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Abstract

Background—Large-scale genetic studies have revealed that rare sequence variants, including 

single nucleotide variants (SNVs), in glutamatergic synaptic genes are enriched in schizophrenia 

(SZ) patients. However, the majority are too rare to show any association with disease, and have 

not been examined functionally. One such SNV, KALRN-P2255T displays a penetrance which 

greatly exceeds that of previously identified SZ-associated SNVs. Therefore, we sought to 

characterize its effects on the function of Kalirin-9 (Kal9), a dual Rac1 and RhoA guanine 

nucleotide exchange factor (GEF), upregulated in human SZ brain tissue.

Methods—Kal9 was overexpressed in primary rat cortical neurons or hEK293 cells. The effects 

of the P2255T variant on dendritic branching, dendritic spine morphology, protein and mRNA 

stability, and catalytic activity were examined.

Results—Kal9-P2255T leads to diminished basal dendritic branching and dendritic spine size, 

compared to wildtype Kal9 (Kal9-WT). The P2255T SNV directly affected Kal9 protein function, 

causing increased RhoA activation in hEK203 cells, but had no effect on Rac1 activation. 

Consistent with human postmortem findings, we found that Kal9-P2255T protein levels were 

higher than those of Kal9-WT in neurons. Increased mRNA stability was detected in hEK293 
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cells, indicating that this was the cause of the higher protein levels. When analyzed together, 

increased intrinsic RhoA-GEF catalytic activity combined with increased mRNA expression led to 

net enhancement of RhoA activation, known to negatively impact neuronal morphology.

Conclusions—Taken together, our data reveal a novel mechanism for disease-associated SNVs 

and provide a platform for modeling morphological changes in mental disorders.
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Introduction

Schizophrenia (SZ) is a debilitating and highly heritable psychiatric disorder characterized 

by alterations in perception, affect, and cognition. Although heritability of SZ has been 

estimated at 80%, its genetic architecture is highly complex, including common variants 

with very small effects and relatively rare copy number variants with large effect sizes (1, 2). 

In addition to these, large-scale exome sequencing studies revealed that exonic point 

mutations (single nucleotide variants or SNVs), play an important role in the etiology of 

mental disorders, including SZ (3–5). These SNVs are overrepresented among glutamatergic 

postsynaptic proteins that modulate the cytoskeleton. Such variants are very rare (frequency 

< 0.5%), precluding statistical association. Understanding the functional significance of such 

mutations, especially at sites relevant for these disorders such as dendrites, would provide 

insight into the biological functions of rare SNVs in the pathogenesis of SZ. Focusing on 

SNVs with any statistical association with SZ would strengthen the overall relevance.

Previously, a SZ-associated non-synonymous SNV in the human KALRN gene 

(rs143835330), that codes for a proline to threonine substitution was identified and 

subsequently confirmed in multiple cohorts (6). The allele frequency of the P2255T variant 

was shown to be 0.011 in SZ patients as compared to 0.005 in controls. This variant has an 

OR>2, a higher effect size than any previously reported for other SZ-associated 

nonsynonymous coding variants (7). Notably, postmortem studies found kalirin mRNA and 

levels of the kalirin-7 (Kal7) protein isoform to be reduced in the prefrontal cortex (8, 9), 

while kalirin-9 (Kal9) was increased in the auditory cortex in subjects with SZ (10), 

suggesting a role for kalirin in SZ pathophysiology.

Alternate splicing of KALRN gives rise to several protein isoforms, the major ones being 

Kalirin-7, -9, and -12 (11). Of these, the P2255 residue is only present in the longer 

Kalirin-9 and -12 isoforms. These proteins include several protein-protein interaction 

domains, along with a Rac1 and a RhoA guanine nucleotide exchange factor (GEF) domain 

(Figure 1A) (12). RhoA and Rac1 are “molecular switches” with established roles in 

dendrite and dendritic spine morphogenesis (13, 14). When activated, GTPases can bind 

various effector proteins, which in turn induce cytoskeletal changes. In general, Rac1 

promotes dendrite arborization and spine growth and stabilization, while RhoA inhibits these 

processes (15–17). Recently, the spatial and temporal regulation of these GTPases' 

oscillations between active and inactive states was shown to coordinate distinct forms of 
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excitatory synaptic plasticity (18). Furthermore, overexpression of the Rho-GEF 

ARHGEF11 or constitutively active RhoA, as well as the knockdown of the Rho GTPase 

activating protein oligophrenin-1, have been shown to reduce dendritic complexity, spine 

area, and spine density (19–21).

Kalirin has also been implicated in several signaling pathways previously shown to be 

relevant for SZ. The Kal7 isoform localizes to the synapse where it interacts with DISC1 and 

regulates spine formation through Rac1 (22). Kal7 is also regulated via phosphorylation 

downstream of neuregulin-1 and ErbB receptors (23). PAK family members, which act 

downstream of kalirin and Rac1, are dysregulated in SZ and other psychiatric disorders (9, 

24, 25). Finally, analysis of the network of kalirin-related gene products demonstrates a 

significant overlap between the kalirin network and genes that have been linked to SZ via 

GWAS (Figure 1B, C; Supplemental Figure S1) (26, 27). These observations suggest that 

kalirin is involved in a network of synaptic proteins that are crucial for synaptic function, 

and whose disruptions likely contribute to SZ pathology.

Because spine loss and reduction in dendritic arbor size has been reproducibly reported in 

multiple brain regions including the dorsolateral prefrontal cortex and primary auditory 

cortex in SZ patients (28, 29), we aimed to investigate the functional impact of the KALRN-

P2255T SNV on dendritic morphology. We have previously shown that Kal9 levels are 

increased in the auditory cortex of SZ patients, and that its overexpression in cortical 

neurons causes diminished dendritic branching and altered dendritic spine morphologies that 

are reminiscent of morphological abnormalities observed in postmortem tissue from 

schizophrenia patients (10). We thus investigated the role of the P2255T variant expressed in 

the Kal9 isoform background. Structured illumination microscopy revealed differential 

subsynaptic distribution of kalirin isoforms. We found that overexpression of the P2255T 

variant led to morphological changes in cultured neurons that are consistent with those seen 

in SZ. Additionally, we also observed increased mRNA stability of Kal9-P2255T, leading to 

increased mRNA expression and protein levels compared to controls. Finally, we determined 

that the P2255T increased Kal9 Rho-GEF activity, but had no effect on Rac-GEF activity. 

Thus, the combination of both altered protein function and increased protein levels likely 

contribute to the pathogenesis of SZ in patients carrying this SNV. This mutation provides an 

effective model for further investigating convergent pathways underlying perturbed dendritic 

morphogenesis in SZ.

Methods

(Extended methods are presented in Supplemental Information).

Cell culture, Transfection

High density cortical neuronal cultures were derived from embryonic day 17 (E17) Sprague 

Dawley rats (Envigo, Indianapolis, IN; and Charles River Laboratories, Worcester, MA). 

They were cultured as previously described (30, 31). All transfections were performed using 

Lipofectamine LTX with Plus reagent or Lipofectamine 2000 (ThermoFisher Scientific, 

Grand Island, NY) in the absence of antibiotics. All procedures involving animals were 

approved by the Northwestern University Animal Care and Use Committee.
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qRT-PCR and Western Blotting

Isoform-specific primers were used to detect Kal9. Real-time quantitative PCR was 

performed on a Step-One Plus (Applied Biosystems, Foster City, CA) using Sybr Green 

(Bio-Rad, Hercules, CA). Results were analyzed using the comparative Ct method.

Immunofluorescence, imaging, and image processing

For the analysis of Kal9 protein expression, data acquisition was performed on an Olympus 

(Center Valley, PA) BX51 WI upright microscope equipped with an Olympus spinning disk 

confocal. For the analyses of dendritic branching and spine morphology, images were 

acquired with a Zeiss LSM5 Pascal confocal microscope (Carl Zeiss Microscopy, 

Thornwood, NY). Dendrites were analyzed using the Fiji Sholl analysis plugin (32). Spine 

analysis was performed as described previously (33). Multichannel SIM imaging and 

analysis were performed as described previously (34).

GTPase Activation Assays

Active RhoA and Rac1 levels were evaluated via Western blotting with the RhoA and Rac1 

Pull-down Activation Assays (Cytoskeleton, Inc., Denver, CO) as described previously (35).

Statistical Analysis

Comparisons between transcript and protein levels were performed using a two-tailed, 

unpaired student’s t-test. Rates of degradation were calculated using a linear regression. 

Transcript half-life was determined using t1/2= ln(2)/-slope. Effects on spine parameters and 

GTPase activation were analyzed using a two-tailed unpaired t-test. Sholl analysis data were 

assessed by two-way ANOVA, followed by Bonferroni correction for multiple comparisons. 

All data were gathered with the experimenter blinded to condition.

Results

Superresolution imaging reveals differential subsynaptic localization of kalirin isoforms

To establish the subcellular sites where Kal9-P2255T-dependent cellular phenotypes may be 

more evident, we examined the relative subcellular distribution of major kalirin isoforms. To 

determine the relative spatial localization of kalirin isoforms in mature neurons, we used 

structured illumination microscopy (SIM), a superresolution method (36) to determine the 

precise localization of Kal7 and Kal9 (Figure 1D). Notably, the relative subsynaptic 

distribution of different isoforms of a postsynaptic protein has not yet been examined at the 

sub-diffraction level. Whereas Kal7 was present in 75% of spines, Kal9 was predominantly 

expressed in shafts or excluded entirely, with only 31% of spines that were examined 

expressing this isoform (Figure 1E). Furthermore, although spines which included Kal7 

tended to be significantly larger than those which did not, the presence of Kal9 in spines did 

not correlate with spine morphology (Figure 1F). These data suggest that spatial patterning 

of kalirin isoforms may play an important role in dendrite and spine structure, with Kal9 

likely exerting its primary effects on cytoskeletal remodeling in dendrites..
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Kal9-P2255T reduces basal dendrite branching

To determine the impact of the P2255T SNV on dendritic morphology, we overexpressed 

Kal9-WT or Kal9-P2255T, along with GFP, in cultured cortical neurons (DIV 25–26) 

(Figure 2A). As expected (10), overexpression of Kal9-WT led to significant reductions in 

both basal and apical dendritic complexity as compared to cells transfected with only GFP 

(Figure 2B). Kal9-P2255T overexpression led to a significant reduction of proximal 

dendritic complexity as compared to Kal9-WT (Figure 2B, left panel). This overall reduction 

was due to an approximate 25% reduction in the number of basal dendrites extending 25 and 

50 µm from the soma (Figure 2B, right panel). The functional consequences of this 

reduction are unknown; however, the synapses on proximal versus distal basal dendrites are 

known to undergo distinct mechanisms of plasticity and have distinct roles in the temporal 

and spatial summation of excitatory inputs (37, 38).

Kal9-P2255T diminishes dendritic spine head dimensions

Decreased dendritic spine density on cortical pyramidal neurons is one of the most 

consistently reported cytological abnormalities in SZ, and patients have also been shown to 

display altered levels of several regulators of the actin cytoskeleton in spines (39). Therefore, 

we assessed the density and dimensions of spines in neurons overexpressing Kal9-WT as 

compared to Kal9-P2255T (Figure 3A). As shown before (10), Kal9-WT significantly 

increased spine breadth, and also increased spine area, as compared to GFP. Kal9-P2255T 

reversed this effect, as spine area and breadth were both significantly decreased in neurons 

transfected with Kal9-P2255T as compared to Kal9-WT, but did not significantly differ from 

GFP alone (Figure 3B).

Kal9-P2255T protein is expressed at higher levels than Kal9-WT protein levels in neurons

Elevated levels of Kal9 were seen within the auditory cortex of individuals with SZ as 

compared to psychiatrically normal controls (10), suggesting a potential role in 

pathogenesis. We therefore tested the impact of the P2255T SNV on Kal9 protein levels in 

cultured cortical neurons. We co-transfected cells at DIV14 with GFP and either Kal9-WT 

or Kal9-P2255T, and allowed them to express the exogenous proteins for 72 h. To exclude 

endogenous Kal9 we labeled the exogenous protein with a c-Myc antibody that only 

recognizes the exogenous tagged Kal9 (Figure 4A). After 72 h neurons showed a greater 

amount of Kal9-P2255T compared to Kal9-WT under identical transfection conditions 

(Figure 4B). To see if this increase in Kal9-P2255T protein was sustained, we allowed 

neurons to express exogenous proteins for 14 days. We found a similar trend to that seen for 

72 h, demonstrating that the increase in Kal9-P2255T is indeed sustained (Figure 4C). 

Normalization to GFP expression confirmed that the increase in the P2255T at 72 h was not 

due to differences in transfection efficiency (Figure 4D).

Increased Kal9-P2255T protein is due to altered mRNA stability

To directly test the abundance and biological stability of Kal9-P2255T versus Kal9-WT, we 

transiently transfected Kal9-WT or Kal9-P2255T-expressing plasmids into hEK293 cells, 

along with GFP to assess for transfection efficiency. qRT-PCR revealed that Kal9-P2255T 

mRNA levels were elevated compared to Kal9-WT under the same transfection conditions 
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(Figure 4E). To test the relative stability of Kal9-WT versus Kal9-P2255T mRNA, after 24 h 

of overexpression we used actinomycin-D (ActD) to inhibit RNA polymerase and thus any 

subsequent generation of new transcripts. The half-life curves generated for each transcript 

show that the single nucleotide difference in the Kal9-P2255T transcript leads to 

significantly more stable Kal9 mRNA (Figure 4F).

Stability of a specific mRNA molecule is partly determined by its secondary structure. To 

determine the impact of the P2255T SNV on the Kal9 mRNA (accession AF232668) 

secondary structure, we used the mfold software with default parameters to generate an in 
silico prediction based on free energy minimization using parameters set forth by the 

nearest-neighbor model (40). The Kal9-P2255T SNV was predicted to diminish the presence 

of an interior loop structure within a helix (Figure 4G). It should be noted, however, that 

predicted secondary structure changes may or may not carry over into alterations in 

biological stability, which is regulated by a combination of sequence-specific RNA-binding 

proteins, microRNAs (miRNAs), as well as by RNA secondary structure (41–43).

We next sought to determine if the Kal9-P2255T SNV also alters protein stability in hEK293 

cells transiently expressing Kal9-WT or Kal9-P2255T, along with GFP to normalize for 

transfection efficiency. Similar to what was seen in neurons, Kal9-P2255T protein levels 

were higher than Kal9-WT after 48 h (Figure 4H, I). We then used cycloheximide (CHX) to 

inhibit new protein synthesis and tested the comparative stability of residual Kal9-WT or 

Kal9-P2255T proteins. We allowed cells to express exogenous proteins for 24 h, after which 

we treated cells with cycloheximide and examined Kal9 protein levels at three subsequent 

time points. The rate of protein degradation did not significantly differ between Kal9-WT 

and Kal9-P2255T (Figure 4J; Supplemental Figure S2), indicating that the P2255T SNV 

does not change the stability of Kal9 protein.

The P2255T substitution increases Kal9 RhoA-GEF catalytic activity

The P2255T substitution, while not in the Rho-GEF catalytic domain, occurs only 14 amino 

acids downstream of it, suggesting that it may affect this activity (Figure 1A: arrow). 

Upregulation of RhoA activation by overexpression of another RhoA-GEF, ARHGEF11, or 

constitutively active RhoA, as well as the knockdown of the Rho GTPase activating protein 

oligophrenin-1, have been shown to reduce dendritic complexity, spine area, and spine 

density (19–21). We thus sought to determine whether Kal9-P2255T could elicit its effects 

on neuronal morphology through altered GEF activity. We expressed Kal9-WT and Kal9-

P2255T in hEK293 cells and performed a RhoA activation affinity assay to evaluate their 

impact on GTP-bound RhoA (Figure 5A). To assess intrinsic activity independent on protein 

levels, we normalized to both total RhoA and exogenous Kal9 levels. Kal9-P2255T 

expression led to a significant increase in RhoA activation (Figure 5C, upper panel). On the 

contrary, a similar assay used to measure Rac1 activation did not show any differences in 

Rac1 activation between Kal9-WT and Kal9-P2255T (Figure 5B, 5C lower panel).

Compound effect of mRNA stability and Rho-GEF activity in Kal9-P2255T

Because the signaling output of a protein is dependent on both intrinsic enzymatic activity 

and protein levels, we accounted for the differential protein levels between the WT and 
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P2255T variants. We transfected equal amounts of Kal9-WT and Kal9-P2255T cDNA and 

when performing RhoA activation assay we normalized to total RhoA (Figure 5D). We 

found that the RhoA-GEF activity of Kal9-P2255T was enhanced to an even greater degree 

as compared to Kal9-WT (Figure 5E). Thus, the compound effects of increased RhoA-GEF 

activity in Kal9-P2255T, with heightened levels carrying this variant, result in a significantly 

altered signaling output of the protein.

Discussion

Recent discoveries have found that exonic point mutations (SNVs) play an important role in 

the etiology of mental disorders, including SZ (3, 5, 44). Exome sequencing of large 

numbers of patients and controls has revealed that small mutations, affecting only a few 

nucleotides, are overrepresented among glutamatergic postsynaptic proteins, including 

activity-regulated cytoskeleton-associated proteins, N-methyl-d-aspartate receptor 

(NMDAR) complexes, and proteins that interact with these complexes to modulate synaptic 

strength (3, 5). Such mutations are very rare (frequency < 0.5%). None of these SNVs 

individually were statistically associated with SZ. However, the functional significance of 

such mutations, especially at sites relevant for these disorders such as dendrites and 

synapses, has not yet been examined. For these reasons we investigated the impact of a SNV 

in KALRN, enriched in subjects with SZ, on the structure and function of dendrites and 

synapses in neurons. There currently exist few studies linking rare SZ-associated SNVs to 

functional deficits. Several SNVs in the GIT1 gene that were originally identified via exome 

sequencing of SZ patients were demonstrated to perturb GIT1 protein function with regard 

to protein-protein interactions and levels of proteins involved in neurotransmission (45).

While the KALRN gene locus is not among the 108 well-established GWAS loci (26), it was 

identified in a smaller GWAS (46). Kushima and colleagues identified several rare missense 

mutations (SNVs) in the human KALRN gene enriched in patients with SZ (6). A global 

comparison of the frequencies of five selected mutations in KALRN between cases and 

controls showed a significant increase in frequency in SZ patients (OR = 2.07, P = .003). Of 

these, P2255T showed a significant association with SZ (OR = 2.09, P = .012), and in silico 
analysis via PMut predicted P2255T to be “pathological” (6). Analysis using Polyphen 

software predicted that the SNV would be “benign”, although this is likely accounted for by 

differences in the computational methods employed (47). While an OR = 2 may seem small 

in the context of other genetic mutations, for example CNVs, which have odds ratios that are 

several times higher, this number is highly significant in context of rare coding point 

mutations (48). Given that none of the SNVs identified so far in exome sequencing studies 

(3, 5) show statistical association individually to SZ because they are so rare, KALRN-

P2255T stands out as one of the strongest associations of a SNV with SZ identified. It is 

noteworthy that there is a lower than predicted frequency of missense SNVs in the KALRN 
gene in the ExAC database (380 observed versus 617.5 expected; z = 4.67), which suggests 

that there is a constraint on mutations in the gene and indicates an important biological 

function for kalirin (49).

Protein and mRNA expression changes and defective kalirin signaling have been 

consistently reported in studies on postmortem brain tissue of SZ subjects by independent 
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laboratories. Kalirin mRNA and kalirin-7 protein levels were reduced in the prefrontal 

cortex of SZ patients, while kalirin-9 was upregulated in the auditory cortex (8–10). Using 

targeted sequencing, we previously identified a rare coding variant in the KALRN gene 

region that encodes the Rac1-GEF catalytic domain, in a SZ patient and his sibling with 

major depressive disorder (MDD), which was not present in the control group (35). The 

D1338N substitution significantly diminished the protein's ability to catalyze Rac1 

activation and to increase spine size and density. Remarkably, KALRN knockout mice show 

periadolescent cortical spine loss, deficits in working memory and sensorimotor gating, and 

other SZ-related phenotypes (50, 51). In spines, kalirin functions downstream of NMDA 

receptors, neuregulin/ErbB4, 5HT2A receptors, and interacts with DISC1 to control spine 

remodeling (52). Our bioinformatics analysis further implicates kalirin signaling in 

molecular pathways relevant for SZ. Kalirin has also been implicated in other 

neuropsychiatric and neurological disorders such as intellectual disability, Alzheimer’s 

disease, impulsivity, attention-deficit hyperactivity disorder, and ischemic stroke (53–61).

Kal9-P2255T recapitulates some of these key SZ-associated dendritic phenotypes. 

Reductions in dendritic length, complexity, and spine number in multiple brain regions have 

been well characterized in SZ (62). Specifically, reduced basilar dendritic length and number 

have been described in several prefrontal cortical areas, anterior cingulate cortex, and 

primary visual cortex (28, 63–67). While the P2255T substitution did not alter the effects of 

Kal9 overexpression on spine density, it did prevent the increase in spine size and breadth 

caused by expression of Kal9-WT. Changes in the structure of spines as seen following 

Kal9-WT overexpression are correlated with an increase in the abundance of synaptic 

AMPA receptors (68). Therefore, Kal9-P2255T may not be able to alter a cell’s intrinsic 

excitability to the extent that Kal9-WT is. With regard to the effects of Kal9-P2255T on 

basal dendrites, it is notable that the majority of excitatory synapses on layer V cortical 

pyramidal neurons are located to the basal rather than apical dendrites (69). As such, a 

reduction in basal dendritic complexity might be expected to give rise to the aberrant cortical 

circuitry that has been hypothesized to cause certain aspects of SZ psychopathology (70). 

Impaired signaling to the actin cytoskeleton has also been proposed as an important 

mechanism in the pathogenesis of schizophrenia, supported by genetic and postmortem 

findings, as well as in vivo models (5, 10, 71, 72). Additionally, beta-tubulin expression and 

MAP2 immunoreactivity have also been shown to be decreased in schizophrenia (62, 73).

Our functional analysis reveals an unexpected compound effect on mRNA stability and 

intrinsic RhoA-GEF activity in Kal9-P2255T, unique to our knowledge among disease-

associated SNVs. The effect on mRNA stability is particularly interesting. Historically, most 

attention has been paid to the protein sequence of disease-associated genes. However, single 

base-pair variations within mRNA can lead to alterations in thermodynamic stability through 

effects on secondary structure (41). Changes in mRNA stability, folding, and rate of 

degradation have been shown to be associated with human disease, independent of a change 

in protein sequence (74).

As a brain-enriched dual Rac1/RhoA-GEF kalirin is in a unique position to regulate dendrite 

and spine morphology, as both Rac1 and RhoA are involved in dendritic growth and 

remodeling. Our SIM imaging reveals subcellular distribution differences between kalirin 
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isoforms that are important for their functions. The Kal9-P2255T SNV may thus change in 

the balance between RhoA and Rac1 activation, leading to altered dendritic morphology. 

The combination of increased RhoA activation, as well as elevated Kal9 expression levels, 

may have a joint effect leading to very high elevation of downstream signaling to the 

cytoskeleton. Impaired signaling to the actin cytoskeleton has been proposed as an important 

mechanism in SZ pathogenesis, supported by genetic and postmortem findings, as well as in 
vivo models (5, 10, 71, 72). Investigating the P2255T variant in Kal9, a protein which acts in 

several pathways involved in cytoskeletal reorganization, could provide a platform for 

studying pathway perturbations that lead to a SZ-associated neuronal phenotypes.

The current studies were performed in an overexpression system, however, which brings 

with it the limitations of supraphysiologic expression levels. Future studies should focus on 

using this mutation in an endogenous setting as a model system to better elucidate potential 

causes of the altered neuronal morphology characteristic of SZ. Introduction of this SNV at 

the genetic locus to generate a humanized mouse model would allow for deeper 

interrogation of SZ-relevant pathway perturbations, as well as direct hypothesis testing of 

potential pharmacotherapeutic targets within these pathways. Alternatively, induced 

pluripotent stem cells from Kal-P2255T carriers could be used to generated neurons which 

would express the variant at endogenous levels. If such neurons displayed morphological 

deficits compared to those expressing only wildtype kalirin protein, the precise impact of the 

SNV could be more conclusively determined. Nevertheless, rare mutations can provide 

powerful tools for modeling disease-associated phenotypes and identifying points of 

convergence onto common pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
KALRN associations with SZ and expression in mature neurons. A. Schematic of the Kal7 

and Kal9 proteins, showing catalytic domains, structural motifs, and upstream and 

downstream signaling pathways. The location of the P2255T substitution in Kal9 is 

indicated by an arrow. Asterisk indicates the PDZ-binding domain specific to Kal7. The 

location of the P2255T substitution is shown. B. Hypothetical KALRN interaction network, 

predicted based on co-expression, pathway, and physical interaction, and weighted with 

regard to cellular component gene ontology. Genes shown in yellow are also among those 

residing in SZ-associated loci identified by a large-scale GWAS. A high-resolution rendering 

of this network is included in Supplemental Figure S1. C. Hypergeometric testing reveals a 

significant overlap between those genes in the hypothetical KALRN network and those 

identified by GWAS. D. SIM imaging of mature (DIV 25–26) cortical neurons demonstrates 

that endogenous kalirin-7 is localized in the majority of PSD95-containing spines, whereas 

kalirin-9 is largely excluded from spines. E. Proportions of spines with Kal7 and Kal9 

expression in distinct nanodomains. Blue: no expression; red: head only; green: head and 

neck; purple: head and base: light blue: neck only; orange: base only. F. Spines lacking 

kalirin-7 are significantly smaller than those with kalirin-7 (N=98 spines). The presence of 

kalirin-9 in a spine has no bearing on its size (N=113 spines). Cells from three independent 

experiments were analyzed. Data are mean ± SEM. *, p<0.05.
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Figure 2. 
Kal9-P2255T diminishes basal dendrite branching in cortical pyramidal neurons. A. DIV25–

26 neurons transfected with either GFP alone, or with GFP and either Kal9-WT or Kal9-

P2255T (upper panels); and traces used for Sholl analysis (lower panels). B. Sholl analysis 

reveals a significant reduction in basal dendrites of neurons expressing Kal9-P2255T 

extending 25 and 50 µm from the soma as compared to Kal9-WT. Apical dendrites were 

unchanged. N=20–35 neurons per transfection condition from three independent 

experiments. Data are mean ± SEM. **, p<0.01; ***, p<0.005 (Kal9-WT vs. Kal9-P2255T). 

†, p<0.05; ††, p<0.01; †††, p<0.005 (Kal9-WT vs. GFP). ‡, p<0.05; ‡‡, p<0.01; ‡‡‡, 

p<0.005 (Kal9-P2255T vs. GFP).
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Figure 3. 
Kal9-P2255T fails to induce the increases in dendritic spine dimensions seen following 

Kal9-WT overexpression. A. DIV25–26 cortical pyramidal neurons transfected with either 

GFP alone, or with GFP and either Kal9-WT or Kal9-P2255T. B. Area and breadth of 

dendritic spine heads are significantly reduced in neurons expressing Kal9-P2255T as 

compared to Kal9-WT. Spine length and density were unaffected. 11–18 neurons per 

transfection condition from three independent experiments were analyzed. Data are mean ± 

SEM. **, p<0.01; ***, p<0.005.
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Figure 4. 
Kal9-P2255T protein and mRNA are expressed more highly than Kal9-WT. A. DIV 28 

cortical pyramidal neurons transfected with GFP and either Kal9-WT or Kal9-P2255T and 

stained for GFP and c-Myc. B, C. Fluorescence intensity of Kal9-P2255T is greater than that 

of Kal9-WT at both 72 h (B) and 14 d (C) post-transfection. D. The ratio of c-Myc to GFP 

intensity reveals that the difference in expression at 72 h is not due to a difference in 

transfection efficiency. N=68–131 neurons per transfection condition from three independent 

experiments. E. Isolated RNA from hEK293 cells transfected with either Kal9-WT or Kal9-

P2255T was subjected to qRT-PCR. Following normalization to β-actin expression, Kal9-

P2255T mRNA levels are shown to be increased compared to Kal9-WT. Data are from four 

independent experiments. F. Kal9-WT and Kal9-P2255T transfected hEK293 cells treated 

with ActD for 4, 8, or 12 hours show differential rates of Kal9 transcript degradation. Half-

life was calculated as ln(2)/-slope. t1/2 = 6.2 hours for Kal9-WT and 15.3 hours for Kal9-

P2255T. Dashed lines represent 95% confidence intervals. Data are from three independent 

experiments. G. mfold software predicts the disruption of an interior loop in the secondary 

structure of Kal9-P2255T mRNA. The nucleotide coding for amino acid 2255 resides in 

within the circles overlaying the images. H. Western blots of lysates from hEK293 cells 
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transfected with GFP alone, or GFP and either Kal9-WT or Kal9-P2255T. I. When 

normalized to β-tubulin, Kal9-P2255T is shown to be expressed more highly than Kal9-WT. 

J. CHX treatment of transfected hEK293 cells demonstrates that there is no change in the 

stability of Kal9-P2255T versus Kal9-WT protein (see Supplemental Figure S2 for blot 

images). Data are from three independent experiments. All data are mean ± SEM. *, p<0.05; 

**, p<0.01; ***, p<0.005.
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Figure 5. 
The P2255T substitution increases Kal9 RhoA-GEF catalytic activity. A. Following 

transfection of hEK293 cells with amounts of plasmid to account for altered Kal9 protein 

levels, Western blotting reveals that Kal9-P2255T-transfected cells display higher levels of 

GTP-bound RhoA than Kal9-WT-transfected cells. B. Under the same transfection 

conditions as in A, GTP-bound Rac1 levels show no difference between the Kal9-WT and 

Kal9-P2255T. C. Quantification of the blots in A (upper panel) and B (lower panel). Blots 

were normalized to total RhoA or Rac1 levels, and β-actin levels. Data are from 4–5 

independent experiments. D, E. When equal amounts of Kal9-WT and Kal9-P2255T 

plasmids are used for transfection, an even greater level of RhoA activation is seen in the 

Kal9-P2255T condition than that in the experiments described in A. Data are from three 

independent experiments. All data are mean ± SEM. **, p<0.01; ***, p<0.005.
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