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Abstract

The synaptic regulator, kalirin, plays a key role in synaptic plasticity and formation of dendritic 

arbors and spines. Dysregulation of the KALRN gene has been linked to various neurological 

disorders, including autism spectrum disorder, Alzheimer’s disease, schizophrenia, addiction and 

intellectual disabilities. Both genetic and molecular studies highlight the importance of normal 

KALRN expression for healthy neurodevelopment and function. This review aims to give an in-

depth analysis of the structure and molecular mechanisms of kalirin function, particularly within 

the brain. These data are correlated to genetic evidence of patient mutations within KALRN and 

animal models of Kalrn that together give insight into the manner in which this gene may be 

involved in neurodevelopment and the etiology of disease. The emerging links to human disease 

from post-mortem, genome wide association (GWAS) and exome sequencing studies are examined 

to highlight the disease relevance of kalirin, particularly in neurodevelopmental diseases. Finally, 

we will discuss efforts to pharmacologically regulate kalirin protein activity and the implications 

of such endeavors for the treatment of human disease. As multiple disease states arise from 

deregulated synapse formation and altered KALRN expression and function, therapeutics may be 

developed to provide control over KALRN activity and thus synapse dysregulation. As such, a 

detailed understanding of how kalirin regulates neuronal development, and the manner in which 

kalirin dysfunction promotes neurological disease, may support KALRN as a valuable therapeutic 

avenue for future pharmacological intervention.
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1. Introduction

Since its discovery in 1996 (Alam et al., 1997; Kawai et al., 1999; Colomer et al., 1997), 

kalirin has emerged as a key player in the formation and stabilization of synaptic 

connections and neural circuits, as well as a factor in various psychiatric disorders. Kalirin 

(aka DUO/HAPIP (Colomer et al., 1997), encoded by the KALRN gene (aka ARH-GEF24), 

is a member of the Rho-guanosine nucleotide exchange factor (GEF) family. This review 

aims to outline the key discoveries that have propelled the study of kalirin to the forefront of 

synaptic neuroscience. We will discuss its role in disease, particularly diseases displaying 

altered synapse formation, emerging genetic relevance and the molecular pathways that 

mediate its regulation of neuronal biology. To our knowledge, no existing review on kalirin 

covers the broad scope of kalirin function, links to human disease and animal phenotypes in 

such depth and breadth. Special attention has been paid to the emerging links to human 

disease from post-mortem, genome wide association (GWAS) and exome sequencing 

studies. These resources provide both interesting case studies and highlight the disease 

relevance of kalirin, particularly in neurodevelopmental diseases. These observations will be 

supported by an in-depth summary of the functional roles of each protein domain, allowing 

correlation between point mutations found in patients and potential alterations in KALRN 

function that may underlie disease. Moreover, characterization of the available mouse 

models reveals disease related animal phenotypes that may allow the role of KALRN, and 

disease related alterations in protein function, to be linked to neurological dysfunction. 

Finally, we will address the attempts made to pharmacologically regulate KALRN, and 

provide arguments supporting this as a possible route to the treatment of human disease.

2. Discovery and characterization

Kalirin was isolated as a GEF-domain containing protein, and found to share considerable 

similarity to several members of the Dbl family of Rho-GEFs, with 60% homology to trio 

(Kawai et al., 1999; Alam et al., 1996). Originally designated as P-CIP10, kalirin was 

characterized as a Rac-GEF by its interaction with, and ability to induce actin and 

morphological rearrangements through, RAC1 (Alam et al., 1997). P-CIP10 was 

subsequently dubbed kalirin after the many-handed goddess, Kali, reflecting its multiple 

protein binding properties (see Section 2). Soon afterwards, another isoform, dubbed Δkal 

(also referred to as kalirin5) was isolated and expression profiling suggested complex 

transcriptional regulation of KALRN (Johnson et al., 2000). Further, a homologous human 

variant was isolated from skeletal muscle and dubbed duet (Kawai et al., 1999). Both Δkal 

and duet are distinct from kalirin in that they lack N-terminal structural regions (Kawai et 

al., 1999; Johnson et al., 2000). Duet was later found to be a splice variant of kalirin, present 

in both human and mouse and arising from a start codon between exons 34 and 35, whereas 
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Δkal arose from transcriptional activation within the spectrin repeat domain (McPherson et 

al., 2002), see Fig. 1, Table1).

Further transcriptional and expression profiles identified additional variants, arising from 

alternate promoters and splicing (Fig. 1), dubbed kalirin7, 8, 9 and 12 (Johnson et al., 2000; 

McPherson et al., 2002). This isoform complexity is compounded by the differential effects 

of alternate promoter-driven 5′ exons; A, E, C and F, and internal start sites resulting in N-

terminally truncated kalirin isoforms (Δkal/duet) (Mains et al., 2011; Miller et al., 2015). 

Alternate promoters have been shown to be differentially expressed throughout the brain, 

and the resulting N-terminal extensions have been shown to alter lipid-binding properties 

and impart distinct cellular functions (Miller et al., 2015). For example, C-kalirin is 

expressed in all regions, whereas B-kalirin displays restricted expression within the 

prefrontal cortex (Mains et al., 2011).

Each isoform of kalirin exhibits distinct expression patterns within the brain throughout 

development, with kalirin9 (predominantly) and 12 expressed during embryonic neuronal 

development, whereas kalirin7 protein expression was observed only in adult (Hansel et al., 

2001) cortex (Mandela and Ma, 2012). Indeed, in the adult cortex, expression appeared to 

switch almost exclusively to kalirin7, with the expression of other isoforms dramatically 

reduced (Hansel et al., 2001). During embryonic development kalirin8, 9 and 12 are present 

in multiple murine tissues, including intestines, tongue, kidney/adrenals, lungs, heart 

(Hansel et al., 2001) and smooth muscle cells (Wu et al., 2013). These studies highlight the 

restricted expression of kalirin7 within the mature cortex, and suggest a shift in KALRN 

gene function within later neuronal development to a role predominated by kalirin7.

3. Protein architecture and domains.

In order to understand the functional implications of each isoform generated by alternate 

splicing and promoter usage, it is necessary to assess the domains present and absent in each 

isoform. Each isoform expresses a distinct set of domains that together alter kalirin 

signaling. Here we will outline the role each domain and how they pertain to kalirin 

function.

3.1. SEC14P domain

Within the N-terminus and expressed in all isoforms (except those using intronic start sites, 

Δkal and Duet) lies a SEC14P domain (aka CRAL-TRIO domain), a well-characterized 

lipid-binding site (Schiller et al., 2008). Several SEC14P domains have been linked to 

intramolecular regulation of GEF activity of other related Rho-GEF proteins; for example, 

removal of the SEC14P domain from a kalirin homolog, Dbs, increased its RhoGEF activity 

(Kostenko et al., 2005). Indeed, several lines of evidence support an important role for 

kalirin’s SEC14P domain in regulating its activity, as detailed below.

The kalirin-SEC14P has been found to bind phosphatidylinositides (Schiller et al., 2008) but 

not phosphatidyl-ethanolamine, – choline or – serine (Ma et al., 2014). A kalirin7 construct 

lacking the SEC14P domain was deficient in driving spine size and formation (Ma et al., 

2014). Studies indicate that phosphorylation of SEC14P is integral for synaptic plasticity; 
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for example, phosphorylation of T95 in human within the SEC14P, in response to N-methyl-

D-aspartate receptor (NMDAr) activation, was required for altered spine morphology, but 

not spine formation (Xie et al., 2007). Overexpression of a phosphomimetic kalirin7-T95E 

construct increased α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAr) amplitude, whereas T95A or wildtype kalirin7 was unable to achieve this (Xie et 

al., 2007). Moreover, T95 phosphorylation is required for LTP via the NMDAr-CAMKII 

pathway (Herring and Nicoll, 2016) and found to increase Rac-GEF activity and resulting 

PAK phosphorylation (Xie et al., 2007), suggesting T95 phosphorylation may induce kalirin 

activity. It has also been shown that the SEC14P and spectrin repeat domains alone can 

induce spine morphological change independently of the Rac-GEF domain (Schiller et al., 

2008; Ma et al., 2014), suggesting that increased Rac-GEF activity may occur concurrently, 

yet be functionally distinct. Together, these results indicate a requirement of the SEC14P and 

post-translational modification for regulation of neuronal morphology and synaptic activity.

The role of the SEC14P in regulating kalirin activity may also be linked to neuroligin (nlgn) 

signaling; nlgn1 is known to increase spine density (reviewed in Bemben et al. (2015)), and 

knockdown of kalirin severely abrogates nlgn1-mediated spine formation (Paskus et al., 

2019). The SEC14P domain was found to be the site of interaction, implicating SEC14P-

nlgn1 binding in the de novo formation of spines (Paskus et al., 2019).

In summary, the SEC14P domain appears to play multiple roles; 1) it can drive de novo 
spine formation through nlgn-mediated mechanisms (Paskus et al., 2019). 2) It can act as a 

scaffold to alter spine morphology (Schiller et al., 2008; Ma et al., 2014), perhaps through 

known interactions with nlgns (Paskus et al., 2019) within the N-terminus. 3) It can drive 

Rac-GEF activity in response to NMDAr-CAMKII signaling (Xie et al., 2007) to regulate 

synaptic plasticity (Herring and Nicoll, 2016). Further work is required to delineate the 

overlap between these processes, but these studies highlight an integral role of the SEC14P 

domain in regulating kalirin function.

3.2. Spectrin repeat domains

Spectrin repeats are short helical bundles characterized as scaf-folding units imparting 

multiple protein–protein interactions on kalirin (Fig. 2). The majority of KALRN isoforms 

express spectrin repeat domains, with the exception of Δ-kalirin (that possesses only repeats 

5–9) and duet (that lacks all repeats). Interestingly, despite a lack of catalytic activity, the 

spectrin repeat domains and SEC14P domain can together drive multiple phenotypic 

changes in neuronal morphology (Schiller et al., 2008; Ma et al., 2014), likely through 

targeting interacting partners to specific neuronal domains.

Kalirin is found to bind DISC1 via the spectrin repeat domain (amino acids 588–1137 

(Hayashi-Takagi et al., 2010). Interaction between kalirin7 and DISC1 was inhibits the 

interaction with, and activation of Rac (Hayashi-Takagi et al., 2010), suggesting that the 

spectrin repeat domain may provide interactions that can regulate kalirin catalytic activity. 

Interestingly, Supervillin was found to bind to both kalirin and its paralogue, trio, via 

spectrin repeats 4–7 (Son et al., 2015). Supervillin binding to trio increases GEF activity 

towards Rac. Although the effects of binding to kalirin were not assessed, the ability of 

DISC1 and Supervillin to regulate GEF activity by binding to the spectrin repeat domain 
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suggests that this domain may play a key role in regulating activity. Interestingly, mutations 

within the spectrin8 region of trio result in the upregulation of the Rac-PAK pathway (PAK 

phosphorylation), and increased lamellipodial outgrowth and neurite outgrowth in cancer 

lines (Barbosa et al., 2020). As trio is highly homologous to kalirin, similar mechanisms 

may exist to regulate kalirin activity. Finally, motifs within the spectrin repeat domain can 

interact with the SRC homology 3 (SH3) domain (See 2.5), resulting in significantly lower 

activity compared to the isolated Rac-GEF domain (Schiller et al., 2006). Together, these 

results highlight the role of the spectrin repeats in regulating GEF activity (Fig. 3), likely by 

acting as a scaffold for a multitude of interacting proteins.

3.3. Rac-GEF domain

Within the cell, small GTPases remain in a guanosine-nucleotide diphosphate (GDP)-bound, 

inactive state. Guanosine nucleotide exchange factors (GEFs) interact with their cognate 

GTPase and stimulate the release of GDP. High intracellular concentrations of guanosine-

nucleotide triphosphate (GTP) promotes its binding to and activation of GTPases. Each 

GTPase has intrinsic catalytic activity towards GTP and temporal control of activation is 

exerted through slow, GTPase-mediated hydrophilic cleavage of the gamma-phosphate of 

GTP. This process is accelerated by GTPase activating proteins (GAPs), returning the 

GTPase to its inactive GDP-bound form. The N-terminal GEF domain of kalirin has been 

shown extensively to act upon the Rho GTPase family, and in particular, Rac (Penzes et al., 

2001a) and RhoG (May et al., 2002). This activity has been attributed to morphological 

change in neurons (Penzes et al., 2001a) highlighting an integral role of kalirin in regulating 

the Rac signaling pathway. Interestingly, the c-terminus of RhoG, but not Rac, can form a 

complex with the PH domain to alter lipid binding properties (Skowronek et al., 2004), 

suggesting alternate signaling mechanisms between substrate GTPases.

The kalirin Rac-GEF domain is comprised of a canonical dbl homology (DH), pleckstrin 

homology (PH) module, and is present in all kalirin isoforms, with the exception of duet. 

The DH domain directly interacts with Rac, driving the release of GDP and inducing 

activation of the GTPase. The PH domain of trio interacts with phosphatidyl inositol-4,5-

bisphosphate (PI-4,5-P) and PI-4-P (Liu et al., 1998) and can directly alter DH catalytic 

activity (Bellanger et al., 2003), suggesting similar mechanisms for the kalirin PH domain, 

due to their high sequence homology. In addition, several studies have determined a role for 

the PH domain in mediating protein–protein interactions. The PH domain of kalirin was 

found to interact with GluN2B, a subunit of the NMDA receptor complex (Kiraly et al., 

2011), and the receptor tyrosine kinase, TRKA (Chakrabarti et al., 2005). These interactions 

may allow Rac-GEF activity to be targeted to specific neuronal subdomains.

3.4. Kalirin7 unique C-terminus

Alternate splicing of the kalirin gene at exon 33 yields a variant with 20 unique C-terminal 

residues and a total size 1664 amino acids. This short isoform, expressed exclusively within 

the brain, encodes a PDZ binding domain (PBD) in its C-terminal region. This domain 

imparts PSD95-binding to kalirin (Penzes et al., 2001b), highlighting a specific role of 

kalirin7 within the post-synaptic density. Furthermore, this PBD is subject to post-
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translational modification: Y1662 phosphorylation within the PBD motif occurs in response 

to NRG1-ErbB4-Fyn pathway activation (Cahill et al., 2012).

3.5. SH3 domain

SRC Homology 3 (SH3) domains are around 60 amino acid domains that are involved in the 

formation of protein–protein interactions (reviewed in Mayer (2001)). SH3 domains, found 

in kalirin9 and 12, bind to the PxxP (P = proline, x = any residue) consensus motif and are 

present in 22 RhoGEFs (31% of family) suggesting a conserved role in regulation of GEF 

activity. Kalirin was found to interact with multiple PXXP peptides generated from internal 

sequences, suggesting the SH3 domain may regulate intramolecular interaction. Notably, the 

purified SH3 domain in complex with a PxxP peptide promoted SH3/Rac-GEF interaction 

and thereby limited GEF catalytic activity, and full-length kalirin showed dramatically 

reduced activity compared to the isolated Rac-GEF domain (Schiller et al., 2008). These 

results suggest that intramolecular SH3-PxxP interactions within kalirin may play a role in 

regulating kalirin function.

3.6. RhoA-GEF domain (isoforms 9, 12, duet)

Despite significant homology to the Rac-GEF domain, the RhoA-GEF domain exerts 

opposing effects in neurons via activation of RhoA (Penzes et al., 2001a). This domain is 

restricted to kalirin9 and 12 isoforms, which are expressed early in development. It is 

therefore logical to assume that RhoA signaling has some function in early, but not late 

neuronal development. Of note, introduction of kalirin9 or the isolated RhoA-GEF domain 

resulted in increased axonal growth in immature cultured cortical neurons (Penzes et al., 

2001a).

Interestingly, RhoA activity is regulated by protein–protein interactions: Gαq is known to 

bind to the PH domain of trio (Rojas et al., 2007) to and promote activity. The region of 

binding is highly conserved between kalirin and trio, suggesting potential Gαq-mediated 

kalirin regulation. It has been postulated that Gαq binding favors the open, active form of 

trio, by restricting the position of the PH domain and revealing the RhoA binding site for 

GEF activity (Bandekar et al., 2019). Interestingly, a mutation within the RhoA-GEF domain 

can drive activity, and is associated with schizophrenia (Russell et al., 2018). Together, these 

results highlight a role of the RhoA-GEF in regulating early neuronal development, and 

reveal several mechanisms for the regulation of the activity of this domain.

3.7. Kalirin12 domains

3.7.1. Ig and FN3 domains.—The function of the Immunoglobilin-like C2-type (Ig) 

and Fibronectin type 3 (FN3) domains of kalirin are largely unknown. One potential 

mechanism of the kalirin Ig domain may be inferred from the ability of trio to bind to active 

RhoA via its Ig domain (Medley et al., 2000). This interaction resulted in relocalisation of 

trio, suggesting that following RhoA-GEF activity, RhoA may target trio to specific 

compartments. This may transduce distinct pathways, or sequester trio from a pool of 

inactive RhoA, thereby limiting activity. This feedback mechanism has not been shown for 

kalirin12 and it is notable that during evolution, the mammalian TRIO gene lost its FN3 

domain, perhaps suggesting an alteration in kalirin12 regulation during evolution of the two 
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genes (Kratzer et al., 2019). Further study is required to assess the binding partners and 

functional effects of the kalirin12 Ig and FN3 domains.

3.7.2. Kinase domain—Little is known about the function of the C-terminal regions 

unique to kalirin12. It is predicted to be a serine-kinase and has verified kinase activity; 

however its only characterized function is autophosphorylation of the skeletal muscle 

KALRN isoform, duet (Kawai et al., 1999). Comparative studies of kalirin9 vs kalirin12 

suggest overlapping function (Penzes et al., 2001; May et al., 2002), however the ability of 

the isolated kinase domain to drive neurite outgrowth when overexpressed in DIV4 neurons 

suggests a non-redundant role of this domain in driving neurite extension (Yan et al., 2015). 

In addition, kalirin12 displays distinct subcellular localization, perhaps linked to the 

presence of the kinase domain. Whereas kalirin9 was observed in neurites, kalirin12 was 

present largely in the soma (Yan et al., 2015). Kalirin12 was also enriched in growth cones 

when transfected into hippocampal neurons (Mandela and Ma, 2012). Despite these 

observations, further study is required to define the role of the kalirin12 kinase domain in 

regulating kalirin activity and altered localization.

3.8. Isoforms, structure and function

As each domain plays a particular role in regulating kalirin function, it becomes increasingly 

evident that alternate isoform expression is likely to have profound effects on kalirin 

function. It is notable that with the exception of duet (identified only in muscle), all isoforms 

express the catalytic Rac-GEF domain, suggesting that this facet of kalirin function is central 

to its role in neurodevelopment. It seems that the expression of several domains, such as 

SEC14P and spectrin repeat domains, provide the substrate for regulation of kalirin 

localization and function in response to interacting partners. Thus, isoforms lacking these 

domains, such as Δ-isoforms, may play distinct cellular roles. For example, Δ-isoforms lack 

the SEC14p domain that is essential for interaction with nlgn1 and phospholipids within the 

membrane. This is likely to have an impact on the ability of Δ-isoforms to induce dendritic 

spine remodeling. In addition, several interacting partners (see Fig. 2) bind to kalirin with 

the spectrin repeat domain, and loss of these sites is likely to eliminate the regulatory effect 

of these partners. Kalirin-7 isoforms, on the other hand, lack the C-terminal RhoA-GEF 

domain. As RhoA and Rac functionally oppose each other, the presence of a single Rac-GEF 

domain in kalirin7 supports a strong preference for pro-synaptogenic Rac-signaling 

pathways. This is in line with the enhanced synaptogenic effects of kalirin7, as compared to 

other isoforms, no doubt enhanced by the kalirin7-specific PBD and localization to the 

dendritic spine. Moreover, kalirin7 is the only major isoform to lack a SH3 domain, 

suggesting altered SH3 mediated regulation of GEF activity. As kalirin7 is expressed later in 

development than kalirin9 and 12 (see 3.2, below), it suggests that Rac activation is 

dominant in the mature neuron at time points of synaptogenesis and synaptic plasticity, and 

that strong Rac activation is essential to these processes. In contract, kalirin9 and 12, 

expressed early in neuronal maturation, possess both a RhoA-GEF domain and regulatory 

SH3 domains, supporting RhoA regulation as a required function of early kalirin activity. 

The presence of this functionally apposed domain may facilitate stimulation of Rac and 

RhoA activity independently in response to varying neurite outgrowth cues. This combined 
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with additional SH3 regulatory domains perhaps provides a more nuanced regulation of 

these early developmental processes.

Thus alternate promoter usage and splicing can generate kalirin isoforms that can shift 

kalirin function, either by altering the subcellular targeting, mechanisms of regulation, 

interacting partners, or by preferential GEF activity towards a subset of GTPases. In Section 

3, we will discuss how these isoforms are expressed during development, and how changes 

in domain architecture may alter kalirin function to achieve precise control over key stages 

of neurodevelopment.

4. Kalirin Rac/RhoA signaling pathways

Kalirin regulates a host of neuronal properties, such as early axonal growth (Penzes et al., 

2001a), dendritic arborization (Yan et al., 2016), dendritic spine formation (Penzes et al., 

2001b, 2003), neuroendocrine secretion of hormones (Mandela et al., 2012, 2014) and 

AMPAr and NMDAr activity (Herring and Nicoll, 2016; Kiraly et al., 2011; Lemtiri-Chlieh 

et al., 2011; Li et al., 2019). The ability to regulate these effects has largely been attributed 

to kalirin’s role in initiating small GTPase signaling through Rac- and RhoA-specific GEF 

activity (Penzes et al., 2001a).

GTPases are ubiquitously expressed molecular switches that activate a host of cellular 

signaling pathways. GTPases are regulated spatially and temporally by GAPs (inhibitors of 

GTPase signaling), GEFs (activators of GTPase signaling) as well as post-translational 

modification, sequestration and membrane targeting. The GTPase superfamily is made up of 

multiple families based on homology to the archetypal Ras and together contribute to the 

regulation of almost all cellular processes. The Rho family of GTPases, made up of RhoA, 

RhoG, Rac and CDC42 are linked to cytoskeletal changes, translocation and cell 

morphology in non-neuronal cells (reviewed in Hall (1998)). Within these roles, each family 

member serves a distinct and often opposing function, with RhoA driving formation of actin 

stress fibers, focal adhesions and connections to the extracellular matrix while Rac and 

CDC42, promote actin polymerization to produce lamellipodial and filopodial protrusions 

(Hall, 1998). Within neurons, Rac and RhoA have key roles in maintaining and forming key 

neuronal architectures, through axon growth and guidance, dendritic arborization, spine 

growth and stabilization (reviewed in Stankiewicz and Linseman (2014)).

Neuropsychiatric diseases, such as intellectual disabilities (including syndromic genetic 

diseases, such as Rett and Fragile X), mood disorders (including bipolar and depression), 

epilepsy, psychosis and schizophrenia, have been extensively correlated to abnormal 

neuronal and synaptic development (reviewed in Forrest et al. (2018)). Neuronal structural 

alterations are critical for healthy brain maturation, and dysregulation of these processes can 

contribute to disease states. It is clear that the complexity in KALRN gene expression allows 

tissue, brain region and time-point specific control over key developmental processes. In this 

section we aim to define windows of isoform expression in order to correlate changes in 

kalirin function to neuronal development.
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4.1. Early neuronal development

Maturing neurons alter their network connections through regulation of morphology and 

synaptic connectivity. The size and complexity of the dendritic arbor reflects the number of 

functional connections that can be made within a given circuit. In addition, axonal outgrowth 

is crucial to the development of neuronal circuits. Together these early morphological 

changes affect network formation within the prefontal cortex, critical to learning and 

memory processes. Deficits in either of these can result in severely limited synaptic 

connections and are extensively correlated to human neurodevelopmental disorders (Forrest 

et al., 2018). The RhoA family of GTPases are crucial in regulating the dendritic arbor 

(Nakayama et al., 2000) and axonal outgrowth (May et al., 2002), suggesting a role for 

kalirin in these early developmental processes.

Early development is predominated by the expression and action of kalirin9 and 12, which 

each possess both Rac and RhoA-GEF activity (Yan et al., 2015). One of most striking early 

discoveries on kalirin function was the observed increase in neurite length and growth cone 

formation in cortical neuronal cultures, following overexpression of these isoforms (DIV4) 

(Penzes et al., 2001a). These observations gave the first evidence supporting a role for 

kalirin in regulation of neuronal morphology. Conversely, shRNA mediated knockdown of 

all kalirin isoforms in DIV4 and DIV7 cultured hippocampal neurons (largely affecting 

expression of kalirin9 and 12) drastically impaired dendritic arborization (Yan et al., 2015). 

Indeed, knockdown of either kalirin9 or 12 yielded similar, though abrogated, decreases in 

dendritic complexity and neurite outgrowth compared to complete knockdown. These results 

highlight a central, overlapping role of kalirin9 and 12 in early dendritic arbor formation. In 

addition, kalirin has been implicated in axonal growth, with kalirin9 or 12 overexpression 

promoting fiber outgrowth in cervical ganglion neurons (May et al., 2002) and kalirin9 

inducing axon extension in DIV2 cortical neurons (Penzes et al., 2001a). Rac and RhoA play 

crucial roles in axonal growth and dendritic arborization (Nakayama et al., 2000). It is 

therefore likely that Kalirin9 and 12 expression is intimately linked to early neuronal 

development by regulating these processes through the Rac- and RhoA-GEF domains 

present in these isoforms.

4.2. Synaptogenesis

Dendritic spines are the postsynaptic structures that regulate synaptic strength, and allow 

control over neuronal excitability. These structures are the site of synaptic input 

compartmentalization and provide regulation of synaptic signaling. By localizing critical 

proteins within a distinct sub-compartment, the dendritic spine can respond to changes in 

activity by enriching or reducing the abundance of neurotransmitter receptors and regulating 

the propagation of second messengers. Individual dendritic spines can also undergo 

structural growth, shrinkage, and are subject to experience dependent maintenance or 

elimination (Forrest et al., 2018).

Within the cortex, neurons undergo a striking and robust increase in dendritic complexity 

and dendritic spine density surges in a process dubbed synaptogenesis. This is followed by a 

period of pruning, where the number of dendritic spines and synapses declines, concurrently 

with cortical thinning throughout early childhood to adolescence (Rakic et al., 1994; 
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Huttenlocher, 1984; Giedd et al., 1999). These developmental processes are correlated to the 

emergence of cognitive functions such as attention, working memory, cognitive control and 

response inhibition (reviewed in Penzes and Remmers (2012)). Alterations in dendritic spine 

number correlate to deficits in the formation of excitatory synapses, and to the progression 

of many neurological disorders (Forrest et al., 2018).

KALRN expression shifts from kalirin9 and 12 to kalirin7 during this period of spine 

formation (Hansel et al., 2001) suggestive of a role for kalirin7 in mediating these effects. 

Indeed, kalirin7 overexpression in cultured cortical neurons display remarkable increases in 

the formation and size of dendritic spines (Xie et al., 2007). Reciprocally, knockdown 

produces drastic loss of dendritic spines and altered spine morphology. Together, these 

results highlight a vital role for kalirin7 expression in maintaining dendritic spine size and 

number in mature neurons, together highlighting the role of kalirin in stabilizing synaptic 

connections.

Several key differences suggest a drastically altered role between kalirin9 and 12, and kalirin 

7. Whereas kalirin9 and 12 activate both Rac and RhoA pathways to regulate axon and 

dendritic arbor growth, kalirin7 only has a single, Rac-GEF domain. As Rac and RhoA have 

opposing functions within the spine, with Rac driving spine growth and density and RhoA 

playing an opposing role, the expression of kalirin7 suggests a shift to pro-synaptic 

signaling, independent of RhoA. Moreover, kalirin7’s PBD strongly targets kalirin to the 

post-synaptic density through interaction with PSD95. This subcellular targeting is crucial 

for kalirin’s role in driving dendritic spine formation and growth (Penzes et al., 2001b). 

Thus, kalirin7 expression signals a shift in KALRN gene function to synapse formation and 

stabilization, concurrently with synaptogenesis.

4.3. Synaptic plasticity

In addition to regulating the formation of dendritic spines, kalirin plays an integral role in 

regulating synaptic plasticity; the activity dependent regulation of synapse strength by 

altered synaptic expression of ionotropic receptors, such as AMPAr (reviewed in Citri and 

Malenka (2008)). By altering the number or activity of synaptic receptors, neurons can 

regulate the strength of neurotransmitter response and this plasticity underlies network 

formation and, within the cortex, underlies the processes of learning and memory. Deficits in 

synaptic plasticity have been extensively linked to neurodevelopment disorders, including 

intellectual disability, developmental delay and schizophrenia (reviewed in Bliss et al. 

(2014)).

Kalirin is intrinsically linked to synaptic activity and plasticity; loss of Kalrn gene 

expression results in decreased AMPAr-mediated miniature excitatory postsynaptic currents 

(mEPSC) (Cahill et al., 2009) and knockdown of kalirin7 in CA1 pyramidal neurons causes 

a decrease in AMPAr and NMDAr mEPSC amplitude (Herring and Nicoll, 2016). 

Interestingly, dual knockdown of kalirin and its paralog, trio, resulted in an almost complete 

abrogation in mEPSC. Moreover, kalirin7 knockout animals display reduced NMDAr-

mediated long term depression (Lemtiri-Chlieh et al., 2011) and potentiation (Kiraly et al., 

2011; LaRese et al., 2017). This is perhaps linked to the ability of kalirin to directly interact 

with the NMDAr via the GluN2B subunit (Kiraly et al., 2011). Several correlates also exist 
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between loss of Kalrn expression and loss of Wnt5 signaling; both result in impaired Rac 

activity and impairments in synaptic plasticity, spatial memory deficits and loss of dendritic 

spines and a reduced dendritic arbor (Chen et al., 2017) (see 6.1 for discussion on Kalrn 
knockout animal phenotypes). These observations suggest that Wnt5 signaling and kalirin 

work through a shared pathway likely involving Rac regulation. However, more work is 

required to confirm a mechanistic link between Wnt signaling and kalirin. These results 

highlight a strong requirement of kalirin in regulating synaptic activity, and the response to 

NMDAr-mediated synaptic plasticity.

Together, these studies reveal that early neuronal development of the dendritic arbor and 

axon extension are dependent on the activities of kalirin9 and 12. However, kalirin7 appears 

to have complex roles within later neurodevelopment, facilitating ionotropic receptor 

trafficking and activity, as well as dendritic branching and dendritic spine formation (Fig. 4). 

The expression of specific isoforms during development occurs concurrently with distinct 

stages of neurodevelopment, and are intrinsically linked to the formation and regulation of 

synaptic circuits that underlie cognitive function.

5. Genetics of KALRN in human disease

The KALRN gene, located on chromosome 3q21 (chr3:124,080,023–124,726,325) is made 

up of 66 exons that together produce multiple protein coding transcripts. KALRN and TRIO 

genes are 60% homologous, expressed in vertebrates, and result from the duplication of a 

common genetic ancestor (Kratzer et al., 2019). Key differences between vertebrate KALRN 

and TRIO paralogues are loss of the spectrin7 and FN3 expressing regions in TRIO (Kratzer 

et al., 2019), and differential promoter usage resulting in altered expression within the body. 

Both KALRN and TRIO display very low tolerance to loss of function (LOF) and truncating 

mutations (pLOF, 1) suggesting a high likelihood of haploinsufficiency (Karczewski et al., 

2020), and LOF-intolerant gene mutations have been found to be highly enriched in 

neurodevelopmental disorders, such as schizophrenia (SCZ) (Pardinas et al., 2018). 

Interestingly, despite high homology and overlapping function, TRIO has been extensively 

linked to multiple neurological disorders (Ripke et al., 2013; Purcell et al., 2014; Fromer et 

al., 2014) with high penetrance, whereas the links between KALRN mutations and disease is 

less forthcoming. Despite this, KALRN mutations have been associated with multiple 

human diseases, particularly neuronal diseases associated with aberrant synapse formation 

(synaptopathies). In this section, KALRN mutations isolated in patient populations will be 

discussed, alongside the potential mechanistic effects of mutation, elucidated through post-

mortem and molecular studies.

5.1. Autism spectrum disorder

Autism Spectrum Disorder (ASD) is a debilitating disorder defined by the central 

presentations of social communication deficits and repetitive behaviors. It is highly 

prevalent, and is estimated to affect 1 in 59 children in the USA (Baio et al., 2018) in line 

with global prevalence estimates of 1–2% (Kim et al., 2011). The age of onset is often 

before the age of three, implicating deficient prenatal or early postnatal neuronal 

development. Twin studies support a highly genetic component for the etiology of ASD, 
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with a 50–95% chance of identical twins sharing a diagnosis (Colvert et al., 2015). 

Mutations in ASD genes have been linked to a wide range of neurological functions, from 

neurogenesis to neurite extension and synaptic function (reviewed in Gilbert and Man 

(2017)) and ASD patients have been observed to have increased dendritic spine density 

(Hutsler and Zhang, 2010).

A mutation within KALRN was found to be associated with ASD in a trial of 357 Faroese 

individuals, with 36 affected patients (Leblond et al., 2019). This de novo mutation in 

KALRN (c.6070A > G, N2024D) was predicted to be deleterious to protein function and lies 

within the second GEF domain, expressed in Kalirin9, and 12. A further protein truncating 

frameshift mutation, A367FS was isolated as a highly deleterious mutation linked to ASD 

(Satterstrom et al., 2020). Interestingly, although mutations in KALRN appear to be 

associated with ASD, trio has been reported to have many more ASD associated mutations 

(Sadybekov et al., 2017). This is perhaps surprising, considering the functional and 

structural similarities between these proteins. It is compelling to hypothesize that mutations 

within isoforms of KALRN, and TRIO, expressed early in development (kalirin9 and 12) are 

more linked to early onset diseases, such as ASD. Indeed, N2024D would affect the function 

of kalirin9 and 12 early in development, but may not impact the role of kalirin7 within 

synaptogenesis and synaptic plasticity, as this isoform fails to express the mutated domain. 

Thus, mutations that affect kalirin9 and 12, as well as trio, may confer higher risk for early 

developmental diseases, such as ASD.

5.2. Schizophrenia

SCZ affects ~1% of the population worldwide (Marco Piccinelli, 1997). The disorder is 

characterized by psychotic and mood deficits alongside cognitive impairment. SCZ has been 

found to be highly heritable with twin studies revealing a 50% chance of shared presentation 

(Sullivan et al., 2003) and risk to disease is often due to the inheritance of numerous rare, 

low effect size mutations that converge to produce altered neurodevelopment (Singh et al., 

2017). Post-mortem studies of SCZ patients have been reported to display reduced dendritic 

spines and dendritic alterations (Glausier and Lewis, 2013). Kalirin lies within a synaptic 

SCZ signaling hub (Fig. 4) and genetic studies support a role for KALRN dysfunction in 

SCZ.

Compelling genetic data suggesting a role of KALRN in SCZ from GWAS or exome studies 

has been revealed due to the availability of large patient cohorts (Purcell et al., 2014; 

Howrigan et al., 2020). These studies have reported mutations within the spectrin repeat 

domain (R625C, Q862Q*, T1207M), GEF domains (D1338N, P2255T) and SH3 domains, 

(G1699V, E2373K) genetically associated with SCZ (Table 2, Fig. 5). Neuronal studies into 

the activity of GEF mutations reveals that abrogated Rac-GEF activity and increased RhoA-

GEF activity may contribute to neuronal dysfunction and SCZ. This is in line with observed 

altered KALRN transcript expression which shows decreased total levels (likely representing 

the dominant isoform, kalirin7) (Narayan et al., 2008; Hill et al., 2006; Rubio et al., 2012). 

Thus, decreased kalirin levels, or kalirin LOF mutations, appear to be etiologically linked to 

SCZ. Interestingly, both D1338N (Russell et al., 2014) and the intronic variant Rs333332 

(Cai et al., 2014) have been associated with altered cortical thickness, suggesting that 
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mutations in KALRN may also impair cortical structural development, in line with 

observations of decreased brain tissue in SCZ patients (van Haren et al., 2008).

Electroconvulsive therapy (ECT) can be an effective treatment for mood alterations, 

including those associated with schizophrenia, and has been shown in animal models to 

result in an upregulation of KALRN expression (Ma et al., 2002). Furthermore, ECT 

resulted in altered kalirin-PSD95 interaction, and increased Rac-GEF activity (Hayashi-

Takagi et al., 2010). AS ECT has been linked to activation of NMDAr receptors, and 

NMDAr activity is known to both drive kalirin expression (Afroz et al., 2016) and activation 

(Herring and Nicoll, 2016), it is possible that ECT, via NMDAr activation, may play a role 

in the reduction of SCZ negative symptoms through kalirin. Another link between kalirin 

and SCZ is the observed effect of clozapine, a second-generation antipsychotic, in Kalrn 
knockout animals. Clozapine was found to be ineffective in reversing hyperactivity observed 

in Kalrn knockout mice, but was able to reverse altered locomotor activity in heterozygous 

mice (Cahill et al., 2009). These results suggest that kalirin expression is required for some 

sedative effects of clozapine. Interestingly, clozapine is known to target 5-HT2A serotonin 

receptors that are enriched within the cortex (Cardozo et al., 2017), and Kalirin7 is required 

for PAK activation and altered spine morphology in response to 5-HT2A activation (Jones et 

al., 2009). Thus, kalirin may play a role in transducing the response to clozapine, and in SCZ 

psychoses.

Of the above mutations, the neuronal effects of two missense mutations have been assessed 

in detail, revealing mechanisms that may underlie SCZ etiology. The first, D1338N, occurs 

within the Rac-GEF domain and was shown to impair GEF activity towards Rac and limit 

both dendritic arborization and spine density (Russell et al., 2014). Conversely, the P2255T 

mutation (Kushima et al., 2012) within the RhoA-GEF domain increased activity towards 

RhoA, again reducing dendritic arborization as well as spine size (Russell et al., 2018). 

Recent structural analyses (Bandekar et al., 2019) and biochemical analyses (Rojas et al., 

2007; Lutz et al., 2007) reveal a regulatory role for Gαq in P63RhoGEF and trio activity. 

The proposed interaction site is highly conserved between kalirin and trio, suggesting this 

intermolecular regulation may also apply to kalirin. Analysis of crystal structure data 

(PDB-6DZ8, unpublished data) suggests that P2255T lies within a helical turn preceding the 

proposed PH-Gαq binding site (Rojas et al., 2007). It is compelling to hypothesize that 

P2255T may upregulate interaction with Gαq and thus drive catalytic activity above normal 

levels, although evidence of such a mechanism is lacking.

These findings highlight the opposing roles of the RhoA and Rac pathways within neurons, 

and support a shift in Rac to RhoA activation as a causative factor in SCZ. Indeed, the 

functional effect of RhoA overexpression in inhibiting spine formation (Tashiro et al., 2000) 

mimics post-mortem SCZ patient spine phenotypes (Glausier and Lewis, 2013). These 

results support tight control in the balance between RhoA and Rac activity as required for 

healthy neurodevelopment.

5.3. Intellectual disability and developmental delay

Intellectual disability usually presents in childhood, but is only formally diagnosed by 

standardized tests at maturity (Moeschler et al., 2014). Deficits in early childhood are 
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characterized by delays in developmental benchmarks, such as age of first words and steps, 

and are often diagnosed as intellectual disability later in life. Intellectual disability has been 

associated with altered dendritic complexity (Kaufmann and Moser, 2000) and spine density 

(Purpura, 1974).

The first link between KALRN and intellectual disability was found in a consanguineous 

family harboring a homozygous mutation within the spectrin repeat domain (T1215K) 

(Makrythanasis et al., 2016). Further, heterozygous mutations observed in patients with 

developmental delay were linked to frameshift truncation (R10*), and protein coding 

variants (V1015M, E1577K, (Deciphering Developmental Disorders, 2017). These results 

suggest that KALRN contributes to normal neuronal development, and that altered 

expression or function may be a factor in the etiology of intellectual disability and 

developmental delay.

5.4. Addiction

Drug and alcohol addiction are common comorbidities of many psychiatric diseases. Mouse 

and human genetic analyses may reveal a potential role of KALRN in mediating a 

susceptibility to addiction. Mutations within KALRN have been associated with increased 

ventral striatal activation (rs6438839), a measure related to enhanced reward anticipation 

and a factor in addiction susceptibility (Pena-Oliver et al., 2016). Further, patients with 

rs4634050 within kalirin were recorded to partake in more binge drinking than those 

carrying the normal allele (Pena-Oliver et al., 2016). Perhaps in line with these genetic 

observations are the effects on cocaine self-administration in kalirin7 knockout mice. 

Kalirin7 knockout mice displayed robust deficiencies in behavior, neuronal morphology, 

cocaine-induced gene expression changes and spine plasticity (Kiraly et al., 2013, 2010; 

Wang et al., 2013), which may play a role in the observed increase in cocaine self-

administration. These effects were blocked by ifenprodil (a GluN2B-selective inhibitor of 

the NMDAr) suggesting that kalirin7 contributes to the reinforcing effects of cocaine 

through glutamatergic signaling pathways (LaRese et al., 2017) and alterations in kalirin 

levels or function may play a role in the mechanisms of addiction susceptibility.

5.5. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease associated with profound deficits 

in working memory and cognitive function (DeTure and Dickson, 2019). Among its causes 

are the accumulation of amyloid plaques and neurofibrillary tangles that can impair neuronal 

health and synaptic function (reviewed in DeTure and Dickson (2019)).

A role for kalirin dysregulation has been proposed as a factor linked to AD progression. 

Downregulation of KALRN transcript expression was observed in a small cohort of AD 

patients (Youn et al., 2007), suggestive of a correlation between AD progression and kalirin 

dysregulation. Inducible nitric oxide synthase (iNOS) activity has been found to respond to 

inflammatory cues, resulting in oxidative damage and contributing to neuronal cell death 

(Asiimwe et al., 2016), and iNOS activity was found to be considerably higher in AD 

patients. Interestingly, kalirin is able to bind to iNOS and inhibit its activity (Youn et al., 

2007). There appears, therefore, to be a potential link between downregulated kalirin levels, 
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increased iNOS activity, and the progression of AD. These results have been recapitulated in 

animal models where kalirin protein expression was reduced in the Tau-P301S AD model 

(Dejanovic et al., 2018) and 3xTG-AD model (Cisse et al., 2017). Most compelling, 

however, is the ability of kalirin overexpression to reverse molecular and behavioral 

phenotypes in AD mouse models; kalirin overexpression was able to reverse soluble amyloid 

beta derived oligomer-induced dendritic spine density decreases in cultured neurons (Xie et 

al., 2019). AD patients with psychoses display an increase in beta amyloid (1–42)/(1–40) 

ratio as well as decreased kalirin that together may converge to limit dendritic spine 

formation and exacerbate AD symptoms (Murray et al., 2012). Interestingly, viral expression 

of the transcription factor XBP1 resulted in increased kalirin7 levels, and the reversal of 

spine density, synaptic plasticity and memory deficits in the 3xTG-AD mouse model (Cisse 

et al., 2017). Vitally, knockdown of kalirin7 abrogated these effects, suggesting that the 

effects of XBP1, at least in part, act through transcriptional activation of kalirin7. Together 

these results highlight that loss of KALRN expression is correlated to AD pathology, and 

that kalirin7 overexpression may be protective in AD.

5.6. Non-neuronal disease

Studies have also implicated kalirin in non-neuronal diseases. For example, KALRN has 

been identified as a genome wide significant risk factor in intracranial atherosclerotic 

stenosis (a causal factor in ischemic stroke) (Li et al., 2017; Dang et al., 2018, 2015). These 

effects have been correlated to three-fold overexpression of kalirin9 in stroke patients (Dang 

et al., 2018). The intronic KALRN variant rs9289231, has been identified as a risk factor in 

early onset coronary artery disease (Wang et al., 2007; Boroumand et al., 2014; Mofarrah et 

al., 2016). No alterations in serum kalirin transcript levels were observed in blood samples 

from CAD patients (Shafiei et al., 2018), however, kalirin has been shown to play a role in 

smooth muscle cell physiology. More specifically, Rac activation, through kalirin9, has been 

shown to promote smooth muscle cell proliferation and migration (Wu et al., 2013), a factor 

contributing to the progression of atherosclerosis. These results suggest that altered kalirin 

expression within smooth muscles cells may be affected by this genetic variant. One 

potential mechanism could be to upregulate expression of kalirin9 and/or 12 within smooth 

muscle cells, thereby driving pathological atherosclerosis.

In addition to intellectual disability, the homozygous T1215K (Makrythanasis et al., 2016) 

mutation was associated with short stature. Kalrn knockout animals show aberrant growth 

rates (male) and adult size (female), and cultured anterior pituitary cells from these animals 

displayed increased growth hormone and prolactin secretion (Mandela et al., 2012). These 

phenotypes were recapitulated by selective knockout in neuroendocrine cells (Mandela et al., 

2014), suggesting that altered kalirin expression or function within these cells may affect 

hormonal regulation. These results suggest that normal KALRN expression may be required 

for development outside of the nervous system, perhaps linked to regulation of secreted 

hormone levels, and further confirm the varied function of non-kalirin7 isoforms throughout 

the body during development.
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6. Animal models of KALRN

Multiple mouse models have substantially contributed to our understanding of kalirin’s role 

in neurodevelopment (see Table 3). The first total Kalrn knockout model (KalGEF1KO) 

introduced LoxP sites around exons 27, 28 and the intervening intron, that together code for 

the Rac-GEF domain (Cahill et al., 2009). Independently, another model was created 

through LoxP excision at exon13, within the spectrin repeat domain coding region, to 

generate the KalrnSR model (Mandela et al., 2012). Loss of these exons completely ablated 

Kalrn expression within the cortex and hippocampus, although it is likely that duet isoforms, 

whose promoter lies after the Rac-GEF domain, were unaffected. However, this isoform is 

largely only observed in skeletal muscle (Kawai et al., 1999).

6.1. KalGEF1KO behavioral and synaptic deficits

KalGEF1KO produced a deficit in cortico-specific Rac activity, consistent with a loss in 

kalirin-mediated GEF activity (Cahill et al., 2009), likely linked to the observed reduction in 

dendritic arborization (Xie et al., 2010). Furthermore, cortical spine density was reduced in 

the cortex, but not hippocampus, and this deficit emerged only in 12 week old mice. 

Furthermore, at 3 and 12 weeks, hippocampal neurons had normal dendritic spine density, 

but at 11 months showed a decrease in the presence of spines. Thus, despite loss of all 

isoforms, the functional effects of KalGEF1KO appears to selectively alter mature neuronal 

development at time points where kalirin7 expression dominates. These results indicate a 

vital role for kalirin7 in the adult brain, whereas the functions of kalirin9 and 12 display 

functional redundancy during early development; trio represents a potential candidate for 

this redundancy, due to structural and phenotypic overlap. Furthermore, KalGEF1KO 

animals displayed reduced prepulse inhibition, sociability and increased locomotor activity 

suggesting a wide range of behavioral deficits induced by loss of KALRN expression (Cahill 

et al., 2009; Vanleeuwen and Penzes, 2012). Interestingly, hyperactivity was observed at 12 

weeks but not 3, suggesting a link to alterations in cortical spine density, which were only 

altered at similar developmental time points. It is notable that Kalrn knockout produces 

specific deficits in working memory, but not reference memory (Cahill et al., 2009; 

Vanleeuwen and Penzes, 2012), sharing a phenotype with GluR1, Nr2a and Disc1 knockout 

models. As kalirin lies within a signaling pathway involving each of these components (Fig. 

4) there appears a specific functional, as well as mechanistic, link between these molecules.

6.2. A comparison of KalrnKO models

KalrnSR mice display similar deficits in behavior (Mandela et al., 2012). Although 

experimental paradigms differed, some correlates exist supporting shared developmental 

defects (see Table 3). For example, although hyperactivity was not directly addressed in the 

KalrnSR model, an increase in familiar and novel object exploration may correlate to 

hyperactive phenotypes (Mandela et al., 2012). As mature developmental processes 

appeared most drastically altered in both KalGEF1KO and KalrnSR knockout animals, 

selective knockout of the kalirin7 isoform (Kal7KO) allowed the role of this specific isoform 

to be assessed. By genetic excision of the kalirin7-specific exon, expression of this isoform 

was blocked (Ma et al., 2008), revealing reduced hippocampal spine density, similar to adult 

Kalrn knockout animals (Vanleeuwen and Penzes, 2012; Xie et al., 2011). KalGEF1KO (Xie 
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et al., 2011); KalrnSR (Mandela et al., 2012) and Kal7KO (Ma et al., 2008) mice showed 

decreased anxiety-like behavior and impaired contextual fear learning, indicating functional 

kalirin7 is essential for anxiety and fear-related behaviors.

Several notable differences were observed between these knockout animals; whereas 

KalGEF1KO mice displayed hyperactivity (Cahill et al., 2009), none was observed in 

Kal7KO (Ma et al., 2008). Thus, despite the emergence of hyperactivity concurrently with 

cortical spine deficits in Kalrn knockout animals and periods of kalirin7 expression, 

hyperactivity appears to rely on kalirin7-independent mechanisms. Both full Kalrn knockout 

animals displayed deficits in working memory, whereas kalirin7 was unimpaired in this 

respect, though experimental paradigms may contribute somewhat to these differential 

findings. Both KalrnSR and Kal7KO mice displayed decreased anxiety-like behavior and 

hippocampal-dependent passive avoidance deficits (Mandela et al., 2012; Ma et al., 2008). 

Interestingly, knockout of Kalrn in neuroendocrine POMC-expressing cells specifically 

(KalrnSR-POMC) recapitulated these phenotypes, suggesting these may occur as a result of 

changes in secreted neuropeptides, such as ACTH, rather than altered neuronal connectivity 

(Mandela et al., 2014). Several phenotypes, were only evident in full knockout models; for 

example, Kal7KO did not show alterations in novel objection recognition, suggesting a role 

for loss of kalirin9 and 12 isoforms in these phenotypes (Mandela et al., 2012).

6.3. Conserved alterations in synaptic plasticity

Despite these differences, the role of kalirin in synaptic plasticity was highly conserved in 

full knockout and Kal7KO animals. Both displayed deficiencies in hippocampal LTP 

(Lemtiri-Chlieh et al., 2011; Xie et al., 2011) suggesting that regulation of the mature 

synapse is imparted by kalirin7 specifically. Extensive electrophysiological analysis of the 

Kal7KO model revealed the role of kalirin7 in regulating NMDAr-mediated synaptic 

plasticity. Indeed, both LTP (Kiraly et al., 2011; Ma et al., 2008) and LTD were strikingly 

impaired, but NMDAr independent synaptic plasticity mechanisms were unaffected 

(Lemtiri-Chlieh et al., 2011). To further strengthen the link to NMDAr dependent 

mechanisms, kalirin was found to interact with GluN2B and loss of kalirin impairs the 

sensitivity of neurons to the GluN2B selective inhibitor ifenprodil (Kiraly et al., 2011; 

LaRese et al., 2017). As NMDAr-mediated signaling is integral to synaptic mechanisms of 

cocaine addiction, it is perhaps not surprising that Kal7KO showed altered cocaine-mediated 

behavioral alterations and increased rates of self-administration (Kiraly et al., 2013). Kal7KO 

animals also showed reduced LTP response in spinal neurons, linked to the reduced ability 

of neurons to respond to inflammation and deficits in nociceptive sensitization in Kal7KO 

(Lu et al., 2015). Together, kalirin plays a vital role in the formation and regulation of 

synapses in both full Kalrn knockout and Kal7KO animals, further strengthening kalirin7 as a 

key regulator of neuronal connectivity.

6.4. Kalirin in neuropeptide secretion and hormonal regulation

Kalirin has been linked to the maturation of secretory granules, contributing to the secretion 

of neuropeptides and hormones (Ferraro et al., 2007) perhaps linked to its interaction with 

peptidylglycine alpha-amidating monooxygenase (PAM) within the trans-golgi network 

(Alam et al., 1996). Kalirin8, 12 and delta isoforms are expressed robustly in a range of 
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secretory cells and overexpression of the kalirin GEF domain can induce secretion from 

neuroendocrine cells in the absence of stimulation, suggesting a role for kalirin in driving 

secretory granule maturation. Furthermore, KalrnSR animals have impaired skeletal bone 

mass, linked to impaired OPG secretion and osteoclastogenesis (Huang et al., 2014). These 

animals were also observed to have elevated growth hormone and prolactin secretion from 

pituitary cells (Mandela et al., 2012). In addition, loss of kalirin expression in POMC-

expressing cells (largely neuroendocrine) results in altered basal secretion of various 

hormonal factors (Mandela et al., 2014). These results highlight an additional role of kalirin 

in regulating endocrine signaling and the secretory pathway.

These animal models reveal robust alterations in neuronal function that provide insight into 

the behavioral and physiological role of Kalrn; kalirin is required for normal synaptic 

plasticity, dendritic arborization and formation of spines, and alterations in these processes 

are linked to robust behavioral defects. In neuroendocrine cells, kalirin is involved in the 

secretory pathway, perhaps linked to anatomical and muscular deficits.

7. Pharmacological regulation of kalirin

Few pharmacological agents have been isolated to regulate kalirin activity, likely due to the 

difficulty in targeting the GEF-GTPase interface with small molecules. Due to the integral 

role of kalirin and trio in disease, however, various attempts have been made to develop 

pharmacological agents to regulate activity.

7.1. High throughput screening – aptamers and peptides

Proof of regulatory potential was generated when Schmidt and colleagues (Schmidt et al., 

2002) developed an aptamer screen to identify peptides that interact with the RhoA-GEF 

domain of trio. One isolated aptamer (TRIAPα) and the resulting 36mer peptide (TRIPα) 

were shown to inhibit RhoA-GEF activity (IC50-4 μM) by competitive binding to the trio 

DH domain (Schmidt et al., 2002). Interestingly, TRIAPα was also found to inhibit kalirin 

RhoA-GEF activity in vitro. When expressed in COS cells, this interaction reduced RhoA-

GEF activity and inhibited trio mediated neurite retraction in PC12 cells. This effect was not 

observed for kalirin-RhoA-GEF domain expressing cells, indicating selective inhibition of 

trio in a cellular context (Schmidt et al., 2002). There is potential, however, for the 

development of kalirin-selective peptides, in a manner similar to that highlighted through the 

development of a selective Tgat inhibitor (Bouquier et al., 2009). Tgat is an oncogenic splice 

variant of trio that encodes only the RhoA-GEF DH domain. TRIPα was unable to inhibit 

Tgat activity to the same level as the complete RhoA-GEF domain of trio, suggesting that 

the peptide made contacts with the PH domain, absent in Tgat. The altered binding surface 

of Tgat allowed the development of selective peptide inhibitors of Tgat over trio; 

TRIPαE32G and TRIPαT16ML17S. Both were able to inhibit Tgat activity in vitro (IC50-7.4 

and 5.1 μM, respectively) and TRIPαE32G was shown to reduce Tgat signaling and inhibit 

Tgat-induced tumor formation (Bouquier et al., 2009).

Aptamer screening technologies therefore have the potential to yield inhibitors of kalirin, in 

a similar manner to trio and Tgat. However, the therapeutic benefit of such peptides may be 

limited by cell permeability issues. Indeed, TRIPα efficacy in a cellular context required 
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coexpression by transfection, and the development and use of cell permeable TRIPα 
derivatives has not been forthcoming. These tools remain invaluable, however, for analyzing 

the RhoA mediated effects of kalirin and trio in vitro without the need for truncation mutants 

that may affect signaling independent of GEF activity. Furthermore, they provide proof of 

principle for selective inhibition of the GEF domains of trio and kalirin.

7.2. High throughput screening – small molecules

Subsequently, research focused on the generation of inhibitory agents with higher potential 

therapeutic benefit. The first small molecule with regulatory potential isolated, and the most 

widely characterized, is 1-(3-nitrophenyl)-1H-pyrrole-2,5-dione (NPPD) (Blangy et al., 

2006). Isolated by yeast-3-hybrid studies searching for inhibitors of the trio-RhoG 

interaction, NPPD was found to inhibit GEF activity, and was selective for the trio Rac-GEF 

domain. Two structural analogues were also isolated, and all three were found to limit trio-

RhoG activity, but not GEFs targeting RhoA or Arf1 (Blangy et al., 2006). Interestingly, 

sub-sequent analyses revealed that NPPD could also inhibit kalirin Rac-GEF activity and 

may act to stabilize the interaction between the Rac-GEF domain and Rac (Ferraro et al., 

2007). Indeed, such a mechanism has observed for the Arf1-SEC7 interaction by BrefeldinA 

(Peyroche et al., 1999) suggesting that stabilizing the interaction between a GEF and its 

cognate GEF may limit activity by restricting turnover of substrates; i.e. converting the GEF 

into a dominant negative inhibitor through sequestration of its GTPase. However, NPPD was 

found to be toxic (Bouquier et al., 2009), perhaps limiting the usefulness of such a 

compound, and potentially confounding phenotypic effects in cellular contexts. As such, a 

less potent but more tolerated compound isolated in Blangey and colleagues’ initial screen 

was assessed; ITX1. Multiple analogues of this compound (notably ITX3) were shown to 

efficiently inhibit trio activity in vitro.

7.3. Cellular efficacy of small molecules

The utility of these compounds within a cellular context has been observed in multiple 

systems; ITX3 was able to reverse Rac-mediated neurite outgrowth in PC12 cells (Bouquier 

et al., 2009) and dendritic outgrowth and branching in hippocampal neuronal cultures (Yan 

et al., 2015). Notably, ITX3 had no effect on cultured neurons form KalrnSR knockout 

animals. As discussed (See 5.6), mutations within KALRN promote stroke and coronary 

heart disease. Kalirin9 and 12 are expressed in smooth muscle and can drive the proliferation 

and migration of these cells, factors that promote the progression of atherosclerosis. NPPD 

was found to limit kalirin Rac-GEF mediated phosphorylation of PAK1 in response to 

PDGF in smooth muscle cells (Wu et al., 2013). Furthermore, NPPD and ITX3 were able to 

limit PDGF-mediated smooth muscle cell migration, suggesting cellular efficacy and a 

potential route to inhibit kalirin within atherosclerosis. Within neuronal models, NPPD was 

also able to limit the ability of kalirin to drive synaptic plasticity mechanisms in 

hippocampal slices to a similar extent as observed in kalirin7 knockout animal slice 

(Lemtiri-Chlieh et al., 2011). Within neuroendocrine cells, kalirin’s GEF activity can drive 

the secretion of cellular hormones such as POMC and ACTH (Ferraro et al., 2007). NPPD 

was found to reverse the depletion of cellular hormones induced by overexpression of 

kalirin’s Rac-GEF domain in AtT-20 cells. Together, these results show that 

pharmacological inhibition of both the Rac-GEF and RhoA-GEF domains is possible and 
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pave the way for the development of non-toxic, efficacious small molecules suitable for in 
vivo application.

7.4. Pharmacological promise of KALRN-regulatory molecules

Despite these exciting discoveries, problems arise over the suitability of pharmacological 

kalirin inhibition in reversing disease states. Indeed, the majority of kalirin and trio 

mutations in neurodevelopmental disorders are likely loss of function (such as frameshift 

truncations), and so further inhibition is likely to exacerbate patient symptoms. However, a 

subset of mutations have been characterized as gain of function; P2255T within KALRN 

(Russell et al., 2018) and spectrin-8 repeat domain mutations within TRIO (Barbosa et al., 

2020) drive RhoA and Rac activity, respectively. Thus, NPPD, or similar small molecule 

inhibitors, may have benefit in neurological disorders, such as schizophrenia and 

developmental delay, where the GEF activity of kalirin is altered. Thus, kalirin remains a 

viable pharmacological target, although much work is required to isolate suitable in vivo and 

therapeutic tools.

8. Conclusions

The broad range of neurological processes affected by KALRN dysfunction and number of 

neurological disease-associated mutations within the KALRN gene highlight the importance 

of kalirin in neurodevelopment and disease. As a central regulator of dendritic structure, the 

formation dendritic of spines and synaptic plasticity, kalirin represents an exciting target for 

further basic research, as well as translational studies to assess its viability as a drug target in 

neurodevelopmental disease. (Koo et al., 2007; Ratovitski et al., 1999; Brand et al., 2012; 

McClory et al., 2018; Tsai et al., 2012)
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AMPAr α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor

DH Dbl homology

PH Pleckstrin homology

PI-4,5-P phosphatidyl inositol-4,5-bisphosphate

PBD PDZ binding domain

Ig Immunoglobulin-like C2-type

FN3 Fibronectin type 3

mEPSC Miniature excitatory postsynaptic current

LOF Loss of Function

SCZ Schizophrenia

ASD Autism Spectrum Disorder

FS Frameshift

ECT Electroconvulsive therapy

AD Alzheimer’s disease

iNOS Inducible nitric oxide synthase

KalGEF1KO Full knockout animal generated by excision of exon 27 and 

28

KalrnSR Full knockout animal generated by excision of exon 13

Kal7KO Kalirin7 isoform knockout animal

KalrnSR-POMC knockout animal of Kalrn in neuroendocrine POMC-

expressing cells

NPPD 1-(3-nitrophenyl)-1H-pyrrole-2,5-dione
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Fig. 1. 
Alternate start sites and splicing generate a variety of human (h) and murine (r) kalirin 

isoforms. “insert” indicates a 9 amino acid insertion present in human kalirin, but not murine 

protein (Mandela and Ma, 2012). “b”, “c”, “a” and “d” indicate alternate start sites in murine 

KALRN, or “B”, “E” “C” and “F” in human KALRN, encoding the alternate N-terminal 

regions prior to the SEC14P domain. Delta-Kal indicates isoforms lacking the C-terminal 

region due to use of an internal start site within the spectrin repeat domains. Note - Kalirin7 

(kal-7) is also referred to as Duo in some texts.
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Fig. 2. 
Kalirin7 interaction partners. Domain coloring/shape conform to Fig. 1.
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Fig. 3. 
Multiple protein–protein interactions and post-translational (PTM) modifications alter 

kalirin function.
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Fig. 4. 
Post synaptic signaling pathways and interacting partners of kalirin7.
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Fig. 5. 
Kalirin12 protein architecture with positions of disease-associated mutations (Table 2),
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