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ABSTRACT 
 

 Autism spectrum disorder (ASD) is a neurodevelopmental disorder that results in social-

communication impairments, restricted and repetitive behaviors, and is more prevalent in males. 

Although the underlying etiology of ASD is generally unknown, a cell adhesion molecule, 

Neuroligin 4X (NLGN4X) located on the X chromosome, has been specifically linked with this 

disorder. The male-specific NLGN4Y, the NLGN4X homolog, is thought to be functionally 

redundant, but this assumption has not been experimentally tested.  

In this dissertation, we report NLGN4X and NLGN4Y are functionally different. NLGN4Y 

does not effectively traffic to the surface or induce synapses. We show that a critical amino acid 

difference in the extracellular domain (ECD) between NLGN4X (P93) and NLGN4Y (S93) leads 

to this differential function. In addition, we show that NLGN4X is robustly phosphorylated by 

protein kinase A and protein kinase C, whereas NLGN4Y cannot. The differential phosphorylation 

is due to one amino acid difference in the intracellular domain (ICD) between NLGN4X (R710) 

and NLGN4Y (H710). Together, we demonstrate that NLGN4X and NLGN4Y do not share the 

same function. 

Interestingly, many ASD-associated variants have been identified in NLGN4X in the 

region surrounding P93, and there is a decrease in normal population variation in this region. In 

addition, we describe two new variants found in probands with ASD and intellectual disability 

(ID), NLGN4X R101Q and V109L. Intriguingly, several of the ASD-associated mutations in 



iv 
 

NLGN4X are found in males with mothers who are carriers. Furthermore, an ASD-associated 

mutation in the ICD of NLGN4X disrupt both PKC and PKA phosphorylation. Taken together, 

our results reveal that NLGN4Y cannot compensate for NLGN4X function due to a defect in 

trafficking to the cell surface and phosphorylation, revealing potential pathogenic mechanisms for 

male bias in NLGN4X-associated ASD cases.  
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Chapter I 

Introduction 

Synapses and the post synaptic density 

The central nervous system is composed of multiple cell types that work in concert to 

orchestrate the flow of information. The key function of the central nervous system is to relay 

information throughout the brain and ultimately to other body systems. It has been estimated that 

human brains contain billions of neurons that can create up to trillions of connections. Although 

there are many classifications for neurons based on their morphologies and functions, the 

underlying mechanism for how they communicate remains the same. This communication event 

occurs at a specialized junction between two neurons called a synapse. Upon reaching a threshold 

for an action potential, a neuron releases neurotransmitters from its axon (presynaptic neuron) to 

the synaptic cleft. The released neurotransmitters then bind to receptors that are on the dendrites 

(postsynaptic neuron) to allow an influx of ions into the cell. This universal mechanism of 

converting chemical to electrical signals to systematically and efficiently relay messages between 

neurons is the basic building block of the nervous system. 

     Synaptic transmission is divided into two categories: excitatory and inhibitory synapses. The 

classification of the two types of synapses comes from the types of ions entering neurons. For 

excitatory synapses, positively charged ions such as sodium (Na+) or calcium (Ca2+) enter the cell 

and depolarize the cell membrane. In contrast, the influx of negatively charged ions such as 

chloride (Cl-) hyperpolarizes the cell membrane. Spatial and temporal summation of excitatory 

and inhibitory synaptic transmissions on to a neuron determine when an action potential will be 

fired. In addition, excitatory synapses occur predominantly at tiny protrusions from the dendrite 
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called dendritic spines, whereas inhibitory synapses occur at the dendritic shaft or the soma of the 

neuron (Alvarez and Sabatini, 2007; Krueger-Burg et al., 2017; Ziff, 2005).  

 What does a synapse look like? Using electron microscopy (EM), researchers identified 

and classified two types of synapses: Type 1 (asymmetrical) and Type II (symmetrical) (Gray, 

1959; Palay, 1958; Ziff, 2005). Both types of synapses show clustering of vesicles at the 

presynaptic terminal; however, for asymmetrical synapses, an electron-dense band is present closer 

to the postsynaptic membrane, whereas symmetrical synapses lack this defined structure. What 

researchers did not know at the time is that these two types of synapses represent excitatory 

(asymmetrical) and inhibitory (symmetrical) synapses. The electron-dense area is termed the 

postsynaptic density (PSD), a unique ultrastructure for excitatory synapses. 

 

Components of excitatory synapses 

 Further examination revealed the electron-dense area observed in Type 1 synapses is due to a 

large network of proteins tightly packed together within the postsynaptic density (Kim and Sheng, 

2004; Sheng and Hoogenraad, 2007; Thomas and Huganir, 2004). One key component of the PSD 

that defines excitatory synapses is the ionotropic glutamate receptors (Hollmann, 1994; Volk et 

al., 2015). These receptors are ligand-gated ion channels that allow cations such as Na+ and Ca2+ 

to enter the cells. The two critical stubtypes for this family of receptors are N-methyl-D-aspartate 

receptors (NMDARs) and alpha-amino-3-methyl-4-isoxazolepropionic acid receptors (AMPARs) 

(Hollmann, 1994). AMPARs are activated by the key neurotransmitter, glutamate, and their 

activation allows an influx of Na+ into the cell (Henley and Wilkinson, 2016; Lu and Roche, 2012). 

In addition to glutamate binding, NMDARs also require glycine binding to open the channel to 
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allow both Na+ and Ca2+ to enter the cell. Importantly, NMDA receptors cannot be activated unless 

AMPA receptors are activated due to a Mg2+ block on NMDA receptors. The Mg2+ block is 

removed by an influx of Na+ when AMPARs are activated (Paoletti et al., 2013; Sanz-Clemente et 

al., 2013a). Furthermore, AMPARs and NMDARs can subsequently be regulated and modulated 

by many cytoplasmic and adaptor proteins. Regulations of AMPARs and NMDARs are critical in 

controlling synaptic strength and plasticity (Malenka and Bear, 2004; Malenka and Nicoll, 1993). 

 Another major component of the PSD is the scaffolding protein family. These molecules 

include members of the Membrane-associated guanylate kinase family (MAGUK) family, 

SHANK family, GKAP, and homer (Hering et al., 2001; Sheng and Kim, 2011). The most well 

studied scaffolding protein is disc large homolog 4 (DLG4) or postsynaptic density-95 (PSD-95). 

PSD-95 is a critical organizer at the PSD that functions to stabilize a host of membrane proteins, 

links with other scaffolding proteins, and serves as a signaling hub for cytoplasmic proteins (Deng 

et al., 2006; Kim and Sheng, 2004; Won et al., 2017). PSD-95, like other MAGUK family members 

(PSD93, SAP97, SAP102), contains three PSD-95/Discs large/ Zona occludens-1 (PDZ) domains, 

a Src-homology-3 (SH3) domain, and a catalytically inactive guanylate kinase (GK) domain (Won 

et al., 2017). PSD-95 can directly bind to NMDARs and anchor them at the synapse through its 

PDZ domain (Kornau et al., 1995). PSD-95 can also indirectly influence AMPAR surface 

expression by binding to transmembrane AMPAR regulatory proteins (TARPs) (Chen et al., 2000; 

Schnell et al., 2002). For intracellular signaling, PSD-95 can influence members of the GTPase 

family by directly bind to guanine nucleotide exchange factors (GEFs) such as kalirin-7 (Penzes 

et al., 2001), phosphatases such as STEP61 (Won et al., 2016), or the GTPase-activating proteins 

(GAPs) such as SPAR and SynGAP (Kim et al., 1998; Pak et al., 2001). Lastly, PSD-95 can also 
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link with other scaffolding such as the SHANK family through binding with GKAP (Kim et al., 

1997; Naisbitt et al., 1999; Takeuchi et al., 1997). Through interacting with many proteins, PSD-

95 can regulate dendritic spine morphology and synaptic contents. Taken together, scaffolding 

molecules have an immense role at synapses by acting as a hub to stabilize critical receptors and 

bringing in cytoplasmic signaling molecules to regulate and modulate proteins at synapses. 

  Underneath the surface of the postsynaptic membrane, a host of cytoplasmic signaling 

proteins are assembled to add complexity to synapses. These proteins include kinases, 

phosphatases, and GTPases. Kinases and phosphatases work in tandem to modulate protein 

function and ultimately alter synapse strength and plasticity (Lee, 2006). For instance, studies have 

demonstrated that phosphorylation of AMPARs by protein kinase A (PKA), protein kinase C 

(PKC) or Ca2+ calmodulin-dependent kinase II (CaMKII) can alter channel kinetics (Barria et al., 

1997; Derkach et al., 1999; Hayashi et al., 2000; Lu and Roche, 2012; Roche, Katherine W., 

O’brien, Richard J., Mammen, Andrew L., Bernhardt, Jeffrey, Huganir, 1996). In addition, 

phosphorylation can also regulate protein trafficking. For example, phosphorylation of GluN2B at 

S1480 and de-phosphorylation at Y1472 results in NMDAR internalization thus decreasing 

GluN2B and increasing GluN2A at synapses (Roche et al., 2001; Sanz-Clemente et al., 2010, 

2013b). Similar to kinases, phosphatases also are critical for synaptic strength and plasticity (Lee, 

2006; Sheng and Hoogenraad, 2007; Won et al., 2016), including STEP61 that targets Y1472 on 

GluN2B. Although we only mention a few kinases and their substrates here, one can appreciate 

the vast functional roles these catalytic enzymes have at synapses.  

 Another family of proteins worthy of mention is the GTPase family. Along with their guanine 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), these GTPases can 
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ultimately affect the actin cytoskeleton of the PSD. Members of the GTPase family include, but 

are not limited to, Rac, RhoA, Ras, and Rap. Ras and Rap have been shown to regulate AMPAR 

trafficking at synapses (Zhu et al., 2002), whereas Rac and Rho have been shown to contribute to 

dendritic spine morphology (Luo et al., 1996; Nakayama et al., 2000; Tashiro, 2000). In addition, 

GEFs and GAPs of GTPases have also been shown to affect dendritic spine density and structure 

(Chen et al., 1998; Kim et al., 1998; Pak et al., 2001; Penzes et al., 2001). ). For instance, the 

RhoGEF protein kalirin-7 can induce an increase in spine density by interacting with a cell 

adhesion molecule (Paskus et al., 2019; Penzes et al., 2001). Importantly, GTPases along with 

GEFs and GAPs have been associated with neurodevelopmental disorders (Geschwind and State, 

2015), and warrant further investigation. 

 At inhibitory synapses, the postsynaptic density is not as well orchestrated as at excitatory 

synapses. Unlike excitatory synapses, which occur at the dendritic spines, inhibitory synapses take 

place at dendritic shafts or at the soma of neurons (Krueger-Burg et al., 2017; Sheng and Kim, 

2011). At the center of inhibitory synapses on postsynaptic membrane are gamma-aminobutyric 

acid (GABA) receptors (GABARs) and glycine receptors (GlyRs) (Krueger-Burg et al., 2017; 

Moss and Smart, 2001). Upon activation, these receptors allow the influx of Cl- anions to enter the 

cell to hyperpolarize the cell membrane. Just as excitatory synapses rely on scaffolding proteins to 

anchor critical receptors at the PSD, inhibitory synapses also depend on scaffolding protein called 

gephyrin (Prior et al., 1992). Gephyrin can self-multimerize to form a hexagonal lattice to stabilize 

GABARs and GlyRs. Lastly, inhibitory synapses also rely on cytoplasmic signaling molecules to 

regulate trafficking and clustering of GABARs/GlyRs and gephyrin (Tyagarajan and Fritschy, 

2014). Although the postsynaptic structure of inhibitory synapses is not as compact as the 
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excitatory synapse PSD, inhibitory synapses are still able to dynamically modulate inhibitory 

synaptic transmission. 

 Finally, an important class of proteins at both excitatory and inhibitory synapses in the cell 

adhesion molecules (CAMs). This class of proteins includes neurexins, neuroligins, ephrins, 

cadherins, immunoglobulin superfamily, LRRTMs, and many others (Craig and Kang, 2007; 

Dalva et al., 2007; Südhof, 2008, 2018). CAMs are found at both pre- and post-synaptic 

membranes where they can form a trans-synaptic bridge at the synaptic cleft. The physical 

interaction from pre- and post-synaptic CAMs is important for synapse formation, specification, 

and maintenance (Südhof, 2018). In an elegant study, Scheiffele et al. demonstrated that 

heterologous cells such as Human Embryonic Kidney cells (HEK293T) expressing a postsynaptic 

cell adhesion molecule, NLGN1, when cocultured with neurons was sufficient to initiate the 

clustering of the presynaptic machinery (Scheiffele et al., 2000a). Electron microscopy from the 

coculture experiment showed that the presynaptic terminal was filled with vesicles at the active 

zone thus mimicking a functional synapse. In contrast, heterologous cells expressing the 

presynaptic cell adhesion molecules, NRXNs, are sufficient to cluster postsynaptic proteins such 

as PSD-95 and gephyrin around the surface membrane of heterologous cells (Graf et al., 2004a; 

Nam and Chen, 2005). In addition, Fu et al. further showed that this synapse formation assay could 

form fully functional synapses if HEK293T cells also expressed NMDARs (Fu et al., 2003). 

Moreover, other CAMs such as EphB, SynCAM, NGL2 can also induce presynaptic differentiation 

in a coculture assay, although not as robustly as neuroligins. Interestingly, exogenous expression 

of CAMs has been shown to alter spine formation and synaptic transmission; however, in 

vivo studies using knockout models showed little to no changes in spine formation but there were 
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changes in synaptic transmission (Dalva et al., 2007; Südhof, 2018; Varoqueaux et al., 2006). 

These findings together show cell adhesion molecules are of paramount importance at controlling 

synapse maturation and function. 

 

Neurexins 

 Of the CAMs, neuroligins and neurexins are well documented due to their robust synaptogenic 

ability. Neurexins were first identified in the early 1990s as the molecules that bind to ⍺-latrotoxin, 

a toxin from black widow spider that stimulates synaptic vesicle fusion (Ushkaryov et al., 1992). 

Although there are three genes that encode for neurexins (NRXN1, NRXN2, NRXN3), by using 

independent promoters, NRXNs can generate two major isoforms: NRXN-⍺ and NRXN-β 

(Berninghausen et al., 2007; Ushkaryov and Südhof, 1993; Ushkaryov et al., 1992). Neurexins are 

type I transmembrane proteins in that they have an extracellular domain (ECD), a transmembrane 

domain (TM), and an intracellular domain (ICD). Interestingly, the ICD of NRXNs is the same for 

both ⍺-NRXNs and β-NRXNs (Craig and Kang, 2007). For NRXN-⍺, there are six LNS domains 

(laminin, NRXN, sex-hormone-binding globulin domains), three epidermal growth factor-like 

domains, whereas NRXN-β isoforms only have one LNS domains. Endogenous ligands of NRXNs 

include neuroligins, neurexophillins, dystroglycan, LRRTMs, GABA-A- receptors, cerebellins, 

and latrophillins (Südhof, 2017). Recently, a study showed that NRXNs can indirectly bind to 

GluDs, glutamate receptors, by binding to cerebellins and C1qls (Zhang et al., 2015). Taken 

together, NRXNs are critical presynaptic adhesion molecules that are able to function at multiple 

synapses. 
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 NRXNs contain multiple splice sites with six in NRXN-⍺ and two in NRXN-β. Together with 

the independent promoters, alternative splicing in NRXNs can potentially generate thousands of 

NRXN isoforms (Südhof, 2017; Ushkaryov et al., 1992). In addition, a study using specific primers 

to look at different isoforms of NRXNs at a single cell resolution shows that there are cell-type-

specific expression patterns of NRXNs (Fuccillo et al., 2015). Of the alternative splicing of 

NRXNs, splice site 4 (SS4) is the most well studied because it is encoded by a single exon. Early 

researches showed the inclusion of SS4 in NRXNs inhibits their ability to bind to NLGN1 

(Boucard et al., 2005; Chih et al., 2006), and recently, a mouse model that constitutively includes 

SS4 exhibits a decrease in excitatory synaptic transmission (Aoto et al., 2015). In addition, the 

splicing protein that is responsible for SS4 splicing has been identified to be the RNA binding 

protein SLM2. Indeed, SLM2 knockout mice also exhibit a reduction in excitatory synaptic 

transmission (Traunmüller et al., 2016). Together, these findings demonstrate how alternative 

splicing in NRXNs can influence synaptic function. By utilizing alternative splicing, NRXNs can 

generate a “molecular code” to direct synapse specification through their many postsynaptic cell 

adhesion partners (Südhof, 2017).  

 

Neuroligins at synapses 

	     NLGN1 was the first identified brain-specific endogenous ligand to NRXN1β, which bind in 

a calcium dependent manner (Ichtchenko et al., 1995, 1996a).	In humans, there are five genes that 

encode for neuroligins. NLGN1 and NLGN2 are autosomal; NLGN3 and NLGN4X are X-linked; 

and NLGN4Y are Y-linked (Bemben et al., 2015a). Interestingly, NLGN1, 2, 3 are highly 

conserved across mammals, whereas NLGN4 is divergent in humans and rodents. In humans, 
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NLGN4 exists as an X-Y pair; however, in mice, NLGN4 exists as NLGN4-like, and NLGN4 is 

absent in rats (Bolliger et al., 2001a, 2008).  

 Like NRXNs, neuroligins are type I transmembrane proteins with an extracellular domain 

(ECD), a transmembrane domain (TM), and a short intracellular domain (ICD) (Ichtchenko et al., 

1995). The ECD of neuroligins contains an acetylcholine esterase like domain; however, this 

domain has lost its enzymatic function (Grifman et al., 1998; Ichtchenko et al., 1996b). The ICDs 

of neuroligins are short and just over 100 amino acids. All neuroligins are alternatively spliced at 

splice site (SS) A, but only NLGN1 has a secondary splice site at SSB (Comoletti et al., 2003; 

Nguyen and Südhof, 1997). Another common feature of the NLGN family is that they exist as 

dimers or heteromers. Indeed, dimerization of neuroligins is important for their function (Dean et 

al., 2003). Disruption of neuroligin dimerization abolishes its synaptogenic effects in neurons 

(Shipman and Nicoll, 2012). While NLGN1-3 exist as homodimers, NLGN3 has been shown to 

form heterodimers with NLGN1 or NLGN2 (Poulopoulos et al., 2012a).  

 With having ~60% sequence identity (Figure 1.1) and sharing the same trans-synaptic binding 

partner, do neuroligins localize at similar synapses? Early experiments using 

immunocytochemistry showed that localization of neuroligins is isoform-specific. Double labeled 

immunocytochemistry experiments showed that NLGN1 localized with glutamate receptors, but 

not to GABAA receptors (Chih et al., 2005; Song et al., 1999). In contrast to NLGN1, NLGN2 is 

localized to inhibitory synapses (Chih et al., 2005; Graf et al., 2004a). Immunocytochemistry 

experiments showed that endogenous NLGN2 localized with the critical inhibitory proteins such 

as gephyrin and collybistin. Lastly, NLGN3 has been found at both excitatory and inhibitory 

synapses. NLGN3 was found to localize with both the excitatory synapse marker, VGLUT, and 
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the inhibitory synapse marker, VGAT (Budreck and Scheiffele, 2007). With neuroligins able to 

localize at different synapses and able to induce synapse formation, it was proposed that 

neuroligins are crucial for excitatory and inhibitory synaptic formation (Chih et al., 2005; 

Levinsoni et al., 2005; Prange et al., 2004; Scheiffele et al., 2000b).  

 Due to their robust effects at inducing synapses, it was surprising when a NLGN1-3 triple 

knockout study showed no changes in spine numbers compared to wild type (WT) (Chanda et al., 

2017; Varoqueaux et al., 2006). Using the knockout animals, the isoform-specific localization of 

neuroligins were confirmed in vivo. In NLGN1 KO mice, only excitatory postsynaptic currents 

(EPSCs) were drastically reduced, whereas inhibitory postsynaptic currents (IPSCs) remained the 

same. Interestingly, only NMDAR EPSCs, but not AMPAR EPSCs, were affected in NLGN1 KO 

mice (Chanda et al., 2017; Chubykin et al., 2007a). In contrast to NLGN1, NLGN2 KO mice 

exhibit a reduction in GABAergic and glycinergic IPSCs, but not EPSCs. Indeed, NLGN2 KO 

cultured neurons were unable to cluster gephyrin at inhibitory synapses (Chanda et al., 2017; 

Chubykin et al., 2007a). Interestingly, NLGN3 KO mice do not affect either excitatory nor 

inhibitory synapses like those of NLGN1 and NLGN2 KO in the hippocampus (Chanda et al., 

2017; Isshiki et al., 2014; Tabuchi et al., 2007a). Although the molecular phenotypes of NLGN3 

KO mice were not apparent in the hippocampus, further investigation on NLGN3 KO mice showed 

that its effect is synapse dependent. For instance, in the hippocampus, NLGN3 KO impaired tonic 

endocannabinoid signaling in parvalbumin- and cholecystokinin- expressing neurons (Földy et al., 

2013). However, at the striatum, the deletion of NLGN3 impairs synaptic inhibition of D1-medium 

spiny neurons but not D2-medium spiny neurons at the nucleus accumbens (Rothwell et al., 2014).  



11 
 

 How do different isoforms of neuroligins achieve synapse specificity? One possible explanation 

for neuroligins specific localization is dependent on binding with NRXNs. As mentioned earlier, 

NRXNs are alternatively spliced thus creating many possible combinations to regulate synapses. 

One important splice site that can influence binding with neuroligins is at splice site 4 (SS4). 

Heterologous cells expressing NRXN1β (-SS4) cocultured with neurons cluster both PSD-95 and 

gephyrin; however, NRNXN1β (+SS4) and NRXN1α exclusively cluster gephyrin (Graf et al., 

2004a). Interestingly, NLGN1 contains a splice site B that results in an insertion of nine amino 

acids (Ichtchenko et al., 1996b). The inclusion of SSB disrupts NLGN1 binding to NRXN1α and 

NRXN1β (+SS4) thus making NLGN1 exclusively at excitatory synapses, whereas NLGN2 does 

not have SSB allowing it to bind to NRXN1α and NRXN1β (+SS4) at inhibitory synapses 

(Boucard et al., 2005; Chih et al., 2006). In addition, only ECDs of NLGN1 and NLGN2 are 

sufficient to localize them at excitatory and inhibitory synapses, respectively (Futai et al., 2013; 

Nguyen et al., 2016).  

 Another possible hypothesis for the synapse specificity of neuroligins is through different 

binding partners through their intracellular domains (ICDs). Indeed, NLGN1 can bind to the 

excitatory synapse scaffolding protein PSD-95, and NLGN2 can bind to the inhibitory scaffolding 

protein gephyrin (Irie et al., 1997; Poulopoulos et al., 2009). Intriguingly, the binding domains for 

both PSD-95 and gephyrin are conserved in all neuroligins (Figure 1.1). How can neuroligins 

selectively bind to the correct scaffolding proteins? It has been shown that posttranslational 

modifications can modulate proteins at the synapses, and it has been shown that neuroligins can 

be regulated by phosphorylation (Bemben et al., 2015a; Jeong et al., 2017). For instance, NLGN1 

is phosphorylated at a tyrosine residue within the gephyrin binding domain (Y842), and this 
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phosphorylation inhibits NLGN1 from binding to gephyrin thus shifting it toward PSD-95 

(Giannone et al., 2013a; Letellier et al., 2018). In addition, NLGN1 is also phosphorylated at a 

serine residue near the PDZ ligand (S839) by Protein kinase A (PKA). Jeong et al. showed that 

phosphorylated S839 disrupts binding with PSD-95 thus decreasing NLGN1 synaptic 

enhancement (Jeong et al., 2019). Phosphorylation of NLGN1 can also enhance its activity at 

synapses. Bemben et al. demonstrated that NLGN1 is phosphorylated by CaMKII on T739. 

Phosphorylation by CaMKII enhances NLGN1 expression at the PSD and increases synaptic 

strength (Bemben et al., 2013). At inhibitory synapses, NLGN2 is phosphorylated at S714 which 

results in binding with Pin1 (peptidyl-proly cis-trans isomerase), an enzyme that can isomerize 

NLGN2 and disrupt its binding to gephyrin (Antonelli et al., 2014). Taken together, neuroligins 

can be dynamically regulated through activity and phosphorylation. 

 Another form of posttranslational modification for neuroligins is irreversible cleavage. In 

an activity-dependent assay, NLGN1 is shown to be cleaved by matrix metallopeptidase 9 (MMP9) 

and A disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) in cultured 

neurons. Furthermore, it was deduced that the cleavage is mediated by NMDAR activation and 

CaMKII signaling. The irreversible cleavage destabilizes binding with NRXNs and thus decreases 

synaptic strength (Peixoto et al., 2012; Suzuki et al., 2012). Similar to NLGN1, NLGN3 is also 

cleaved, but through mGluR activation and PKC signaling. Interestingly, NLGN1 and NLGN2 can 

be cleaved in a PKC-dependent pathway only when coexpressing with NLGN3. In NLGN3 KO 

animals, a decrease in the NLGN1 cleaved fragment was observed suggesting that NLGN1 

cleavage is partially dependent on NLGN3. Just as cleavage of NLGN1 decreases excitatory 

synaptic strength, NLGN3 cleavage at the synapse affects both excitatory and inhibitory synaptic 
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strength (Bemben et al., 2019; Venkatesh et al., 2017). Cleavage is proven to be a useful tool to 

rapidly eliminate synapses by disassembling the trans-synaptic bridge. 

 

Human and rodent Neuroligin-4 

 To date, we have gained a vast knowledge on the function of NLGN1-3, but our understanding 

of the neuroligin family is incomplete. The last group of the neuroligin family, NLGN4 and 

NLGN4-like is complicated due to their unusually rapid divergence in humans and rodents. In 

humans, NLGN4 is sex-linked, and presents itself as an X-Y gene pair 

with NLGN4X and NLGN4Y; however, in mice, NLGN4 exists as an autosomal gene called 

NLGN4-like, and NLGN4 has not been located in rats (Bolliger et al., 2008). Sequence alignment 

of mouse NLGN4-like and human NLGN4X and NLGN4Y show that NLGN4-like only shares 

~60% sequence identity with NLGN4X/4Y, whereas NLGN4X shares ~97% sequence identity 

with NLGN4Y (Figure 1.2).  

 Human NLGN4X was first cloned almost two decades ago. In their initial findings, 

NLGN4X was shown to express and process similar to that of NLGN1. NLGN4X is glycosylated 

and it can also bind to PSD-95 (Bolliger et al., 2001a). Interest in NLGN4X began to rise when it 

was discovered that mutations in NLGN4X were observed in patients with autism spectrum 

disorder (ASD) and intellectual disability (ID) (Jamain et al., 2003). Furthermore, a generational 

study of a large French family revealed that a frameshift mutation resulting in a premature stop 

codon is pathogenic for ID (Laumonnier et al., 2004). Together, genetic data from ASD/ID indicate 

NLGN4X is a risk gene for neurodevelopment diseases and pathogenic in some cases. Because 

NLGN4X is a human-specific protein, it was impossible to create a mouse model to study how 
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mutations in NLGN4X can result in ASD/ID behavior phenotypes. The discovery of mouse 

NLGN4-like brought excitement in the field because it was thought that a model to study ASD/ID 

was finally achievable (Bolliger et al., 2008); however, it was soon realized that NLGN4-like and 

human NLGN4X are two distinct proteins with more differences than similarities. 

      In mice, NLGN4-like is rapidly evolving with sequence variation between different strains 

of mice (Bolliger et al., 2008). Sequence alignment of NLGN4X with NLGN4-like shows multiple 

insertions in NLGN4-like in both the ECD and ICD (Figure 1.2). Localization experiments in mice 

show that NLGN4-like is at glycinergic inhibitory synapses. NLGN4-like colocalizes with glycine 

receptors and gephyrin, but not PSD-95. Like NLGN2, NLGN4-like can bind strongly with 

gephyrin. In addition, NLGN4-like KO mice exhibit a deficit in glycinergic inhibitory synaptic 

transmission (Hammer et al., 2015; Hoon et al., 2011; Jamain et al., 2008a; Zhang et al., 2018). 

Together, these findings unequivocally demonstrate that NLGN4-like is a molecule at inhibitory 

synapses.  

 In contrast to mouse NLGN4-like, human NLGN4X is found at excitatory synapses. 

NLGN4X overexpression in mouse hippocampal neurons increases dendritic spine density, but it 

decreases mEPSCs frequency and amplitude (Chanda et al., 2016a; Zhang et al., 2009). However, 

exogenous overexpression of NLGN4X in rat hippocampal slices with NLGN1-3 microRNA to 

knockdown endogenous NLGN1-3 showed an increase in spine density and both AMPAR and 

NMDAR mediated EPSCs (Bemben et al., 2015b). The difference between these two sets of 

experiments is the presence of endogenous NLGN1-3. It is unclear whether NLGN4X can form 

heterodimers with NLGN1-3, and further investigation into this subject can provide a better 

understanding of NLGN4X at synapses. 
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     Using induced neurons from human induced pluripotent stem cells (iPS cells), NLGN4X has 

been shown to colocalize with VGLUT and PSD-95, thus confirming NLGN4X localization at 

excitatory synapses (Marro et al., 2019). However, in NLGN4X KO differentiated neurons, Marro 

et al. did not observe any changes in either EPSCs. It is important to note that although 

differentiated human neurons from iPS cells can be useful, these differentiated neurons are not 

fully mature and are lacking NMDARs, a key component in excitatory synapses (Marro et al., 

2019; Quadrato et al., 2017; Zhang et al., 2013).  

     Similar to NLGN1 and NLGN2, posttranslational modifications also have an important role 

in NLGN4X function. NLGN4X is phosphorylated by PKC at T707 (Bemben et al., 2015b). 

Unlike phosphorylation of NLGN1 by CaMKII, phosphorylation by PKC does not increase 

NLGN4X trafficking to the surface, but it increases spine density as well as the excitatory synapse 

markers VGLUT and PSD-95. In addition, the NLGN4X phospho-mimetic mutant, T707D, 

significantly enhances both AMPAR and NMDAR EPSCs compared to WT (Bemben et al., 

2015b). How phosphorylated NLGN4X able to increase excitatory synaptic strength is a topic that 

still need clarification.  

 Although the focus on human-specific NLGN4s has been on NLGN4X, it is important to briefly 

discuss NLGN4Y. NLGN4X and NLGN4Y are remarkably conserved with only 19 amino acid 

differences between them. Because of this high sequence conservation, the two proteins have been 

assumed to have the same function (Bemben et al., 2015a; Südhof, 2018); however, this hypothesis 

has not been experimentally examined. Because they are sex-linked genes, an important 

consideration is the sex-bias expression of NLGN4X. Outside of the pseudoautosomal regions 

(PARs), some genes on the X chromosome can escape X-inactivation thus providing an imbalance 



16 
 

of gene dosage between males and females (Carrel and Willard, 2005; Helena Mangs and Morris, 

2007; Skuse, 2005; Tukiainen et al., 2017). Interestingly, there are Y-linked genes that are 

homologs to X-linked genes that escaped X-inactivation in order to balance the gene dosage in 

males. Furthermore, these X-Y gene pairs have been shown to have an important function in 

transcription, translation and protein stability (Bellott et al., 2014; Cortez et al., 2014; Hughes and 

Page, 2015). Together, these studies reveal an important role for genes on the Y chromosome 

besides sex-determining genes. 

 NLGN4X and NLGN4Y are one of the X-Y gene pairs in humans. Comparisons of NLGN4X 

and NLGN4Y expression in males and females show interesting results. In a large transcriptomic 

study, NLGN4Y is shown to express only in males as expected; however, NLGN4X is shown to 

express a similar level between males and females (Kang et al., 2011; Trabzuni et al., 2013). To 

complicate the problem further, it was shown that incomplete X-inactivation exists in mammals, 

and NLGN4X partially escapes (Berletch et al., 2011; Carrel and Willard, 2005). Interestingly, in 

a study using different tissues to study X-inactivation, NLGN4X expression is higher in females 

in the cortex (Tukiainen et al., 2017). Although gene expression of NLGN4X and NLGN4Y has 

been compared, research comparing NLGN4X and NLGN4Y protein function is still needed and 

is important to study further. 

 

Autism spectrum disorder and intellectual disability 

 Autism spectrum disorder and intellectual disability  are neurodevelopmental disorders that 

create a large burden on affected individuals and society. ASD is characterized by having a deficit 

in communication and social interaction (Fombonne, 2013; Miles, 2011). Intellectual disability 
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(ID) is characterized by having a deficit in intellectual functioning and adaptive behavior thus 

limiting an individual to cope independently (Ellison et al., 2013; Lubs et al., 2012; Raymond, 

2006). Interestingly, ASD and ID are more prevalent in males (Geschwind, 2011; Miles, 2011; 

Werling and Geschwind, 2013a; Werling et al., 2016). This sex bias in ASD remains unclear, but 

many have hypothesized that the sex chromosomes may play a role in the sexual dimorphism in 

diseases.  

 ASD is divided into two categories, syndromic and nonsyndromic. Syndromic ASD is 

defined as patients who already have a neurological disorder. For example, a subset of patients 

with Fragile-X syndrome, tuberous sclerosis, or Rett syndrome display phenotypes that are 

attributed to ASD (Geschwind and State, 2015; Singh and Eroglu, 2013). Nonsyndromic ASD 

accounts for ASD cases that are not linked to any neurological disorders. Before the advancement 

of next-generation sequencing (NGS), genetic researchers focused on finding rare genetic variants 

in ASD and ID pedigrees to link genes to the disorders. These studies led to the association of 

NLGN3 and NLGN4X to ASD/ID (Jamain et al., 2003; Laumonnier et al., 2004). Other notable 

genes identified using this method include SHANK3, CNTNAP2, NRXN1, PTEN, FMR1, and 

TSC1 (Geschwind and State, 2015). Although these cases are rare, functional and genetic studies 

definitively showed their link with ASD and ID. With NGS becoming cheaper and easier to access, 

genome wide association studies (GWAS) and whole exome sequencing (WES) studies became 

the major focus to identify common and de novo variants for ASD/ID. Large cohort studies 

continue to identify many more genes involved with ASD/ID. Interestingly, these newly identified 

genes are important in chromatin modification, transcription regulation, FMRP-associated genes, 

embryonically expressed genes, and synaptic function (Iossifov et al., 2014; De Rubeis et al., 2014; 
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Sanders et al., 2012; Yu et al., 2013). Although NGS has been tremendous in identifying new risk 

genes, it is important to mention that NGS studies often ignore the sex chromosomes due to the 

limitations for statistical analysis (2017; Wise et al., 2013) .  

 

Neuroligins and ASD/ID 

Of the genes identified from the genetic screens, neuroligins are of interest due to their 

important function at synapses. Early genetic studies on the X chromosome indicated that deletion 

at Xp22.3 was found in ASD/ID probands (Thomas et al., 1999; Zinn et al., 2007), and 

interestingly, NLGN4X is located within this region. Although disease-associated mutations in 

neuroligins are rare, rigorous genetic studies using proband’s pedigree established a causal link 

between neuroligins and ASD/ID.  

Jamain et al. first established neuroligins and ASD/ID through screening patients with ASD 

and Asperger syndrome. Two brothers, one with ASD and the other with Asperger syndrome, have 

a frameshift mutation (1186insT) in NLGN4X. The frameshift mutation leads to a premature stop 

codon at position 396. Interestingly, the mother also carries the mutation but does not display any 

autistic symptoms (Jamain et al., 2003). The most convincing case for NLGN4X as a risk gene is 

from a study following a French family with a nonsense mutation in NLGN4X. Laumonnier and 

colleagues observed a 2-base-pair deletion in NLGN4X that resulted in a stop codon at position 

429. By following this large family and their clinical data, Laumonnier and colleagues observed 

that 13 males with the nonsense mutation have been identified with ASDs, ID, or pervasive 

developmental disorder, whereas female carriers are unaffected (Laumonnier et al., 2004). This 

finding is remarkable in showing that the mutation in NLGN4X follows an X-linked recessive 
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pattern. Many subsequent studies linked NLGN4X with neurodevelopmental disorders, but most 

notably, the recurrent theme is that the majority of probands affected are males (Table 1). Together, 

these clinical presentations showed that NLGN4X-associated neurodevelopmental disorders have 

a male bias.  

Due to NLGN4X being a human-specific gene, the discovery of mouse NLGN4-like was 

exciting because it can potentially be used to study NLGN4 function and ultimately to study 

ASD/ID. NLGN4-like KO mice were generated, and the behavioral data are not as straight 

forward. For instance, NLGN4-like KO mice were first characterized as having a deficit in social 

interaction and vocalization (El-Kordi et al., 2013; Jamain et al., 2008b; Ju et al., 2014); however, 

another study using the same NLGN4-like KO mice did not find any deficit in social interaction 

or vocalization (Ey et al., 2012). Although mouse NLGN4-like knockout mice provide insights on 

how this protein may function at synapses, human NLGN4X and mouse NLGN4-like are too 

divergent in their functions to link mouse NLGN4-like studies with NLGN4X-associated 

neurodevelopmental disorders.  

Along with frameshift and nonsense mutations, many missense mutations have been 

identified in NLGN4X (Table 1.1). How might these missense mutations affect NLGN4X 

function? A missense mutation found in two ASD probands resulting in a substitution of an 

arginine residue to tryptophan (NLGN4X R87W). NLGN4X R87W has a profound effect on 

NLGN4X surface expression thus renders the protein inefficient in inducing synaptogenesis. 

Furthermore, NLGN4X R87W has an increase in synaptic strength when overexpressed in neurons 

under a WT background (Zhang et al., 2009). It is puzzling why a mutation failed to induce 

synaptogenesis but enhance synaptic function.  
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 Another mutation in NLGN4X that has garnished much attention in the field is a 

substitution in the ICD from an arginine to a cysteine, NLGN4X R704C (Yan et al., 2005). 

NLGN4X has been shown to be phosphorylated by PKC at T707 resulting in an increase in spine 

numbers and EPSCs (Bemben et al., 2015b). Interestingly, phosphorylation of T707 was not 

observed in NLGN4X R704C, and the effects mediated by phosphorylation were abolished 

(Bemben et al., 2015b). In a separate study, Chanda et al. expressed NLGN4X R704C in cultured 

mouse neurons under WT background and observed an increase in both NMDAR and AMPAR 

EPSCs compared to WT (Chanda et al., 2016b). Interestingly, both studies did not see a change in 

surface trafficking. The discrepancy in these studies likely results from differenes in experimental 

design to include or exclude endogenous NLGN1-3. Taken together, NLGN4X R704C has a 

profound effect on excitatory synapses. How NLGN4X functions in concert with NLGN1-3 is a 

pressing question that needs to be addressed. 

With the advances in stem cell research, it is now possible to study how mutations in 

NLGN4X function in human neurons. Using human differentiated neurons from NLGN4X R704C 

knock-in hiPSCs, Marro et al. observed an increase in EPSCs compared to WT. In addition, 

NLGN4X R704C was shown to increase binding with GluA1, but not PSD-95 (Marro et al., 2019). 

Although this study provided attractive new tools to study endogenous NLGN4X and its variants, 

there are pitfalls that need to be addressed. Technology for differentiated neurons from hiPSCs is 

still in its infancy and synaptic activity from these neurons does not represent the full picture of a 

synapse. For instance, it has been shown that differentiated neurons using single transcription 

expression models lack NMDARs (Nehme et al., 2018; Quadrato et al., 2017; Wang et al., 2017; 

Zhang et al., 2013). It has been shown that these neurons can express NMDARs if they are allowed 
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to grow for a long period of time (35+ days), but to date, there is little biochemical evidence that 

these receptors are present. Although stem cell and differentiation technology are attractive and 

can be a powerful tool to study human neurons and diseases, a better understanding of the PSD in 

these neurons is needed before it can reliably be used to study synaptic functions.   

In the same study that identified NLGN4X association with ASD, a mutation in NLGN3 

that resulted in a substitution from arginine to cysteine (NLGN3 R451C) was identified in two 

probands, one with ASD and the other with Asperger syndrome (Jamain et al., 2003). In addition, 

NLGN3 R451C displays a decrease in surface expression and is retained in the ER by binding to 

the chaperone protein BiP (Chih et al., 2004; Comoletti et al., 2004; De Jaco et al., 2006). Unlike 

the human-specific NLGN4X, NLGN3 is highly conserved across mammals, and it is possible to 

develop knock-in mouse models to study how NLGN3 mutations affect behavior. In agreement 

with molecular studies, NLGN3 R451C has a significant decrease in protein level compared to 

WT. Behavioral analysis of NLGN3 R451C showed a deficit in social interaction and an 

enhancement in spatial learning; however, these findings were not reproduced in a separate 

independent study due to differences in mouse strains or behavioral protocols (Chadman et al., 

2008; Lakhani et al., 2019; Jaramillo et al., 2014; Tabuchi et al., 2007). Interestingly, NLGN3 

R451C effects on synaptic transmission are synapse specific. For instance, NLGN3 R451C 

displays an increase in VGAT, gephyrin, and mIPSCs frequency in the somatosensory cortex, 

whereas NLGN3 R451C mice have an increase in excitatory synaptic transmission in the CA1 

region of the hippocampus. In addition, NLGN3 R451C impairs inhibitory synaptic transmission 

in PV-neurons, whereas NLGN3 KO does not; however, both mutants enhance inhibitory synaptic 

transmission in CCK basket cells (Földy et al., 2013). Furthermore, the behavioral phenotypes 
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observed in NLGN3 R451C were not apparent in NLGN3 KO mice (Etherton et al., 2011a; 

Tabuchi et al., 2007b).  

Another phenotype of ASD is repetitive behavior; and interestingly, NLGN3 R451C and 

NLGN3 KO share this phenotype despite differences in social interaction and spatial memory 

paradigms (Burrows et al., 2015; Rothwell et al., 2014). Indeed, NLGN3 R451C and NLGN3 KO 

mice both have an enhanced ability to stay on an accelerated rod (Chadman et al., 2008; Rothwell 

et al., 2014). Importantly, the repetitive behavior of NLGN3 mutants is due to the dysfunction of 

D1-dopamine receptor-expressing medium spiny neurons, but not D2 neurons. In addition, the 

deletion of NLGN3 in D1 neurons, but not D2, results in a decrease in mIPSCs frequency 

(Rothwell et al., 2014). Taken together, the ASD phenotypes of NLGN3 R451C and NLGN3 KO 

mice are circuit and neuron-specific. Further investigations on which circuit affects the social 

interaction, spatial memory, and social memory impairments in NLGN3 R451C and NLGN3 KO 

mice are needed to better understand these behavioral deficits in ASD.  

Studies in NLGN3 R451C and NLGN3 KO mice revealed the need to better understand 

the function of NLGN3. NLGN3 R451C, while having a ~90% reduction in protein level, displays 

both gain-of-function and loss-of-function phenotypes depending on the type of synapses. 

Different phenotypes induced by NLGN3 R451C suggest that NLGN3 functions in a context-

dependent manner. The context-dependent function of neuroligins has also been shown by the 

differential effects NLGN1 has on excitatory synapse number and how this is controlled by the 

relative expression of NLGN1. For example, NLGN1 KO mice have similar spine density as WT 

animals, but when NLGN1 knockout neurons are mixed with WT neurons, the NLGN1 knockout 

neurons show a reduction in spine density (Kwon et al., 2012). Applying this model of competition 
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to NLGN3 R451C to explain the gain-of-function observed in this animal is worthy of 

investigation.  

 

Neuroligin 4Y and its function 

 Since their first discovery, neuroligins have been in the spotlight due to their robust effects 

at inducing and maintaining synapses, and their strong link with ASD/ID. However, NLGN1-3 

have strongly benefitted from high conservation between humans and rodents, whereas NLGN4X 

and NLGN4Y remain largely in the background. NLGN4X and NLGN4Y are of particular interest 

because not only are they human-specific proteins, they are also sex-linked proteins. Historically, 

NLGN4X and NLGN4Y are assumed to have the same function due to their sequence identity. In 

addition, because NLGN4X and NLGN4Y are part of an X-Y pair, it is thought that NLGN4Y 

primarily functions to maintain the gene dosage in males (Bellott et al., 2014; Cortez et al., 2014; 

Tukiainen et al., 2017). Although there are many logical reasons why NLGN4X and NLGN4Y 

would have the same function, this hypothesis has never been tested. Interestingly, many ASD/ID 

variants have been identified in NLGN4X (Bemben et al., 2015b; Chanda et al., 2016a; Jamain et 

al., 2003; Laumonnier et al., 2004; Volaki et al., 2013; Xu et al., 2014; Yan et al., 2005), but only 

one missense mutation was identified in NLGN4Y (Yan et al., 2008). Furthermore, ASD/ID-

associated mutations on NLGN4X selectively affect more males than females, and the reason for 

this male bias is unknown. The male bias observation in NLGN4X-associated diseases brought 

our attention to its homolog NLGN4Y. If NLGN4Y has the same function as NLGN4X, then there 

should not be a male bias in NLGN4X-associated diseases. We soughtto  study the functional 
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differences between NLGN4X and NLGN4Y to better understand the sex bias observed in 

NLGN4X-associated ASD/ID. 
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Figure 1.1 Alignment of Neuroligins 

A. General depiction for NLGN. SP is signal peptide; TM is transmembrane domain; and ICD is 

intracellular domain. Adapted from (Jeong et al., 2017)B. Alignment of Neuroligin family 

members and their conservation.   
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Figure 1.2 Alignment of NLGN4 

Alignment of mouse and human NLGN4s and their conservation 
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Table 1. NLGN4X-associated variants 

Variants found in NLGN4X in the published literature are listed with inheritance pattern. 

 

 

Variants Inheritance 

Pattern 

Sex Primary 

Phenotype 

Additional 

Comments/Reference 

G84R Maternal M ASD 
Asymptomatic mothers. (Xu et 

al., 2014) 

R87W De novo M ASD (Zhang et al., 2009) 

P94L N/A N/A N?A 
GeneDX submitted on ClinVar 

with unknown significant. 

G99S Maternal 

F ASD 

Mother also has learning 

disability. A brother also has 

learning disability. (Yan et al., 

2005) 

M ASD 

Mother also has learning 

disability. Sibling of above. 

(Yan et al., 2005) 

R101Q Maternal M ASD 
New variant from this 

manuscript 

V109L Maternal M ID 
New variant from this 

manuscript 

Q162K De novo F ASD (Xu et al., 2014) 

L211X N/A N/A 

Anxiety, 

ADHD, 

Cerebral palsy 

(Yuen et al., 2017) 

Q274X Maternal M ADHD (Yuen et al., 2017) 

A283T Maternal M ASD (Xu et al., 2014) 

Q329X Maternal M ASD (Yu et al., 2013) 
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Table 1 cont.  

 

 

 

 

 

 

 

 

 

 

 

Variants Inheritance 

Pattern 

Sex Primary 

Phenotype 

Additional 

Comments/Reference 

K378R Maternal 
M ASD (Pampanos et al., 2009) 

M ASD (Yan et al., 2005) 

396X 

frameshift 

1186t 

Maternal 2xM 
Asperger 

syndrome/ASD 
(Jamain et al., 2003) 

V403M Maternal M ASD 

have both affected and 

unaffected siblings. (Xu et al., 

2014) 

429X 

(nt1253del(AG) 
Maternal 13xM ASD/ID (Laumonnier et al., 2004) 

V454_A457X De novo M ID (Mayo et al., 2016) 

V522M De novo N/A TD (Wang et al., 2018) 

R704C Maternal M ASD unaffected sister (+/-) 

R766Q Maternal M ASD (Yan et al., 2005) 
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Chapter II 

Materials and Methods 

Plasmids and antibodies 

Table 2. Plasmids and primers used in this study  

Plasmid Forward primer (5’-3’) Reverse primer (5’-3’) 

pCAG-HA-NLGN1 n/a n/a 

pCAG-HA-NLGN2 n/a n/a 

pCAG-HA-NLGN3 n/a n/a 

pCAG-HA-NLGN4X n/a n/a 

pCAG-myc-

NLGN4X 

GAACAAAAACTCATCTCAGA

AGAGGATCTGCCAGTTGTCA

ACACAAATT 

CAGATCCTCTTCTGAGATG

AGTTTTTGTTCATACTGTGC

TTGGCTGTCAATGA 

pCAG-HA-NLGN4X 

R56Q 

CAAATTATGGCAAAATCCAG

GGCCTAAGAAC 

GGTGTTCTTAGGCCCTGGA

TTTTGCC 

pCAG-HA-NLGN4X 

N64S 

TAAGAACACCGTTACCCAGT

GAGATCTTGGGTCCA 

TGGACCCAAGATCTCACTG

GGTAACGGTGTTCTTA 

pCAG-HA-NLGN4X 

P93S 

GCCCCCAGAAAGCCCGTCC GAGGACGGGCTTTCTGGGG

G 

pCAG-HA-NLGN4X 

E85D 

CACCCCCCACTGGAGATAGG

CGGTTTC 
 

GAAACCGCCTATCTCCAGT

GGGGGGTG 
 

pCAG-HA-NLGN4X 

G84R 

CTCACCCCCCACTAGAGAGA

GGCG 

CGCCTCTCTCTAGTGGGGG

GTGAG 

pCAG-HA-NLGN4X 

R87W 

CACTGGAGAGAGGTGGTTTC

AGCCCC 

GGGGCTGAAACCACCTCTC

TCCAGTG 

pCAG-HA-NLGN4X 

P94L 

CCCAGAACCCCTGTCCTCCT

GGAC 

GTCCAGGAGGACAGGGGTT

CTGGG 

pCAG-HA-NLGN4X 

G99S 

CCCGTCCTCCTGGACTAGCA

TCCGAAATAC 

GTATTTCGGATGCTAGTCC

AGGAGGACGGG 
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Table 2 cont. 

Plasmid Forward primer (5’-3’) Reverse primer (5’-3’) 

pCAG-HA/myc-

NLGN4X R101Q 

CTCCTGGACTGGCATCCAAA

ATACTACTCAGTTTG 

CAAACTGAGTAGTATTTTG

GATGCCAGTCCAGGAG 

pCAG-HA/myc-

NLGN4X V109L 

CTACTCAGTTTGCTGCTTTGT 

GCCCCCAG 
 

CTGGGGGCACAAAGCAGC

AAACTGAGTAG 
 

pCAG-HA-NLGN4Y TATCCATACGACGTTCCGGA

CTACGCTCCAGTTGTCAACA

CAAATTATGC 

AGCGTAGTCCGGAACGTCG

TATGGATAATACTGTGCTT

GGCTGTCAATGAG 

pCAG-myc-

NLGN4Y 

GAACAAAAACTCATCTCAGA

AGAGGATCTGCCAGTTGTCA

ACACAAATT 

CAGATCCTCTTCTGAGATG

AGTTTTTGTTCATACTGTGC

TTGGCTGTCAATGA 

pCAG-HA-NLGN4Y 

S93P 

GTTTCAGCCACCAGAACCCC

CATCCTC 

GAGGATGGGGGTTCTGGTG

GCTGAAAC 

pCAG-HA-

NLGN4X/Y 

GCCTTTGCGGCGCTGTACTA

CAAAA 

TTTTGTAGTACAGCGCCGC

AAAGGC 

pCAG-HA-

NLGN4Y/X 

GCCTTTGCGGCGCTGTACTA

CAAAA 

TTTTGTAGTACAGCGCCGC

AAAGGC 

pCAG-HA-

NLGN4X-SP-Y 

CCTCATTGACAGCCAAGCAC

AG 

CTGTGCTTGGCTGTCAATG

AGG 

pCAG-HA-

NLGN4Y-SP-X 

CCTCATTGACAGCCAAGCAC

AG 

CTGTGCTTGGCTGTCAATG

AGG 

pCAG-HA-

NLGN4X-100-Y 

CATGGGGGATCTTACATGGA

GG 

CCTCCATGTAAGATCCCCC

ATG 

pCAG-HA-

NLGN4Y-100-X 

CATGGGGGATCTTACATGGA

GG 

CCTCCATGTAAGATCCCCC

ATG 

pCAG-HA-

NLGN4X-180-Y 

TCCTCCTGGACTGGCATCC GGATGCCAGTCCAGGAGGA 
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Table 2 cont. 

Plasmid Forward primer (5’-3’) Reverse primer (5’-3’) 

pCAG-HA-

NLGN4Y-180-X 

TCCTCCTGGACTGGCATCC GGATGCCAGTCCAGGAGGA 

E2-Crimson n/a n/a 

pCAG-NLmiRs-GFP n/a n/a 

NLGN4s CGACGTTCCGGACTACGCTC

CAGTTG 

GTAAAGGCAGTCTTCATTT

TGATCTTGAAC 

GAPDH CCAGCCGAGCCACATCGCTC ATGAGCCCCAGCCTTCTCC

AT 

 

NLGN4Y was purchased from Origene (Origene, SC31009). NLGN4Y was then 

subcloned into the pCAG vector. The HA and Myc tag were inserted after the signal peptide at the 

exact same position as pCAG-NLGN4X. A standard two-step PCR cloning procedure was used to 

create chimeras and variants in NLGN4X and NLGN4Y. The E2-Crimson plasmid was obtained 

through Addgene (Addgene, 104010).  

Primary antibodies (company, cat no.) used in this study were anti: HA (abcam, ab9110), 

HA (Roche, 11867423001), actin (ABM, G043), GFP (Invitrogen, A10262), GFP (Invitrogen, 

A11122), myc (Cell Signaling Technology, 2276S), pan-NLGN (Synaptic System, 129 011), BiP 

(BD, 610978), tau (Synaptic System, 314011), transferrin receptor (Invitrogen, 13-6800), and 

VGLUT1 (Sigma, AB5905). For NLGN4Y antibody, rabbits were immunized with the synthetic 

peptide Ac-NTLMGMQPLHTFKTFS-amide, which corresponds to amino acids 784-799. For 

NLGN4X pS712 antibody, rabbits were immunized with the synthetic peptide Ac-

CHRRP(pS)PQRNT-amide. Sera were collected and purified for both antibodies. Primary 

antibodies were used at 1 μg/mL unless otherwise stated. NLGN4Y and NLGN4X pS712 
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antibodies were generated by New England Peptide. Secondary antibodies (company, cat no.) used 

were anti: mouse IgG HRP-linked (GE Healthcare, NA931), rabbit IgG HRP-linked (GE 

Healthcare, NA934), Alexa 405 goat anti-mouse (Invitrogen, A31553), Alexa 488 goat anti-

chicken (Invitrogen, A11039), Alexa 488 goat anti-rabbit (Invitrogen, A11034), Alexa 555 goat 

anti-rabbit (Invitrogen, A21428), Alexa 647 goat anti-rat (Invitrogen, A21247), and Alexa 647 

goat anti-guinea pig (Invitrogen, A21450). HRP-linked antibodies were used at 1:5000 dilution. 

Alexa Fluor antibodies were used at a 1:500 dilution.  

 

Cell culture and transfection 

HEK293T or Cos7 cells were grown and maintained in DMEM (Gibco, 11966025) 

supplemented with 10% fetal bovine serum (FBS) (Hyclone, SH30071.03) and 1% glutamine 

(Gibco, 25030081) in an incubator at 37°C and 5% CO2. For biochemistry, we used a standard 

transfection protocol. In brief, HEK293T cells were split into either 6-well plates with ~350,000 

cells per well or in 6 cm dish with 1x106 cells. After letting the cells settle for 24 hours, 1 μg of 

DNA (6-well plate) or 2 μg of DNA (6 cm dish) were mixed with polyethylenimine (PEI) (Sigma, 

408727) at a ratio of 1:3 in 100 μL of Opti-MEM (Gibco, 31985062). The mixture was incubated 

at room temperature (RT) for 15 minutes. The mixture was added to the 6-well plate or 6 cm dish. 

For immunofluorescence microscopy, glass cover slips in 12-well plates were plated with 50,000 

cells per well. 24 hours after plating, 0.5 μg of DNA was mixed with PEI at a ratio of 1:3 in 50 μL 

of pre-warmed Opti-DMEM. The mixture was incubated at RT for 15 minutes, then added to an 

individual well of the 12-well plate. 
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Gene expression 

HEK293T cells were transfected with NLGN4X or NLGN4Y using PEI as described 

above. Two days after transfection, RNA was extracted from HEK293T using RNeasy per 

manufacturer instructions (Qiagen, 74106). 1 μg of RNA was used to generate cDNA using high-

capacity cDNA reverse transcription kits. PCR amplification of HA-NLGN4X and NLGN4Y 

was performed using a primer set that can recognize both. The forward primer is  5’-

CGACGTTCCGGACTACGCTCCAGTTG-3’, and the reverse primer is 5’- 

GTAAAGGCAGTCTTCATTTTGATCTTGAAC-3’. GAPDH was used as loading control. The 

forward primer is 5’- CCAGCCGAGCCACATCGCTC-3’, and the reverse primer is 5’ 

ATGAGCCCCAGCCTTCTCCAT-3’. PCR amplification was done using KOD (toyobo, 

F1696K) and standard PCR protocol.  

 

Dissociated neuronal cultures 

The use of animals in this study followed the guidelines of the NIH Animal Care and Use 

Committee (Protocol number: 1171). Primary cultured neurons were isolated from both male and 

female embryonic day 18 Sprague-Dawley rats. Hippocampal neurons were used for imaging and 

electrophysiology experiments. For imaging experiments, hippocampal neurons were plated on 12 

well dishes at 150,000 cells/well; for electrophysiology experiments, hippocampal neurons were 

plated on 24 well dishes at 200,000 cells/well. For both sets of experiments, the neurons were 

plated on glass coverslips coated with poly-D-lysine (Sigma, P7280) in Neurobasal media 

(Invitrogen, 21103-049) supplemented with B27 (Invitrogen, 17504-044) and L-glutamine 

(Sigma, G7513). For transfection, 1μg of NLmiRs and 1 μg of NLGNs were mixed with 2 μL of 
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Lipofectamine 2000 (Invitrogen, 11668-019) in 100 μL of pre-warmed plain Neurobasal media. 

The mixture was incubated at RT for 15 minutes before being added to individual wells. 

Hippocampal neurons were transfected at DIV13 and labeled at DIV17. 

 

Immunofluorescence microscopy 

For hippocampal neurons, live cells were incubated with HA antibody (rat) for 15 minutes 

at RT to label surface proteins. Cells were then washed with PBS and fixed with 4% 

paraformaldehyde and 4% sucrose in PBS for 10 minutes, washed, blocked in 10% normal goat 

serum (NGS) (Vector, S-1000), washed, and incubated with Alexa 555-conjugated anti-rat 

secondary. After surface staining, cells were then permeabilized with 0.25% Triton-X-100 for 15 

minutes, washed, blocked in 10% NGS, incubated with HA antibody and anti-GFP in 3% NGS, 

washed, then incubated with Alexa 647-conjugated anti-rabbit and Alexa 488-conjugated anti-

chicken in 3% NGS. All blocking, primary, and secondary antibody incubations were performed 

using BioWave Pro system. After labeling, coverslips were mounted in Slowfade gold antifade 

reagent.  

For heterologous cells, coverslips were washed with PBS and fixed with 4% 

paraformaldehyde and 4% sucrose in PBS for 10 minutes, washed, permeabilized with 0.25% 

Triton-X-100 for 15 minutes, and washed. After permeabilization, cells were blocked with 10% 

NGS, washed, and incubated with HA antibody (rabbit) in 3% NGS for 1 hour at RT. Cells were 

washed, and incubated with Alexa 488-conjugated (green) anti-rabbit secondary antibody and 

DAPI in 3% NGS for 1 hour at RT. Cells were washed, and coverslips were mounted in Slowfade 
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gold antifade reagent (Invitrogen, P36934). Cells were imaged with a 63X objective on a Zeiss 

LSM800 confocal microscope.  

 

Neuronal differentiation from iPSCs 

Neural stem cells (NSCs) were differentiated from induced pluripotent stem cells (iPSCs) 

following our previous protocol (Wang et al., 2013). Briefly, iPSCs were seeded on a Matrigel-

coated 6 well plate in E8 medium (Thermo Scientific, A1517001). After 24 hours, the E8 medium 

was replaced with neural induction media (Thermo Scientific, A1647801) for 7 days. The resulting 

NSCs were dissociated with accutase (Thermo Scientific, A1110501) treatment and replated for 

characterization by nestin immunostaining. The NSCs were further differentiated to neurons when 

incubated in neuronal differentiation medium (DMEM/F12 (Thermo Scientific, 11330057) 

containing 1xN2 supplement (Thermo Scientific, 17502048), 1xB27 supplement (Thermo 

Scientific, A3582801), 300 ng/ml cyclic adenosine monophosphate (Sigma, A6885) and 0.2 mM 

vitamin C (Sigma), 10 ng/ml brain derived neurotrophic factor (PeproTech, 450-02) and 10 ng/ml 

glial-derived neurotrophic factor (PeproTech, 450-10) for 14 days. The resulting neurons were 

confirmed by immunostaining for β-III-tubulin. 

 For phosphorylation studies, human neurons were differentiated from overexpressing 

NGN2 into hiPS cells. Short expression of NGN2 has been shown to induce hiPSCs directly into 

glutamatergic cortical neurons (Liu et al., 2018; Zhang et al., 2013). Human iPS cells were 

engineered to include a doxycycline (Dox)-inducible Ngn2 expression cassette (Wang et al., 2017). 

NGN2-hiPSCs were a gift from Dr. Michael Ward (NINDS).  
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 In brief, hiPSCs were grown on 10 cm dish coated with Matrigel with E8 media. 

Doxycycline was added to hiPSCs for three days in Neural induction media (50% of DMEM/F12 

(Thermo Scientific, 11330057) and 50% Neurobasal media ( Invitrogen, 21103-049), containing 

1X N2  supplement (Thermo Scientific, 17502048), 1X Glutamax (Invitrogen, 35050061), and 1X 

NEAA (Invitrogen, 11140050). After three days, cells were dissociated by accutase (Thermo 

Scientific, A1110501) and seeded on PEI (Sigma, P3143) coated 6 well plate in neuronal media 

(Neurobasl media (Thermo Scientific, A1110501) containing 1X B27 supplement (Invitrogen, 

17504-044), 1X N2 supplement (Thermo Scientific, 17502048), 1X Glutamax (Invitrogen, 

35050061), 1X NEAA (Invitrogen, 11140050), 1 μg/mL laminin, 10 ng/mL BDNF (PeproTech, 

450-02), and 10 ng/mL NT3 (PeproTech, 450-03) for more than 21 days.  

 

Human brain synaptosomes 

Human brain samples were obtained from surgically resected regions of cortex in patients 

with epilepsy. For detection of NLGN4X and NLGN4Y in brain, 50-100 mg of human brain were 

homogenized in 20 mM HEPES (Sigma, H3375), 0.32 M sucrose (Sigma, S7903), 5 mM EDTA 

(Sigma, 681-92-6) with a protease inhibitor cocktail (Roche, 11 873 580 001) at pH 7.4. 

Homogenates were centrifuged at 1,000 x g for 10 minutes at 4°C, and the supernatant (S1) was 

saved. The synaptosome preps were prepared by centrifuge S1 at 10,000 x g for 20 minutes at 4°C, 

and the pellets (P2) were saved. The P2 pellets were solubilized with 1% SDS at 37°C for 30 

minutes. Protein concentration was measured by BCA protein assay (Pierce, 23228). 20-100 µg of 

total homogenate and synaptosome preps were used for immunoblotting analysis.  
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Immunoblotting 

Two days post transfection, heterologous cells were lysed using 150 μL of 4X SDS-PAGE 

sample buffer, sonicated, and centrifuged at 20,000 x g for 15 minutes to pellet cellular debris. 

Protein lysates (5μL) were then denatured and were resolved by SDS-PAGE (7%). After 

separation, proteins were transferred to PVDF membranes (Bio-Rad, 1620177), blocked for 30 

minutes with 5% milk in TBST, incubated with primary antibodies overnight at 4°C. The following 

day, membranes were washed three times with TBST, then incubated with HRP-conjugated 

secondary antibodies for 1 hour at RT. After secondary incubation, membranes were washed three 

times with TBST. Proteins were detected after one minute incubation with enhanced 

chemiluminescence (ECL) (Thermo Scientific, 34087) with an imager (KwanKwik). The digital 

images were then quantified using Adobe Photoshop and ImageJ.  

 

Co-Immunoprecipitation 

HA-NLGN1, 2, 3, 4X, 4Y were cotransfected with Myc-NLGN4Y into HEK293T cells 

plated on a 6 cm dish. Two days post transfection, cells were washed and collected in cold PBS. 

After centrifugation, the pelleted cells were lysed in TBS buffer with 1% Triton-X-100, protease 

inhibitors (Roche, 05056489001), phosphatase inhibitor cocktail 2 (Sigma, P5726), phosphatase 

inhibitor cocktail 3 (Sigma, P0044) for 1 hour at 4°C. Cells were centrifuged at 20,000 x g for 10 

minutes to remove any insoluble debris. A fraction of each lysates was collected as input. 1 μg of 

Myc antibody was added to lysate and incubated overnight on a rocker at 4°C. The following day, 

lysates were added to protein G conjugated beads (GE Healthcare, 17-0618-01) and incubated at 

4°C for 3 hours. The beads were then washed three times using cold IP buffer (TBS buffer with 
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0.01% Triton-X-100, 5 mM EDTA) with 1 minute of 2,000 x g centrifugation between each wash. 

The precipitated proteins were then eluted with 4X SDS loading buffer and boiled at 95°C for 5 

minutes.  

For co-immunoprecipitation with BiP, HA-NLGN4X (WT, P93S) and NLGN4Y (WT, 

S93P) were transfected into HEK293T cells plated on 6 cm dish. The above protocol was followed 

except 1 μg of HA antibody were added to lysate. Protein A conjugated beads (Sigma, P3391) 

were used to isolate immunoprecipitated proteins instead.  

For immunoprecipitation with pS712 antibody, induced neurons were lysed with 1% SDS 

for 30 minutes at 37°C then neutralized with 1% Triton-TX-100 in TBS buffer with protease 

inhibitors, phosphatase inhibitor cocktail 2, and phosphatase inhibitor cocktail 3. Lysates were 

briefly sonicate and centrifuge at 20,000 x g for 10 minutes to remove any insoluble debris. A 

fraction of each lysates was collected for input. 10 μg of pS712 antibody were added to lysate and 

incubated overnight at 4°C. Next day, lysates were incubated with Protein A conjugated beads for 

3 hours at 4°C. The beads were then washed as described above, and 4X SDS loading buffer was 

added to elute the proteins. The samples were boiled at 95°C for 5 minutes before immunoblotting 

analysis.  

 

Biotinylation assay 

Neuroligins were transfected into HEK293T cells plated on 6 cm dishes. Two days post 

transfection, cells were washed with cold PBS buffer with 2 mM CaCl2 and 1 mM MgCl2 (this 

buffer was used for the rest of this experiment). Cells were then incubated with 1 μg/mL biotin 

(EZLink Sulfo-NHS-LC-Biotin) (Thermo Scientific, 21335) in PBS buffer for 30 minutes on ice, 
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then incubated with 100 mM glycine in PBS buffer for 20 minutes on ice. Cells were washed with 

cold PBS buffer three times between incubation. After the last wash, cells were collected in cold 

PBS and centrifuge at 10,000 x g for 10 minutes. The pelleted cells were lysed using RIPA buffer 

with 150 mM NaCl, 50 mM Tris-HCL, pH7.4, 1 mM EDTA, 0.1% SDS, 0.1% DOC, and 1% 

Triton-X-100, protease inhibitors, and phosphatase inhibitor cocktails for 1 hour at 4°C. After 

incubation, lysates were briefly sonicated, and centrifuged at 20,000 x g for 15 minutes to remove 

insoluble debris. A portion of the lysates were collected for input, and the remaining lysates were 

incubated with Streptavidin agarose beads overnight at 4°C. The following morning, Streptavidin 

beads were washed three times with cold PBS with 1 minute of 2,000 x g centrifugation between 

each wash. Proteins were eluted by adding 4X SDS loading buffer and analyzed by 

immunoblotting.  

 

Coculture assay 

Cos-7 cells were transfected with HA-tagged NLGN4X (WT, P93S), NLGN4Y (WT, 

S93P), or CD4 using PEI as described above. Two days after transfection, Cos-7 cells were 

detached using trypsin. 10,000 cells were added to DIV 6 hippocampal neurons. 24 hours after 

adding Cos-7 cells to neurons, immunofluorescence labeling was performed as described above.  

 

Label-free mass spectrometry 

Samples were prepared by immunoprecipitating HEK293T cell lysates expressing HA-

NLGN4X, HA-NLGN4Y with HA antibodies, and using untransfected HEK293T as control 

(n=3).  Samples were subjected to trypsin digestion after TECP reduction and NEM alkylation. 
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Digests were extracted from the gel and desalted using Waters Oasis HLB µElution plate. LC-

MS/MS data acquisition was performed in data-dependent acquisition (DDA) mode on an 

Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) coupled with a 3000 Ultimate 

high pressure liquid chromatography instrument (Thermo Fisher Scientific). Peptides were 

separated over a 62-min gradient (5% - 35% MPB) on a ES802 column (Thermo Fisher 

Scientific) at a flow rate of 300 nl/min. The MS resolution is 120K at m/z 400, MS scan range is 

300-1500 m/z, the automated gain control (AGC) target is 2 × 10e5. The quadrupole isolation 

window is 1.4 m/z. Precursors with charge states 2−6 and intensity higher than 1x10e4 within a 3 

sec cycle between MS1 scans are selected for MS/MS acquisition in the linear ion trap, and 

activated with higher energy collisional dissociation (HCD) method.  

The database search and label-free quantitation were performed with Proteome Discoverer 2.4. 

Parameters for analysis as followed: trypsin digestion with full specificity; 2 missed cleavages 

allowed; N-ethylmaleimide on cysteines as fixed modification; oxidation (M) as variable 

modification, the mass tolerance is 10 ppm for precursor ions and 0.6 Da for fragment ions. 

Using Percolator, the false discovery rate for peptide-spectrum matches (PSMs) is set to 0.05. 

Only unique peptides are considered for the quantification. The results are filtered by a FDR set 

at 1% at protein level. For protein ratio calculation, the summed intensity of the unique peptides 

matched to the protein is used. The maximum fold change allowed is set to 100. Normalization is 

applied based on total peptide abundance of each sample. The individual proteins ANOVA 

method is used for hypothesis test.    
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Electrophysiology 

Whole-cell voltage clamp recordings of mEPSCs were  performed in DIV 14 to 17 cultured 

rat hippocampal neurons at 20–25°C using glass patch electrodes filled with an internal solution 

consisting of 135 mM CsMeSO4, 8 mM NaCl, 10 mM HEPES, 0.3 mM Na-GTP, 4 mM Mg-ATP, 

0.3 mM EGTA, 5 mM QX-314, and 0.1 mM spermine. The external solutions contained 119 mM 

NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1 mM Na2PO4, 11 mM glucose, 2.5 mM CaCl2, and 1.3 mM 

MgCl2; 0.1 mM Picrotoxin and 0.5 μM TTX were added to the external solutions before recording. 

Transfected cells were visualized with fluorescence, and mEPSCs were measured at −70 mV. 

Series resistance was monitored and not compensated, and cells in which series resistance was 

more than 25 MΩ or varied by 25% during a recording session were discarded. Synaptic responses 

were collected with a Multiclamp 700B amplifier (Axon Instruments), filtered at 2 kHz, and 

digitized at 10 kHz. The analysis of the mEPSCs was done offline semiautomatically, using in-

house software in Igor Pro (Wavemetrics) developed in Roger Nicoll’s laboratory at University of 

California, San Francisco (UCSF). Whole-cell voltage clamp recordings of mEPSCs were 

performed on cells expressing GFP.  

 

Novel mutation identification 

Clinical whole exome analysis was completed for a diagnosis of ASD or ID. The variants 

were reported as variants of uncertain significance by the clinical lab. Clinicians provided variant 

information through GENEMATCHER(Sobreira et al., 2015). Participants provided signed 

authorization to have genetic information included in the study. 
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Statistical analysis 

Data analysis was carried out using ImageJ and GraphPad Prism. All experiments were 

performed at least three independent times. For human genetic analysis, we performed a sliding 

window analysis for frequency of variants in reported individuals with ASD compared to the 

gnomAD database. We compared 50 amino acid bins that overlapped by 25 amino acids. P values 

were calculated by Fisher’s exact Test. 

 

GST-fusion protein production and in vitro phosphorylation 

 ICDs of NLGN1, 2, 3, 4X, and 4Y were subcloned into pGEX vectors, and 

NLGN4X/NLGN4Y mutations were generated by PCR-based mutagenesis (QuickChange Site-

Directed Instruction Manual). GST-fusion proteins were prepared from BL21 bacterial cells 

expressing pGEX-NLGNs. 50 mL of cultured were grown at 37°C to absorbance (OD600) of 1.1 

to 1.2. Protein induction was achieved by adding 100 μM isopropyl β-D-1-thiogalactopyranoside 

and cultures were allowed to grow overnight at 16°C. The cells were then lysed with TBS with 

100 μg/mL lysozyme, protease inhibitor, 10 mM EDTA, 15 mM DTT. The lysates were sonicated 

and incubated at 10:1 ratio with glutathione-Sepharose 4B (GE Healthcare, 17-0756-05) for 1 hour 

at 4°C.  

 For PKA in vitro kinase assay, GST fusion proteins were incubated with 20 mM MgCl2, 

50 uM ATP (New England Biolab, P0756L), 1 pmol of [γ-32P] ATP (Perkin Elmer, 

BLU002A250), and purified PKA catalytic subunit (Promega, V5161). For PKC in vitro kinase 

assay, GST fusion proteins were incubated with 1.67 mM CaCl2, 1 mM DTT, 10 mM MgCl2, 50 

uM ATP and 1 pmol [γ-32P] ATP, and purified PKC (Promega, V5261). For CaMKII in vitro 
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kinase assay, GST fusion proteins were incubated with 10 mM MgCl2, 0.5 mM DTT, 0.1 mM 

EDTA, 2.4 uM calmodulin, 2 mM CaCl2, 100 uM ATP and 1 pmol [γ-32P] ATP with purified 

CaMKII-a (Calbiochem, 6505). All in vitro kinase assays were executed by incubating GST fusion 

proteins with kinases and their buffers at 30°C for 30 minutes. Proteins were eluted by 4X SDS 

sample buffer. All samples were incubated at 65°C for 5 minutes before resolved by SDS-PAGE. 

Phosphorylation was visualized by autoradiography.  
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Chapter III 

Functional Differences Between NLGN4X and NLGN4Y 

Introduction 

Neuroligins (NLGNs) are postsynaptic cell adhesion molecules that have crucial roles in 

synapse maturation and function (Bemben et al., 2015a; Jeong et al., 2017; Südhof, 2008). 

Although all neuroligins bind to presynaptic neurexins to drive synapse formation, there are 

multiple isoforms that display differential localization and functional effects at different types of 

synapses. NLGN 1-3 are highly conserved in mammals and extensive research in mouse models 

shows that NLGN1 is localized at excitatory synapses, NLGN2 at inhibitory synapses, and NLGN3 

is at both (Bemben et al., 2015a; Jeong et al., 2017). Interestingly, there is divergence in humans 

regarding NLGN4. In humans, NLGN4 is located on the X chromosome and is called NLGN4X, 

whereas in mouse NLGN4 is autosomal and is called NLGN4-like (Bolliger et al., 2001b, 2008). 

Although they both are broadly referred to as NLGN4, NLGN4X and NLGN4-like are poorly 

conserved with only ~60% sequence identity (Figure 1.2). In addition, NLGN4X has a homologue, 

NLGN4Y, which forms an X-Y pair.   

 Although human and mouse NLGN4s are poorly conserved, mouse NLGN4-like was 

initially used to study NLGN4X-associated diseases. However, it is clear now the two proteins are 

distinctively different thus it is inappropriate to use mouse NLNG4-like as a model to study 

NLGN4X. One clear difference between the two proteins is that they are localized at different 

synapses. NLGN4-like is localized at glycinergic synapses and exerts its influence on inhibitory 

synaptic transmission (Hammer et al., 2015; Hoon et al., 2011; Zhang et al., 2018), whereas human 

NLGN4X is at excitatory synapses (Marro et al., 2019). Overexpression of NLGN4X in rat or 
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mouse neurons shows a change in excitatory synaptic transmission (Bemben et al., 2015b; Chanda 

et al., 2016b; Zhang et al., 2009). Furthermore, using differentiated neurons from human induced 

pluripotent stem cells (hiPSCs) indicates NLGN4X is colocalized with the excitatory synapse 

marker PSD-95 (Marro et al., 2019). Together, it is clear that human NLGN4X is dramatically 

different from mouse NLGN4-like. 

To add further complexity, in females NLGN4X can escape X-inactivation, and in males 

NLGN4Y mRNA has been reliably detected in the brain(Carrel and Willard, 2005; Jamain et al., 

2003; Trabzuni et al., 2013; Tukiainen et al., 2017). Because NLGN4X and NLGN4Y share 97% 

sequence identity, they are presumed to have the same function and act as an X-Y gene pair, even 

though the genes are located outside of the pseudo-autosomal area on the sex chromosome. With 

access to genetic sequencing, the number of pathogenic mutations found in NLGN4X is increasing, 

whereas only one mutation has been identified in NLGN4Y(Yan et al., 2008). The male bias 

observed from mutations in NLGN4X is puzzling because NLGN4Y is thought to play a similar 

role to NLGN4X thus should be able to compensate for NLGN4X ASD-associated mutations. This 

lack of compensation in males suggests that NLGN4Y may have an uncharacterized distinct 

function that needs to be explored.  

In this chapter, we characterized the functional differences between NLGN4X and 

NLGN4Y. We show that both endogenous NLGN4X and NLGN4Y are expressed in human 

neurons. Yet, despite having 97% sequence identity with only 19 amino acid differences between 

them (Figure 3.1), we find that NLGN4Y has profound deficits in trafficking and synaptogenic 

activity.  This functional difference between NLGN4X and NLGN4Y is due to one critical amino 

acid difference in the extracellular domain (ECD). In addition, we found that NLGN4Y is retained 
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in the endoplasmic reticulum (ER) through binding with the chaperone protein BiP. Lastly, we 

identified an unusual function of NLGN4Y in which it can negatively regulate expression of other 

NLGNs when it forms heterodimers with them. Taken together, our data show distinct differences 

in function between NLGN4X and NLGN4Y.   

 

Results 

NLGN4X and NLGN4Y are differentially processed 

Is NLGN4Y expressed in humans? Previous studies have shown that NLGN4Y mRNA can 

be detected from males’ brains (Jamain et al., 2003; Johansson et al., 2016; Trabzuni et al., 2013), 

but it is unclear whether NLGN4Y protein is present. To test NLGN4Y protein expression, we 

first developed a NLGN4Y-specific antibody (Figure 3.2 A). To test the specificity of NLGN4Y 

antibody, we transfected Human Embryonic Kidney 293 (HEK293T) cells with hemagglutinin 

(HA)-tagged NLGN1, 2, 3, 4X, and 4Y. Immunoblot of lysates showed a specific band for 

NLGN4Y (Figure 3.2 B). We next used our NLGN4Y antibody to immunoprecipitate HA-tagged 

NLGN1, 2, 3, 4X, and 4Y expressed in HEK293T cells, and then probed with a pan-neuroligin 

antibody for immunoblotting. Again, we observed a specific band for NLGN4Y (Figure 3.2 C). 

Next, we immunoblotted lysates from male and female differentiated neurons from human induced 

pluripotent stem cells (hiPSCs) and detected NLGN4Y only in male-derived neurons (Figure 3.2 

D). Similarly, we detected NLGN4Y in human brain lysate from males but not females (Figure 

3.2 E). Taken together, we showed here that NLGN4Y is expressed in humans.  

Why is there a disproportionate number of ASD-associated variants in NLGN4X vs 

NLGN4Y? To answer this question, we directly compared NLGN4X and NLGN4Y in a variety 
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of assays. First, we expressed HA-tagged NLGN4X or NLGN4Y in HEK293T cells and 

unexpectedly observed that NLGN4Y expression was decreased compared to NLGN4X (Figure 

3.3 A and B). In addition, we only observed the lower molecular weight band, which is the 

presumptive immature form of the protein, whereas NLGN4X expressed both mature and 

immature forms (Fig. 3.3 A and B). It is important to note here that both NLGN4X and NLGN4Y 

are inserted into the same mammalian expressing vector. To ensure that both plasmids express at 

a comparable level, we extracted mRNA from HEK293T cells transfected with NLGN4X and 

NLGN4Y then used a RT-PCR and primers that can recognize both NLGN4X and NLGN4Y. We 

saw a small but significant decrease in NLGN4Y expression compare to NLGN4X (Figure 3.3 C 

and D).  

Next, we reasoned that the lack of mature NLGN4Y corresponded to a lack of NGLN4Y 

surface expression. To examine surface expression of neuroligins, we labeled live transfected 

HEK293T cells with sulfo-NHS-SS-biotin, and isolated the surface NLGN pool with Streptavidin. 

As expected, NLGN4Y did not express at the surface compared to NLGN1-4X (Figure 3.3 E). As 

a control, we used transferrin receptor (TfR) to ensure our assay capture surface protein adequately. 

It has been shown that neuroligins can be glycosylated, and glycosylation is an important step for 

protein maturation (Bemben et al., 2015a; Hoffman et al., 2004; Jeong et al., 2017; Zhang et al., 

2009). To test whether the immature band is the deglycosylated form of NLGN4Y, we subjected 

NLGN4X and NLGN4Y to EndoH and PNGase F. EndoH only removes high mannose and some 

types of N-linked carbohydrates, whereas PNGase F removes most types of N-linked 

carbohydrates; therefore, EndoH will only deglycosylate immature band, and PNGase F will 

deglycosylate both mature and immature.  Indeed, NLGN4X immature band and NLGN4Y band 
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were sensitive to both EndoH and PNGase F, whereas NLGN4X mature is PNGase F sensitive 

(Figure 3.3 F). Next, we tested if we could rescue NLGN4Y surface expression by blocking 

degradation using MG132 to inhibit proteasomal degradation or chloroquine to inhibit lysosomal 

degradation in HEK293T cells expressing NLGN4X or NLGN4Y. Treatment with either MG132 

or chloroquine did not increase the mature band for NLGN4Y (Figure 3.3 G). Although we 

observed a trend of increasing NLGNY immature band treated with MG132 from our immunoblot, 

it did not reach statistically significant (Figure 3.3 H). 

Due to NLGN4Y failure to reach the surface and unable to express mature protein, we 

hypothesized that NLGN4Y is retained in the endoplasmic reticulum (ER). We coexpressed 

NLGN4X and NLGN4Y with an ER marker to visualize their localization. The Mander’s overlap 

coefficient for NLGN4Y overlapping with ER marker was significantly higher than NLGN4X 

revealing that NLGN4Y was more heavily localized to the ER compared to NLGN4X (Figure 3.4 

A and B). Taken together, we show that NLGN4X and NLGN4Y are differentially processed. 

 

The extracellular domain of NLGN4X is important for surface expression 

To determine whether the extracellular domain (ECD) or the intracellular domain (ICD) 

impairs NLGN4Y surface expression, we generated two chimeric constructs: NLGN4X ECD with 

NLGN4Y ICD (NLGN4X/Y) and NLGN4Y ECD with NLGN4X ICD (NLGN4Y/X) (Fig. 3.5 A). 

Comparison of NLGN4X, 4Y, 4X/Y, or 4Y/X expressed in HEK293T cells shows that the ECD 

of NLGN4X is important for protein maturation (Figure 3.5 B and C). Next, we used a 

biotinylation assay to label surface-expressed proteins and found that NLGN4X/Y displayed 

significantly increased surface expression compared to NLGN4Y, whereas NLGN4Y/X decreased 
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surface expression compared to NLGN4X (Figure 3.5 D and E). With only 14 amino acid 

differences between the NLGN4X and NLGN4Y ECD (Figure 3.1), we reasoned that there must 

be a region or an amino acid difference that could account for the lack of NLGN4Y surface 

expression. We made six chimeric constructs to narrow down the critical region for NLGN4X 

surface expression (Figure 3.6 A). Swapping the signal peptide did not rescue expression of the 

NLGN4Y mature band; however, swapping the first 100 amino acids was sufficient to increase 

NLGN4Y mature band (Figure 3.6 B).  

 

Differential function in NLGN4X and NLGN4Y is due to one critical amino acid difference 

Within the region from the end of the signal peptide to the 100th amino acid, there are three 

amino acid differences between NLGN4X and NLGN4Y. We then created three new constructs: 

NLGN4X (R56Q, N64S, and P93S), substituting the analogous NLGN4X amino acid for 

NLGN4Y residues. An immunoblot of transfected HEK293T cell lysates expressing NLGN4X 

(WT, R56Q, N64S, or P93S) revealed that NLGN4X P93S had a significant decrease in mature 

band expression (Figure 3.7 A). Taking the ratio of mature/immature bands, we observed that 

NLGN4X P93S had ~75% decrease compared to WT, whereas R56Q and N64S showed no 

significant effect (Figure 3.7 B). To confirm that this one amino acid difference can modulate 

differential surface expression of NLGN4X and NLGN4Y, we used a biotinylation assay to 

compare NLGN4X (WT, P93S) and NLGN4Y (WT, S93P). We found that NLGN4Y S93P 

rescued NLGN4Y surface expression (Figure 3.7 C). In addition, we showed that NLGN4Y S93P 

did not strongly colocalize with ER markers, unlike NLGN4Y WT in Cos-7 cells. The Mander’s 

overlapping coefficient for NLGN4Y S93P was significantly lower than that of WT (Figure 3.8 A 
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and B). Furthermore, we also observed NLGN4Y localization in the ER in hippocampal neurons; 

however, the signals were weaker compared to Cos-7 cells (Figure 3.8 C and D).  

How is NLGN4Y retained in the ER? To better understand differential functions, we 

performed an unbiased proteomic to screen for unique protein interactions. Untransfected 

HEK293T cells, or HEK293T cells expressing NLGN4X or NLGN4Y were immunoprecipitated 

using HA antibody and we performed proteomic analyses using label-free liquid chromatography 

with tandem mass spectrometry (LC-MS/MS) to identify specific interactomes for NLGN4X and 

NLGN4Y (Figure 3.9 A and B). We also performed quantitative analysis to compare the NLGN4X 

and NLGN4Y interactomes (Figure 3.9 C, Table 3). The ER chaperone protein BiP was found 

enriched in the NLGN4Y interactome. Interestingly, BiP has been shown to robustly bind to the 

NLGN3 ASD-associated variant, R451C (De Jaco et al., 2010). Similar to NLGN4Y, NLGN3 

R451C displays a reduction in maturation, surface expression, and is retained in the ER. Using 

coimmunoprecipitation from HEK293T cells expressing NLGN4X (WT, P93S) and NLGN4Y 

(WT, S93P), we found that NLGN4Y and NLGN4X P93S bind strongly with BiP, whereas 

NLGN4X and NLGN4Y S93P do not (Figure 3.9 D). Taken together, we demonstrated that 

NLGN4Y ER retention phenotype is likely due to the interactions with BiP, and this interaction is 

regulated by the same residue affecting NLGN4Y maturation and trafficking, thus revealing a 

mechanism for ER retention. 

Next, we tested the functional roles of NLGN4X and NLGN4Y at synapses. We cocultured 

Cos-7 cells expressing NLGN4X (WT, P93S), NLGN (WT, S93P), or CD4, a membrane protein 

used as a negative control, with rat hippocampal neurons. We labeled endogenous VGLUT and 

observed an increase in VGLUT at NLGN4X but not NLGN4Y (Figure 3.10 A and B). We 
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observed a reduction in VGLUT at NLGN4X P93S compared to WT, and an increase in VGLUT 

at NLGN4Y S93P compared to WT (Figure 3.10 A and B). To investigate how NLGN4X and 

NLGN4Y traffic and function in neurons, we first used immunofluorescence confocal microscopy 

to visualize surface expression of NLGN4X, NLGN4Y, and NLGN4Y S93P expressed in primary 

rat hippocampal neurons. We exogenously expressed NLGN4X or NLGN4Y (WT and S93P) with 

NLGN microRNAs (NLmiRs), which we used to knockdown endogenous NLGN1, 2, and 3 to 

avoid potential heterodimerization. Consistent with our biochemical assays, NLGN4Y S93P 

showed an increase in surface expression compared to WT (Figure 3.11 A and B). Next, we 

recorded miniature excitatory postsynaptic currents (mEPSCs) in hippocampal cultured neurons 

expressing NLmiRs alone or coexpressing NLmiRs with NLGN4X and NLGN4Y (WT and S93P) 

(Figure 3.11 C). As expected, knockdown of NLGNs reduced mEPSC frequency and amplitude. 

NLGN4X, but not NLGN4Y, rescued the reduced mEPSC frequency and amplitude (Figure 3.11 

D-G). Consistent with our imaging and biochemical data, NLGN4Y S93P was also able to rescue 

mEPSC frequency and amplitude (Figure 3.11 D-G). Our results indicate that WT NLGN4Y 

cannot traffic to the surface as efficiently as NLGN4X, and this trafficking deficit reduced the 

ability of NLGN4Y to increase synaptic transmission. Taken together, differences in function 

between NLGN4X and NLGN4Y are due to one amino acid substitution. 

 

NLGN4Y heterodimerization with other NLGNs does not increase its surface expression 

 Neuroligins can exist as dimers or oligomers. In addition, neuroligin heterodimerization 

has been shown to increase surface expression (Poulopoulos et al., 2012b; Shipman and Nicoll, 

2012). To test if NLGN4Y can form heterodimers, we coexpressed HA-tagged NLGN1, 2, 3, or 
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4X with Myc-tagged NLGN4Y, and immunoprecipitated with Myc antibody. We found that 

NLGN4Y could form heterodimers with all neuroligins (Figure 3.12 A). However, this ability to 

form heterodimers with other neuroligins did not promote surface expression of NLGN4Y. 

Surprisingly, coexpression with NLGN4Y dampened the NLGN1, 2, 3, and 4X trafficking to the 

surface (Figure 3.12 B and C). Next, we tested NLGN4Y effect on synaptic strength by 

exogenously expressed GFP or GFP with NLGN4Y to preserve NLGN1-3 at synapses (Figure 

3.13 A). Interestingly, expressing NLGN4Y in rat hippocampal neurons reduced both frequency 

and amplitude of mEPSCs (Figure 3.13 B-D). Together, our data show that NLGN4Y is distinct 

from NLGN4X in that it does not traffic to the surface and it can also act as a negative regulator 

of other neuroligins.  

Discussion 

In the present study, we explored the role of two human-specific neuroligins, NLGN4X 

and NLGN4Y, and showed that NLGN4X and NLGN4Y are differentially processed. NLGN4X 

is robustly trafficked to the cell surface where it exerts its synaptogenic activity. In sharp 

contrast, NLGN4Y has a profound deficit in trafficking, which renders it unable to induce 

synapses. This was surprising due to the sequence identity between NLGN4X and NLGN4Y, 

with only 19 amino acid differences. We identified an amino acid that accounts for the dramatic 

functional deficit in NLGN4Y. Furthermore, the region surrounding this important amino acid in 

NLGN4X is the location of a cluster of ASD/ID-associated NLGN4X mutations, which also 

have profound trafficking deficits. Thus we have revealed a mechanism underlying the 

functional differences between NLGN4X and NLGN4Y that provides an explanation for why 

disease-associated mutations in NLGN4X display a male bias. 
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The sex chromosomes have long been linked with neurodevelopmental disorders. While 

the X chromosome has been the focus of many studies, the Y chromosome receives far less 

attention. Recent investigation has revealed that the Y chromosome contains many important 

genes other than sex-determining genes (Bellott et al., 2014; Cortez et al., 2014). In particular, 

Y-linked genes that have an X-linked homolog are important because they are needed to 

maintain an ancestral gene dosage between sexes (Bellott et al., 2014). Thus these studies reveal 

the importance of X-Y gene pairs. In our current study, we report a unique case for this X-Y 

gene pair hypothesis. Due to their sequence homology, NLGN4X and NLGN4Y are presumed to 

have the same function, thus forming an X-Y pair that can act as an autosomal gene. We showed 

here that despite their sequence identity, NLGN4X and NLGN4Y are differentially processed. 

An amino acid difference between the two proteins led to a divergence in protein localization 

and function. Given that the chromosomal location of the gene is outside that of the 

pseudoautosomal region and thus has no ability to recombine, this has allowed for fixed genetic 

differences. Because NLGN4Y is not able to recombine, it is possible to speculate that 

differences in NLGN4Y are due to selection in males.  

What is the role of NLGN4Y at synapses? We showed that NLGN4Y has a deficit in 

trafficking that hinders its ability to induce synapses. We narrowed down the trafficking deficit 

of NLGN4Y to a single residue at S93. By mutating NLGN4Y S93P (to the analogous amino 

acid on NLGN4X, P93), we can rescue NLGN4Y surface trafficking. Furthermore, NLGN4Y 

S93P can also induce synapses to a comparable level to that of NLGN4X. It is important to note 

here that although NLGN4X P93S displayed a reduction in surface expression and a reduction in 

synapse formation in a coculture assay, NLGN4X P93S was still capable of modest levels of 
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traffic to the surface and clustering of VGLUT. Conversely, NLGN4Y S93P did not completely 

rescue NLGN4Y surface expression to the same level as NLGN4X. It is possible that another 

amino acid difference or region between NLGN4X and NLGN4Y that can contribute to these 

observations. Another explanation could be that there are unknown posttranslational 

modifications in NLGN4X or NLGN4Y. NLGN4X can enhance synaptic strength when 

phosphorylated by PKC (Bemben et al. 2015). It is unclear if this same effect can be observed in 

NLGN4Y. Taken together, our data provided a subtle amino acid difference between NLGN4X 

and NLGN4Y that leads to divergent functions.   

The structure of the extracellular domain of neuroligins has been solved, and the residues 

critical for neurexin binding have been identified (Araç et al., 2007; Fabrichny et al., 2007). 

Remarkably, the residues critical for the neuroligin/neurexin complex are highly conserved. 

Although NLGN4Y was not included in these studies, sequence comparison between NLGN4X 

and NLGN4Y reveals that the neurexin binding residues are completely conserved. With this 

information, our data suggest that the inability of NLGN4Y to induce synapse formation is not due 

to its inability to bind to its presynaptic partner, neurexin, but its inability to traffic to the surface. 

It is important to note that much of our study makes use of heterologous cells or rodent neurons. 

Because rats do not express NLGN4X or NLGN4Y, it serves as an excellent system to study 

NLGN4X and NLGN4Y function. Furthermore, a recent study showed that phenotypes from 

overexpressed NLGN4X observed in mouse and rat neurons were identical when the experiments 

were performed in human differentiated neurons (Marro et al., 2019). We chose to rely on the 

ectopic expression of NLGN4X and NLGN4Y because we can use a simple tag to directly compare 

NLGN4X and NLGN4Y.  
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In summary, our study revealed functional differences between the two sex-linked 

neuroligins. Despite having ~97% sequence identity, only one amino acid difference between the 

two proteins is able to create a divergent in function. Although we showed here that NLGN4Y has 

a negative regulatory effect when overexpressed in neurons, what is the role of NLGN4Y in the 

male brains? Further investigations on the endogenous function of NLGN4X and NLGN4Y will 

provide insights on how sex-linked neuroligins function and their contribution to 

neurodevelopmental diseases.  
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Figure 3.1 NLGN4X and NLGN4Y are highly conserved 

Alignment of NLGN4X and NLGL4Y. Differences between NLGN4X and NLGN4Y are marked 

with open boxes; ASD-associated mutations boxed in gray; transmembrane domain boxed in blue; 

phosphorylation site boxed in yellow. 
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Figure 3.2 NLGN4Y is expressed in male brain and differentiated neurons 

A. Sequence alignment for the intracellular domain of NLGN4X and NLGN4Y. The NLGN4Y 

antibody epitope is underlined in red. B. Immunoblot of transfected HA-tagged NLGN 1, 2, 3, 4X, 

and 4Y probing with NLGN4Y antibody. C. HA-NLGN1, 2, 3, 4X, 4Y were expressed in 

HEK293T then immunoprecipitated using NLGN4Y antibody. Immunoblot of HA-NLGN1, 2, 3, 

4X, 4Y from the immunoprecipitates using pan-NLGN antibody. D. Immunoblot of NLGN4X and 

NLGN4Y from male and female human differentiated neurons. E. Immunoblot of male and female 

brain synaptosomal preps. 
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Figure 3.3 NLGN4X and NLGN4Y are differentially expressed 

A. Immunoblot of HA-tagged NLGN4X and NLGN4Y expressed in HEK293T cells. Arrows 

indicate mature and immature bands. B. Total protein level and ratio of mature/immature level 

(means ± S.E.M.) normalized to NLGN4X. P values were calculated by unpaired t test. (n=5). C. 

NLGN4X and NLGN4Y expression (319 bp) in transfected HEK293T cells. D. Expression level 

(means ± S.E.M.) normalized to NLGN4X. P value was calculated by t-test. E. Surface expression 

of NLGN1, 2, 3, 4X, and 4Y analyzed by immunoblot of purified biotinylated proteins in 

transfected HEK293T cells. F. NLGN4X and NLGN4Y expressed in HEK293T cells were treated 

with EndoH or PNGase F for 3 hours to examine glycosylation pattern. G. NLGN4X and 

NLGN4Y expressed in HEK293T cells were treated with MG132 or chloroquine for 24 hours to 

examine protein degradation. Cells were lysed and protein level was determined by 
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immunoblotting with HA-Ab. H. Protein level (means ± S.E.M.) normalized to NLGN4X. P values 

were calculated by one-way ANOVA with Bonferroni’s comparison test. (n=4).  
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Figure 3.4 NLGN4Y localizes to the ER compared to NLGN4X 

A. Cos-7 cells coexpressing NLGN4X or NLGN4Y with E2-Crimson, an ER marker. NLGN4X 

and NLGN4Y were labeled with anti-HA and Alexa 488-conjugated secondary (green). E2-

Crimson fluorescent was excited using far-red laser (red) to label ER. DAPI was used to visualize 

the nucleus (blue). B. Mander’s Coefficient of NLGN4X or NLGN4Y with ER. P value was 

calculated by unpaired t test. (n=3). 
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Figure 3.5 Differences in NLGN4X and NLGN4Y protein expression are due to the 

extracellular domain  

A. Schematic showing domain swap for NLGN4X, NLGN4Y, NLGN4X/Y, and NLGN4Y/X. 

NLGN4X/Y contains the extracellular domain (ECD) of NLGN4X and the intracellular domain 

(ICD) of NLGN4Y; NLGN4Y/X contains the ECD of NLGN4Y and the ICD of NLGN4X. B. 

Immunoblot of HEK293T cells expressing NLGN4X, NLGN4Y, NLGN4X/Y, NLGN4Y/X. C. 

Ratio of mature/immature level (means ± S.E.M.) normalized to NLGN4X or NLGN4Y. P values 

were calculated by ANOVA with Bonferroni’s comparison test. (n=8). D. Surface expression of 

NLGN4X, NLGN4Y, NLGN4X/Y, and NLGN4Y/X was analyzed by immunoblot of purified 

surface biotinylated proteins in transfected HEK293T cells. E. Surface intensity level (means ± 

S.E.M.) normalized to NLGN4X. P values were calculated by ANOVA with Bonferroni’s multiple 

comparison test. (n=5). 
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Figure 3.6 Differences in NLGN4X and NLGN4Y protein expression are not due to signal 

peptide  

A. Schematic for domain swapping of NLGN4X and NLGN4Y. B. Immunoblot comparing 

chimeras of NLGN4X and NLGN4Y expressed in HEK293T cells. NLGN4X-100-4Y is sufficient 

to promote NLGN4Y surface trafficking. 
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Figure 3.7 Differences in NLGN4X and NLGN4Y protein expression are due to one critical 

amino acid difference 

A. Immunoblot of transfected NLGN4X (WT, R56Q, N64S, or P93S) and NLGN4Y in HEK293T 

cells. B. Mature/immature level (means ± S.E.M.) normalized to control. P values were calculated 

by one-way ANOVA with Bonferroni’s multiple comparison test. (n=7). C.  Surface expression 

of NLGN4X (WT or P93S) and NLGN4Y (WT or S93P) were analyzed by immunoblot of isolated 

surface biotinylated proteins in transfected HEK293T cells. 
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Figure 3.8 NLGN4Y localizes to ER due to one amino acid difference 

A. Cos-7 cells coexpressing NLGN4X (WT, P93S) or NLGN4Y (WT, S93P) with E2-Crimson, 

an ER marker. NLGN4X (WT, P93S) and NLGN4Y (WT, S93P) were labeled with anti-HA and 

Alexa 488-conjugated secondary (green). E2-Crimson fluorescent was excited using far-red laser 

(red) to label ER. DAPI was used to visualize the nucleus (blue). B. Mander’s Coefficient of 

NLGN4X (WT, P93S) or NLGN4Y (WT, S93P) with ER. P value was calculated by ANOVA 

with Bonferroni’ (n=3). C. Hippocampal neurons coexpressing NLGN4X (WT, P93S) or 

NLGN4Y (WT, S93P) with E2-Crimson, an ER marker. NLGN4X (WT, P93S) and NLGN4Y 

(WT, S93P) were labeled with anti-HA and Alexa 405-conjugated secondary (green). E2-Crimson 

fluorescent was excited using far-red laser (red) to label ER. NLmRs were labeled with anti-GFP 

and Alexa 488-conjugated secondary (white). NLmiRs were used to knockdown endogenous 

NLGN1-3 and to visualize neurons. D. Mander’s Coefficient of NLGN4X (WT, P93S) or 

NLGN4Y (WT, S93P) with ER. P value was calculated by ANOVA with Bonferroni’ (n=3). 
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Figure 3.9 NLGN4Y is retained in the ER regulated by binding with BiP 

A and B. Volcano plots of enrichment of protein interactors for NLGN4X or NLGN4Y referenced 

to HA beads. C. Volcano plot of protein interactor enrichment for NLGN4X vs NLGN4Y D. 

NLGN4X (WT and P93S) and NLGN4Y (WT and S93P) were transfected in HEK cells then 

immunoprecipitated with HA-antibody. Immunoblot of BiP and HA from the immunoprecipitates. 
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Figure 3.10 NLGN4Y cannot induce synaptogenesis in coculture assay 

A. Cos-7 cells expressing NLGN4X (WT, P93S), NLGN4Y (WT, S93P), or CD4 were cocultured 

with rat hippocampal neurons. NLGN4X (WT, P93S), NLGN4Y (WT, S93P) were labeled with 

rat anti-HA and Alexa 555 -conjugated secondary (green) for surface expression, and with rabbit 

anti-HA and Alexa 488-conjugated secondary (blue) for intracellular expression. Endogenous tau 

and VGLUT were labeled with their respective antibody with Alexa 405-conjugated secondary for 

tau (white) and Alexa 647-conjugated secondary for VGLUT (red). B. VGLUT intensity level 

(means ± S.E.M.) were normalized to NLGN4X. P values were calculated by ANOVA with 

Bonferroni’s comparison test.  
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Figure 3.11 NLGN4Y S93 regulates differential trafficking of NLGN4X vs. NLGN4Y  

A. Representative images of expression of NLmiRs and NLGN4X, NLGN4Y (WT, S93P) in rat 

hippocampal neurons at DIV 13. Surface and intracellular NLGNs were labeled with anti-HA. B. 

Surface intensity level (means ± S.E.M.) normalized to NLGN4X. P values were calculated by 

one-way ANOVA Bonferroni’s multiple comparison test. (n=3). C. Experimental design for 

recording, and representative mEPSC traces recorded in cultured hippocampal neurons expressing 

NLmiRs or NLmiRs with NLGN4X, NLGN4Y (WT, S93P). D and E. mEPSC frequency 

cumulative probability and mean. P values were calculated by one-way ANOVA Bonferroni’s 

multiple comparison test. (n=3). F and G. mEPSC amplitude cumulative probability and mean. P 

values were calculated by one-way ANOVA with Bonferroni’s multiple comparison test. (n=3). 
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Figure 3.12 Heterodimerization with NLGN4Y decreases NLGN1, 2, 3, 4X trafficking and 

synaptic strength 

A. HA-NLGN1, 2, 3, 4X, 4Y were coexpressed with myc-NLGN4Y then immunoprecipitated 

using Myc antibody. Immunoblot of HA-NLGN1, 2, 3, 4X, or 4Y from the immunoprecipitates. 

The immature bands are enriched in the immunoprecipitated fraction. B. Immunoblot of HA-

NLGN1, 2, 3, or 4X coexpressed with Myc-NLGN4Y. C. Mature/immature HA-NLGNs level 

(means ± S.E.M.) normalized to NLGN1, 2, 3, or 4X. P values were calculated using an unpaired 

t test. (n=6).  
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Figure 3.13 Exogenous expression of NLGN4Y decreases excitatory synaptic transmission  

A. Experimental design for recording, and representative mEPSC traces recorded in cultured 

hippocampal neurons expressing GFP or GFP with NLGN4Y. B and C. mEPSC frequency 

cumulative probability and mean. P values were calculated by t-test (n=3). D and E. mEPSC 

amplitude cumulative probability and mean. P values were calculated by t-test. (n=3) 
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Table 3. Interacting proteins for NLGN4X and NLGN4Y 

List of proteins from label free quantitative proteomic. Top 50 genes for NLGN4X and 

NLGN4Y that reached statistical significant.  

Gene Symbol 
  

Log2 Fold 
Change 

-LOG10 P 
value 

NLGN4Y 6.644 4.411 
ASCC2 2.362 1.671 
PLBD1 2.248 1.303 

GLS 1.795 1.603 
SDR9C7 1.647 1.638 

NEK9 1.501 2.451 
SEC24D 1.382 2.159 
SCFD1 1.221 1.430 
ZZEF1 1.083 1.305 
CAPZB 1.020 1.644 
HSPA5 1.018 1.326 
ACOT7 1.010 1.866 
KRT77 0.962 2.492 

NCCRP1 0.953 1.685 
VWA8 0.946 2.423 
DSC3 0.945 1.532 
PREP 0.941 1.372 

KRT23 0.915 1.546 
RCC1 0.911 1.408 

PTRH2 0.908 1.366 
TGM3 0.884 3.016 
KRT71 0.880 2.879 
PYGB 0.865 1.370 
DSC1 0.844 2.977 
FRYL 0.824 2.791 

ALOX12B 0.814 1.452 
TGM1 0.807 2.609 
KRT78 0.787 3.302 
KRT9 0.787 1.739 
BLMH 0.778 1.656 
GBA 0.758 1.992 
KRT5 0.747 2.679 
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Table 3 cont. 

Gene Symbol  
Log2 Fold 
Change 

-LOG10 P 
value 

KRT80 0.743 2.618 
JUP 0.734 2.184 

SNX5 0.708 1.991 
KRT1 0.692 2.346 
DSP 0.692 1.706 

SNX6 0.662 1.381 
DSG1 0.656 2.619 

PAFAH1B1 0.625 1.489 
GYS1 0.595 2.149 

PVRL2; 
NECTIN2 0.552 1.302 

KRT10 0.536 2.343 
SYPL1 0.508 1.723 

PSMB7 0.452 2.447 
SERPINB12 0.445 1.658 

KRT2 0.429 2.217 
CPNE1 0.411 2.087 
CDC27 -0.340 1.480 
DDX50 -1.704 4.048 
CDC5L -1.704 1.496 

RPL18A -1.718 1.332 
BTF3 -1.723 1.627 

RPL10 -1.727 1.639 
RPL21 -1.742 1.792 

RPL27A -1.742 1.605 
FTSJ1 -1.756 1.403 
RPL34 -1.766 1.743 
STAU1 -1.796 2.157 
MYO1B -1.796 1.766 

ATP6V0C -1.801 2.559 
GLG1 -1.801 1.582 
RPL7A -1.821 2.195 
SRSF4 -1.821 1.789 
RPL18 -1.831 2.060 
DHX29 -1.842 1.474 
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Table 3 cont. 

Gene Symbol  
Log2 Fold 
Change 

-LOG10 P 
value 

RPL3 -1.878 1.652 
RPL4 -1.894 2.037 

CNOT7 -1.894 1.986 
RPL13 -1.938 2.042 
RPL15 -1.938 1.739 
LAS1L -1.949 1.817 
SNX9 -1.971 2.178 

TBC1D10B -1.989 1.884 
MRPS31 -2.000 2.641 
TRMT6 -2.035 2.653 
DIMT1 -2.035 1.467 

POLRMT -2.065 1.367 
UBR4 -2.077 2.246 
NAF1 -2.120 3.705 

RPL13A -2.133 2.642 
CDK5 -2.211 1.319 
CIRBP -2.322 1.411 
DDX27 -2.329 2.267 
RPL32 -2.351 2.810 
NOL9 -2.373 2.199 
SRPK2 -2.515 1.994 
ASCC3 -2.540 1.385 

B3GAT3 -2.565 3.346 
GTF3C2 -2.573 2.788 

MAGED2 -2.786 2.046 
COPS7A -2.826 1.634 
C7orf50 -2.911 2.464 
GSTM2 -3.184 3.045 
C1QBP -3.366 6.186 
NLGN1 -3.506 3.443 
DCAF16 -3.989 4.503 
LACTB -4.133 2.561 
MRPS7 -4.265 3.051 

NLGN4X -6.644 4.316 
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Chapter IV 

Sex Bias In NLGN4X-Associated Neurological Disorders 

Introduction 

Autism spectrum disorder (ASD) and intellectual disability (ID) are neurological disorders 

that impair communication, social interaction, and intellectual functioning. In addition, ASD has 

a bias toward males with a ratio of 4:1 male : female. Indeed, the first characterization of ASD was 

only seen in males (Leo, 1943), and this male bias has been consistently observed across countries 

(Fombonne, 2013; Werling and Geschwind, 2013b). The etiology for this sex bias in ASD remains 

unknown. It has been postulated that the sex chromosomes may have a role in the sex bias observed 

in ASD. Evidence from sex aneuploidy syndromes indicates that the protective effect can come 

from the additional X chromosome in females for X-linked associated ASD. For example, females 

with Turner syndrome (XO) (Creswell and Skuse, 1999; Donnelly et al., 2000; Ross et al., 2006; 

Skuse et al., 1997), males with Klinefelter syndrome (XXY) (Jha et al., 2007), and 47 XYY 

syndrome (Bishop et al., 2011; Ross et al., 2015) all have an increased rate of ASD.  

Although most patients with Turner syndrome have normal cognitive function, a small 

subset of patients exhibits cognitive deficits (San Roman and Page, 2019). Interestingly, it has 

been shown that the microdeletion of the X chromosome at Xp22.3 results in cognitive deficit 

(Ross et al., 2000; Skuse et al., 1997; Zinn et al., 2007). Furthermore, NLGN4X is located within 

this region. Many studies have linked neuroligins with ASD and ID (Singh and Eroglu, 2013; 

Südhof, 2008). Before the explosion of next-generation sequencing, NLGN3 (located on the X 

chromosome in human and mouse) and NLGN4X were heavily linked with ASDs and ID (Jamain 

et al., 2003). In addition, a multi-generation study reported a NLGN4X variant that resulted in 
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ASD/ID. Importantly, the variant consisted of a nonsense mutation that only affected male family 

members carrying the mutation, whereas female carriers display no symptoms of ASD/ID 

(Laumonnier et al., 2004). Subsequent studies from many ASD/ID cohorts revealed more 

mutations in NLGN4X, and a concomitant pattern of male bias (Pampanos et al., 2009; Xu et al., 

2014; Yan et al., 2008; Yuen et al., 2017; Zhang et al., 2009). What is the basis of the male bias?  

In this chapter, we characterized the similarity between NLGN4X-associated variants and 

NLGN4Y. Using publicly available human genetic data, as well as newly identified probands, we 

define a sensitive region in NLGN4X that contains a cluster of ASD-associated variants. 

Interestingly, this cluster of ASD-associated variants is located near the critical amino acid 

difference between NLGN4X and NLGN4Y. Furthermore, the disease-associated mutations 

phenocopy the NLGN4Y trafficking deficit. Thus, our study provides insight into the sex bias of 

NLGN4X-associated-ASD/ID. 

 

Results 

ASD-associated mutations in NLGN4X phenocopy NLGN4Y 

 The lack of NLGN4Y surface expression strikingly resembles a previously described ASD-

associated mutation in NLGN4X (Zhang et al., 2009). Due to the close proximity to the critical 

amino acid at NLGN4X P93, we wondered might there be other mutations surrounding this 

residue. Using published research and databases for ASD patients, we found three additional ASD-

associated mutations surrounding the critical amino acid (Table 1.1, Figure 4.1) (Jamain et al., 

2003; Laumonnier et al., 2004; Mayo et al., 2016; Pampanos et al., 2009; Xu et al., 2014; Yan et 

al., 2005; Zhang et al., 2009). Interestingly, two of the cases (NLGN4X G84R and NLGN4X 
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R87W) were found in males; one case (NLGN4X G99S) was found in female, but the proband 

also has an affected brother. In addition, we now report two new independent cases of missense 

mutations in NLGN4X in ASD and ID patients (Sobreira et al., 2015). The probands are male and 

have a substitution at R101Q (c.302G>A) or V109L (c.325G>C). Interestingly, in both cases, the 

mothers are carriers with no known symptoms. Fisher exact test indicates that the region between 

amino acid 75 to 125 is enriched with ASD-associated variants compared to variants in the normal 

population.  

Because these variants are in close proximity to NLGN4X P93, we hypothesized that these 

mutations would phenocopy NLGN4Y. Expressing these variants in HEK293T cells, we found 

that they all had a decrease in mature band expression compared to NLGN4X WT (Figure 4.2 A 

and B). Interestingly, a mutation found in the normal population (gnomAD) within this region, 

NLGN4X E85D (Lek et al., 2016), displayed no changes in the mature band (Figure 4.2 C) 

indicating no trafficking deficit. Although, the mature/immature ratio decreased modestly due to 

an increase in immature band expression (Figure 4.2 A and B). Due to ASD-associated mutations 

displaying a similar reduction in mature band expression, we chose to focus on two variants: 

NLGN4X P94L, the mutation adjacent to the critical residue in NLGN4X P93; and NLGN4X 

G99S, a well-documented case in the literature (Araç et al., 2007; Fabrichny et al., 2007; Yan et 

al., 2005). We conducted a biotinylation assay with HEK293T cells expressing NLGN4X (WT, 

E85D, P94L, or G99S) and showed that NLGN4X E85D did not have a decrease in surface 

expression compared to WT, whereas the ASD-associated variants NLGN4X P94L and NLGN4X 

G99S displayed significantly decreased surface expression (Figure 4.2 D and E).  
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Previously, we have shown that decrease in surface expression will inhibit the proteins 

from forming synapses. To test whether NLGN4X mutants have a deficit in synaptic transmission, 

we performed functional analyses by recording mEPSCs in hippocampal neurons expressing 

NLmiRs with NLGN4X (WT, E85D, P94L, or G99S). In agreement with our biochemical results, 

NLGN4X WT and NLGN4X E85D rescued the reduced mEPSCs frequency and amplitude, but 

NLGN4X P94L and NLGN4X G99S could not (Figure 4.3 A-E). Taken together, we found that 

the region surrounding NLGN4X P93 is highly intolerant, and most mutations within this region 

phenocopy NLGN4Y. 

 

Wild type NLGN4X, but not NLGN4Y, can increase ASD-associated mutations surface 

expression 

It has been well documented that the probands for ASDs or ID from mutations in NLGN4X 

are mostly males. In addition, these probands often have unaffected mothers who are carriers. We 

have shown here that in males, NLGN4Y cannot efficiently traffic to the surface to induce 

synapses. We wonder if this lack of function can amplify the effect of ASD-associated mutations 

in NLGN4X, or if a wild type NLGN4X can provide a protective effect in females carrying ASD-

associated mutations. Coexpressing NLGN4X harboring ASD-associated mutations (R101Q, 

V109L) with WT NLGN4X or NLGN4Y showed that NLGN4X increased surface trafficking for 

NLGN4X harboring ASD-associated mutations, whereas NLGN4Y did not (Figure 4.4 A-C). 

Overall, our data demonstrate that the male-specific neuroligin, NLGN4Y, cannot compensate for 

a mutated NLGN4X.   
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Discussion 

ASD and ID are complex disorders with many associated genes. As such, NLGN3 and 

NLGN4X are only implicated in a small number of ASD/ID cases. Although there are many risk 

genes for ASD/ID, there is good evidence that some mutations in NLGN4X are pathogenic 

(Jamain, Quach et al., 2003; Laumonnier et al., 2004). The best evidence showing the causality 

of NLGN4X with ASD/ID is that a variant of NLGN4X that encodes a frameshift mutation has 

complete penetrance in males in one pedigree through many generations. Interestingly, female 

carriers in this family did not show any ASD/ID phenotype (Laumonnier et al., 2004). We 

showed here that this male bias in NLGN4X is likely due to the lack of NLGN4Y function and 

its inability to compensate for any deficits in NLGN4X. We find each of a cluster of ASD-

associated NLGN4X variants have severe trafficking deficits and that when coexpressed with 

WT NLGN4X there is a significant rescue of protein maturation. However, when the NLGN4X 

ASD-associated variants were coexpressed with WT NLGN4Y there was no rescue of the 

NLGN4X trafficking.  

  There are several known ASD-associated NLGN4X variants. Notably, a previous study 

directly showed that NLGN4X R87W is retained in the ER (Zhang et al., 2009). We replicated 

the experiments showing a trafficking deficit with this variant, NLGN4X R87W, and then 

expanded to include other mutations found in the literature and in databases. Importantly, many 

NLGN4X-associated mutations cluster around the critical residue in NLGN4X at P93.  One 

variant that was listed in ClinVar, was particularly interesting because it targeted a nearby 

proline. In the current study, we also report two new probands with a variant in this region. 

Based on these data, we performed statistical analyses, which confirmed this region is a sensitive 
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region that is highly intolerant to variation. However in a database of healthy individuals 

(gnomAD), there was a NLGN4X variant, NLGN4X E85D, in this region. Importantly, we did 

not observe a deficit in trafficking nor in mEPSCs with NLGN4X E85D. Thus, not every variant 

in this region results in a trafficking deficit or neurological disorders. The NLGN4X E85D 

mutation is quite conserved because the structures of glutamic acid and aspartic acid are similar, 

which likely allows for this mutation to be tolerated. Together, the identified sensitive region can 

be used in the future to screen for potential pathogenic mutations in NLGN4X. 

While both NLGN3 and NLGN4X are X-linked and have been linked to ASD/ID, NLGN3 

has been the focus of more studies to understand the etiology of ASD. NLGN3 research benefits 

from the high conservation of NLGN3 between mammals, thus making it possible to generate 

mouse models to study NLGN3 mutations in vivo (Rothwell et al., 2014; Tabuchi et al., 2007b). 

However, NLGN4 is unusually divergent in mammals. NLGN4 is absent in Rattus norvegicus, 

and was only discovered in Mus musculus a little over a decade ago. The discovery of NLGN4-

like in mouse was a breakthrough, even though mouse and human NLGN4 only share ~60% 

sequence homology because it was possible to generate models for ASD-associated mutations 

(Bolliger et al., 2008). Indeed, NLGN4-like knockout mice exhibit similar phenotypes to ASD, 

including social deficits (Jamain et al., 2008b). However, in recent years, it has become clear that 

NLGN4X and mouse NLGN4-like are localized at different synapses. Many studies on mouse 

NLGN4-like show that it is localized at glycinergic synapses and influences inhibitory synapses, 

whereas human NLGN4X was recently shown to localize exclusively at excitatory synapses 

(Bemben et al., 2015b; Chanda et al., 2016a; Hammer et al., 2015; Hoon et al., 2011; Marro et al., 

2019; Zhang et al., 2018). We now show that NLGN4X erexpression in cultured rat hippocampal 
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neurons increases excitatory synapses, whereas NLGN4Y does not. Although the stem cell 

technology to model human neurodevelopmental diseases is still in its infancy, it is exciting to 

speculate about the possibility of generating human derived neurons or brain organoid models to 

precisely depict human diseases. With the growing numbers of patients obtaining sequencing 

coupled with our identification of the sensitive region of NLGN4X, we expect that the numbers of 

reported affected individuals will increase and facilitate future human studies on this cohort of 

ASD/ID probands. 
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Figure 4.1 Cluster of ASD-associated mutations on NLGN4X surround the critical amino 

acid difference between NLGN4X and NLGN4Y 

A. Schematic for NLGN4X showing mutations on NLGN4X. Black asterisks indicate variants in 

the normal population (gnomAD), blue asterisks indicate mutations in both normal population and 

ASD probands, and red asterisks indicate mutations in ASD and ID. Plot for -log p value from 

Fisher Exact Test to indicate the area surrounding NLGN4X P93 is significantly enriched in ASD-

associated probands. 
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Figure 4.2 ASD-associated mutations on NLGN4X phenocopy NLGN4Y 

A. Immunoblot of transfected NLGN4X WT, healthy population variant (E85D), and ASD-

associated mutations (G84R, R87W, P94L, G99S, R101Q, and V109L). B. Ratio of 

mature/immature (means ± S.E.M.) normalized to NLGN4X WT. P values were calculated by one-

way ANOVA with Bonferroni’s comparison test. (n=4). C. Mature band levels (means ± S.E.M.) 

normalized to NLGN4X WT. P values were calculated by one-way ANOVA Bonferroni’s 

comparison test. (n=4). D. Surface expression of NLGN4X (WT, E85D, P94L, or G99S) analyzed 

by immunoblotting isolated surface biotinylated proteins in transfected HEK293T cells. E. Surface 

expression level (means ± S.E.M.) normalized to NLGN4X WT. P values were calculated using 

one-way ANOVA Bonferroni’s comparison test. (n=3). 
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Figure 4.3 Decreased synaptic transmission in NLGN4X ASD-associated mutations  

A. Experimental design for recording, and representative mEPSC traces recorded in cultured 

hippocampal neurons expressing NLmiRs or NlmiRs with NLGN4X (WT, E85D, P94L, G99S). 

B and C. mEPSC frequency cumulative probability and mean. P values were calculated by one-

way ANOVA Bonferroni’s multiple comparison test. (n=3). D and E. mEPSC amplitude 

cumulative probability and mean. P values were calculated by one-way ANOVA with Bonferroni’s 

multiple comparison test. (n=3). 
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Figure 4.4 Heterodimerization of ASD-associated NLGN4X mutations with NLGN4X WT, 

but not NLGN4Y WT, can increase protein maturation 

A. Immunoblot of HA-NLGN4X and NLGN4Y coexpressed with Myc-NLGN4X (R101Q or 

V109L). B. Ratio of mature/immature levels (means ± S.E.M.) normalized to NLGN4X R101Q. 

C. Mature/immature level (means ± S.E.M.) normalized to NLGN4X V109L. P values were 

calculated by one-way ANOVA Bonferroni’s comparison test. (n=3) 
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Chapter V 

Posttranslational Modifications of NLGN4X vs. NLGN4Y 

Introduction 

Neuroligins (NLGNs) are cell adhesion molecules that are critical in synapse maturation 

and synaptic transmission and plasticity (Bemben et al., 2015a; Jeong et al., 2017; Südhof, 2018). 

Neuroligins bind to the presynaptic adhesion molecules, neurexins, to form a transsynaptic bridge 

to drive synapses. Importantly, there are multiple genes encoded for neuroligins, and they have 

differential localizations and functions. In mammals, NLGN1-3 are highly conserved with NLGN1 

localized at excitatory synapses, NLGN2 at inhibitory synapses, and NLGN3 is at both (Bemben 

et al., 2015a; Chanda et al., 2017; Chih et al., 2005; Chubykin et al., 2007b; Graf et al., 2004b; 

Poulopoulos et al., 2009). Interestingly, NLGN4 is divergent between humans and rodents. In 

human, NLGN4 exists as an X-Y pair gene with NLGN4X on the X chromosome and NLGN4Y 

on the Y chromosome; however, mouse NLGN4-like is autosomal (Bemben et al., 2015b; Bolliger 

et al., 2008; Hoon et al., 2011; Jamain et al., 2008b).  

 Autism spectrum disorder (ASD) is a neurodevelopmental disease that is characterized by 

impairment in communication and social interaction (Geschwind, 2011; Leo, 1943; Miles, 2011). 

Genetic studies on ASD have identified many candidate genes for this devastating disorder 

(Geschwind and State, 2015). Interestingly, rare variants in NLGN4X have been found in patients 

with ASD (Jamain et al., 2003; Laumonnier et al., 2004; Singh and Eroglu, 2013; Yan et al., 2005). 

The best evidence linking NLGN4X with ASD is a generational study where a frameshift mutation 

in NLGN4X was observed in 13 patients in four generations (Laumonnier et al., 2004). 

Interestingly, only male members of the family were affected, whereas female carriers were 
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asymptomatic. To date, the majority of the pathogenic variants on NLGN4X are identified to be 

frameshift mutations, nonsense mutations, and missense mutations in the extracellular domain, but 

only one missense mutation in which an arginine is substituted for cysteine (R704C) has been 

identified in the intracellular domain of NLGN4X (Bemben et al., 2015b; Chanda et al., 2016a; 

Marro et al., 2019; Yan et al., 2005). Frameshift mutations and nonsense mutations result in 

unstable proteins thus subject to degradation, whereas missense mutations in the ECD can result 

in trafficking deficit, or inability to bind to neurexin; how does missense mutation in ICD of 

NLGN4X affect protein function? 

 Posttranslational modifications are crucial mechanisms to regulate and modulate protein 

functions. Protein phosphorylation is a type of modification that has been shown to regulate 

neuroligin functions. For instance, surface expression of NLGN1 is modulated by phosphorylation 

by Ca2+ calmodulin dependent kinase II (CaMKII) at T739; PSD-95 binding and endocytosis is 

modulated by phosphorylation at S839 by PKA; gephyrin binding is controlled by phosphorylation 

at Y782 by a tyrosine kinase (Bemben et al., 2013; Giannone et al., 2013b; Jeong et al., 2019; 

Letellier et al., 2018). Interestingly, NLGN4X is phosphorylated by protein kinase C (PKC) at 

T707, and this phosphorylation event results in an increase in excitatory synaptic transmission 

(Bemben et al., 2015b). Furthermore, the ASD mutant NLGN4X R704C cannot be phosphorylated 

and is thus unable to enhance synaptic transmission. Taken together, phosphorylation is a dynamic 

mechanism to regulate and modulate neuroligin function.  

 In this chapter, we reveal other differences in NLGN4X and NLGN4Y function. NLGN4X 

is robustly phosphorylated, whereas NLGN4Y is not. Furthermore, we identified a novel PKA 

mediated phosphorylation site at serine 712 (S712) in NLGN4X, but not NLGN4Y. Intriguingly, 
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phosphorylation at NLGN4X S712 is disrupted by the ASD-associated mutation NLGN4X 

R704C. Lastly, the differences in phosphorylation between NLGN4X and NLGN4Y are due to 

one amino acid difference in the intracellular domain. Taken together, we have uncovered another 

important functional difference between NLGN4X and NLGN4Y.  

 

Results 

PKC phosphorylates NLGN4X, but not NLGN4Y 

Phosphorylation of NLGN4X at threonine 707 (T707) can increase spine density and 

enhance both NMDAR- and AMPAR-mediated EPSCs. NLGN4X and NLGN4Y are highly 

conserved with only five amino acid differences between them in the intracellular domain (Figure 

5.1). With such high conservation, we hypothesize that NLGN4Y can also be phosphorylated by 

the same kinase since T707 is conserved in both neuroligins. To test our hypothesis, we performed 

an in vitro kinase assay using GST-fusion constructs with ICD of NLGN4X and NLGN4Y. 

Surprisingly, NLGN4Y was not robustly phosphorylated by PKC as evaluated by radiography 

(Figure 5.1 B). Next, we wanted to test the phosphorylation of NLGN4Y in mammalian cells. We 

subjected Cos-7 cells expressing NLGN4X (WT, T707A) or NLGN4Y to phorbol 12-myristate 

13-acetate (PMA), a potent PKC activator, to evaluate T707 phosphorylation. In agreement with 

our in vitro assay, NLGN4X is phosphorylated at T707 but not NLGN4Y (Figure 5.1 C).  

 

PKA phosphorylates NLGN4X at S712 

Because NLGN4X is selectively phosphorylated by PKC, we sought to find other kinases 

that can selectively phosphorylate NLGN4X or NLGN4Y. Using GST-fusion ICD of NLGN4X 
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or NLGN4Y, we conducted in vitro kinase assay and found PKA selectively phosphorylated 

NLGN4X but not NLGN4Y. In addition, CaMKII did not phosphorylate either NLGN4s (Figure 

5.1 B). To identify the PKA phosphorylation site, we incubated GST-ICD of NLGN4X with 

catalytic PKA then evaluated the samples using liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS). We revealed that PKA phosphorylates NLGN4X at S712, a site that 

is conserved in all neuroligins. To confirm PKA phosphorylation of NLGN4X at S712, we used 

in vitro kinase assay with a phosphodeficient mutant, S712A, and showed that PKA robustly 

phosphorylated NLGN4X WT, but not S712A (Figure 5.2A). In addition, we showed that PKC-

mediated phosphorylation of NLGN4X T707 and PKA-mediated phosphorylated NLGN4X S712 

are highly specific (Figure 5.2 A-C). PKC can phosphorylated S712A and PKA can 

phosphorylated T707A. Previously, we uncovered phosphorylation of NLGN4X T707 was 

disrupted by the ASD-associated mutation R704C (Bemben et al., 2015b). Surprisingly, we 

showed here that phosphorylation of NLGN4X at S712 was also disrupted by NLGN4X R704C 

(Figure 5.2 A-C). Taken together, we showed that NLGN4X is specifically phosphorylated by 

PKC at T707 and PKA at S712, and the ASD-associated mutation NLGN4X R704C disrupts both 

PKC and PKA phosphorylation.  

Despite their sequence conservation, it is puzzling why NLGN4Y cannot be 

phosphorylated by PKC or PKA. Further examining of NLGN4X and NLGN4Y alignment, we 

noticed one amino acid difference between the two proteins at position 710. It is an arginine (R710) 

on NLGN4X and a histidine (H710) on NLGN4Y. This position piques our interest because it is 

conveniently located between the PKC phosphorylation site at T707 and the PKA phosphorylation 

site at S712. Using an in vitro kinase assay, we showed that NLGN4X R710H was unable to be 
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phosphorylated by either PKC or PKA. In contrast, NLGN4Y H710R can be phosphorylated by 

both PKC and PKA (Figure 5.2 A, C and D). Together, we show that an amino acid difference 

between NLGN4X and NLGN4Y can be accounted for the differential phosphorylation pattern of 

the two highly conserved proteins.  

 

Endogenous phosphorylation of NLGN4X at S712 

To study the phosphorylation of NLGN4X at S712 further, we developed a 

phosphorylation state-specific antibody using residue 709-718 as epitope (Figure 5.3 A). An in 

vitro kinase assay showed that our antibody is specific for the phosphorylated state of NLGN4X 

(Figure 5.3 B). To test full length phosphorylation of NLGN4X, we transfected HA-tagged 

NLGN4X (WT, R704C, S712A) and NLGN4Y in HEK-293T cells, then treated cells with 

forskolin (FSK) to induce PKA activity. Our pS712 antibody recognized a nonspecific band near 

the NLGN4X predicted band, but we were able to eliminate this band by first immunoprecipitating 

NLGN4X with HA conjugated beads. Surprisingly, transient PKA activity using FSK did not lead 

to an increase in S712 phosphorylation of NLGN4X (Figure 5.3 C). However, we observed that 

under basal conditions, NLGN4X is heavily phosphorylated at S712. In agreement with our in 

vitro kinase assay, NLGN4X R704C and NLGN4Y were not robustly phosphorylated at S712 

(Figure 5.3 C and D).  

 Our experiments thus far relied on in vitro systems and overexpression of neuroligins in 

heterologous cells. Because NLGN4X and NLGN4Y are human-specific proteins, we could not 

rely on rodent neuronal culture for our study. To address this problem, we differentiated neurons 

from human induced pluripotent stem cells (hiPSCs) to study phosphorylation of NLGN4X and 
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NLGN4Y. It has been shown that overexpression of neurogenin 2 (NGN2) can robustly 

differentiate hiPSCs into neurons (Zhang et al., 2013). To simplify the differentiation protocol, we 

used hiPSCs from Wang et al. in which a doxycycline-inducible NGN2 was integrated into a stable 

hiPS cell line (Wang et al., 2017). 

 Using this simplified protocol to make human cortical neurons (Figure 5.4 A), we were 

able to look at the endogenous phosphorylation of NLGN4X. To test the phosphorylation of 

NLGN4X at S712, we used our pS712 antibody to immunoprecipitated endogenous 

phosphorylated NLGN4X from human differentiated neurons. Using a NLGN4X antibody, we 

showed that NLGN4X is endogenously phosphorylated at S712 (Figure 5.4 B). Taken together, 

our study reveals a novel phosphorylation residue for NLGN4X at S712.  

 

Discussion 

In this chapter, we explored the role of phosphorylation on the two human-specific 

neuroligins, NLGN4X and NLGN4Y. We showed NLGN4X can be robustly phosphorylated by 

PKC and PKA, whereas NLGN4Y cannot. In addition, we identified a novel PKA mediated 

phosphorylation site on NLGN4X at S712. Importantly, we identified an amino acid that accounts 

for the drastic differences in phosphorylation. Furthermore, the ASD-associated mutation 

NLGN4X R704C disrupts phosphorylation by both PKC and PKA and thus phenocopies 

NLGN4Y.  

 Previously, we demonstrated that NLGN4X and NLGN4Y are differentially expressed. 

Despite their high sequence conservation, one amino acid difference at S93 in NLGN4Y causes a 

trafficking deficit. Although substituting NLGN4Y S93 to the analogous residue on NLGN4X, 
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P93, NLGN4Y S93P does not increase NLGN4Y protein to the same level of NLGN4X. This data 

suggests that another differential mechanism between NLGN4X and NLGN4Y may contribute to 

this observation. NLGN4X is phosphorylated by PKC and this phosphorylation results in an 

enhancement of excitatory synaptic transmission, thus providing a mechanism to modulate 

NLGN4X. Comparing PKC mediated phosphorylation of NLGN4X and NLGN4Y, we showed 

that NLGN4Y cannot be phosphorylated. This lack of phosphorylation provides another deficit in 

NLGN4Y compared to NLGN4X. In addition, we identified another phosphorylation site on 

NLGN4X at S712. Interestingly, NLGN4Y again cannot be phosphorylated by PKA. Just as one 

amino acid difference disrupts surface trafficking of NLGN4Y, we identify another amino acid 

difference that disrupts NLGN4Y phosphorylation. Taken together, NLGN4Y cannot function as 

NLGN4X does, due to a deficit in trafficking and phosphorylation.  

 ASD is a devastating neurodevelopmental disorder that has been associated with 

NLGN4X. Although many pathogenic mutations have been identified in the extracellular domain 

of NLGN4X, one missense mutation substituting arginine for cysteine (R704C) in the intracellular 

domain of NLGN4X has been shown to disrupt protein function. Interestingly, when this mutation 

is introduced into NLGN3, it exerts a different phenotype than NLGN4X. Knock-in NLGN3 

R704C mice exhibit a decrease in AMPAR mediated synaptic transmission (Chanda et al., 2016b; 

Etherton et al., 2011b); however, NLGN4X R704C shows an increase in AMPAR mediated 

synaptic transmission (Chanda et al., 2016b; Marro et al., 2019). The discrepancy in the effect of 

R704C in NLGN3 and NLGN4X could be due to the phosphorylation of NLGN4X. Bemben et al. 

demonstrated that NLGN4X is phosphorylated at T707 by PKC and this phosphorylation event 

results in an enhancement in excitatory synaptic transmission; furthermore, NLGN4X R704C 
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disrupts this phosphorylation event. Interestingly, the phosphorylated residue is not conserved 

between NLGN3 and NLGN4X, and the discrepancy in R704C phenotype on NLGN3 or 

NLGN4X could be due to PKC-mediated phosphorylation of NLGN4X at T707. Moreover, our 

data reveal NLGN4X R704C also disrupts the PKA mediated phosphorylation at S712.  

Using differentiated neurons from human induced pluripotent stem cells, we were able to 

demonstrate endogenous phosphorylation of NLGN4X at S712. How might this phosphorylation 

function endogenously is an interesting question that needs further investigation. With the 

advancement of gene editing and stem cell technology, it is an exciting time to study human-

specific neuroligin functions and ultimately develop a therapeutic treatment to correct NLGN4X-

associated neurodevelopmental disorders.   
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Figure 5.1 NLGN4X, but not NLGN4Y, is robustly phosphorylated 

A. Alignment of the intracellular domains of NLGN4X and NLGN4Y. Differences between 

NLGN4X and NLGN4Y are marked with open boxes; ASD-associated mutations are boxed in 

gray; transmembrane domain is boxed in blue; phosphorylation site is boxed in yellow. B. GST-

fusion proteins were incubated with [γ-P32]ATP	 and	 purified	 PKA,	 PKC,	 and	 CaMKII.	

Phosphorylation	 of	NLGNs	were	 analyzed	 by	 autoradiography.	 CBB	 protein	 staining	was	

used	as	loading	control.	C.	Cos-7	cells	expressing	NLGN4X	(WT,	T707A)	and	NLGN4Y	were	

treated	with	PMA	to	activate	PKC.	Immunoblots	probed	with	phosphorylated	NLGN4X	T707	

antibody.		
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Figure 5.2 Differences in NLGN4X and NLGN4Y phosphorylation are due to one critical 

amino acid difference 

A.	GST-fusion proteins of NLGN4X (WT, R704C, T707A, R710H, S712A) and NLGN4Y (WT, 

H710R) were incubated with [γ-P32]ATP	and	purified	PKA	or	PKC.	Phosphorylation	of	NLGNs	

were	analyzed	by	autoradiography.	CBB	protein	staining	was	used	as	loading	control.	B-E.	

Phosphorylation level (means ± S.E.M.) normalized to NLGN4X. P values were calculated by 

ANOVA with Bonferroni’s multiple comparison test. (n=4).	
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Figure 5.3 The ASD-associated mutation NLGN4X R704C disrupts PKA phosphorylation of 

NLGN4X 

A. Sequence alignment of NLGN1, 2, 3, 4X, and 4Y. The NLGN4X phosphorylated S712 antibody 

epitope is underlined in red. B. GST-fusion proteins of NLGN1, 2, 3, 4X (WT, S712A), or 4Y 

were incubated with purified	 PKA.	 PKA	 phosphorylation	 was	 analyzed	 by	 immunoblot	

probing	with	pS712	antibody.	C.	HA-NLGN 4X (WT, R704C, T707A, S712A) and NLGN4Y 

were expressed in HEK293T then treated with FSK, a PKA activator. Neuroligins were 

immunoprecipitated using HA antibody. PKA phosphorylation was analyzed by immunoblot 

probing with pS712 antibody. D. Phosphorylation level (means ± S.E.M.) normalized to 

NLGN4X. P values were calculated by ANOVA with Bonferroni’s multiple comparison test. 

(n=4). 
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Figure 5.4 Endogenous NLGN4X is phosphorylated at S712  

A. Schematic for generating induced neurons from hiPS cells. B. Induced neurons from hiPS cells 

were immunoprecipitated with NLGN4X pS712 antibody. Phosphorylation of NLGN4X was 

evaluated by immunoblot, probing with NLGN4X antibody. 
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Chapter VI 

Conclusions and Future Directions 

More than two decades ago, NLGN1 was identified as the endogenous ligand for the 

presynaptic cell adhesion molecule neurexins. The discovery of NLGN1 and the rest of the 

neuroligin family has broadened our understanding of synapse formation and maturation. With the 

advances in genetic research, neuroligins are again in the spotlight due to their association with 

cognitive and neurodevelopmental disorders such as ASD and ID. Furthermore, NLGN3 was 

unexpectedly identified as a mitogen in brain cancer (Venkatesh et al., 2015, 2017). Decades of 

research have shed light on neuroligin function at synapses, but there are many questions that 

remain unanswered. 

Neuroligins are highly conserved across mammals, and this conservation has greatly 

pushed forward our understanding of neuroligins’ functions. However, only NLGN1-3 are highly 

conserved between humans and rodents, whereas NLGN4X and NLGN4Y are human- and sex-

specific genes. The discovery of mouse NLGN4-like was exciting because it gave researchers a 

tool to study human NLGN4X; however, human and rodent NLGN4 are divergent in their 

sequence and functions. For instance, mouse NLGN4-like is localized at glycinergic synapses and 

affects inhibitory synaptic transmission, whereas human NLNG4X is at excitatory synapses. 

Although researchers have focused on the role of NLGN4X recently due to its strong association 

with neurodevelopmental disease, virtually nothing is known about the Y-linked neuroligin.  

NLGN4X and NLGN4Y are assumed to have the same function due to their sequence 

identity. In addition, studies on the XY chromosomes suggest that the NLGN4Y functions to 

balance the gene dosage in males due to NLGN4X escaping from X-inactivation in females. 
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Interestingly, while NLGN4X has been strongly associated with neurodevelopmental disorders, 

only one missense mutation has been identified in NLGN4Y. Importantly, NLNG4X-associated 

disorders display a male bias with an X-linked recessive pattern. If NLGN4Y is supposed to 

function as a NLGN4X, then NLGN4X-associated disorders should equally affect males and 

females. To gain a better understanding of the sex-linked neuroligins and their role in male bias in 

ASD/ID, we seek out to examine the NLGN4Y function. 

My dissertation research set out to study the two human-specific and sex-specific 

neuroligins. In Chapter 3, we revealed that NLGN4X and NLGN4Y are differentially expressed 

despite their ~97% sequence identity. We uncovered a critical amino acid difference between the 

two proteins that results in their distinct function. NLGN4Y cannot efficiently traffic to the surface 

thus inhibits its ability to induce synapses. This finding is perplexing. What is the role of a cell 

adhesion molecule that cannot get to the surface? It has been shown that neuroligins can form 

heterodimers, and there is evidence that dimerization is important for protein trafficking. We tested 

NLGN4Y and its ability to form heterodimers with other neuroligins, and surprisingly, NLGN4Y 

negatively regulates the maturation of other neuroligins. Furthermore, we showed that expressing 

NLGN4Y in neurons suppressed excitatory synaptic transmission. Although our study 

characterized detailed differences between NLGN4X and NLGN4Y, we were limited to relying 

on exogenously expressing neuroligins since NLGN4X and NLGN4Y are not expressed in rodents. 

As gene editing and stem cell technology becomes readily accessible, it is now possible to generate 

knock-in hiPS cell lines to study the endogenous function of NLGN4X and NLGN4Y. For 

example, we can knock-in different tags for NLGN4X and NLGN4Y in hiPS cells to study their 

localization in neurons and to create an interactome for NLGN4X and NLGN4Y. Although we 
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have elucidated an important difference between NLGN4X and NLGN4Y in this study, more 

investigations are needed to further our understanding of the two human-specific neuroligins.  

 ASD/ID genetic research has demonstrated a strong association with NLGN4X. In Chapter 

4, we uncovered a sensitive region in NLGN4X surrounding the critical amino acid difference 

between NLGN4X and NLGN4Y. Using NLGN4X variants and the critical amino acid difference, 

we uncovered a sensitive region in NLGN4X that is of paramount importance for protein 

trafficking. In addition, we showed that NLGN4X-associated mutations phenocopied NLGN4Y. 

NLGN4X-associated mutations have a reduction in protein maturation, trafficking, and have an 

inability to induce synaptic transmission. Furthermore, NLGN4X-associated mutations, when 

coexpressed with NLGN4X, were able to recover some protein maturation, whereas coexpressing 

with NLGN4Y further diminished protein function. Together, our study reveals a possible 

mechanism for the sex bias in NLGN4X-associated variants. Our study reveals an extra copy of 

NLGN4X WT can provide a protective effect against NLGN4X variants. Currently, we are setting 

up a high throughput screen to identify potential therapeutic treatment to increase surface 

expression of NLGN4X-associated mutations. Although we have not tested NLGN4X-associated 

variants using patients induced pluripotent stem cells in this study it is a topic of ongoing research.  

 Posttranslational modifications have been shown to regulate and modulate protein 

functions at synapses. Evidence of posttranslational modifications of neuroligins have been 

discovered; and, intriguingly, these modifications are often isoform-specific. For example, 

NLGN1 is phosphorylated by CaMKII to control its surface expression, phosphorylated by PKA 

to control its binding to scaffolding protein, and phosphorylated by a tyrosine kinase to control its 

localization at excitatory synapses. In Chapter 5, we discovered that NLGN4X is a substrate of 
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PKA. Surprisingly, we showed that NLGN4Y cannot be phosphorylated by either PKA or PKC. 

Similar to the NLGN4X-associated variants in the extracellular domain phenocopy NLGN4Y, 

NLGN4X R704C disrupts both PKA and PKC phosphorylation thus acting to phenocopy 

NLGN4Y. Although we have not uncovered the functional consequences of phosphorylated 

NLGN4Y, we found that NLGN4X is phosphorylated in human neurons. Furthermore, 

phosphorylation of NLGN4X by PKC can enhance synaptic transmission, but the mechanism for 

this enhancement is still unknown. As mentioned in Chapter 3, NLGN4Y S93P does not fully 

rescue NLGN4Y surface expression, could this be the result of a lack of phosphorylation in 

NLGN4Y? Do protein trafficking and stabilization work in tandem with phosphorylation and other 

posttranslational modifications? These are important questions that need to be addressed in the 

future.    

 Almost three decades have passed since the discovery of neuroligin and its presynaptic 

partners, and due to these discoveries, we now have a deeper understanding of how to construct a 

synapse. Despite rapid advances in the field on NLGN1-3, our understanding of the X-Y neuroligin 

pair remains limited. Our results from this dissertation expand our knowledge and identify a unique 

differential function for the two sex-specific neuroligins. The unique differences between 

NLGN4X and NLGN4Y demonstrated that not all X-Y gene pairs will have the same function, 

thus our results may change how we think about the sex chromosomes outside of sex-determining 

genes.   
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