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ABSTRACT OF THE DISSERTATION 

THE ROLE OF NOS1AP, A SCHIZOPHRENIA SUSCEPTIBILITY GENE, IN THE 

REGULATION OF DENDRITE BRANCHING, DENDRITIC SPINE FORMATION, 

AND ACTIN DYNAMICS. 

by 

KRISTINA HERNANDEZ 

 

Dissertation Director: 

Bonnie L. Firestein, Ph.D. 

 

Proper communication between neurons is dependent upon the appropriate 

patterning of dendrites and the correct distribution and structure of spines. Schizophrenia 

is one of several neurodevelopmental disorders that are characterized by alterations in 

dendrite branching and spine density. NOS1AP is a protein encoded by a schizophrenia 

susceptibility gene, and its expression is upregulated in the dorsolateral prefrontal cortex 

of patients with schizophrenia. Previously, our laboratory showed that NOS1AP isoforms 

negatively regulate dendrite branching in cultured rat hippocampal neurons. Since 

dendrites and spines are influenced by changes in the cytoskeleton, we investigated 

whether the overexpression of NOS1AP isoforms in heterologous cells alters actin and 

microtubule organization. Overexpression of a long isoform of NOS1AP (NOS1AP-L) 

increases the presence of microtubule organizing centers, whereas overexpression of the 

short isoform of NOS1AP (NOS1AP-S) decreases microtubule organization. 

Furthermore, NOS1AP isoforms associate with F-actin in rat brain and can alter actin 
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organization in distinct ways. NOS1AP-S increases actin polymerization, and its 

overexpression in HEK293T cells decreases total Rac1 and cofilin protein expression. To 

elucidate the role of NOS1AP in spine formation and synaptic function, we 

overexpressed NOS1AP isoforms in cultured rat cortical neurons. Overexpression of 

NOS1AP-L increases the number of immature spines, whereas overexpression of 

NOS1AP-S increases the number of mature and immature spines. In addition, 

overexpression of NOS1AP-S increases the frequency of miniature excitatory 

postsynaptic currents (mEPSCs) but not the amplitude. Overexpression of NOS1AP-L 

decreases the amplitude of mEPSCs but not the frequency. To investigate whether 

NOS1AP-L can mediate changes to dendrite patterning in vivo, we overexpressed 

NOS1AP-L in neuronal progenitor cells of the embryonic rat neocortex and analyzed 

dendrite patterning three weeks later. Neurons overexpressing NOS1AP-L in layers II/III 

of the neocortex exhibit a reduction in dendrite length and number. Finally, to investigate 

the role that NOS1AP plays in human dendritic arbor development, human neurons were 

generated using induced pluripotent stem cell technology. Overexpression of either 

NOS1AP-L or NOS1AP-S in human neurons results in a decrease in dendrite branching. 

Interestingly, treatment of human neurons with D-serine results in a reduction in 

NOS1AP-L protein expression. Taken together, our data support a role for NOS1AP-L 

and NOS1AP-S in dendritogenesis and synaptic function. 
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Neural dendrite and spine development 

 Neurons are highly specialized eukaryotic cells of the brain that are responsible 

for transmitting information throughout the body by way of both chemical and electrical 

signals. Communication among neurons occurs through processes, called axons and 

dendrites, that extend from the cell body. Neurons transmit signals through axons and 

receive signals through dendrites. During development, neurons undergo morphological 

changes in both discrete and overlapping stages, consisting of immature neurite 

outgrowth, axon specification, dendrite extension and branching, spine formation and 

maturation, and finally, synapse formation (Figure 1). Synapses are sites of 

communication between neurons and consist of the presynaptic axon terminal, a small 

gap termed the synaptic cleft, and a small portion of membrane on the postsynaptic 

neuron.  In the vertebrate central nervous system, there are two predominating types of 

synapses, axosomatic and axodendritic. Axosomatic synapses are synaptic contacts 

between the axon of the presynaptic neuron and the soma of the postsynaptic neuron, 

while axodendritc synapses occur between axons and dendrites. Spines are small 

protrusions that develop along the surface of dendrites, and their structure allows for 

neurons to communicate efficiently by forming axodendritic synapses. The stages of 

neuronal development are commonly studied in vitro using dissociated cortical or 

hippocampal cultures from embryonic mice or rats. Using this system, neuronal 

development is reasonably consistent from laboratory to laboratory, and neurons can be 

easily observed and manipulated. 

 Proper neuronal function and circuitry is dependent upon the appropriate 

patterning of dendrites as well as the appropriate number and structure of spines.  
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Dendrite and spine development are dynamic processes that are influenced by both 

intracellular factors, such as small GTPases (Tashiro et al., 2000; Negishi and Katoh, 

2005), and extracellular factors, such as neurotrophins (Dijkhuizen and Ghosh, 2005; 

Orefice et al., 2013). Several neurodevelopmental and neuropsychiatric disorders are 

characterized by alterations in dendrite branching and spine density, resulting in the 

manifestation of the disease symptoms (Penzes et al., 2011; Kulkarni and Firestein, 

2012). Large-scale genetic studies have identified many candidate genes that confer risk 

to these disorders, some of which have been linked to molecular pathways that influence 

dendrite and spine development. Understanding how these genes regulate dendritogenesis 

and spinogenesis will provide insight into the etiology of these disorders and potentially 

identify novel molecular targets for drug development. 

 

Cytoskeleton of neurons 

 The cytoskeleton of all eukaryotes consists of three main components: 

microtubules, intermediate filaments, and actin filaments. In neurons, the intermediate 

filaments are termed neurofilaments, and they provide structural strength and stabilize the 

cytoskeletal framework. Neurons undergo unique morphological changes during 

development due to the carefully orchestrated dynamics of actin and microtubules. 

Microtubules are polymers composed of heterodimers of Ŭ- and ɓ-tubulin subunits. 

Axons are composed mainly of microtubules that elongate by the addition of tubulin 

heterodimers to their fast, growing ends, termed the ñplusò ends.  Within axons, 

microtubules are oriented with their ñplusò ends distal to the cell body. Dendrites are 

composed of both microtubules and actin filaments. The microtubules within dendrites 
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exhibit mixed polarity, with some microtubules oriented with their ñplusò towards the 

cells body and some away from the cell body. Actin filaments are polymers of globular 

actin (G-actin) and elongate by the addition of G-actin monomers to both ends of the 

filament to form filamentous actin (F-actin). The rapidly polymerizing end is termed the 

ñplusò end or ñbarbedò end while the slow growing end is called the ñminusò end or 

ñpointedò end. Actin filaments are particularly concentrated in axonal growth cones, 

axonal nerve terminals, and dendritic spines. Both microtubules and actin filaments 

undergo periods of growth, stabilization, and disassembly. Microtubule- and actin-

associated proteins can influence the rate at which microtubule and actin filaments 

polymerize or depolymerize. 

 Microtubules serve as the substrate for the transport of membrane-bound 

organelles and proteins necessary for neuronal growth and function. In addition, both 

microtubules and actin filaments play key roles in dendrite and spine development. The 

formation of a new neurite or dendrite branch occurs when actin filaments are locally 

destabilized, actin-rich protrusions termed filopodia extend, and microtubules invade the 

filopodia, providing stabilization of the structure (Georges et al., 2008). Spine formation 

also begins with filopodia formation at localized actin-rich sites along the dendrite; 

however, microtubules only transiently enter spines to influence spine development (Gu 

et al., 2008; Hu et al., 2008; Jaworski et al., 2009). Spine head enlargement is intimately 

tied to actin polymerization and the formation of highly branched actin filaments by the 

actin-related protein 2/3 (Arp2/3) complex (Hotulainen and Hoogenraad, 2010). 

Investigating how proteins can regulate cytoskeletal dynamics is crucial for shedding 
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light on how these key processes can be perturbed in the disease state resulting in 

abnormal neuronal morphology and function. 

 

NOS1AP in schizophrenia 

 An estimated 1.1 percent of the U.S. population age 18 and older in a given year 

is affected by schizophrenia, a severe and devastating neuropsychiatric disorder. 

Schizophrenia displays a complex pattern of inheritance, suggesting the involvement of 

multiple genetic factors in combination with environmental factors. The complexity of 

such a disorder results in patients with the manifestation of some symptoms, but not 

others, as well as varying degrees of symptom severity. The variable number of 

symptoms characterized in patients with schizophrenia includes positive symptoms (e.g. 

hallucinations, delusions, agitation, and disorganized thought), negative symptoms (e.g. a 

lack of motivation and interest, introversion, and low selfȤesteem leading to personal 

neglect), and cognitive impairments (e.g. attention deficit, problems with ñworking 

memoryò, and poor executive functioning). Currently available antipsychotic medications 

are most effective in treating the positive symptoms of the illness, while there is little to 

no improvement in the treatment of the negative or cognitive symptoms (Horacek et al., 

2006). While it is important to treat the debilitating effects of the acute positive 

symptoms of the illness, it is necessary to find efficacious treatments for the negative and 

cognitive symptoms in order to see longȤterm improvement in the quality of life for 

individuals with schizophrenia. 

More than 500 genes have been reported to contribute to the susceptibility of 

schizophrenia, including nitric oxide synthase 1 (NOS1), NOS1 adaptor protein 
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(NOS1AP), neuregulin-1 (NRG1), multiple N-methyl-D-aspartate (NMDA) receptor 

subunit genes, synapsin I, II, and III (SYN1, SYN2, SYN3), and Disrupted in Schizohrenia 

(DISC1) (e.g. (Millar et al., 2000; Stefansson et al., 2003; Baba et al., 2004; Brzustowicz 

et al., 2004; Chen et al., 2004; Tang et al., 2006). NOS1AP has been shown to be a 

promising candidate gene for schizophrenia susceptibility (Brzustowicz, 2008). Several 

independent studies have reported linkage of schizophrenia to chromosome 1q21Ȥ22, a 

locus that contains NOS1AP (Shaw et al., 1998; Brzustowicz et al., 2000; Brzustowicz et 

al., 2002; Rosa et al., 2002; Hwu et al., 2003). One study identified significant linkage 

disequilibrium between six single nucleotide polymorphisms (SNPs) within NOS1AP and 

schizophrenia in a group of 24 mediumȤsized Canadian families (Brzustowicz et al., 

2004). In addition, an association study found one SNP within NOS1AP and haplotypes 

constructed from three SNPs within NOS1AP to be significantly associated with 

schizophrenia in the Chinese Han population (Zheng et al., 2005). More recently, eight 

SNPs within NOS1AP were found to be significantly associated with schizophrenia in a 

South American population isolate, two of which had been identified by Brzustowicz and 

colleagues, further strengthening a link between NOS1AP and schizophrenia (Kremeyer 

et al., 2008). None of the SNPs within NOS1AP that associate with schizophrenia alter 

the amino acid sequence of the protein, suggesting that they may instead play a role in 

altering gene expression levels. Indeed, NOS1AP expression, at both the mRNA and 

protein level, is upregulated in human postmortem samples from the dorsolateral 

prefrontal cortex (DLPFC), a region of the brain associated with cognitive function, of 

individuals with schizophrenia in an American population (Xu et al., 2005; 

Hadzimichalis et al., 2010). Furthermore, the increased NOS1AP mRNA expression 
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found among the American samples was significantly correlated to three SNPs identified 

in the Canadian population previously found to be associated with schizophrenia. Using a 

luciferase reporter assay in two human neural cell lines, a SNP identified in NOS1AP and 

shown to be associated with schizophrenia in the Canadian population was demonstrated 

to increase gene expression by enhancing transcription factor binding (Wratten et al., 

2009). The DLPFC has been widely implicated in the pathophysiology of schizophrenia, 

showing perturbations at the anatomical, neuropathological, and neurochemical levels 

(Bunney and Bunney, 2000). The identification of NOS1AP as a schizophrenia 

susceptibility gene by linkage and association studies across different populations 

coupled with the finding of increased expression of NOS1AP in the DLPFC of 

individuals with schizophrenia make studies on NOS1AP function particularly attractive 

for identifying new therapeutic targets for the treatment of cognitive symptoms in 

schizophrenia. 

 

Use of iPSC technology to develop a human neuronal model system 

 Induced pluripotent stem cell technology involves the reprogramming of somatic 

cells to a pluripotent state by the overexpression of key transcription factors, such as 

OCT4, cȤMyc, SOX2, and KLF4, which have been found to maintain pluripotency in 

embryonic stem cells (ESCs; (Takahashi and Yamanaka, 2006)). The expression of these 

transcription factors results in the activation of pluripotency genes and proliferative and 

metabolic pathways and the repression of differentiation and lineage-specific genes. 

Induced pluripotent stem cells can give rise to any cell type from the three germ layers. 

The study of neurodevelopmental disorders can particularly benefit from iPSC 
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technology due to the lack of or inadequacy of existing animal models and the difficulty 

of accessing human neural stem cells and neurons for in vitro studies. Despite the genetic 

similarities between humans and rodents, differences are seen in the downstream effects 

of genetic alterations. As a result, animal models do not always show the same disease 

symptoms as is observed in humans (Inoue and Yamanaka, 2011). The development of 

drugs relies on cell lines for proofȤofȤconcept studies and toxicity screenings. Just as with 

animal models, rodent cell lines are not able to fully mimic human biological processes. 

One reason for this is that the type and/or distribution of ion channels and receptors on 

the surface of the cell may be different from those in human cells (Sabir et al., 2008). 

Immortalized human cells lines are not ideal for disease studies because often the 

diseaseȤrelevant cell type is not available and the immortalization process alters native 

cellular responses (Ebert and Svendsen, 2010). In fact, compounds that have shown 

efficacy in cell lines and animals do not show therapeutic effects in humans, and in the 

worst case scenario, have toxic effects in humans (Laustriat et al., 2010). Therefore, the 

use of human neural cell cultures can greatly complement the use of cell lines and animal 

models for disease studies. With iPSC technology, the study of the differentiation process 

of human neural stem cells to mature neurons in a more physiologically relevant manner 

is now possible. 

 

Thesis Overview 

 Many neurodevelopmental and neuropsychiatric disorders are associated with 

perturbations in dendrite branching, spine morphology and density, and connectivity. The 

focus of this thesis will be on elucidating the role of two isoforms of NOS1AP, a 
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schizophrenia susceptibility gene, in the regulation of dendrite and spine development, as 

well as synaptic function. Chapter 1 will focus on how NOS1AP regulates actin dynamics 

and key regulators of actin polymerization and depolymerization. In Chapter 2, work 

focuses on how NOS1AP influences dendrite branching when altered in an in vivo 

system, the developing rat brain, and spine formation and synaptic function using a rat 

cortical cell culture system. Finally, Chapter 3 will establish a human neuronal cell 

culture system and investigate the role of NOS1AP in human dendritogenesis. 
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Figure 1. Stages of neuronal development. Schematic representation of the discrete and 

overlapping stages of development neurons undergo both in vitro and in vivo. Stage 1 

represents the outgrowth of immature neurites from the cell body. At stage 2, one neurite 

grows at a faster rate than the other neurites and gets specified as the axon. The other 

neurites elongate and become mature dendrites during stage 3, followed by extensive 

branching. The last stage, stage 4, represents the formation of spines and synapses along 

the dendrites, which are necessary for synaptic neurotransmission. Figure adapted by 

author with permission from Macmillan Publishers Ltd: [Nature Reviews Neuroscience] 

Arimura N. and Kaibuchi K. Nat Rev Neurosci. 2007 Mar;8(3):194-205, copyright 2007. 
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CHAPTER I:  

Isoforms of NOS1AP regulate the actin cytoskeleton via 

distinct mechanisms 
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ABSTRACT 

 Proper dendrite and spine development is dependent on the tight regulation of 

actin dynamics. Our laboratory previously reported that two isoforms of NOS1AP, a long 

isoform (NOS1AP-L) and short isoform (NOS1AP-S), negatively regulate dendrite 

branching in rat hippocampal neurons. To elucidate the role of NOS1AP in the regulation 

of the cytoskeleton, we overexpressed a long (NOS1AP-L) or short (NOS1AP-S) isoform 

of NOS1AP in heterologous cells and investigated changes in actin and microtubule 

organization. Overexpression of NOS1AP-S increases the percentage of cells with 

irregular microtubules. In addition, both NOS1AP-L and NOS1AP-S alter actin 

organization, while only NOS1AP-L induces filopodia-like membrane protrusions. 

Overexpressing a mutant of NOS1AP-L lacking the PTB domain, the domain previously 

shown to influence Rac1 activation, blocks the induction of filopodia. We did not observe 

a change in activated Rac1 levels after overexpression of NOS1AP-S; however, we 

observed a significant decrease in total Rac1 protein levels. To further investigate how a 

reduction in Rac1 by NOS1AP-S overexpression can disrupt actin dynamics, we 

examined the activation state of cofilin, a downstream effector of Rac1. We observed a 

prominent decrease in cofilin total protein levels with NOS1AP-S overexpression, yet no 

change in the phosphorylated form of cofilin (P-cofilin). Overexpression of NOS1AP-L 

results in no change to either total cofilin levels or P-cofilin levels. Moreover, lysates 

from cultures expressing NOS1AP-S, but not NOS1AP-L, increase the rate of actin 

polymerization. Thus, our data suggest that NOS1AP-S, but not NOS1AP-L, acts to 

downregulate total Rac1 and the active, nonphosphorylated form of cofilin to promote 

actin reorganization. 
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INTRODUCTION  

Dynamic reorganization of the actin cytoskeleton is essential for numerous 

processes during neuronal development, such as dendritic growth, neuronal migration, 

and spine formation and maturation (Bellenchi et al., 2007; Georges et al., 2008; 

Jaworski et al., 2009). The Rho family of GTPases is composed of key intracellular 

regulators of dendritic development that act by influencing the actin cytoskeleton (Hall, 

1994). GTPases are GTP-binding proteins that cycle between an active GTP-bound state 

and an inactive GDP-bound state. The three most commonly studied members of the Rho 

family of GTPases are Rac1, RhoA, and Cdc42. Activation of RhoA promotes the 

formation of actin stress fibers, and in neurons, this results in a reduction of dendrite 

growth (Hall, 1998). In contrast, both Rac1 and Cdc42 promote dendrite growth and 

branching, and in non-neuronal cells, induce lamellipodia and filopodia formation, 

respectively (Hall, 1998). When GTPases are in their active state, they transduce signals 

by binding to effector proteins, initiating a signaling cascade that directly influences actin 

dynamics (Figure I-1 A). A common signaling pathway among the three small GTPases 

involves the regulation of cofilin activity (Figure I-1 B). Cofilin is a member of the actin 

depolymerizing factor (ADF)/cofilin family of proteins that enhances the rate of actin 

filament turnover, both in vivo and in vitro, by severing and depolymerizing actin 

filaments (Carlier et al., 1997; Lappalainen and Drubin, 1997). The activity of cofilin is 

regulated by the phosphorylation of its Ser-3 residue, resulting in its inactivation 

(Moriyama et al., 1996). Activated Rho binds to and activates Rho-associated kinase 

(ROK) resulting in the phosphorylation of LIM -motif containing kinase (LIMK). 

Activated Rac and Cdc42 can also trigger LIMK  activity by activating p21-activated 
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kinase (PAK), which then phosphorylates LIMK. Activated LIMK phosphorylates 

cofilin, which leads to the inactivation of its actin depolymerizing and severing activity. 

The inactivation of cofilin promotes increased stabilization of actin filaments and actin 

polymerization (Tybulewicz and Henderson, 2009). 

Nitric oxide synthase 1 adaptor protein (NOS1AP) is an intracellular protein that 

influences dendrite branching, spine development, and neuronal migration (Carrel et al., 

2009; Richier et al., 2010; Carrel et al., 2015). At least two isoforms of the NOS1AP 

protein have been identified (Jaffrey et al., 1998; Xu et al., 2005), with a third isoform 

recently reported by our group (Hadzimichalis et al., 2010). The longer isoform 

(NOS1AP-L), encoded by a ten exon mRNA transcript, consists of 501 amino acids and 

contains an amino-terminal phosphotyrosine-binding (PTB) domain and a carboxyl-

terminal PDZ-binding motif, which stabilizes the interaction between NOS1 and 

NOS1AP (Li et al., 2015). The shorter isoform (NOS1AP-S), encoded by a transcript 

from the last two exons of the mRNA, consists of 211 amino acids and also contains the 

PDZ-binding motif at its carboxyl-terminus. The PTB domain of NOS1AP-L binds to 

Dexras1, synapsin, and Scribble (Fang et al., 2000; Jaffrey et al., 2002; Richier et al., 

2010) and is responsible for the disruption of neuronal migration by NOS1AP-L during 

cortical development (Carrel et al., 2015). The PDZ-binding motif is important for 

stabilization of the binding of NOS1AP to neuronal nitric oxide synthase 1 (NOS1) 

(Jaffrey et al., 1998; Li et al., 2015), influencing NOS1 localization, and therefore, 

mediating nitric oxide (NO) signaling (Figure I-2).  

Our laboratory previously reported that NOS1AP-L negatively regulates dendrite 

branching in cultures of primary rat hippocampal neurons at all time points examined but 
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that NOS1AP-S only transiently decreases dendrite number at an early time point in 

dendrite development (Carrel et al., 2009). NOS1AP-L binds to carboxypeptidase E 

(CPE) via a region not present in NOS1AP-S, mediating the effects of NOS1AP-L on 

dendrite branching (Carrel et al., 2009). CPE can exist in a soluble and a transmembrane 

form, and both have a C-terminal tail that can bind to dynactin. Dynactin is an adaptor 

protein that links CPE to microtubule motors, and this interaction is responsible for CPE-

mediated transport of vesicles along microtubules (Cawley et al., 2012). The interaction 

of NOS1AP with CPE links NOS1AP to microtubule motors, which are important 

regulators of microtubule dynamics. In addition, one study found that overexpression of 

NOS1AP-L results in an increase in dendritic protrusions in rat hippocampal neurons and 

that the PTB domain is responsible for this effect (Richier et al., 2010). Although these 

studies have demonstrated that NOS1AP-L can influence both dendrite branching and 

spine formation in rat hippocampal neurons, it remains unclear whether NOS1AP 

isoforms do so by influencing actin or microtubule organization. Here, we investigate if 

overexpression of NOS1AP-L or NOS1AP-S in heterologous cells alters the 

cytoskeleton, with a focus on the actin cytoskeleton.  
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Figure I -1. Downstream signaling pathways of the Rho family of GTPases. A, 

Diagram of the effector proteins downstream of Cdc42, Rac, and Rho. The effector 

proteins mediate the numerous changes to the actin cytoskeleton that are initiated by the 

activated small GTPases. Diagram modified from Van Aelst and Symons, 2002. B, 

Diagram showing the cofilin signaling pathway, which is common to Cdc42, Rac, and 

Rho. GTP-bound Rho activates Rho-associated kinase (ROK) resulting in the 

phosphorylation of LIM -motif containing kinase (LIMK) by ROK. Activated Rac and 

Cdc42 can also activate LIMK by activating p21-activated kinase (PAK), which then 

phosphorylates LIMK. The activation of LIMK results in the phosphorylation of cofilin, 

inactivating its actin depolymerizing and severing activity and thereby promoting actin 

polymerization.  
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Figure I -2. Domains of NOS1AP-Long and NOS1AP-Short Proteins. The long 

isoform of NOS1AP (NOS1AP-L) produces a protein with an N-terminal 

phosphotyrosine binding domain (PTB; amino acids 1ï180), a carboxypeptidase E 

(CPE)-binding region (amino acids 181ï307), and a C-terminal PDZ-binding motif 

(amino acids 489ï501). The short isoform of NOS1AP (NOS1AP-S) produces a protein 

with only the PDZ-binding motif. NOS1AP-L and NOS1AP-S have been identified as 

important adaptor proteins that can influence neuronal function and development. PDZ, 

postsynaptic density protein (PSD95), Drosophilia discs large tumor suppressor, and 

zonula occludens-1 protein domain. Figure adapted from Carrel et al., 2015. 
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MATERIALS AND METHODS  

Statistics 

All statistics were calculated using the Prism 5.0 software from GraphPad (La Jolla, CA). 

Tests used are noted in figure legends. 

 

Antibodies 

Mouse monoclonal anti-acetylated tubulin and mouse monoclonal anti-actin from Sigma-

Aldrich (St. Louis, MO). Mouse monoclonal GAPDH antibody was from Millipore 

(Billerica, MA). Chicken and goat polyclonal green fluorescent protein (GFP) antibodies 

were from Rockland Immunochemicals (Limerick, PA). Mouse monoclonal Rac1 

antibody was from Cytoskeleton, Inc (Denver, CO). Alexa Fluor® 647 phalloidin and 

chicken secondary antibody conjugated to Alexa-Fluor® 488 were from Life 

Technologies (Grand Island, NY). Mouse monoclonal cofilin antibody was from BD 

Biosciences (San Jose, CA) and rabbit monoclonal Phospho-cofilin (Ser3) antibody was 

from Cell Signaling Technology (Danvers, MA). 

 

DNA constructs 

pCAG-GFP was obtained by subcloning EGFP from pEGFP-C1 (Clontech; Mountain 

View, CA) into a vector with CMVïactinïɓ-globin promoter (pCAG). cDNAs encoding 

long and short isoforms of human NOS1AP (NOS1AP-L and NOS1AP-S), NOS1AP-L-

214-end (NOS1AP-L-ȹPTB), NOS1AP-L-1-487 (NOS1AP-L-ȹPDZ), and NOS1AP-L-

181-307 (NOS1AP-M) were subcloned into pCAG-GFP as described previously (Carrel 

et al., 2009). 
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Western Blotting of COS-7 cell lysates 

COS-7 cells were cultured in 60 mm dishes and transfected at 30-50% confluency with 

pCAG-GFP, pCAG-GFP-NOS1AP-L, or pCAG-GFP-NOS1AP-S using Lipofectamine 

2000 following the manufacturerôs protocol. Cells were collected two days after 

transfection and lysed, and expression of actin, GFP, and GAPDH was detected by 

immunoblotting after resolving proteins using SDS-PAGE. After electrophoresis, 

proteins were transferred to PVDF membranes (Immobilon-P; Millipore). After blocking 

with 2% bovine serum albumin (BSA) in Tris-buffered saline (500 mM Tris, pH 7.4, 60 

mM KCl, 2.8 M NaCl) with 1% Tween-20 (TBST), membranes were incubated with 

primary antibodies overnight at 4°C: 1:1000 for mouse anti-actin, 1:1000 for mouse anti-

GAPDH, or 1:500 for goat anti-GFP. After washing, horseradish peroxidase-linked 

secondary antibody was applied at 1:5000 for one hour at RT. Immunoreactive bands 

were visualized using HyGlo quick spray (Denville Scientific; South Plainfield NJ) and 

quantified using Image Pro software (Media Cybernetics). 

 

Transfection of COS-7 cells and Immunocytochemistry for F-actin 

COS-7 cells were plated onto 0.1 mg/ml poly-d-lysine hydrobromide (Sigma-Aldrich) ï

coated coverslips at 10,550 cells/cm2 and transfected with pCAG-GFP, pCAG-NOS1AP-

L, pCAG-NOS1AP-S, pCAG-NOS1AP-L-ȹPTB, pCAG-NOS1AP-L-ȹPDZ, or pCAG-

NOS1AP-M using Lipofectamine 2000 (Life Technologies) following the manufacturerôs 

protocol. Forty-eight hours after transfection, cells were fixed with 4% paraformaldehyde 

in phosphate-buffered saline for 15 minutes and immunostained for GFP using chicken 

anti-GFP (1:500) and Alexa-Fluor® 488 anti-chicken (1:500) and for filamentous actin 
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(F-actin) using Alexa-Fluor® 647-Phalloidin, followed by nuclear staining with Hoechst 

dye. Coverslips were mounted onto glass slides using Fluoromount G (Southern 

Biotechnology; Birmingham, AL). For F-actin content analysis, cells were imaged at 

600x with a fixed exposure time among experimental conditions using an Olympus 

Optical (Tokyo, Japan) IX50 microscope with a Cooke Sensicam CCD cooled camera, 

fluorescence imaging system, and ImagePro software (MediaCybernetics; Silver Spring, 

MD). Cells were traced with the experimenter blinded to the condition using ImageJ 

(NIH; Bethesda, MD) to quantify the mean fluorescence intensity of Alexa Fluor® 647-

phalloidin staining.  

 

Transfection of COS-7 cells and Immunocytochemistry for Microtubules 

COS-7 cells were plated onto 0.1 mg/ml poly-d-lysine hydrobromide (Sigma-Aldrich) ï

coated coverslips at 10,550 cells/cm2 and transfected with pCAG-GFP, pCAG-NOS1AP-

L, or pCAG-NOS1AP-S using Lipofectamine 2000 (Life Technologies) following the 

manufacturerôs protocol. Forty-eight hours after transfection, cells were fixed with 

prewarmed PHEM buffer (60 mM PIPES, 21 mM HEPES, 10 mM EGTA, 2 mM MgCl2, 

685 mM NaCl, pH7.5) containing 0.1% Triton-X-100 and 0.5% glutaraldehyde for 15 

minutes. The fixation solution was removed and a 2 mg/mL sodium borohydride solution 

in 1x PBS was immediate added for 15 min followed by a wash with 1x PBS. Fixed cells 

were immunostained for GFP using chicken anti-GFP (1:500) and acetylated tubulin 

using mouse anti-acetylated tubulin (1:1000). Coverslips were mounted onto glass slides 

using Fluoromount G (Southern Biotechnology; Birmingham, AL). Cells were imaged at 

600x using an Olympus Optical (Tokyo, Japan) IX50 microscope with a Cooke Sensicam 
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CCD cooled camera, fluorescence imaging system, and ImagePro software 

(MediaCybernetics; Silver Spring, MD). Cells were analyzed for presence of microtubule 

organizing center (MTOC) and microtubule organization with the experimenter blinded 

to the condition using ImageJ (NIH; Bethesda, MD). 

 

Rac Activation Assay and Western Blotting of HEK293T cell lysates 

Rac1 activation assay was performed with Rac1 Pull-down Activation Assay Biochem 

Kit using manufacturer's protocol (Cytoskeleton, Inc). HEK293T cells were transfected 

(30-50% confluency) with pCAG-GFP, pCAG-GFP-NOS1AP-L, or pCAG-GFP-

NOS1AP-S using the calcium phosphate method (Kwon and Firestein, 2013), incubated 

overnight, and incubated in serum-free medium for an additional 24 h. Medium was 

changed to serum-containing medium for 10 min before scrape-harvesting protein. Cells 

were harvested in lysis buffer (50mM Tris pH 7.5, 10mM MgCl2, 0.5M NaCl, and 2% 

Igepal) supplemented with protease inhibitors (62 ɛg/ml Leupeptin, 62 £g/ml Pepstatin 

A, 14 mg/ml Benzamidine and 12 mg/ml tosyl arginine methyl ester) and 1 mM sodium 

orthovanadate, pH 10. A positive control, GTPɔS, was included, and the pull-down of 

activated Rac1 was performed using 20 µg PAK-PBD beads according to the 

manufacturer's protocol. Western blotting was performed for activated Rac1, total Rac1 

using mouse anti-Rac1 (1:500), cofilin using mouse anti-cofilin (1:2500), 

phosphorylated-cofilin using rabbit anti-Phospho-cofilin (1:1000), and GAPDH using 

mouse anti-GAPDH (1:1000). Immunoreactive bands were quantified using Image Pro 

software. 
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In Vitro  Pyrene-Actin Polymerization Assays 

The rate of non-muscle actin polymerization in the presence of lysates from cultures 

overexpressing GFP, GFP-NOS1AP-L or GFP-NOS1AP-S was monitored according to 

the methods outlined in the Actin Polymerization Biochem Kit (Cytoskeleton, Inc). 

HEK293T cells were cultured in 10 cm dishes and transfected at 30-50% confluency with 

pCAG-GFP, pCAG-GFP-NOS1AP-L, or pCAG-GFP-NOS1AP-S using the calcium 

phosphate method. Forty-eight hours later, total protein was extracted in Buffer A (20 

mM Tris-HCl, pH7.5, 20 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl 

fluoride (PMSF)). Protein lysates were diluted to 1.5 mg/ml with Buffer A lacking Triton 

X-100 for final 0.1% [Triton X-100]. Pyrene-labeled rabbit muscle actin and human non-

muscle actin (Cytoskeleton, Inc.) were mixed in a 1:10 ratio to monitor non-muscle actin 

polymerization. The 1:10 mixture of pyrene-muscle actin and unlabeled non-muscle actin 

was diluted to 0.45 mg/ml in G-buffer (5 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2, and 0.2 

mM ATP). Pyrene muscle actin will not polymerize efficiently on its own at the 

concentration used in this assay, so the reaction is dependent on non-muscle actin 

polymerization for F-actin formation. In vitro polymerization assays (200 ɛl) were 

performed in black with clear bottom 96-well plates (Corning; Corning, NY). Duplicate 

or triplicate wells were assayed for G-buffer; pyrene-actin, lysis buffer (20 mM Tris-HCl, 

pH7.5, 20 mM NaCl, 0.1% Triton X-100, 1 mM PMSF); pyrene-actin, GFP; pyrene-

actin, NOS1AP-L; and pyrene-actin, NOS1AP-S. Polymerization reactions were started 

30 s prior to measurement by addition of 20 ɛl 10Ĭ actin polymerization buffer 

(Cytoskeleton, Inc.). The increase in pyrene fluorescence following polymerization was 

measured with CytoFluor Series 4000 fluorescence plate reader (Applied Biosystems, 
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Life Technologies): excitation, 360 ± 40 nm, emission, 460 ± 40 nm every 30 s. To 

quantify changes in polymerization rate, linear regression was performed using 

GraphPad, Prism (San Diego, CA) to calculate the Vmax for the growth phase of 

polymerization. 
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RESULTS 

Overexpression of NOS1AP isoforms alters microtubule organization. 

We recently reported that both NOS1AP-L and NOS1AP-S can regulate dendrite 

branching distinctly during different time points of dendrite development (Carrel et al., 

2009). Furthermore, NOS1AP-L exerts its effect on dendrite branching through a CPE-

dependent pathway. To investigate whether NOS1AP can influence microtubule 

organization, we overexpressed NOS1AP-L or NOS1AP-S in COS-7 cells, a cell type in 

which changes in cytoskeletal organization can be more easily observed. Microtubule 

organization was monitored by immunofluorescence for acetylated tubulin. Control cells 

often exhibit a prominent microtubule-organizing center (MTOC) localized near the 

nucleus with microtubule bundles emanating from the MTOC in an astral fashion (Figure 

I-A). When NOS1AP-L is overexpressed in COS-7 cells, there is a lower percentage of 

cells without a prominent MTOC compared to control cells (Figure I-3 A,B). In contrast, 

a higher percentage of cells overexpressing NOS1AP-S do not exhibit a prominent 

MTOC compared to control cells (Figure I-3 A,B). Furthermore, overexpression of 

NOS1AP-S increases the percentage of cells with irregular microtubules, as observed by 

the circuitous or winding microtubule bundles (Figure I-3 A,C). Taken together, these 

data indicate that both NOS1AP-L and NOS1AP-S influence microtubule organization in 

distinct ways. 
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Figure I -3. NOS1AP isoforms alter microtubule organization. A, Representative 

images of anti-acetylated tubulin immunofluorescence of cells expressing GFP (Control), 

GFP-NOS1AP-L, or GFP-NOS1AP-S. B, Percentage of GFP-positive cells without a 

prominent microtubule organizing center (MTOC) 48 hours after transfection of COS-7 

cells with plasmids encoding the indicated proteins. C, Percentage of GFP-positive cells 

with irregular microtubule organization 48 hours after transfection of COS-7 cells with 

plasmids encoding the indicated proteins. *p< 0.05 and **p< 0.01 versus GFP control. p 

values were determined by one-way ANOVA followed by Dunnettôs Multiple 

Comparisons test. Error bars indicate ± s.e.m. n = 3 for each condition, representing 54 

cells analyzed for GFP condition; 38 cells for NOS1AP-L; and 56 cells for NOS1AP-S. 

Scale bar = 10 µm. 
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NOS1AP alters actin organization and cell morphology when overexpressed in 

COS-7 cells. 

We reported that NOS1AP-L and NOS1AP-S regulate dendrite branching (Carrel et al., 

2009), and others reported that NOS1AP-L regulates dendritic spine development 

(Richier et al., 2010) in rat hippocampal neurons. To gain insight into how NOS1AP 

plays a role in these two cytoskeleton-based processes, we overexpressed NOS1AP-L or 

NOS1AP-S in COS-7 cells and analyzed actin expression 48 hours post-transfection. We 

found no difference in total actin protein when either isoform is overexpressed (Figure I-

4 A,B). During new dendritic branch or spine formation in neurons, distinct types of 

reorganization of the actin cytoskeleton need to occur (Hotulainen and Hoogenraad, 

2010). To investigate the role of NOS1AP isoforms in regulating actin organization, we 

characterized shape and measured F-actin content of cells overexpressing NOS1AP 

isoforms. Control cells exhibit typical fibroblast-like morphology (Fig. I-4 C), and the 

actin cytoskeleton is characterized by the presence of stress fibers and diffuse F-actin 

immunofluorescence, which we note as ñactin organization.ò Expression of NOS1AP-L 

or NOS1AP-L-ȹPDZ, lacking the PDZ-binding motif, induces thin, long, and sometimes 

branched membrane protrusions, accompanied by a decrease in F-actin content (Fig. I-4 

C,D), suggesting that the PDZ-binding motif is nonessential for this function of 

NOS1AP-L. Cells expressing NOS1AP-S or NOS1AP-L-ȹPTB, lacking the PTB 

domain, show normal shape, although the organization of actin is altered as shown by the 

decrease in F-actin staining (Fig. I-4 C,D). Expression of NOS1AP-M, the middle region 

in NOS1AP-L responsible for the effects of NOS1AP-L on dendrite branching (Carrel et 

al., 2009), has no effect on cell shape or actin organization. This region is responsible for 
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binding to carboxypeptidase E and is not present in NOS1AP-S, suggesting that 

NOS1AP-L regulates dendrite branching via a distinct domain and mechanism than it 

acts to regulate actin organization. Thus, the PTB domain is responsible for induction of 

filopodia-like membrane protrusions observed with NOS1AP-L overexpression, while an 

unknown shared region between NOS1AP-L and NOS1AP-S is responsible for the 

reduction in the diffuse F-actin staining. Our data suggest that NOS1AP-L and NOS1AP-

S play roles in regulating actin organization via distinct mechanisms. 
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Figure I -4. Expression of NOS1AP-L or NOS1AP-S in COS-7 cells decreases F-

actin. A, Extracts from cultures of transfected COS-7 cells expressing GFP (control), 

GFP-NOS1AP-L, or GFP-NOS1AP-S were resolved by SDS-PAGE and analyzed by 

Western blotting using antibodies that recognize actin or GAPDH. Representative blot is 

shown. B, Densitometry analysis of multiple blots represented in A. Error bars indicate ± 

s.e.m. n=6 for all conditions. a.u., arbitrary units. C, Representative images of Alexa 

Fluor® 647 phalloidin staining of cells expressing GFP (Control), GFP-NOS1AP-L, 

GFP-NOS1AP-S, GFP-NOS1AP-M, GFP-NOS1AP-L-ȹPTB, or GFP-NOS1AP-ȹPDZ. 

D, Intracellular F-actin content determined by Alexa Fluor® 647 phalloidin fluorescence 

intensity 48 hours after transfection of COS-7 cells with plasmids encoding the indicated 

proteins. ***p< 0.001 versus Control. p values were determined by one-way ANOVA 

followed by Dunnettôs Multiple Comparisons test. Error bars indicate ± s.e.m. n = 36 

cells, GFP; n = 36, NOS1AP-L; n = 36, NOS1AP-S; n = 36, NOS1AP-M; n = 34, 

NOS1AP-L-ȹPTB; n = 35, NOS1AP-ȹPDZ; from three experimental replicates. Scale 

bar = 10 µm. 
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NOS1AP-S decreases total Rac1 protein expression. 

The Rho family of GTPases, including Rac1, are regulators of dendritic development by 

influencing the actin cytoskeleton (Nakayama et al., 2000; Tashiro et al., 2000; Negishi 

and Katoh, 2005; Zhang et al., 2005; Sekino et al., 2007). However, reorganization of the 

actin cytoskeleton may occur in a Rac1-independent manner (Papakonstanti and 

Stournaras, 2002). It has been reported that NOS1AP-L increases the activation of Rac1 

(Richier et al., 2010). To investigate whether NOS1AP-S activates Rac1, we expressed 

NOS1AP-L or NOS1AP-S in HEK293T cells and measured the levels of GTP-bound 

Rac1 (Fig. I-5 A,B). We did not observe a change in activated Rac1 levels after 

NOS1AP-S overexpression and failed to observe consistent activation of Rac1 after 

NOS1AP-L overexpression (Fig. I-5 C). This may be due to variability in the 

responsiveness of the cells to Rac1 activation, although cells were subjected to the 

standard procedure for serum-starvation before examining activation of Rac1. 

 Activation of Rac1 is not the sole mechanism by which Rac1 may act to alter 

actin organization. Decreased total Rac1 levels, rather than amount of Rac1 activation, 

have been shown to inhibit the stabilization of actin-rich protrusions, affecting overall 

actin organization (Yip et al., 2007). As such, we examined whether overexpression of 

either NOS1AP isoform results in changes to overall Rac1 levels. Cells overexpressing 

NOS1AP-S, but not NOS1AP-L, demonstrate a decrease in total Rac1 protein (Fig. I-5 

D). These data suggest that NOS1AP-L and NOS1AP-S regulate the Rac1 signaling 

pathway in distinct ways to influence the actin cytoskeleton. 
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Figure I -5. Expression of NOS1AP-S in HEK293T cells decreases total Rac1. A, 

Representative images of HEK293T cells expressing GFP (control), GFP-NOS1AP-L, or 

GFP-NOS1AP-S. Scale bar = 100 ɛm. B, Upper blot, lysates from HEK293T cells 

overexpressing indicated proteins were incubated with PAK-PBD beads, and retained 

proteins were resolved by SDS-PAGE and analyzed by Western blotting using antibodies 

that recognize Rac1 to determine the amount of activated Rac1 (Rac1-GTP). GTPɔS was 

included as a positive control. Lower blots, Lysates from HEK293T cells overexpressing 

indicated proteins were resolved by SDS-PAGE and analyzed by Western blotting using 

antibodies that recognize Rac1 and GAPDH to determine total Rac1 protein levels. 

Representative blot is shown. C, Relative quantification of Rac1-GTP normalized to total 

Rac1 protein from multiple blots represented in B. Error bars indicate ± s.e.m. n = 7 for 

all conditions. D, Relative quantification of total Rac1 protein normalized to control from 

multiple blots represented in B. Error bars indicate ± s.e.m. n = 9 for all conditions. All 

analyses were performed by first normalizing to GAPDH as an internal loading control 

and then comparing experimental condition to GFP control condition. **p< 0.01 versus 

control. p values were determined by one-way ANOVA followed by Dunnettôs Multiple 

Comparisons test. 
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NOS1AP-S decreases active cofilin and increases the proportion of inactive cofilin. 

To further investigate how a reduction in Rac1 levels, resulting from overexpression of 

NOS1AP-S, can disrupt actin dynamics, we assessed the activation state of cofilin, a 

common downstream effector of Rac1 and other Rho family GTPases. Cofilin is a 

member of the actin depolymerizing factor (ADF)/cofilin family of proteins and enhances 

the rate of actin filament turnover, both in vivo and in vitro, by severing and 

depolymerizing actin filaments (Carlier et al., 1997; Lappalainen and Drubin, 1997). The 

activity of cofilin is regulated by phosphorylation of its Ser-3 residue, resulting in its 

inactivation (Moriyama et al., 1996). When NOS1AP-S is overexpressed in HEK293T 

cells, a decrease in total cofilin protein levels results; however, there is no change in 

levels of the inactive, phosphorylated form of cofilin (P-cofilin) (Figure I-6 A-D). In 

contrast, overexpression of NOS1AP-L results in no change in total cofilin levels or P-

cofilin levels (Figure I-6 A-D). To elucidate any changes in cofilin activity, we 

normalized P-cofilin levels to total cofilin, which allows for the analysis of the active, 

non-phosphorylated form of cofilin. We found that overexpression of NOS1AP-S 

decreases the levels of the active cofilin, resulting in an increase in the ratio of inactive 

cofilin to total cofilin (Figure I-6 E), a measure of cofilin activity standard in the 

literature. Taken together, our data suggest that NOS1AP-S, but not NOS1AP-L, acts to 

downregulate levels of total cofilin to promote actin reorganization. 
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