for proper cortical migration. CPE-C10 

acts in a dominant negative manner and disrupts the binding of p150Glued or another 

protein to CPE. Together, our data suggest that CPE is required for proper cortical 

neuron migration and its carboxyl terminus, and hence interaction with p150Glued, 

may be involved in this process. 

 

CPE-promoted effects on dendrite branching are dependent on its carboxyl 

terminal 

We previously reported that CPE mediates the effect of NOS1AP on dendrite 
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morphology in vitro (Carrel, Du et al. 2009). To further explore possible mechanisms 

underlying CPE regulation of dendrite branching, and specifically whether the effect 

is dependent on interaction with p150Glued, we overexpressed or knocked down CPE 

in primary hippocampal neuronal cultures. Dendritogenesis was examined between 

day in vitro (DIV) 7 and DIV 10, as both primary dendrite extention and higher order 

dendrite formation actively take place during this time window (Banker and Goslin 

1988, Dotti, Sullivan et al. 1988). Cultured hippocampal neurons were co-transfected 

with cDNA encoding mOrange and GFP, GFP-tagged CPE, CPEΔC10, or CPE-C10 at 

DIV 7, and neurons positive for both mOrange and GFP were analyzed for dendrite 

branching at DIV 10. Overexpression of CPE and CPE-C10 result in significantly 

decreased dendrite branching close to soma (0-12μm and 0-18μm, respectively; 

Figure I-6A-C). Overexpression of CPEΔC10 has no effect on dendrite branching, 

suggesting that CPE affects dendrite branching via its carboxyl terminus. 

To knock down CPE protein in cultures, we used a commercially purchased 

siRNA against rat CPE, and its specificity was demonstrated by 

immunocytochemistry (Figure I-6F). Transfected neurons show ~50% reduction in 

CPE protein levels (Figure I-6G). Interestingly, knockdown of CPE results in a 

similar effect on dendrite branching as does overexpression, decreasing dendrite 

branching at a distance of 0-42μm from the soma (Figure I-6D,E). These data 

suggest that a balance of CPE protein levels may be required to maintain proper 

dendritic arborization. Taken together, our results strongly indicate that CPE 
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regulates proximal dendrite branching and that this function is dependent on its 

interaction with p150Glued via it carboxyl terminus. 
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DISCUSSION 

Expression of CPE during embryonic brain development 

CPE expression is detected in all major areas of the adult rat brain (Birch, Rodriguez 

et al. 1990), and its roles in prohormone processing and sorting and vesicle 

transport have been well-studied (reviewed in (Cawley, Wetsel et al. 2012)). In 

addition to the adult nervous system, CPE expression has been reported in 

mammalian embryos (Zheng, Streck et al. 1994, Selvaraj, Xiao et al. 2017). 

Interestingly, studies of CPE expression during mouse brain development show that 

CPE is expressed in neural tissues earlier than other prohormone convertases, such 

as PC1 and PC2, suggesting a distinct role for CPE during embryonic 

neurodevelopment. In this study, we elucidate the expression profile of CPE in 

mouse brain at different developmental stages. In mouse cortices, CPE protein level 

increases during embryonic and early postnatal development with a peak of 

expression at P10, and higher CPE expression is detected in neurons in the CP than 

in the IZ or VZ. At the cellular level, endogenous CPE is evenly distributed 

throughout the soma and neurites, and it co-localizes with β-III tubulin throughout 

the neurites. It was previously reported that overexpressed CPE in hippocampal 

neurons localize in punctate vesicles and mediate vesicle transport (Park, Cawley et 

al. 2008). Our findings suggest CPE may have other functions besides sorting and 

transporting of vesicles in neurons. Taken together, we proposed that CPE might 

contribute to early brain development, and impairments in neuronal positioning and 
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morphology resulted by CPE gene mutations and protein level alterations may be 

etiologic for neuropsychiatric and neurocognitive deficits exhibited in CPE-/- mice 

and Cpefat/fat mice models (Woronowicz, Koshimizu et al. 2008, Rodriguiz, Wilkins et 

al. 2013). In human subject, CPE gene mutation related mental disorders, such as 

dementia and depression in an Alzheimer’s patient with CPE-QQ mutation (Cheng, 

Cawley et al. 2016), and intellectual disability in a morbidly obese female with a 

truncating mutation of CPE (Alsters, Goldstone et al. 2015), may also be explained by 

CPE-mediated neurodevelopment disruptions. 

 

Roles of CPE in cortical development and dendrite morphogenesis 

It has been well-established that abnormalities in cortical neuron migration and 

dendrite morphology may affect higher brain functions, such as learning, memory, 

emotion, and cognition, and may cause psychiatric disorders including depression, 

bipolar disorders, and schizophrenia (Valiente and Marin 2010, Barkovich, Guerrini 

et al. 2012, Brennand, Simone et al. 2012, Kulkarni and Firestein 2012). How do our 

data fit into the current understanding of neurodevelopment and relevant diseases? 

During development of the cerebral cortex, pyramidal neurons are generated by 

neural progenitor cells in the VZ or subventricular zone (SVZ), and migrate towards 

the pial surface. Here, we show that neurons electroporated with a CPE shRNA 

construct fail to migrate to the CP, suggesting that CPE is required for proper 

neuronal migration. Given the fact that CPE overexpression does redistribute 
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p150Glued from the centrosome in COS-7 cells, it is quite surprising that we do not see 

alterations in cortical neuron migration with CPE overexpression in utero. One 

possibility is that the sensitivity of neurons to elevated CPE protein level during 

embryonic development is less than that of neurons in vitro, likely due to the 

existence of complicated regulatory cues for neuronal migration in vivo (Marin, 

Valiente et al. 2010).  

As neurons reach their final destination, they differentiate into a multipolar 

morphology with defined axons and dendritic arbors (Takano, Xu et al. 2015). 

Proper development of dendrite morphology, including shape, size, and patterning 

of the dendritic arbor, is critical for many aspects of neuronal function, such as the 

number and type of synapses that will be formed along the dendrites, electrical 

properties of a neuron, and the positioning of a particular signal (London and 

Hausser 2005, Spruston 2008). In this study, we report that both CPE 

overexpression and knockdown result in decreased dendrite branching close to the 

soma in young hippocampal neuronal cultures, suggesting that a balance of CPE 

protein level is needed to maintain proper dendritogenesis. Previous study in 

14-week-old CPE-/- mice exhibited increased dendritic branching proximal to the 

soma, and decreased branching in distal dendritic arbor (Woronowicz, Cawley et al. 

2010). Our findings further demonstrate the importance of CPE in dendritogenesis, 

and indicate that loss of CPE at different developmental stages may have distinct 

impact on dendrite morphology. Taken together, the defects in neuronal migration 
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and dendritic architecture caused by alterations to CPE protein levels are in line 

with the phenotypes observed in CPE-/- and Cpefat/fat mouse models, and individuals 

with CPE mutations, such as deficits in learning and memory, anxiety and 

depressive-like behaviors, and intellectual disability (Cawley, Zhou et al. 2004, 

Rodriguiz, Wilkins et al. 2013, Alsters, Goldstone et al. 2015, Cheng, Cawley et al. 

2016). 

 

Mechanisms by which CPE regulates cortical development and dendrite 

morphology 

Neuronal migration and dendrite morphogenesis are dependent on continuous 

morphological changes mediated by the cytoskeleton, especially the centrosome and 

microtubule network (reviewed in (Dent 2017, Fukuda and Yanagi 2017)). A 

number of risk genes have been identified for psychiatric disorders, and many are 

involved in cytoskeletal regulation (Copf 2016, Fukuda and Yanagi 2017). p150Glued 

plays an important role in regulating the microtubule network (King and Schroer 

2000, Askham, Vaughan et al. 2002, Deacon, Serpinskaya et al. 2003, Schroer 2004, 

Ligon, Shelly et al. 2006, Berezuk and Schroer 2007, Lloyd, Machamer et al. 2012, 

Lazarus, Moughamian et al. 2013). In the present study, we confirm the interaction 

between the CPE carboxyl terminus and p150Glued in rat brain lysate and identify, for 

the first time, a function for the CPE carboxyl terminus in regulating the localization 

of p150Glued at the centrosome. The observation that CPEΔC10, which does not bind 
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to p150Glued, does not promote changes to dendrite branching caused by CPE 

overexpression strongly suggests an involvement of the CPE-p150Glued interaction in 

mediating the effects of CPE. Moreover, expression of CPE-C10, which may act in a 

dominant negative manner to disrupt the normal interaction between CPE and 

p150Glued, alters p150Glued localization, neuronal migration, and dendrite branching 

to a greater degree than does overexpression of CPE. Multiple lines of evidence from 

previous studies support the idea that p150Glued regulates cortical development and 

dendrite branching, giving further evidence that CPE may act in a 

p150Glued-dependent manner. First, accumulation of p150Glued at the centrosome and 

microtubule plus-end is critical for maintaining microtubule stability and dynamics 

(Quintyne, Gill et al. 1999, Lazarus, Moughamian et al. 2013). Therefore, disrupted 

p150Glued localization may affect microtubule organization, and in turn, alter 

neuronal migration and dendrite branching. The fact that mutations of the DCTN1 

gene, encoding p150Glued, within the glycine-rich (CAP-Gly) domain render the 

affinity of dynactin for microtubules and cause Perry syndrome further supports a 

role for the CPE-p150Glued interaction in neurodevelopmental processes (Farrer, 

Hulihan et al. 2009). Second, several cytoskeletal regulators, such as Disrupted in 

Schizophrenia – (DISC1), regulate cortical migration and are associated with 

psychiatric disorders (Fukuda and Yanagi 2017). In fact, DISC1 is a risk gene for 

various neurodevelopmental disorders, regulates the localization of dynein-dynactin 

complex at the centrosome, and hence, contributes to cortical development (Kamiya, 
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Kubo et al. 2005). Lastly, CPE interacts with p150Glued to recruit motor proteins and 

transport BDNF-containing vesicles, which increases the number of proximal 

dendrites in pyramidal neurons (McAllister, Lo et al. 1995, Horch, Kruttgen et al. 

1999, Kwinter, Lo et al. 2009). 

Taken together, we propose a model (Figure 7) for understanding the 

mechanism underlying CPE-mediated effects on neuronal migration and dendrite 

branching. A balance of CPE-p150Glued protein complex and free CPE protein is 

required to maintain microtubule stability and dynamics, and in turn, to maintain 

proper neuronal migration and dendrite branching. Excess or decreased CPE protein 

levels may disrupt the balance of the CPE-p150Glued interaction and alter proper 

subcellular distribution of p150Glued to the centrosome or microtubules. This results 

in abnormal cytoskeletal function. In summary, our findings provide new insight for 

the functions of CPE during early brain development and potential involvement in 

neuropsychiatric diseases and demonstrate the importance of the interaction 

between the carboxyl terminus of CPE and p150Glued in mediating proper cortical 

neuron migration and dendrite morphogenesis. 
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Figure I-1. Expression profile of CPE in rodent brain 

(A) CPE protein expression increases developmentally in mouse cortex. Proteins 

were extracted from cortices of mice at the indicated developmental ages of 
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embryonic (E), postnatal (P) or adult and were resolved by SDS-PAGE. Proteins were 

transferred to membranes and immunoblotted for CPE and GAPDH. Representative 

blots are shown. (B) Quantitation of CPE expression level. Intensities of CPE bands 

were quantitated and normalized to GAPDH intensities. Ratio of CPE level at 

indicated developmental ages to adult level was taken. Error bars indicate ± S.E.M. 

n=3 for all conditions. †p < 0.0001 (E12, E14 and E16 vs. P0 or P10) as determined 

by one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05 as 

determined by one-way ANOVA followed by Tukey’s multiple comparisons test. (C) 

CPE is expressed predominantly in neurons in the cortical plate (CP). Coronal 

sections of E18 rat lateral neocortex were immunostained with anti-CPE (red) and 

anti-Tuj 1 (neuron-specific Class III β-tubulin; green). Images were taken using 

confocal microscopy. Scale bar = 50μm. VZ, ventricular zone; IZ, intermediate zone; 

CP, cortical plate. (D) Representative images showing endogenous CPE protein 

distribution in rat hippocampal neurons at DIV 10. Neurons were immunostained 

for CPE (green) and β-III tubulin (red). Scale bar = 50μm. 
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Figure I-2. CPE interacts with p150Glued via its carboxyl terminus 

(A) CPE and p150Glued co-immunoprecipitate. Adult rat cortices were homogenized. 

Proteins were extracted and subjected to immunoprecipitation with anti-p150Glued 

or rabbit-IgG. Cortical protein extract (Load), p150Glued immunoprecipitates (IP; 
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p150Glued) and rabbit-IgG immunoprecipitates (IP; IgG) were resolved by SDS-PAGE. 

Proteins were transferred to membrane and immunoblotted for CPE and p150Glued. 

Load represents 5% of extracted proteins. Representative blots are shown. (B) 

Quantitation of CPE band intensities, represented in panel A. Error bars indicate ± 

S.E.M. n=3. *p < 0.05 as determined by paired Student’s t-test. (C) Neuro2a cells were 

transfected with pEGFP (GFP), pEGFP-CPE (CPE) or pEGFP-CPEΔC10 (CPEΔC10) as 

indicated. Cells were lysed after 48 h, cytosolic proteins were collected and 

subjected to immunoprecipitation with p150Glued antibody, and cytosol protein 

extract (Load) or p150Glued immunoprecipitates (IP) were resolved by SDS-PAGE. 

Proteins were transferred to membrane and immunoblotted for GFP and p150Glued. 

Load represents 4% of extracted proteins. Representative blots are shown. (D) 

Quantitation of GFP band intensities for CPE constructs, represented in panel C. 

Error bars indicate ± S.E.M. n=5 for all conditions. *p < 0.05 as determined by 

one-way ANOVA followed by Dunnett’s multiple comparisons test. A.U. = arbitrary 

units. 
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Figure I-3. Overexpression of CPE alters p150Glued localization 

(A) Representative images showing p150Glued localization in COS-7 cells. COS-7 cells 

were transfected with pEGFP (GFP), pEGFP-CPE (CPE), pEGFP-CPEΔC10 (CPEΔC10), 

or pEGFP-CPE-C10 as indicated. Cells were fixed after 48 h and immunostained with 

anti-GFP (green), anti-p150Glued (red), anti-pericentrin (white), and nuclei were 

labeled with Hoechst dye (blue). Scale bar = 10μm. (B) Quantitation of the 

percentage of p150Glued protein (pixels) localized at the centrosome. For each 

independent experiment, 15-25 individual transfected cells of each condition were 

analyzed as described in Methods and Materials. Error bars indicate ± S.E.M. n=4 for 

all conditions. *p < 0.05 as determined by repeated measures ANOVA followed by 

Turkey’s multiple comparisons test. 
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Figure I-4. Knock down of CPE by shRNA in neurons 

(A) CPE shRNA knockdown efficiency in cortical neurons. E18 cortical neurons were 

electroporated with pGE-control shRNA (CTL shRNA) or pGE-CPE shRNA (CPE 

shRNA) before plating using Amaxa Rat Neuron transfection kit. After 96 h, cells 

were lysed, and extracted proteins were resolved using SDS-PAGE. Proteins were 

transferred to membrane and probed with antibodies to CPE and GAPDH. 

Representative blots are shown. (B) Quantitation of CPE protein levels relative to 

control (normalized to GAPDH). Error bars indicate ± S.E.M. n=3. *p < 0.05 by 

Student’s t-test. (C) CPE shRNA knockdown specificity in embryonic neocortex. CPE 

shRNA construct including GFP tag was electroporated into the lateral ventricle of 
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E14.5 mouse and analyzed 3 days later. Transfected cells were GFP-positive (green), 

CPE protein (red) was detected by immunostaining. Representative images of 

coronal sections of the lateral neocortex are shown. GFP-positive cells (marked by 

the dotted circles) in the left image showed low level of CPE protein as 

demonstrated on the right. Scale bar = 25μm. 
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Figure I-5. CPE is required for proper cortical neuron migration 

(A, C) Mice at E14.5 were electroporated in utero with constructs as indicated, and 

brains were analyzed at E17.5. Representative images of coronal brain sections are 

shown for each condition. Red, transfected cells; Blue, Hoechst dye. VZ, ventricular 

zone; IZ, intermediate zone; CP, cortical plate. Scale bar = 50μm. (B, D) Quantitation 

of the percentage of transfected cells in each cortical area. Error bars indicate ± 

S.E.M. n=7, CTL shRNA; n=7, CPE shRNA; n=8, GFP; n=4, CPE; n=5, CPEΔC10; n=6, 
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CPE-C10. ****p < 0.0001 as determined by two-way ANOVA followed by Sidak’s 

multiple comparisons test. *p < 0.05 as determined by two-way ANOVA followed by 

Tukey’s multiple comparisons test. 
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Figure I-6. CPE regulates dendritic arborization in cultured hippocampal 

neurons 

(A) Hippocampal neurons were co-transfected with pCAG-mOrange and pEGFP 

(GFP), pEGFP-CPE (CPE), pEGFP-CPEΔC10 (CPEΔC10), or pEGFP-CPE-C10 (CPE-C10) 

as indicated at DIV 7. Neurons were fixed and immunostained for GFP and MAP2 at 

DIV 10. Neurons positive for both GFP and mOrange were assessed for Sholl analysis. 

Representative mOrange fluorescent images of neurons are shown as inverted black 

images. Scale bar = 50μm. (B) Sholl analysis of neurons overexpressing CPE and 

mutants on dendrite branching. (C) Sholl analysis from (B) within 60μm from soma. 

Error bars indicate ± S.E.M. n (neurons)=95, GFP; n=96, CPE; n=100, CPEΔC10; n=90, 

CPE-C10. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by two-way ANOVA 

followed by Bonferroni multiple comparisons test. (D) Hippocampal neurons were 

co-transfected with pCAG-mOrange and negative control siRNA (CTL siRNA) or CPE 

siRNA as indicated at DIV 7. Neurons were fixed and immunostained for GFP and 

MAP2 at DIV 10. Neurons positive for both GFP and mOrange were assessed for 

Sholl analysis. Representative mOrange fluorescent images of neurons are shown as 

inverted black images. Scale bar = 50μm. (E) Sholl analysis of neurons transfected 

with the indicated siRNA. n=84, CTL siRNA; n=95, CPE siRNA. ***p < 0.001 as 

determined by two-way ANOVA followed by Bonferroni multiple comparisons test. 

(F) Representative images showing CPE siRNA knockdown efficiency in transfected 

neurons. Hippocampal neurons were co-transfected with pCAG-mOrange (red) and 



 

 

64

either CTL siRNA or CPE siRNA at DIV 7, fixed at DIV 10, and immunostained for CPE 

(green). Scale bar = 50μm. (G) Quantitation of CPE fluorescence intensity in the cell 

body of transfected neurons. Error bars indicate ± S.E.M. n=12, CTL siRNA; n=19, 

CPE siRNA. *p < 0.05 as determined by Student’s t-test. 
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Figure I-7. Model of CPE and p150Glued interaction in regulating cortical neuron 

migration and dendrite morphology 

(A) Under normal conditions, CPE regulates p150Glued localization via its carboxyl 

terminus to maintain necessary stability and dynamics of MTs, thus ensuring proper 

cortical migration and dendrite morphology. (B) When CPE protein levels are altered, 

the balance between CPE-p150Glued complexes and free CPE is disrupted, resulting in 

defects in neuronal migration and decreased dendrite branching. 
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CHAPTER II: 

THE ROLES OF CPE IN REGULATION OF TUBULIN POLYGLUTAMYLATION AND 

THE INVOLVEMENT OF THE CPE ZINC-BINDING MOTIF IN NEURONAL 

MIGRATION AND DENDRITE MORPHOLOGY
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ABSTRACT 

Neuronal migration and dendritogenesis are dependent on dynamic changes to the 

microtubule (MT) network. Among various factors that regulate MT dynamics and 

stability, post-translational modifications (PTMs) play a critical role in conferring 

specificity of regulatory protein binding to MTs. Thus, it is important to understand 

the regulation of PTMs during brain development. In this chapter, we identified CPE 

as a regulator of tubulin polyglutamylation, a major PTM in the brain, and we 

examine the impact of CPE-mediated polyglutamylation on cortical neuron 

migration and dendrite morphology. We show, for the first time, that overexpression 

of CPE increases the level of polyglutamylated α-tubulin while knockdown decreases 

it. We also demonstrate that CPE-mediated polyglutamylation activity is dependent 

on the CPE zinc-binding motif and is necessary for CPE action on p150Glued 

localization. However, this activity may not be responsible for CPE-mediated effects 

on neuronal migration and dendrite morphology. Together with the findings in 

Chapter I, our data suggest that the zinc-binding and p150Glued interacting motifs of 

CPE play distinct roles in CPE function.  
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INTRODUCTION 

Carboxypeptidase E (CPE) is a member of the N/E subfamily of the M14 family of 

metallocarboxypeptidases (Reznik and Fricker 2001). It was discovered as a 

prohormone-processing enzyme in endocrine cells and neurons, where it is 

responsible for the proteolytic processing of peptide intermediates, generating 

bioactive hormones and neurotransmitters (Fricker and Snyder 1982, Hook, Eiden 

et al. 1982). CPE hydrolyzes single carboxyl terminal amino acids from polypeptide 

chains with specificity for basic residues, i.e. lysine or arginine, by coordinating with 

zinc ions. In addition to its enzymatic activity, CPE is involved in sorting and 

transporting hormone and neuropeptide intermediates, such as pro-insulin, pro 

brain-derived neurotrophic factor (BDNF), and pro-opiomelanocortin (Loh, 

Maldonado et al. 2002, Dhanvantari, Shen et al. 2003, Lou, Kim et al. 2005). In recent 

years, studies have elucidated the importance of CPE in the nervous system. CPE-/- 

mice display a variety of neuronal deficits, including abnormal dendritic structure 

and spine morphology, neuronal degeneration, and deficits in learning and memory 

(Woronowicz, Koshimizu et al. 2008, Woronowicz, Cawley et al. 2010). A more 

recent study identified a new mutation in the CPE gene from a patient with 

Alzheimer’s disease, suggesting the involvement of this mutation in 

Alzheimer’s-related neurodegeneration, memory deficits, and depression (Cheng, 

Cawley et al. 2016). 
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Microtubules (MTs) and microtubule-associated proteins (MAPs) play crucial 

roles in establishing proper neuronal morphology, intracellular transport, and 

migration in the cortex and hippocampus (Penazzi, Bakota et al. 2016). To achieve 

diversity and complexity in function, MT dynamics must be precisely controlled. One 

of the most important mediators of such control is post-translational modification 

(PTM) of tubulins. Polyglutamylation represents a major PTM in the brain (Audebert, 

Koulakoff et al. 1994), and it is unique from other PTMs in that polyglutamyl chains 

exhibit variable lengths and are involved in regulating protein binding affinity to 

microtubules. Specifically, the microtubule-associated proteins, Tau, MAP1B, and 

MAP2, and kinesin motors, most efficiently bind to MTs that are modified with three 

glutamyl units, while the relative affinity of the binding of these proteins decreases 

with shorter or longer glutamyl chain lengths on MTs (Boucher, Larcher et al. 1994, 

Larcher, Boucher et al. 1996, Bonnet, Boucher et al. 2001). More recently, it was 

reported that there is graded control of the binding of spastin to MTs, and 

spastin-mediated severing of MTs is regulated by polyglutamylation (Valenstein and 

Roll-Mecak 2016). In specific, modulation of spastin activity by polyglutamylation is 

biphasic and sensitive to glutamyl chain length.  

Several polyglutamylases have been identified as members of the tubulin 

tyrosine ligase-like (TTLL) protein family (Janke, Rogowski et al. 2005, Ikegami, 

Mukai et al. 2006, van Dijk, Rogowski et al. 2007). Depending on the preference of 

the specific enzyme, glutamates can be added onto a Glu residue in the carboxyl 
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terminus of either α-tubulin or β-tubulin, initiating side chains or elongating existing 

chains to variable lengths (van Dijk, Rogowski et al. 2007). In contrast, 

deglutamylases regulate side chain length by removing glutamates from α-tubulin or 

β-tubulin.  Recent data suggest that members of the cytosolic carboxypeptidase 

(CCPs) family act as deglutamylases (Kalinina, Biswas et al. 2007, Rodriguez de la 

Vega, Sevilla et al. 2007). CCPs share a conserved zinc-binding motif, a consensus 

sequence within the M14 carboxypeptidase family that includes CPE (Gomis-Ruth, 

Companys et al. 1999). Similar to polyglutamylases, CCPs differ in their specificity 

for substrates and activity, either shortening long side chains or removing the 

branch point glutamates from α-tubulin or β-tubulin (Rogowski, van Dijk et al. 

2010).  

In Chapter I, we report a role for CPE in the regulation of neuronal migration 

and dendrite morphology. We found that CPE carboxyl terminal interaction with 

p150Glued, a MT-binding protein and anti-catastrophe factor, mediates effects on 

dendrite branching. Furthermore, CPE regulates the subcellular localization of 

p150Glued. Since CPE shares a conserved zinc-binding motif with other reported 

deglutamylases, we asked whether CPE plays a role in regulating tubulin 

polyglutamylation. Interestingly, we found that CPE plays a role in tubulin 

polyglutamylation rather than acting as a deglutamylase. Additionally, expression of 

CPE protein with a mutated zinc-binding motif, which lacks glutamylation activity, 

demonstrates that the glutamylation activity of CPE is necessary to promote CPE 
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action on p150Glued localization, but it is not responsible for CPE-mediated effects on 

neuronal migration and dendrite morphology. 
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METHODS AND MATERIALS 

DNA constructs and RNA interference 

Full-length rat CPE protein was subcloned into pEGFP-C1 or pCAG. A mutant of CPE 

lacking amino acids required to bind zinc (CPE-H114A, E117A) was generated by 

site-directed mutagenesis of pEGFP-C1-CPE full-length construct, with His114 

mutated to Ala and Glu117 mutated to Ala. cDNA encoding mutant forms of 

CPE-H114A, E117A was subcloned into pCAG-GFP. siRNA against CPE and the 

appropriate negative control were purchased from Life Technologies (CPE siRNA, 

Mouse S64324; CPE siRNA Rat S220210; negative control #1, cat# 4390743). 

 

Antibodies and reagents 

Mouse anti-CPE (BD 610758) and mouse anti-MAP2 (BD 556320) were from BD 

Pharmingen. Mouse monoclonal antibody against Dynactin p150Glued (SC-135890) 

was from Santa Cruz. Rabbit anti-pericentrin (ab4448), rabbit anti-alpha-tubulin 

(ab18251), and rabbit anti-detyrosinated-tubulin (ab3201) were from Abcam. 

Mouse anti-polyglutamylated-tubulin (B3) (T9822) was from Sigma. Rabbit 

anti-acetyl-alpha-tubulin (5335s) was from Cell Signaling. Antibody against GFP 

(chicken; PA-9533) was purchased from Thermo Fisher.  

 

COS-7 cell transfection and immunocytochemistry 

COS-7 cells (15,800 cells/cm2) were seeded on coverslips previously coated with 
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0.1mg/ml poly-d-lysine. One day after plating, cells were transfected with pEGFP-C1, 

pEGFP-C1-CPE, or pEGFP-C1-CPE-H114A,E117A using Lipofectmine 2000 (Thermo 

Fisher) following the manufacturer’s protocol. Forty eight hours after transfection, 

cells were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline 

(PBS) for 15min and immunostained with indicated antibodies, followed by Hoechst 

dye nuclear staining. Using Fluoromount G (Southern Biotechnology; Birmingham, 

AL), coverslips were mounted onto glass slides for imaging. 

 

Immunofluorescent microscopy and p150Glued localization analysis 

Images of COS-7 cells were taken at 600X using an Olympus Optical (Tokyo, Japan) 

IX50 microscope and fluorescent imaging system. To determine p150Glued 

localization, a straight line was drawn from one side of the cell to the other.  The 

line was drawn through the pericentrin-positive centrosome and nucleus. The 

percentage of p150Glued concentrated on the centrosome was determined by plotting 

the intensity of p150Glued and pericentrin along the line drawn. The intensity of 

p150Glued fluorescence was measured within the peak of pericentrin (value A), and 

p150Glued fluorescence within 1 micron of the pericentrin peak was measured (value 

B). Percentage of p150Glued localized to the centrosome was defined as the ratio of A 

to B. 

 

Fractionation and Western blot analysis of Neuro2a cell lysates 
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Neuro2a cells were plated at 40%-50% confluence in 60mm dishes and transfected 

24hrs after plating with pEGFP-C1, pEGFP-C1-CPE, or pEGFP-C1-CPE-H114A,E117A 

using Lipofectmine LTX Plus, or transfected with negative control siRNA or CPE 

siRNA with Lipofectmine RNAiMax, following the manufacturer’s protocols. Cells 

were collected two days after transfection into pre-warmed (37oC) microtubule 

stabilization and cell lysis buffer (100mM PIPES (pH 6.9), 5mM EGTA, 5mM MgCl2, 

20% glycerol, 0.5% Nonidet P40, 0.5% Triton X-100, and protease inhibitor cocktail 

(Cytoskeleton, Inc., cat# PIC02), modified from a previous study (Audebert, 

Desbruyeres et al. 1993). Cells were homogenized, and the extract was centrifuged 

at 350 x g at room temperature for 5min to pellet unbroken cells or tissue debris. 

The supernatant was collected and centrifuged at 100,000 x g at 37oC for 1hr to 

fractionate soluble and cytoskeletal proteins. Pelleted cytoskeletal proteins were 

depolymerized and denatured by incubation with 8M Urea for 1hr. Equal volumes of 

protein samples were resolved by SDS-PAGE, and resolved proteins were 

transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were probed 

for polyglutamylated-tubulin, acetylated-tubulin, detyrosinated-tubulin, and 

alpha-tubulin. Immunoreactive bands were visualized with HyGlo quick spray 

(Denville Scientific; South Plainfield NJ), and resulting films were quantified with 

ImageJ software (NIH). 

  

Co-immunoprecipitation 
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Twenty four hours after plating, Neuro2a cells were transfected with pEGFP-C1, 

pEGFP-C1-CPE or pEGFP-C1-CPE-H114A,E117A using Lipofectmine LTX Plus. Forty 

eight hours after transfection, cells were scraped into HEPES/Sucrose buffer (20 

mM HEPES (pH 7.5), 320 mM sucrose, 1 mM EDTA, 5 mM DTT, 1 mM PMSF) and 

homogenized. Extracts were centrifuged at 350 x g to pellet unbroken cells or tissue 

debris, supernatant collected, and cytosolic proteins fractionated by centrifugation 

at 100,000 x g at 4oC for 1hr. Cytosolic fractions were pre-cleared with protein G 

agarose (50% slurry (GE Healthcare, Piscataway, NJ)) for 1 hour, and after addition 

of 0.05% bovine serum albumin (BSA), proteins were immunoprecipitated with 

monoclonal Dynactin p150Glued antibody at 4oC overnight. Protein G agarose was 

added, and the samples were incubated for 1 hour. Immunoprecipitates were 

washed with 0.1% Triton X-100, 50mM Tris, pH 7.4, 300mM NaCl, 5mM EDTA, 0.02% 

NaN3, proteins were eluted, and eluates were resolved by SDS-PAGE. Proteins were 

transferred to PVDF membranes, which were probed for the indicated proteins. 

HyGlo quick spray (Denville Scientific; South Plainfield NJ) was used to visualize 

immunoreactive bands, and films were quantified using ImageJ software (NIH). 

 

In utero electroporation, histological procedures, microscopy and migration 

analysis 

In utero electroporation was performed as we reported (Carrel, Hernandez et al. 

2015). Briefly, at gestation day 14.5 (E14.5), pregnant Swiss mice were anesthetized 
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with isoflurane, and the abdominal cavity was opened to expose the uterine horns. 

Plasmids (1-3 μl of 2-2.5 µg/µl stock) were microinjected through the uterus into 

the lateral ventricles of embryos using pulled glass capillaries (Drummond Scientific, 

Broomall, PA). Embryos were co-injected with 1 mg/ml Fast Green (Sigma). The 

heads of the embryos were placed between tweezer-type electrodes, and square 

electric pulses (35 V, 50 ms) were passed five times at 1-s intervals using a NEPA21 

electroporator (SONIDEL Limited, Dublin, Ireland). Embryos were allowed to 

develop in utero for the indicated number of days after electroporation, at which 

time the brains were dissected and fixed in 4% PFA in PBS for 48 h at 4°C and 

cryoprotected in 30% sucrose in PBS. Brains were then frozen in PolyFreeze (Sigma) 

and sectioned coronally at 16 µm. A Zeiss Axio Observer.Z1 microscope using a 20× 

numerical aperture (NA) 0.8 objective, with a Clara E CCD Camera (Andor 

Technology Limited, Belfast, UK) was used to image the sections. Migration analysis 

was performed as described in Chapter I Methods and Materials section. 

 

Primary neuronal culture and dendrite branching analysis 

Primary cultures of hippocampal neurons were prepared as we described 

previously (Firestein, Firestein et al. 1999, Akum, Chen et al. 2004). Tissue was 

mechanically dissociated, and cells were plated at a density of 10,500 cells/cm2 on 

poly-d-lysine-coated coverslips and maintained in Neurobasal medium (Thermo 

Fisher) supplemented with B27 (Thermo Fisher), GlutaMAX (Thermo Fisher), 
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penicillin, and streptomycin. At day in vitro (DIV) 7, cultures were co-transfected 

with pCAG-mOrange and indicated CPE constructs using Lipofectamine LTX Plus 

(Thermo Fisher), fixed at DIV 10, and immunostained for GFP and MAP2. An 

Olympus Optical (Tokyo, Japan) IX50 microscope and fluorescent imaging system 

was used to image the neurons, and dendrite morphology was assessed using our 

Bonfire analysis program (Kutzing, Langhammer et al. 2010, Langhammer, Previtera 

et al. 2010). 
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RESULTS 

CPE protein shares homology with reported tubulin deglutamylases 

Since CPE belongs to the M14 carboxypeptidase family, and several members of the 

cytosolic carboxypeptidase family have been identified as tubulin deglutamylases 

(Rogowski, van Dijk et al. 2010), we performed multiple sequence alignment to 

identify conserved motifs. Interestingly, CPE shows homology to the previously 

reported deglutamylases, cytosolic carboxypeptidase (CCP) 1, CCP4, CCP5 and CCP6, 

with highest homology at a majority of the putative active sites for substrate binding 

and catalysis (Figure II-1; (Aloy, Companys et al. 2001)). Importantly, CPE shares a 

Zn-binding motif with these deglutamylases, and this motif is conserved among M14 

family members and is crucial for their enzymatic activity (Figure II-1; (Gomis-Ruth, 

Companys et al. 1999)). Thus, we hypothesized that CPE may function as a tubulin 

deglutamylase. 

 

CPE protein regulates tubulin polyglutamylation 

To investigate whether CPE is involved in regulating post-translational modification 

(PTM) of microtubules, and in specific, deglutamylation as predicted (Figure II-1), 

we overexpressed or knocked down CPE protein in Neuro2a cells and examined 

changes to PTMs, including polyglutamylation, acetylation, and detyrosination, in 

both polymerized microtubules and free tubulin pools. First, we confirmed CPE 

siRNA knockdown efficiency (Figure 2A, B). We then fractionated Neuro2a cell 
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lysates by ultracentrifugation. Surprisingly, in the cytoskeletal fractions of Neuro2a 

cells, we found that CPE overexpression increases the level of polyglutamylated 

α-tubulin, while knockdown of CPE decreases polyglutamylated α-tubulin (Figure 

II-2C, D). Polyglutamylated α-tubulin levels remain the same in the soluble fractions 

of Neuro2a cells (Figure II-2E, F). These results are novel and suggest that CPE 

plays a role, either directly or indirectly, in regulating the polyglutamylation of 

microtubules. Furthermore, the function of CPE is distinct from the functions 

previously reported for deglutamylases of the M14 carboxypeptidase family. 

We next asked whether the effect of CPE on tubulin polyglutamylation is 

dependent on its Zn-binding motif, which is conserved among M14 

carboxypeptidase family members (Gomis-Ruth, Companys et al. 1999). Although 

not much is known about the role of zinc in regulating the deglutamylation activity 

of these proteins, it was previously reported that activity of the tubulin glutamylase, 

Nna1, increases in the presence of zinc (Wu, Wang et al. 2012). Thus, we generated a 

mutant form of CPE predicted to lack the capacity to bind zinc by substituting 

histidine-114 and glutamate-117, both in the zinc-binding motif, with alanines. As a 

result, we observed that overexpression of CPE-H114A, E117A does not change the 

level of polyglutamylated α-tubulin. This result supports our hypothesis that CPE 

regulates the polyglutamylation of tubulin in microtubules and this activity of CPE is 

dependent on zinc binding. 

To further investigate whether CPE regulates additional post-translational 
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modification of microtubules, we analyzed the cytoskeletal and soluble fractions of 

Neuro2a cell lysates by Western blotting for acetylated-α-tubulin and 

detyrosinated-α-tubulin. In contrast to that seen for polyglutamylation, we observed 

no significant changes in either acetylation or detyrosination of tubulin as a result of 

alterations in CPE protein levels (Figure II-3). 

 

Overexpression of CPE alters p150Glued localization at the centrosome and is 

partially dependent on zinc-binding 

We show in Chapter I that CPE regulates the localization of its interactor, p150Glued, 

at the centrosome. Thus, we asked whether the CPE zinc-binding motif and resulting 

effect on tubulin polyglutamylation are involved in regulation of p150Glued 

localization. To confirm that the mutated CPE protein, CPE-H114A,E117A, does 

indeed bind to p150Glued, we performed a co-immunoprecipitation assay. We 

expressed GFP, GFP-tagged CPE, or GFP-tagged CPE-H114A, E117A in Neuro2a cells 

and immunoprecipitated p150Glued from the cytosolic protein extract. We found that 

CPE-H114A,E117A co-immunoprecipitates with p150Glued as does wild type CPE 

(Figure II-4A, B). We then transfected COS-7 cells with constructs encoding GFP, 

CPE, or CPE-H114A,E117A and analyzed the percentage of p150Glued protein 

localized at the centrosome. As reported in Chapter I, overexpression of CPE 

decreases p150Glued localization at the centrosome (Figure II-4C, D). Interestingly, 

overexpression of the zinc-binding domain mutant (CPE-H114A,E117A) partially 
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attenuates the effect of CPE overexpression on p150Glued distribution (Figure II-4C, 

D), as the percentage of p150Glued localized at the centrosome when CPE-H114A, 

E117A is overexpressed does not significantly differ from that observed with either 

GFP or CPE overexpression. Our results suggest involvement of the zinc-binding 

motif and tubulin polyglutamylation in regulation of p150Glued localization by CPE. 

However, our data also indicate that although the motif is necessary, it is not 

sufficient to promote CPE action on p150Glued localization. 

 

Overexpression of CPE-H114A, E117A alters cortical neuron migration 

As demonstrated in Chapter I, CPE is required for proper cortical neuron migration. 

To investigate whether CPE-mediated tubulin polyglutamylation is involved in 

neuronal migration, we electroporated GFP (control), GFP-tagged CPE, or 

CPE-H114A, E117A constructs in utero into embryonic day (E)14.5 mouse brains 

and analyzed brain sections at E17.5. We observe a decrease in the percentage of 

neurons reaching the CP when CPE-H114A, E117A is overexpressed (Figure II-5A, 

B). In contrast, overexpression of CPE does not alter cortical neuron migration 

(Figure II-5A, B). These results suggest that the zinc-binding motif of CPE plays a 

role in cortical neuron migration. It may act in a dominant negative manner by 

either inhibiting normal glutamylation induced by CPE, or it may attenuate other 

processes that regulate neuronal migration. 
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Overexpression of CPE-H114A, E117A alters dendritic arborization in cultured 

hippocampal neurons 

In Chapter I, we propose that a balance of CPE protein levels may be required to 

maintain proper dendritic arborization in hippocampal neurons. In specific, 

overexpression of CPE results in decreased dendrite branching proximal to soma, 

and the effect is dependent on its carboxyl terminus. To investigate whether 

CPE-mediated effects on dendritic arborization are dependent on CPE-mediated 

tubulin polyglutamylation, we overexpressed CPE or CPE-H114A,E117A in rat 

hippocampal neuronal cultures at day in vitro (DIV)7 and examined dendrite 

morphology at DIV 10, a time when active branching occurs in our cultures (Banker 

and Goslin 1988, Dotti, Sullivan et al. 1988, Charych, Akum et al. 2006). Sholl 

analysis demonstrates that overexpression of either CPE or CPE-H114A, E117A 

result in decreased dendrite branching proximal to the soma (0-12μm and 0-18μm, 

respectively; Figure II-6A-C), suggesting that the regulation of proximal dendrite 

number by CPE is independent of CPE-mediated tubulin polyglutamylation.  

  

 

  



 

 

83

DISCUSSION 

Novel function for CPE in regulating tubulin polyglutamylation 

Various patterns of polyglutamylation can be generated on MTs and confer 

specificity of MAPs and motor protein binding to MTs (Boucher, Larcher et al. 1994, 

Larcher, Boucher et al. 1996, Bonnet, Boucher et al. 2001, Valenstein and Roll-Mecak 

2016). Therefore, it is of importance to understand how polyglutamylation is 

regulated. Since CPE shares a conserved zinc-binding motif with currently known 

deglutamylases of the CCP family (Gomis-Ruth, Companys et al. 1999, Rodriguez de 

la Vega, Sevilla et al. 2007, Rogowski, van Dijk et al. 2010), we performed sequence 

alignment between CPE and several deglutamylases, and explored the role of CPE in 

regulating tubulin polyglutamylation. Surprisingly, we found that overexpression of 

CPE increases polyglutamylated α-tubulin, while knockdown of CPE decreases it. In 

addition, CPE-mediated effects on polyglutamylation levels are dependent on its 

zinc-binding motif. These results indicate a novel function for CPE in regulating 

tubulin polyglutamylation, either directly or indirectly. Previously identified 

polyglutamylases are members of the TTLL family, and sequence analysis shows that 

they share a conserved core TTL domain and an extended TTL domain (Janke, 

Rogowski et al. 2005, Ikegami, Mukai et al. 2006, van Dijk, Rogowski et al. 2007). Our 

findings suggest that polyglutamylases may not be limited to members of the TTLL 

family, as CPE is not a member of this family.  

It should also be noted our results do not rule out the possibility that CPE may 
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act indirectly to regulate tubulin polyglutamylation. The molecular mechanism 

underlying CPE action remains unclear, but one possible explanation is that CPE may 

form a complex with polyglutamylases or deglutamylases and regulate substrate 

targeting or enzymatic activity. Indeed, immunoprecipitation of mouse brain 

polyglutamylase suggests that this enzyme may exist as multimetric complex and a 

subunit of the complex, PGs1, regulates localization of the enzyme (Regnard, Fesquet 

et al. 2003). In addition, we assessed the effects of CPE on polyglutamylated 

α-tubulin, and thus, it is possible that CPE may also affect polyglutamylation of 

β-tubulin. 

 

The zinc-binding motif of CPE is necessary but not sufficient to promote CPE 

action on p150Glued localization 

CPE expression begins early and increases dramatically during embryonic 

development (Birch, Rodriguez et al. 1990, Zheng, Streck et al. 1994). Roles for CPE 

in the endocrine and nervous systems as a prohormone-processing enzyme, sorting 

receptor, and mediator of vesicle transport have been reported by multiple groups 

(reviewed in (Cawley, Wetsel et al. 2012)). However, how CPE contributes to 

neuronal development is still largely unknown. We report in Chapter I that CPE and 

its interactor, p150Glued function to control cortical development and dendrite 

morphogenesis. The results suggest that CPE regulates neuronal function by 

impacting the MT network and MT-associated proteins. CPE overexpression alters 
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the localization of p150Glued, a protein that anchors MTs at the centrosome and binds 

to MT plus-ends (Berrueta, Tirnauer et al. 1999, Quintyne, Gill et al. 1999, Askham, 

Vaughan et al. 2002), and this effect is dependent on the interaction between CPE 

carboxyl terminus and p150Glued. Since polyglutamylation shapes protein binding to 

MTs, we hypothesized that CPE may affect p150Glued localization by regulating levels 

of MT polyglutamylation and thus changes to p150Glued binding affinity to centrioles 

or MTs. Interestingly, we found that the zinc-binding motif and CPE-mediated 

polyglutamylation activity are necessary, but not sufficient, for regulating p150Glued 

localization. Together with our previous findings in Chapter I, we provide new 

insights into CPE-mediated regulation of p150Glued localization, suggesting the 

involvement of the CPE zinc-binding motif.  

 

The zinc-binding motif of CPE plays a role in neuronal migration but not in the 

regulation of dendrite morphology 

We show that CPE is required for proper cortical cell migration and dendrite 

branching in Chapter I. Knockdown of CPE protein in utero of E14.5 mice results in 

an increased percentage of cells found in the intermediate zone (IZ) at E17.5 and 

fewer cells located in the cortical plate (CP) compared to control. In cultured 

neurons, both overexpression and knockdown of CPE protein lead to decreased 

dendrite branching, suggesting that a balance of CPE protein level is required for 

normal dendritogenesis. MT polyglutamylation is controlled in a graded manner 
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(Valenstein and Roll-Mecak 2016) and that disrupted polyglutamylation levels and 

resulting alterations in binding of MAPs and motor proteins to MTs may cause 

abnormalities in neuronal development. Indeed, knockdown of a polyglutamylase, 

TTLL7, in PC12 cells represses MAP2-positive neurite growth (Ikegami, Mukai et al. 

2006). The observation that CCP1, a deglutamylase also known as Nna1, is 

specifically expressed in differentiating neurons during brain development and 

upregulated in regenerating motor neurons after injury (Harris, Morgan et al. 2000) 

also suggests a role for polyglutamylation in neurite outgrowth. Moreover, loss of 

α-tubulin polyglutamylation in ROSA22 mice results in deficits in synaptic vesicle 

transport (Ikegami, Heier et al. 2007), and the finding is further supported by 

another study showing that increased neuronal activity facilitates MT 

polyglutamylation and synaptic transport (Maas, Belgardt et al. 2009). 

We observe that expression of CPE-H114A,E117A disrupts neuronal migration, 

indicating the necessity of CPE zinc-binding motif in normal cortical development. 

Two explanations may exist for this result. First, CPE-mediated tubulin 

polyglutamylation may not be involved in neuronal migration since overexpression 

of CPE does not show disrupted migration. The binding of zinc to CPE may regulate 

other functions of CPE. Alternatively, CPE-H114A,E117A may act in a 

dominant-negative manner and disrupt normal function of endogenous CPE protein. 

As discussed above, CPE may regulate that activity of other polyglutamylases or 

deglutamylases and regulate substrate targeting or enzymatic activity. 
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Surprisingly, in hippocampal neuronal cultures, overexpression of CPE-H114A, 

E117A results in the same phenotypes in dendrite architecture as does wild type 

CPE, suggesting that the zinc-binding motif is not involved in regulation of 

dendritogenesis. It is very likely that the decrease in dendrite branching caused by 

CPE overexpression is not related to the increase in MT polyglutamylation at the 

time point we examined, but is solely dependent on the interaction between the 

carboxyl terminus of CPE and p150Glued. In fact, localization of brain-derived 

neurotrophic factor to neurites, which promotes proximal dendrite branching 

(McAllister, Lo et al. 1995, Horch, Kruttgen et al. 1999), is dependent on CPE- and 

dynein/dynactin complex-mediated vesicle transport (Lou, Kim et al. 2005, Park, 

Cawley et al. 2008). In addition, the influence of CPE on the subcellular localization 

of p150Glued, an anti-catastrophe factor of MTs (Lazarus, Moughamian et al. 2013), 

may also affect MT stability and dendritic architecture.  

During mouse brain development, polyglutamylation peaks during the early 

stages of development when neurons differentiate (Audebert, Koulakoff et al. 1994), 

indicating a role of polyglutamylation during early brain development. If 

polyglutamylation does not regulate neuronal migration or dendrite branching 

during this developmental stage, what could be its function? One possibility is that 

CPE-mediated polyglutamylation may contribute to neuronal protection. CPE-/- mice 

exhibit degeneration of pyramidal neurons in the hippocampus (Woronowicz, 

Koshimizu et al. 2008). CPE was later reported to be a neurotrophic factor, and it 
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protects neurons from oxidative stress-induced degeneration (Cheng, Cawley et al. 

2013, Cheng, Rodriguiz et al. 2015). Recently, an additional splice variant of CPE that 

has neuroprotective effects against glutamate-induced toxicity during embryonic 

development was identified (Qin, Cheng et al. 2014). Furthermore, 

hyperglutamylation of MTs in Purkinje cell degeneration (pcd) mice that lack 

functional CCP1 is thought to be the cause of neurodegeneration observed in the 

mice (Mullen, Eicher et al. 1976, Rogowski, van Dijk et al. 2010, Wu, Wang et al. 

2012). Together with our findings that CPE regulates tubulin polyglutamylation, we 

propose that the molecular mechanisms underlying the neuroprotective function of 

CPE may be dependent on this enzymatic activity of CPE. 

In summary, our study reports the identification of a novel function for CPE in 

the regulation of tubulin polyglutamylation, and our data suggest that the 

zinc-binding motif is essential for mediating this effect. Moreover, we show that the 

CPE zinc-binding motif and polyglutamylation activity do not regulate dendrite 

morphogenesis but that an intact zinc-binding motif is necessary for proper cortical 

neuron migration. In addition, we propose that CPE-mediated tubulin 

polyglutamylation may contribute to CPE-mediated neuronal protection from 

glutamate-induced toxicity. Taken together with our previous results, the 

zinc-binding and p150Glued interacting motifs of CPE play distinct roles in CPE 

function. 
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Figure II-1. CPE protein shares homology with reported tubulin 

deglutamylases 

Sequence alignment of mouse CPE protein and four reported tubulin deglutamylases: 

cytosolic carboxypeptidase (CCP) 1, CCP4, CCP5, and CCP6. Sequences near the 

amino and carboxyl termini are not shown due to lack of homology with CPE. 

Conserved residues are shown in red boxes and white characters; conservatively 

changed residues are shown in red characters with blue frames. Red asterisks 
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indicate the conserved zinc-binding motif, which is mutated to generate the 

CPE-H114A,E117A mutant construct used in this work. Blue dots indicate the 

putative active sites of CPE protein. 
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Figure II-2. Alterations in CPE protein levels result in changes to 

polyglutamylation of α-tubulin 

(A) Knockdown efficiency of CPE siRNA in Neuro2a cells. Neuro2a cells were 

transfected with negative control siRNA (CTL siRNA) or CPE siRNA. Cells were 

collected 48h after transfection, and proteins were extracted and subjected to 

Western Blot analysis to detect CPE and α-tubulin. Representative blots are shown. 

(B) Quantitation of CPE protein levels/ total α-tubulin levels relative to control 

determined by Western blot analysis in A. Error bars indicate ± S.E.M. n=3 for all 

conditions. *** p < 0.001 as determined by paired Student’s t-test. A.U. = arbitrary 
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units. (C) Western Blot analysis of polyglutamylation of tubulin in cytoskeletal 

fractions of Neuro2a cells. Cells were transfected with pEGFP, pEGFP-CPE, 

pEGFP-CPE-H114A,E117A, CTL siRNA, or CPE siRNA. Cells were collected and lysed 

48h after transfection. Cytoskeletal and soluble proteins were fractionated and 

resolved by SDS-PAGE, transferred to PVDF membranes, and immunoblotted for 

polyglutamylated α-tubulin and total α-tubulin. Left, representative blots of CPE 

overexpression and control conditions. Right, representative blots of CPE 

knockdown and control conditions. (D) Quantitation of polyglutamylated α-tubulin 

levels normalized to total α-tubulin levels relative to control in cytoskeletal fractions. 

(E) Western Blot analysis of polyglutamylation of tubulin in soluble fractions of 

Neuro2a cells. Left, representative blots of CPE overexpression and control 

conditions. Right, representative blots of CPE knockdown and control conditions. (F) 

Quantitation of polyglutamylated α-tubulin levels normalized to total α-tubulin 

levels relative to control in soluble fractions. Error bars indicate ± S.E.M. n=6 for all 

cytoskeletal fractions, n=3 for all soluble fractions. Outliers were excluded by Grubbs’ 

test. *p < 0.05 as determined by repeated measures one-way ANOVA followed by 

Tukey’s multiple comparisons test (left panels) or paired Student’s t-test (right 

panels). A.U. = arbitrary units. 
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Figure II-3. Alterations in CPE protein levels do not affect levels of acetylated 

or detyrosinated α-tubulin 

(A) Western blot analysis of acteylated α-tubulin in cytoskeletal fractions of Neuro2a 

cells. Cells were transfected with pEGFP, pEGFP-CPE, pEGFP-CPE-H114A,E117A, 

control (CTL) siRNA, or CPE siRNA. Cytoskeletal proteins were fractionated and 
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resolved by SDS-PAGE, transferred to PVDF membranes, and immunoblotted for 

acetylated α-tubulin and total α-tubulin. Representative blots are shown. (B) 

Quantitation of acetylated α-tubulin levels/ total α-tubulin levels relative to control 

in cytoskeletal fractions. Error bars indicate ± S.E.M. n=3 for all conditions. A.U. = 

arbitrary units. (C) Western blot analysis of α-tubulin acetylation in soluble fractions 

of Neuro2a cells. Representative blots are shown. (D) Quantitation of acetylated 

α-tubulin levels / total α-tubulin levels relative to control in soluble fractions. Error 

bars indicate ± S.E.M. n=3 for all conditions. A.U. = arbitrary units. (E) Western blot 

analysis of detyrosinated α-tubulin in cytoskeletal fractions of Neuro2a cells. Cells 

were transfected with pEGFP, pEGFP-CPE, pEGFP-CPE-H114A,E117A, CTL siRNA, or 

CPE siRNA. Representative blots are shown. (F) Quantitation of detyrosinated 

α-tubulin levels / total α-tubulin levels relative to control in cytoskeletal fractions. 

Error bars indicate ± S.E.M. n=3 for all conditions. A.U. = arbitrary units. (G) Western 

blot analysis of detyrosinated α-tubulin in soluble fractions of Neuro2a cells. 

Representative blots are shown. (H) Quantitation of detyrosinated α-tubulin levels / 

total α-tubulin levels relative to control in soluble fractions. Error bars indicate ± 

S.E.M. n=3 for all conditions. A.U. = arbitrary units. 
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Figure II-4. Overexpression of CPE alters p150Glued localization at the 

centrosome and is partially dependent on zinc-binding 

(A) CPE and CPE-H114A,E117A co-immunoprecipitate with p150Glued. Neuro2a cells 

were transfected with GFP or CPE constructs. Cells were collected after 48h, and 

cytosolic proteins were extracted and subjected to immunoprecipitation with 

p150Glued antibody. Loading control (Load) and immunoprecipitates (IP) were 

resolved by SDS-PAGE. Proteins were transferred to PVDF membranes and 

immunoblotted for GFP and p150Glued. Load represents 4% of extracted proteins. 
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Representative blots are shown. (B) Quantitation of GFP band intensities. Error bars 

indicate ± S.E.M. n=5 for all conditions. *p < 0.05 as determined by one-way ANOVA 

followed by Dunnett’s Multiple Comparisons Test. A.U. = arbitrary units. (C) 

Representative images showing p150Glued localization at the centrosome in COS-7 

cells. COS-7 cells were transfected with GFP or CPE constructs. Cells were fixed 48h 

after transfection and immunostained with anti-GFP (green), anti-p150Glued (red), 

and anti-pericentrin (white), and nuclei were labeled with Hoechst dye (blue). Scale 

bar = 10μm. (D) Quantitation of the percentage of p150Glued proteins localized at the 

centrosome. For each independent experiment, 15-25 transfected cells of each 

condition were analyzed as described in Methods and Materials. Error bars indicate 

± S.E.M. n=4 for all conditions. *p < 0.05 as determined by repeated measures 

one-way ANOVA followed by Tukey’s multiple comparisons test. 
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Figure II-5. Overexpression of CPE-H114A,E117A alters cortical neuron 

migration 

(A) Mice at E14.5 were electroporated in utero with GFP or CPE constructs, and 

brains were analyzed at E17.5. Representative images of coronal brain sections are 

shown for each condition. Red, transfected cells; Blue, Hoechst dye. VZ, ventricular 

zone; IZ, intermediate zone; CP, cortical plate. Scale bar = 50μm. (B) Quantitation of 

the percentage of transfected cells in each cortical area. Error bars indicate ± S.E.M. 
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n=8, GFP; n=4, CPE; n=5, CPE-H114A,E117A. *p < 0.05 as determined by two-way 

ANOVA followed by Tukey’s multiple comparisons test. 
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Figure II-6. Overexpression of CPE decreases proximal dendritic arborization 

in cultured hippocampal neurons and is not dependent on zinc-binding 

(A) Rat hippocampal neurons were co-transfected with pCAG-mOrange (to visualize 

dendrites) and pEGFP (GFP), pEGFP-CPE (CPE), or pEGFP-CPE-H114A,E117A 

(CPE-H114A,E117A) at DIV 7. Neurons were fixed and immunostained for GFP and 

MAP2 at DIV 10. Neurons positive for both GFP and mOrange were used for Sholl 

analysis. Representative mOrange fluorescent images of neurons are shown as 

inverted black images. Scale bar = 50μm. (B) Sholl analysis of neurons 

overexpressing CPE or CPE-H114A, E117A. (C) Sholl analysis from (B) within 60μm 

from the soma. Error bars indicate ± S.E.M. n(neurons)=95, GFP; n=96, CPE; n=93, 

CPE-H114A,E117A. *p < 0.05, **p < 0.01 as determined by two-way ANOVA followed 

by Bonferroni multiple comparisons test.  
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SUMMARY AND FUTURE DIRECTION
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SUMMARY 

This study aims at understanding the roles of CPE and its interactor, p150Glued, in 

regulating the microtubule cytoskeleton and the resulting impact on neuronal 

development. In Chapter I, we report that overexpression of CPE or its carboxyl 

terminus, CPE-C10, redistributes p150Glued from the centrosome, while expression of 

CPE lacking the last 10 amino acids, CPEΔC10, does not affect the subcellular 

localization of p150Glued. These data suggest that the carboxyl terminus of CPE is 

responsible for regulating p150Glued localization. We further investigated the roles of 

CPE in cortical neuron migration and dendrite morphology and the potential 

involvement of the interaction between CPE and p150Glued in mediating these effects. 

We show that CPE regulates neuronal migration and dendrite branching via a 

p150Glued-dependent mechanism, and propose a model depicting the importance of a 

balance between CPE-p150Glued complex and free CPE protein level in regulating 

neurodevelopment. In Chapter II, We show that CPE regulates tubulin 

polyglutamylation and the effect is dependent on its zinc-binding motif. We observe 

that the zinc-binding motif is necessary for proper localization of p150Glued and 

neuronal migration, but may not be responsible for the phenotypes seen in dendrite 

branching. 

The experiments in this proposal and those of others do not conclusively show 

that CPE and p150Glued interact directly. The interaction between CPE and Dynactin 

has been reported by other groups (Park, Cawley et al. 2008, Park, Cawley et al. 
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2008), and p150Glued was shown to co-immunoprecipitate with endogenous CPE and 

dynein from cytosol of AtT20 cells. The observation that excess CPE-C10 competes 

endogenous CPE but not motor proteins that bind to p150Glued strongly suggests that 

CPE directly interacts with p150Glued via its carboxyl terminus. However, current 

evidence cannot rule out the possibility of an indirect interaction with other 

proteins that exist in a complex with p150Glued. Thus, CPE may regulate the 

localization of p150Glued indirectly by influencing other components of the dynactin 

and motor protein complex. 

Furthermore, in Chapter I, we performed co-immunoprecipitation analysis of 

cytosol from rat brain lysate to examine the interaction between CPE and p150Glued. 

Our results confirm the interaction; however, we found that less than 1% of CPE 

protein co-immunoprecipitates with p150Glued. This could be explained by several 

scenarios. First, CPE is a multifunctional protein that serves different intracellular 

and extracellular roles (Cawley, Wetsel et al. 2012). Within the cytoplasm, CPE acts 

as a prohormone processing enzyme and sorting receptor and contributes to vesicle 

transport. On the other hand, approximately 29% of cellular CPE protein is secreted 

from neurons per hour as reported in hypothalamic neuronal cultures (Vilijn, Das et 

al. 1989). A recent study suggested that CPE acts as an extracellular trophic factor to 

protect neurons (Cheng, Cawley et al. 2013). Therefore, it is likely that only a subset 

of CPE can interact with p150Glued and function in vesicle transport or in maintaining 

MT stability. Second, we immunoprecipitated p150Glued from cytosolic protein 
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extract, and the vesicles containing CPE-p150Glued complex may have been spun 

down when we performed ultracentrifugation. In bovine pituitary gland, 

approximately 70% of total CPE protein is soluble and 30% is membrane bound, and 

both forms of CPE share a common carboxyl terminal sequence, which is responsible 

for interaction with p150Glued. This suggests that both forms may interact with 

p150Glued (Parkinson 1992). To further investigate the interaction between CPE and 

p150Glued in different subcellular fractions, we could fractionate cytoskeletal, 

vesicular and cytosolic proteins and conduct co-immunoprecipitation in each 

fraction. Lastly, the affinity of CPE binding to p150Glued may be affected by 

post-translational modifications of CPE via a similar mechanism as reported for 

snapin (Chheda, Ashery et al. 2001, Chen, Lucas et al. 2005). For example, 

phosphorylation of snapin decreases its binding affinity to cypin, but it enhances its 

association with SNAP-25. It is possible that phosphorylation of CPE may regulate its 

binding to p150Glued. Since we did not use phosphatase inhibitors in our 

co-immunoprecipitation experiments, CPE may not have maintained its 

phosphorylation. In addition, the fact that p150Glued exists in a large protein complex 

and that CPE may not directly bind to p150Glued, the efficiency of 

immunoprecipitation may be low. 

Full length CPE protein contains a signal peptide at the amino terminus that 

normally directs it into the secretory pathway (Cawley, Wetsel et al. 2012). A splice 

variant form of CPE, CPE-ΔN, that lacks a partial region of the amino terminus, 
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including the signal peptide, has been identified in both cancer cells and neurons. 

Expression of CPE-ΔN is elevated in various human metastatic tumor cell lines and is 

thought to be translocated to the nucleus, whereby it regulates the expression of 

neural precursor cell expressed, developmentally downregulated gene 9 (Nedd9) 

(Lee, Murthy et al. 2011). Recently, it was reported that CPE-ΔN is transiently 

expressed in mouse embryonic brain through early postnatal ages, and it protects 

neurons against glutamate-induced toxicity by enhancing the transcription of FGF2 

mRNA (Qin, Cheng et al. 2014). In our CPE overexpression experiments, we tagged 

full length CPE with GFP at its amino terminus, which may affect recognition of the 

signal peptide and targeting of the protein (Benham 2012), resulting in 

mislocalization of the GFP-tagged CPE protein. Thus, overexpressed GFP-CPE 

protein may not be targeted to the secretory pathway but may be localized to the 

cytoplasm. Therefore, the phenotypes observed when overexpressing CPE in vitro 

and in utero may not represent the cellular function of full length CPE. There are two 

main explanations for the phenotypes resulting from CPE overexpression. One 

possibility is that the overexpressed GFP-CPE protein may act in a 

dominant-negative manner to compete with endogenous CPE for p150Glued 

interaction, resulting in redistribution of p150Glued from the centrosome and 

decreased dendritic branching. Another possibility is that GFP-CPE may act similarly 

to CPE-ΔN in the cytoplasm and may contribute to transcriptional regulation, 

cellular proliferation, and neuroprotection as reported by other groups (Lee, Murthy 
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et al. 2011, Qin, Cheng et al. 2014). Regardless, the hypothesis that CPE regulates 

p150Glued localization and neurodevelopment via its carboxyl terminus is still 

supported by our results since expression of CPE-C10 results in a similar phenotype 

to that of overexpressed full length CPE, while expression of CPEΔC10 has no effect. 

In addition, based on demonstration of CPE shRNA and CPE siRNA knockdown 

efficiency by Western blot analysis and immunocytochemistry (Figure I-4, Figure 

I-6F-G) and the CPE shRNA target sequence we designed, knockdown of CPE by 

shRNA and siRNA targets both the full length and N-terminal truncated CPE 

isoforms. Additionally, the observation that knockdown of CPE decreases the level of 

polyglutamylated α-tubulin indicates the necessity of CPE in mediating tubulin 

polyglutamylation, although we cannot differentiate which isoform of CPE is 

responsible for the effect with our present results. 

To investigate the effect of CPE knockdown on neuronal migration, we utilized 

the technique of in utero electroporation and RNA interference. We observed that 

neurons electroporated with CPE shRNA fail to migrate to the CP compared to 

neurons electroporated CTL shRNA. To examine potential off-targeting effects 

caused by the CPE shRNA construct, we attempted to rescue the migration defects 

by co-electroporation with an shRNA-resistant CPE construct. However, the two 

constructs that we used failed to rescue the migration defects caused by CPE shRNA. 

The reason for failure to rescue may be due to a few reasons. One possibility is that a 

different isoform of CPE may be involved in the regulation of early brain 
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development. For instance, CPEΔN is transiently expressed during mouse embryonic 

development from E5.5 to P1 (Lee, Murthy et al. 2011, Qin, Cheng et al. 2014), 

suggesting a function primarily at the developmental stage that we examine. In 

addition, the rescue CPE construct is from rat, while the in utero experiments were 

conducted in mice. Although the mRNA sequences of rat and mouse are 99.2% 

identical, it is possible that a rescue construct from a difference species may affect 

its ability to rescue migration defects. 

In addition to regulation of the microtubule cytoskeleton, several alternative 

mechanisms may explain how CPE is involved in neurodevelopment. First, CPE may 

regulate neurodevelopment by influencing BDNF transport. BDNF is a major 

neurotrophic factor and increases proximal dendrites in pyramidal neurons 

(McAllister, Lo et al. 1995, Horch, Kruttgen et al. 1999, Kwon, Fernandez et al. 2011). 

As discussed in Chapter I, CPE mediates transport of BDNF-containing vesicles by 

interacting with dynactin and motor proteins (Park, Cawley et al. 2008). Disruption 

of CPE binding to BDNF-containing vesicles results in reduced BDNF localization to 

the neurites of hippocampal neurons. The involvement of BDNF and its receptor 

TrkB in neuronal migration has also been reported in different brain regions 

(Ringstedt, Linnarsson et al. 1998, Borghesani, Peyrin et al. 2002, Medina, Sciarretta 

et al. 2004, Chiaramello, Dalmasso et al. 2007). BDNF promotes migration of 

cerebellar granule cells and neural precursors of the olfactory bulb. In the cerebral 

cortex, overexpression of BNDF causes aberrant cortical lamination. Furthermore, 
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CPEΔN regulates the expression levels of Nedd9 and FGF2 proteins (Lee, Murthy et 

al. 2011, Qin, Cheng et al. 2014), both of which are involved in various 

neurodevelopmental processes, including neurogenesis, neurite outgrowth, 

neuronal migration, and neuroprotection (Szebenyi, Dent et al. 2001, Bargon, 

Gunning et al. 2005, Jin, LaFevre-Bernt et al. 2005, Knutson and Clagett-Dame 2008, 

Vergano-Vera, Mendez-Gomez et al. 2009, Vogel, Ahrens et al. 2010, Cheng, Rodriguiz 

et al. 2015, Knutson, Mitzey et al. 2016). Therefore, Nedd9 and FGF2 may also be 

downstream targets of CPE and mediate the effects of it on neurodevelopment. 

It is also important to note that we observe that the expression of CPE increases 

dramatically at later developmental stages from E16 to P10 in mice, and it localizes 

predominantly in the CP in differentiating neurons. These observations suggest that 

CPE may play important roles in development of later-born neurons or in later 

processes of neuronal development, including neuronal differentiation, dendrite 

morphogenesis, spine formation, and synaptogenesis. Thus, examination of the 

effects of CPE on neurodevelopment at later developmental time points will shed 

light on the understanding of CPE functions. 
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FUTURE DIRECTIONS 

Role of CPE in dendritic spine development 

Dendritic spines are small membrane protrusions from dendritic shafts that receive 

input from axons. They are highly dynamic and are diverse in number, size, and 

shape, which correlate directly with synaptic function (reviewed in (Kasai, Fukuda et 

al. 2010)). Formation and maturation of dendritic spines are dependent on 

cytoskeletal components: actin, MTs, and associated proteins. Although the role of 

actin in regulating spine dynamics has been well-studied, the presence of MTs and 

MT-binding proteins in dendritic spines were only revealed recently (Gu, Firestein et 

al. 2008, Hu, Viesselmann et al. 2008, Jaworski, Kapitein et al. 2009), and many of 

their functions in spine development remain to be explored. In the current study, we 

identified a role for CPE in the regulation of tubulin polyglutamylation and 

localization of the MT-binding protein p150Glued, suggesting a potential role for CPE 

in regulating dendritic spines. In fact, CPE knockout mice exhibit abnormal spine 

morphology with increased number of D-type spines that are not fully functional 

(Woronowicz, Cawley et al. 2010). Thus, it would be of interest to investigate the 

influence of alterations in CPE protein levels on spine density and morphology and 

the molecular mechanisms underlying this influence both in vitro and in vivo. In vitro 

studies could be accomplished by overexpression or knockdown of CPE and 

expression of CPE mutants in neuronal cultures following the established methods 

in the present study. In utero electroporation could be performed to examine spine 
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development in vivo. Neurons on coverslips and in brain sections could be analyzed 

through immunofluorescence and confocal microscopy to compare number, length, 

width, and types of spines.  

 

Potential involvement of CPE in proliferation and differentiation of neural 

progenitor cells 

The functions of CPE during early brain development may not be limited to 

regulating neuronal migration and maturation as demonstrated in the first two 

chapters. In fact, the involvement of CPE in cellular proliferation has been studied 

extensively in cancer cells. Elevated expression of CPE protein has been reported in 

various types of cancer cells, and downregulation of CPE inhibits cancer cell 

proliferation and migration (Liang, Li et al. 2013, Liu, Shao et al. 2014, Fan, Li et al. 

2016). More recently, it was reported that CPE, also known as Neurotrophic 

Factor-α1 (NF-α1), is an anti-proliferation factor and induces differentiation of 

neural stem cells into astrocytes (Selvaraj, Xiao et al. 2017). As described in Chapter 

I, we show that CPE regulates p150Glued localization at the centrosome. Importantly, 

loss of centrosomal p150Glued inhibits cell cycle progression from G1 into S phase and 

may affect recruitment of cell cycle regulators to the centrosome (Quintyne and 

Schroer 2002). In addition, the fact that polyglutamylated MTs are enriched in the 

mitotic spindle and that polyglutamylation increases during mitosis (Bobinnec, 

Moudjou et al. 1998, Regnard, Desbruyeres et al. 1999) underlines the importance of 
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polyglutamylation in regulating cell division. Thus, it is reasonable to hypothesize 

that CPE regulates neural progenitor cell proliferation and differentiation during 

early embryonic development. Neural progenitor cell proliferation in embryonic 

brains could be assessed by labeling proliferating cells with 

5-bromo-2-deoxyuridine (BrdU) following in utero electroporation of plasmids to 

overexpress or knock down CPE. CPEΔC10, CPE-C10, and CPE-H114A, E117A 

constructs could be utilized to examine the effect of the interaction between CPE and 

p150Glued and the potential involvement of the zinc-binding motif in the regulation of 

this process. To examine cell differentiation, several markers, such as Tbr2, Tbr1, 

NeuN, Tuj1, and GFAP, can be used to label progenitor cells, differentiated neurons, 

and astrocytes.  

  

Neuroprotective role of CPE and the potential involvement of zinc-binding 

motif and polyglutamylation activity 

Research on the neuroprotective function of CPE has been accumulating in recent 

years. CPE, or NF-α1, was reported as a neurotrophic factor, activating the 

Extracellular Signal-regulated Kinase (ERK) and AKT pathways to protect neurons 

from oxidative stress-induced degeneration (Cheng, Cawley et al. 2013). CPEΔN, a 

splice variant of CPE, has neuroprotective effects against glutamate-induced toxicity 

during embryonic development (Qin, Cheng et al. 2014). A single nucleotide 

polymorphism in the CPE gene was also discovered, and in vitro studies suggest a 
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loss of neuroprotective function with this mutation (Cheng, Cawley et al. 2016). In 

addition, studies of CPE knockout mice show degeneration of pyramidal neurons in 

the hippocampus (Woronowicz, Koshimizu et al. 2008). In addition, 

polyglutamylation peaks during the early stages of development when neurons 

differentiate (Audebert, Koulakoff et al. 1994), indicating a role for 

polyglutamylation during early brain development. Interestingly, 

hyperglutamylation of MTs in Purkinje cell degeneration (pcd) mice that lack 

functional CCP1 is proposed to be the cause of neurodegeneration in the pcd mice 

(Mullen, Eicher et al. 1976, Rogowski, van Dijk et al. 2010, Wu, Wang et al. 2012). 

Together with our novel finding that CPE regulates tubulin polyglutamylation, we 

propose that the mechanisms underlying the neuroprotective function of CPE may 

be dependent on its regulation of MT polyglutamylation. An in vitro 

glutamate-induced excitotoxicity model that was previously described (Tseng and 

Firestein 2011) can be used to examine the neuroprotective effects of CPE and 

potential involvement of the zinc-binding motif. Rat cortical neuronal cultures could 

be transfected with control, CPE, or CPE-H114A,E117A constructs and exposed to 

sublethal amounts of NMDA to induce excitotoxicity. Percentage of cell death could 

be analyzed after fixation and immunostaining of the neurons with MAP2 antibody. 

 

Identification of the mechanisms underlying CPE regulation of tubulin 

polyglutamylation 
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Although the findings in this dissertation strongly suggest that CPE acts as a 

polyglutamylase, it is possible that CPE may regulate MT polyglutamylation 

indirectly. For example, as it was suggested for PGs1 (Regnard, Fesquet et al. 2003), 

CPE may exist in a complex with polyglutamylases and regulate subcellular 

localization of the complex, or it may be involved in the regulation of substrate 

recognition and enzymatic activity. To provide direct evidence for CPE function as a 

polyglutamylase, a cell-free assay for tubulin polyglutamylase activity could be 

performed. Enzyme activity can be measured by incorporation of [3H]glutamate into 

tubulin with or without addition of recombinant CPE protein as described by other 

groups (Janke, Rogowski et al. 2005). Moreover, polyglutamylases have preference 

for α-tubulin and/or β-tubulin and exhibit cooperative effects (van Dijk, Rogowski et 

al. 2007). In our study, we find that CPE regulates polyglutamylation of α-tubulin, 

and it would be of interest to further examine the substrate specificity of CPE by the 

cell-free assay. 

 

In utero electroporation of CPE knockout mice to confirm changes in neuronal 

migration and morphology 

In this study, knocking down CPE by in utero electroporation in mouse embryonic 

brains reveals the effect of transient loss of CPE. Previous studies have shown that 

CPE knockout mice exhibit deficits in learning and memory (Woronowicz, 

Koshimizu et al. 2008), but it remains unclear whether neuronal migration is 
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disrupted in CPE knockout mice and whether their behavioral deficits are linked to 

potential abnormal cortical development. Thus, it is important to investigate 

neuronal migration and morphogenesis in CPE knockout mice at different time 

points during brain development using in utero electroporation. It should be noted 

that long-term loss of CPE in the knockout mice may result in less severe phenotypes 

compared to transient loss due to compensatory mechanisms. In addition, since CPE 

can function as an extracellular neurotrophic factor (Cheng, Cawley et al. 2013), 

complete loss of CPE may lead to different phenotypes than knocking down the 

protein in individual cells. Abnormal dendritic architecture was previously observed 

in 14-week-old CPE knockout mice (Woronowicz, Cawley et al. 2010), but neuronal 

morphology at an earlier development point in CPE knockout mice has not been 

examined. By performing in utero electroporation of E14.5 CPE knockout mice, we 

can examine neuronal positioning and the multipolar to bipolar transition in the IZ 

at E17.5, and migration and dendrite morphology of neurons in layer V at P7. These 

experiments could provide further insight into the role of CPE in vivo during early 

brain development.
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