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Abstract

The X-linked KDM5C gene plays an important role in brain development and behavior. It encodes 

a histone demethylase that is involved in gene regulation in neuronal differentiation and 

morphogenesis. When mutated, it causes neuropsychiatric symptoms, such as intellectual 

disability, delayed language development, epilepsy, and impulsivity. To better understand how the 

patient mutations affect neuronal development, we expressed KDM5C mutations in Neuro2a cells, 

a mouse neuroblastoma cell line. Retinoic acid (RA) induced-neurite growth was suppressed by 

the mutation KDM5CY751C, KDM5CH514A, and KDM5CF642L, but not KDM5CD87G or 

KDM5CA388P. RNA-seq analysis indicated an up-regulation of genes important for neuronal 

development, such as Ntng2, Enah, Gas1, Slit2, and Dscam, in response to the RA treatment in 

control Neuro2a cells transfected with GFP or wild type KDM5C. In contrast, in cells transfected 

with KDM5CY751C, these genes were not up-regulated by RA. Ntng2 was down-regulated in cells 

with KDM5C mutations, concordant with the lower levels of H3K4 methylation at its promoter. 

Moreover, knocking down Ntng2 in control Neuro2a cells led to the phenotype of short neurites 

similar to that of cells with KDM5CY751C, whereas Ntng2 overexpression in the mutant cells 

rescued the morphological phenotype. These findings provide new insight into the pathogenesis of 

phenotypes associated with KDM5C mutations.
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Introduction

X-linked mutations are one major cause of intellectual disability (ID), accounting for ∼10% 

cases in male individuals with this condition (Ropers and Hamel, 2005, des Portes, 2013). 

Among the X-linkedID cases, lysine (K)-specific demethylase 5C (KDM5C) has been 

frequently identified to be mutated, resulting in non-syndromic as well as syndromic ID with 

additional clinical features such as developmental delay, epilepsy, impulsivity, autism-like 

behavior, short adult stature, and facial dysmorphism (Jensen et al., 2005, Tzschach et al., 

2006, Abidi et al., 2008, Adegbola et al., 2008, Rujirabanjerd et al., 2010, Santos-Reboucas 

et al., 2011). Mutations and genetic variations of KDM5C have also been implicated in 

neuropsychiatric disorders such as Huntington's disease and drug addiction (Vashishtha et 

al., 2013, Aguilar-Valles et al., 2014). Therefore a better understanding of KDM5C in brain 

development has direct relevance to basic and clinical research.

The KDM5C protein targets the methylation modifications of histone protein H3 at lysine 4 

(methyl-H3K4), which are often formed at active gene promoters and likely involved in the 

assembly of the transcription initiation complex (Christensen et al., 2007, Iwase et al., 2007, 

Tahiliani et al., 2007). KDM5C-mediated demethylation, on the other hand, leads to gene 

repression. In consistence with the neurological symptoms of individuals with KDM5C 

mutations, KDM5C has been found to be crucial to neuronal development, affecting events 

such as neuronal differentiation, cell death, and dendritic growth (Iwase et al., 2007, 

Tahiliani et al., 2007, Wynder et al., 2010, Shen et al., 2014). However, it remains to be 

determined which genes are targeted by KDM5C and misregulated in individuals with 

KDM5C mutations, and which among these KDM5C-regulated genes are involved in 

neuronal development. We set out to test specific KDM5C patient mutations for their effects 

on gene expression and neuronal development, using Neuro2a (N2a) cells as a model which 

are a mouse neuroblastoma cell line (Olmsted et al., 1970).

N2a cells are normally kept in a neural progenitor-like stage; upon retinoic acid (RA) 

treatment, they undergo morphogenesis with neurite growth that closely resembles the 

differentiation and dendritic growth of a developing neuron (Olmsted et al., 1970). These 

cells have served as a convenient yet informative model for functionality studies of genes: 

mutations can be readily introduced into N2a cells by plasmid or viral vectors, and a stably 

transfected cell line can be established by chemical or genetic selection (for e.g. (Goshima et 

al., 1993, Kojima et al., 1994)). We adopted this strategy in our study of KDM5C and 

generated N2a cells stably transfected with KDM5C patient mutations, among which some, 

but not all, mutations caused a reduction in neurite growth.

We performed genomic analysis to determine which genes and pathways might be affected 

in the mutant N2a cells, and identified Netrin G2 (Ntng2) as one of the down-regulated 

genes. The protein product of Ntng2 has in fact been known to be important for brain 

development and specifically in neurite growth: the Ntng2 protein is secreted at an axon 

terminal; it traverses the synaptic cleft, binds to its postsynaptic receptor NGL-2 (netrin-G2 

ligand), and in turn activates signal transduction that leads to the postsynaptic growth of both 

dendrites and exons (Nakashiba et al., 2002, Soto et al., 2013). In addition, it plays a key 

role in circuit formation by guiding the axon to its correct postsynaptic target – in the 
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hippocampus, for instance, the CA3 neurons make synaptic connections with the CA1 

neurons at the proximal, not distal, dendritic segments, a precision largely dependent on an 

interaction between Ntng2 and NGL-2 (Nishimura-Akiyoshi et al., 2007, DeNardo et al., 

2012). Consistent with these findings, Ntng2 down-regulation in N2a cells with KDM5C 
mutations was accompanied by reduced neurite lengths. Using chromatin 

immunoprecipitation (ChIP), we detected higher levels of mutant Kdm5c proteins at the 

Ntng2 promoter, a possible explanation for Ntng2 down-regulation. We were able to rescue 

the phenotype of short neurites by overexpressing Ntng2 in mutant N2a cells, suggesting 

that Kdm5c's effects on neurite growth are mediated, at least in part, by Ntng2. Together, 

these results shed new light on the etiology of neuropsychiatric symptoms associated with 

KDM5C mutations.

Materials and Methods

Mice and primary neuronal culture

Kdm5c knockout (KO) and wild type (WT) mouse pups were generated by breeding a 

heterozygous female on the C57BL6 background with a WT 129 male. The genotypes were 

determined by PCR analysis of tail clip DNAs (PCR primer sequence available upon 

request). Hippocampi were extracted from newborn male pups for primary neuronal culture, 

following the protocol described in Beaudoin et al. 2012 (Beaudoin et al., 2012). Briefly, the 

hippocampal tissue was digested in trypsin (0.25%, wt/vol) for 15 min at 37°C, stopped by 

an equal volume of Dulbecco's Modified Eagle Medium (DMEM supplemented with 10% 

FBS, Life Technologies, Carlsbad, CA). The lysate was spun down and the pellet 

resuspended by trituration in the Neurobasal medium supplemented with B-27 and 

glutamine (Life Technologies). The dissociated cells were seeded in poly-lysine coated wells 

at the density of ∼100×103 cells per well in the 12-well plate (Nunc, Rochester, NY), and 

grown in an incubator following the standard conditions. All procedures involving animals 

were approved by the IACUC of the Washington State University (Pullman, WA), in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Neuro2a cell culture

N2a cells were cultured in DMEM/F12 supplemented with FBS (10%) and PenStrep, split 

(1:10) every 3 days. Plasmid transfection was carried out using Lipofectamine 2000, 

followed by selection with puromycin (WT or mutant KDM5C plasmid) or zeocin (Ntng2 
cDNA plasmid). The exogenous KDM5C protein can be identified in subsequent analyses 

by their hemagglutinin (HA) tag. Neurite growth was initiated by adding RA in the medium 

(20 μM) and reducing the concentration of FBS (0.5%). All reagents mentioned above are 

from Life Technologies unless specified otherwise.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed following the protocol described in Nelson et al., 2006 (Nelson 

et al., 2006). Briefly, chromatin was cross-linked with formaldehyde (1.42%) for 15 min at 

room temperature, followed by a glycine quenching (125 mM, 5 min). Cells were lysed in 

RIPA buffer using a hand-held homogenizer (Kimble-Chase, Vineland, NJ); the chromatins 

were pelleted and then sheared in an ultrasonicater (10 min, 30 s on/off, 4°C; Misonix, 
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Newtown, CT), resulting in fragments between 200 and 500bp. The sheared chromatins 

were sequentially incubated with an anti-trimethyl-H3K4 or anti-HA antibody (1:100 

dilution; Millipore, Billerica, MA) at 4°C overnight, and the protein A/G agarose beads 

(1:10 dilution; Millipore) at 4°C for 1 hr. Some chromatin samples were incubated with IgG 

as reference. The recovered chromatins were washed repeatedly, reverse cross-linked by 

Chelax-100 (10% wt/vol; Bio-Rad, Hercules, CA), and purified using the QIAquick PCR 

Purification Kit (Qiagen, Valencia, CA). An aliquot of fixed, sonicated chromatins was 

reverse cross-linked and processed in parallel, serving as DNA input. Enrichment of 

trimethyl-H3K4 or HA-conjugated KDM5C at a DNA sequence was quantified using an 

ABI7500 qPCR machine (Life Technologies). A gene promoter was executively defined as 

the 1000bp sequence upstream of the transcription start site, retrieved from the UCSC 

genome browser (GRCm38/mm10). qPCR primers were designed using Primer Express 

software (ABI-Life Technologies) and specificity verified by the alignment of melting 

curves at the same temperature across independent chromatin samples. Relative enrichment 

of a histone modification or DNA binding protein at the promoter of interest was calculated 

according to the formula below:

where CtAntibody, CtIgG, and CtInput are respectively the qPCR cycle threshold (Ct) numbers 

of the antibody-processed chromatin sample, the IgG sample, and DNA input (at a 1:10 

dilution).

RNA-seq analysis

RNA was extracted using the RNeasy Mini kit (Qiagen) and RNA integrity verified on a 

Bioanalyzer to be adequate (>0.8; Agilent Technologies, Santa Clara, CA). Libraries were 

constructed following the manufacturer's instructions (Illumina, San Diego, CA) and 

sequencing was performed at the Genomics Core, University of Washington. The RNA-seq 

reads were aligned to the reference genome using TopHat, and differentially expressed genes 

(adjusted p < 0.05) determined by Cuffdiff. GO ontology and pathway analysis were 

performed in the differentially expressed genes using DAVID Bioinformatics Resources 

(Huang da et al., 2009b, a).

Reverse transcription – quantitative PCR (RT-qPCR)

cDNA was synthesized using the Maxima First Strand kit (ThermoFisher, Waltham, MA), 

and gene expression quantified on the ABI qPCR machine (Life Technologies). Gene-

specific PCR primers were designed with the PrimerExpress software (Life Technologies), 

and primer pairs were screened for specificity, indicated by single-peaked dissociation 

curves across independent cDNA samples, and amplification efficiency which was assessed 

with serial dilution samples. The chosen PCR primer sequences for Ntng2, for e.g., are as 

follows.

Forward: 5′-GGCAGTCAGACCAAGCCAC-3′
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Reverse: 5′-CAATGGGTATCACCTGAGGAGA-3′

All PCR reactions were run in duplicates (highly expressed genes) or triplicates (lowly 

expressed genes). Gapdh mRNA was quantified in sample as reference for the cDNA 

quantity. Relative expression of a gene of interest (GOI) was calculated as follows.

where CtGOI and CtGapdh are the Ct numbers for amplification of the GOI or Gapdh cDNA, 

 is the average value of ΔCtGOI across the WT or control samples while n is the 

number of these samples.

Fluorescent immunocytochemistry

For immunocytochemistry, cells were grown on glass coverslips and transfected with viral 

and/or plasmid vectors as described above. At the specified time points, cells were fixed 

with paraformaldehyde (4% in PBS) for 15 min at room temperature, and then incubated 

sequentially in normal serum (3%, 1 hr, room temperature), the primary antibody (overnight, 

4°C), and finally a fluorescent secondary antibody (Life Technologies; 1 hr, room 

temperature). Both primary and secondary antibodies were diluted in PBS with 3% normal 

serum. The coverslips were mounted on slides and images were captured on a fluorescence 

microscope (DM4000, Leica, Wetzlar, Germany) equipped with a camera and the imaging 

software Leica Application Suite.

Western blotting

Cells were lysed in RIPA buffer (Cell Signaling, Danvers, MA) and pelleted by 

centrifugation (13,000 rpm) for 10 min at 4°C. Supernatant was collected and the protein 

concentrations were quantified using Pierce BCA Protein Assay Kit (ThermoFisher). 

Aliquots of proteins (25 μg per sample) were electrophoresed on a NuPAGE Bis-Tris gel 

(TheomaFisher) and transferred to a polyvinylidene fluoride (PVDF) membrane (Life 

Technologies). The blot was incubated with the primary and secondary antibody sequentially 

(primary: 4°C, overnight; secondary: room temperature, 1 hr), and developed using the ECL 

kit (PerkinElmer, Waltham, MA). The protein signal was digitized using the ChemiDoc MP 

system (BioRad, Hercules, CA) and quantified with ImageJ (Schneider et al., 2012).

Antibodies and plasmids

The anti-HA and anti-MAP2 antibody were purchased from Sigma (St. Louis, MO), anti-His 

tag antibody from Abcam (Cambridge, MA), anti-tri-methyl H3K4 antibody from Millipore 

(Billerica, MA), anti-KDM5C antibody from Active Motif (Carlsbad, CA), and anti-actin 

antibody from Sigma. cDNA of wild type or mutated (D87G, A388P, H514A, F642L, and 

Y751C) human KDM5C was cloned in the pHAGE-HA backbone, and the transfected cells 

can be selected with puromycin. A second set of KDM5C plasmids were made which co-
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express EYFP (pLenti-KDM5C-IRES-EYFP), making it possible to directly observe the 

neurite growth of the transfected cells in real time. The Myc-His-tagged Ntng2 plasmid was 

in the pcDNA4/myc-his backbone which carries in addition the zeocin resistance gene. The 

Ntng2 plasmid was a generous gift from Dr. Shigeyoshi Itohara (RIKEN Brain Science 

Institute, Wako, Japan), in whose lab Ntng2 was initially cloned and characterized 

(Nakashiba et al., 2002, Aoki-Suzuki et al., 2005, Meerabux et al., 2005). The shRNA 

lentiviruses against Ntng2 or Kdm5c mRNA were purchased from Sigma.

Statistical analysis

When the data met the normality and equal variance assumptions, the effect of genotype was 

tested with Student's t-tests between any two experimental groups; otherwise, Mann-

Whitney U tests were used to assess the effects. The significance level was set in all tests at 

p < 0.05.

Results

KDM5C patient mutations H514A, F642L and Y751C suppressed neurite growth in Neuro2a 
cells

To investigate the etiology of KDM5C patient mutations, we made Neuro2a (N2a) cell lines 

stably transfected with plasmids encoding the wild type (WT) or mutant copy of human 

KDM5C, including four KDM5C patient mutations (D87G, A388P, F642L, and Y751C; Fig.

1A) as well as one synthetic mutation in the Jumonji domain important for the histone 

demethylase activity of KDM5C (H514A; Fig.1A). As a control, some N2a cells were 

transfected with GFP plasmids. Stable transfection was confirmed by immunocytochemical 

detection of the HA tag, genetically fused to the exogenous human KDM5C protein, in all 

cells after multiple passages (Fig.1B). This exogenous fusion protein was localized in the 

nucleus consistent with it being a histone modification enzyme (Fib.1B). We designated 

these cell lines as KDM5CWT, KDM5CD87G, KDM5CA388P, KDM5CH514A, KDM5CF642L, 

KDM5CY751C, and GFP N2a cell, respectively. In addition, using PCR primers specific for 

human or mouse KDM5C, RT-qPCR analysis indicated comparable expression between the 

exogenous WT and mutant KDM5C, which was higher than that of the endogenous mouse 

Kdm5c gene (data not shown).

We then tested retinoic acid (RA)-induced neurite growth in these cells. Relative to that of 

the KDM5CWT cells, the percentage of cells with neurites was significantly lower in the 

KDM5CF642L and KDM5CY751C cells after a 12 hr RA treatment, and the total neurite 

length per cell was reduced in the KDM5CH514A and KDM5CY751C cells (Table 1, Fig.2A 

& -B). Neither measure was affected in the KDM5CD87G and KDM5CA388P cells, 

suggesting distinct effects between these patient mutations on neuronal development (Table 

1, Fig.2A & -B). There was also a significant difference in percentage of cells with neurites 

between the KDM5CWT and GFP cells, possibly due to an effect of the increased amount of 

KDM5C proteins in the former (Table 1, Fig.2B). Moreover, there was likely a similar effect 

of KDM5C mutations on hippocampal neurons: they were transfected at DIV 2 with 

KDM5CWT or KDM5CY751C using the EYFP expressing plasmid as vector (pLenti-

KDM5C-IRES-EYFP); when examined four days post transfection, neurons with 
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KDM5CY751C were found to have fewer and shorter dendrites compared to that with 

KDM5CWT (Fig. 2C).

We tested the possibility that reduced neurite growth might be due to a delayed response of 

the mutant cells to RA, which might take longer periods to reach the percentage of neurited 

cells comparable to that of the KDM5CWT cells. At 12, 24, 48, and 72 hrs of RA treatment, 

we detected consistently lower percentages of KDM5CY751C cells with neurites than that of 

the KDM5CWT cells, arguing against a slower response of the mutant cells (p < .01 at each 

of the four time points, Mann-Whitney U; Fig.2D). In KDM5CY751C cells, the percentage in 

fact peaked at 48 hrs before it started to taper off, suggesting the possibility of less stabilized 

neurites in these cells.

KDM5C regulation of gene expression in RA-induced neurite growth

To determine the KDM5C-regulated genes in RA-induced neurite growth of N2a cells, we 

employed RNA-seq and identified genes which were differentially expressed between the 

KDM5CY751C, KDM5CWT, and GFP N2a cells before and after a 12 hr RA treatment, with 

two samples in each genotype X treatment group and each sample being pooled from three 

biologically independent wells. We reasoned that (a) the genes up- or down-regulated by RA 

are likely ones that are involved in N2a neurite growth, and (b) the genes responsive to RA 

in the KDM5CWT and GFP cells, but not KDM5CY751C cells, likely include the candidates 

for the short neurite phenotype of the latter. Setting the significance level at adjusted p < 

0.05, 40 genes were identified to be up-regulated and 38 genes down-regulated by RA in the 

KDM5CWT and GFP cells but not KDM5CY751C cells (Table. 2). A functional annotation of 

the 78 genes (DAVID Bioinformatics Resources) led to three clusters of biological processes 

(p < .1), namely neuron project morphogenesis (Dscam, Ntng2, Enah, Gas1, Slit2; p = .

0052), chordate embryonic development (G2e3, Enah, Gas1, Tcf7l2, Tgfb3, Zeb2; p = .014), 

and regulation of apoptosis (Dcun1d3, G2e3, Aifm2, Dedd2, Gas1, Tgfb3; p = .068). 

Between the five genes implicated in neuron project morphogenesis, Ntng2 expression 

exhibited the largest differences between the KDM5CY751C cells and the other two cell 

types before and after RA (Table 3). We therefore decided to focus on this gene with 

additional analyses.

KDM5C mutations caused Ntng2 down-regulation

Ntng2 down-regulation in the KDM5CY751C cells relative to that of KDM5CWT cells was 

confirmed in independent samples using RT-qPCR (p < .05, Mann-Whitney U tests; Fig.3A). 

It was also down-regulated in the KDM5CH514A and KDM5CF642L cells (p < .05 in both 

cases, Mann-Whitney U tests; Fig.3A), but not in the KDM5CD87G, KDM5CA388P, or GFP 

cells, concordant to the neurite phenotypes of these cell lines (Fig. 2B).

In line with Ntng2 down-regulation, trimethylation of histone H3 at lysine 4 (H3K4me3), an 

active chromatin mark and the enzymatic substrate of Kdm5c, was found to be reduced at 

the Ntng2 promoter in KDM5CY751C cells relative to that of the KDM5CWT and GFP cells, 

quantified with ChIP assays at a sequence upstream from the transcription start site between 

-65bp and -142bp; meanwhile, there was a higher level of KDM5C demethylase at this 

sequence, measured with ChIP assays against HA (in both cases, U = 0, Z = 1.96, p = 
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0.0495, Mann-Whitney U tests; Fig.3B). There was no difference between the GFP and 

KDM5CWT cells in either the H3K4me3 or KDM5C levels (p > .05 in both cases; Fig.3B), 

suggesting that the differences between these cell lines in Ntng2 expression are likely 

attributed to the KDM5CY751C mutation, not a higher level of exogenous KDM5C protein. 

Moreover, the KDM5CY751C mutant protein seemed to target specific sequences without 

causing a global change in the H3K4me3 levels (Fig.3C).

We also quantified Ntng2 expression and neurite growth in primary hippocampal cultures 

from neonatal Kdm5c KO mice as well as N2a cells with Kdm5c knocked down by 

lentivirus-derived shRNAs. In cultured neurons the dendritic morphology was examined by 

immunolabeling the dendritic protein Map2 at DIV3, which revealed significantly shorter 

dendrites in the Kdm5c KO than WT neurons (WT neuron: 189.2 ± 9.8 μm, Kdm5c KO 

neuron: 155.9 ± 8.8 μm; U = 2, Z = 1.96, p = .050, Mann-Whitney U; Fig.4). In N2a cells 

treated with shRNAs, Kdm5c knockdown (KD) was confirmed to be ∼37% that of the 

control cells treated with non-targeting shRNA (p < .05, Mann-Whitney), which led to a 

reduced percentage of KD cells with neurites compared to that of control cells (Control: 65.7 

± 4.0 %, Kdm5c KD cell: 46.7 ± 2.7 %; U = 0, Z = 1.96, p < .05, Mann-Whitney U; Fig.4). 

However, despite of the similar morphological phenotypes between these and cells with 

KDM5C patient mutations, Ntng2 was not down-regulated in either Kdm5c KO neurons or 

Kdm5c KD N2a cells (p > .05 in both cases, Mann-Whitney U; Fig.4), suggesting that 

Ntng2 down-regulation might be a result of the gain-of-function KDM5C mutations.

Ntng2 overexpression rescued the neurite phenotype of KDM5CY751C cells

We tested whether Ntng2 down-regulation could by itself cause reduced neurite growth of 

N2a cells. Ntng2 KD cells were generated using lentiviral particles expressing gene-specific 

shRNAs, leading to a down-regulation of Ntng2 relative to that of cells treated with control 

viruses (p < .05, Mann-Whitney; Fig.5A). In these Ntng2 KD cells, the percentages of cells 

with neurites was significantly decreased, indicating an implication of Ntng2 in neurite 

growth of N2a cells (Ntng2 KD cells with neurites: 24.8 ± 1.5%; control cells with neurites: 

61.7 ± 5.7%; U = 0, Z = 2.31, p = .021, Mann-Whitney; Fig.5A).

We then tested whether Ntng2 over-expression would rescue the phenotype of short neurites 

in KDM5CY751C cells. The morphological effects of both transient and stable transfection of 

Ntng2 plasmids were examined in these cells. A transient transfection was sufficient to 

cause a significant increase in the percentage of KDM5CY751C cells with neurites, rising 

from 28.2 ± 1.9% to 46.7 ± 2.5% (U = 0, Z = 1.96, p = 0.0495, Mann-Whitney; Fig. 5B), 

without affecting this measure in KDM5CWT cells (p > .05, Mann-Whitney; Fig.5B). Once 

the KDM5CY751C cells were stably transfected following antibiotic selection, designated as 

KDM5CY751C + Ntng2 cell, the Ntng2 expression reached a significantly higher level than 

that of the control KDM5CY751C and KDM5CWT cells (U = 0, Z = 1.96, p = 0.0495 in both 

cases, Mann-Whitney; Fig.5C).

Accompanying Ntng2 up-regulation, the percentage of cells with neurites was also increased 

in the KDM5CY751C + Ntng2 cells, which became comparable to that of the KDM5CWT 

cells and significantly higher than that of the control KDM5CY751C cells (KDM5CWT: 65.4 

± 2.2 %; control KDM5CY751C: 33.5 ± 2.5 %; KDM5CY751C + Ntng2: 56.8 ± 2.8 %; U = 0, 
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Z = 2.3, p = 0.021, between control KDM5CY751C and KDM5CY751C + Ntng2 or 

KDM5CWT cells; p > 0.05 between KDM5CY751C + Ntng2 and KDM5CWT cells; Mann-

Whitney, Fig.5C). Therefore, the phenotype of short neurites in KDM5CY751C cells can be 

rescued by up-regulating Ntng2, suggesting that this gene indeed plays a role in the effect of 

KDM5CY751C mutation on neuronal development.

Discussion

An increasing number of mutations have been detected in the KDM5C gene among 

individuals with intellectual disability (Jensen et al., 2005, Tzschach et al., 2006, Adegbola 

et al., 2008, Rujirabanjerd et al., 2010, Santos-Reboucas et al., 2011). A majority of these 

individuals have additional symptoms, such as epilepsy, delayed language development, and 

impulsivity, which are more variable, exhibited by some individuals but not others. No 

explanation is currently available for the high degree of individual differences in symptoms. 

It is also not clear how KDM5C is implicated in discrete neurodevelopmental events, 

including neuronal differentiation, dendritic growth, and regulation of apoptosis, possibly 

involving different protein interaction partners and gene targets of KDM5C (Iwase et al., 

2007, Tahiliani et al., 2007). Our recent study of the Kdm5c deficient mice suggests that the 

dendritic abnormality seem to be particularly relevant to the behavioral phenotypes of these 

animals (Iwase et al., 2016), although it remains to be tested whether a Kdm5c deletion 

mutation affects neuronal development similarly to that of KDM5C patient mutations. 

Moreover, enzymatic activity analysis of KDM5C patient mutations indicates that they 

compromise the histone demethylase activity, i.e. they are loss-of-function mutations. 

However, no similar test has been done in neurons or animals.

To investigate the effects of KDM5C patient mutations on neuronal development, dendrite 

growth in particular, we expressed these mutations in N2a cells. These are mouse 

neuroblastoma cells that have gained increasing popularity in recent years for functionality 

studies, including analysis of guidance cues (e.g. Netrins, Slits, Ephrins, and Semaphorins) 

and cell adhesion molecules as well as intracellular signaling pathways, determining the 

contributions of these genes to neuronal differentiation, axon/dendrite growth, and cell 

migration (Goshima et al., 1993, Nakata and Troy, 2005, Jankowski et al., 2006, Dasgupta 

and Milbrandt, 2007, Shin et al., 2007, Yoong and Too, 2007, Schwaibold and Brandt, 2008, 

Chen et al., 2011, Hagiyama et al., 2011, Li et al., 2011, Takahashi et al., 2012, Ito et al., 

2014). In these studies, the gene of interest is typically mutated, knocked down, or over-

expressed in N2a cells, taking advantage of the high efficiency of plasmid transfection in 

these cells. Analytical procedures are then performed in these genetically modified cells, in 

particular the ones that require a large number of homogeneous cells, such as chromatin 

immunoprecipitation, gene expression, and protein pull-down assays. It is common in these 

and many other studies using N2a cells that findings obtained in N2a cells are subsequently 

reproduced or collaborated by analyses of primary neurons and/or animal models, either in 

the same or separate studies, lending credibility to the approach that we adopted in this 

project. Additional concerns for validity of this system include that, as neuroblastoma cells, 

N2a cells likely have a gene expression profile different from that of neural progenitor cells; 

the concentrations of the exogenous, mutant or wild type, KDM5C proteins in the stably 

transfected N2a cells are likely much higher than that found in a normal human cell, and 

Wei et al. Page 9

J Mol Neurosci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequently genes not normally regulated by KDM5C are now subjected to its regulation; 

ectopic regulation could also be due to a mix-match between a human KDM5C protein and 

the mouse genome of N2a cells. The concern of interspecific incompatibility is somewhat 

ameliorated by the high similarity between humans and mice in the KDM5C amino acid 

sequences (Agulnik et al., 1994), and the comparable enzymatic activities between the 

human and mouse KDM5C protein – a human KDM5C protein is capable of rescuing the 

morphological phenotype in rat neurons with Kdm5c deficiency (Iwase et al., 2007). 

Moreover, a crucial confirmation for us came from the RNA-seq analysis between the three 

cell lines, GFP, KDM5CWT, and KDM5CY751C, which led to a cluster of five genes 

important for neuron projection morphogenesis. This group of genes was in fact top-ranked 

among three clusters identified by functional annotation, and all five genes were up-

regulated by RA in GFP and KDM5CWT cells at adjusted p < .05; however, in line with the 

reduced neurite growth of KDM5CY751C cells, the five genes were not up-regulated by RA 

in these cells. Therefore, these N2a cells are indeed an informative model which provides 

clues to the candidate genes and pathways relevant to the phenotypes elicited by KDM5C 

mutations.

It's particularly exciting to identify Ntng2 as a target for KDM5C patient mutations which 

was down-regulated in the KDM5CY751C cells and likely contributed to the short neurite 

phenotype. Netrin G2, the protein product of Ntng2, is a glycosyl phosphatidyl-inositol-

linked membrane protein and a member of the Netrin family of axon guidance molecules 

(Rajasekharan and Kennedy, 2009). It is highly expressed in the developing brain, where it is 

typically anchored on the cell membrane and promotes the outgrowth of both axons and 

dendrites (Nakashiba et al., 2002). It has a close homologue Netrin G1, which is distributed 

in the brain in a complementary fashion. These two homologues bind to different 

postsynaptic receptor proteins – Netrin G1 with NGL1 while G2 with NGL2 (Nakashiba et 

al., 2002). Together they ensure the separation of afferent axons into segments along a 

dendrite based on the presence of Netrin G1 or G2 at the axonal terminal, creating dendritic 

segments that consist of primarily exhibitory or inhibitory synapses (Nishimura-Akiyoshi et 

al., 2007, DeNardo et al., 2012). In N2a cells, Ntng2 is up-regulated by RA, consistent with 

its role in neurite growth, as shown in the GFP and KDM5CWT cells. In contrast, in 

KDM5CY751C N2a cells, the KDM5CY751C protein was detected at the Ntng2 promoter 

using ChIP assays, concordant with the low levels of H3K4me3 at this DNA sequence and 

down-regulated Ntng2 expression. This mutation is within a Zinc finger domain, possibly 

affecting protein-protein and/or protein-DNA interaction. It is a gain-of-function mutation, 

at least in N2a cells, in contrast to the results of a prior analysis where all KDM5C 

mutations examined were found to compromise the H3K4 demethylase activity and thus 

categorized as loss-of-function mutations (Iwase et al., 2007). The Ntng2 down-regulation is 

likely related to the neurite growth deficits of KDM5CY751C N2a cells, since an over-

expression of Ntng2 successfully rescued this phenotype (Fig. 5). If Ntng2 is similarly 

down-regulated in individuals with this KDM5C mutation, neural circuits might be affected 

as a result, which in turn bring about neuropsychiatric symptoms. It should point out that, 

although we focused on Ntng2 as the target gene for KDM5C patient mutations, the other 

genes identified by RNA-seq, e.g. Dscam, Gas1, Enah, and Slit2, could also play a role in 
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the neurite phenotype. In fact, a great deal could be learned about neurite growth of N2a 

cells from an ongoing bioinformatics analysis of the RNA-seq datasets.

It's not clear why neurite growth of N2a cells is affected by some KDM5C patient mutations 

but not other ones. No clear pattern can be readily made between the two types of mutations, 

not by the clinical features or by locations in the KDM5C protein. One interesting possibility 

is that different neurodevelopmental processes might be affected by different mutations, with 

some mutations causing changes in neuronal differentiation or apoptosis instead of dendritic 

growth. More information will likely become available soon about the functional relevance 

of its protein motifs from the large scale, genome-wide association studies, which will 

identify a large number of KDM5C sequence variations and the associated physiological 

features. At the same time, biochemical analysis could be informative by determining the 

KDM5C protein interaction partners and its genomic binding sites. One excitement is to 

perform this type of analysis in iPSCs derived from patients.

On the other hand, a similar phenotype of reduced neurite growth was noticed in various 

model systems, including N2a cells with KDM5C patient mutations, Kdm5c knockdown 

N2a cells, and cultured neurons deficient for Kdm5c. However, different genes seem to be 

affected by a mutant KDM5C protein and a deficiency of this protein. For one, the mutant 

KDM5C could target genes different from that of the wild type KDM5C protein. It is also 

possible that KDM5C deficiency might be compensated for by its homologues (e.g. 

KDM5A, KDM5B, and KDM5D), which is less likely if the mutant KDM5C proteins 

continue their occupation at the target genes. Both Kdm5c KD and KO cells grow shorter 

neurites without Ntng2 down-regulation; there are therefore other genes in these cells that 

are misregulated and responsible for the neurite reduction. It remains a possibility that these 

genes and Ntng2 are implicated in the same genetic pathways.

In sum, we established N2a cell lines stably transfected with KDM5C mutations, and 

demonstrated the merits of this model system for identification of genes targeted by these 

mutations. We verified specifically that Ntng2 is down-regulated by KDM5CY751C, and it 

mediates the effects of this mutation on neurite growth. These results shed new light on the 

pathogenesis of KDM5C mutations.
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Figure 1. Establishment of Neuro2a cell lines stably expression wild type or patient mutant 
KDM5C
(A) Schematic representation of the functional motifs of the KDM5C protein and selective 

mutations relevant to the current study. (B) Stable expression of the exogenous copies of 

KDM5C was confirmed by immunocytochemical detection of HA, which was localized to 

the nuclei of the transfected cells.
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Figure 2. The effect of KDM5C mutations on neuronal development
(A) Neurite growth was elicited by RA in N2a cells stably transfected with KDM5CWT or 

mutant KDM5C and morphological analysis was performed after a 12 hr incubation. Images 

were taken using an inverted phase contrast microscope (Leica DMIL). (b) Specific patient 

mutations caused lower percentages of cells with neurites (KDM5CH514A, KDM5CF642L, 
and KDM5CY751C) and short neurite lengths (KDM5CH514A and KDM5CY751C) relative to 

that of N2a cells expressing wild type KDM5C in response to the RA treatments (*: p < 

0.05, **: p < 0.01). In addition, there was a difference in percentage of neurited cells 

between the KDM5CWT and GFP N2a cells. At least 6 independent samples were examined 

per cell line and four images per sample were quantified representing the four quadrants of a 

well. (c) Cultured hippocampal neurons were shown to grow shorter and fewer dendrites 

when transfected with KDM5CY751C compared to that of KDM5CWT. The transfected 

neurons were identified by EYFP that is encoded by the plasmid (i.e. pLenti-KDM5C-IRES-

EYFP) and not fused with KDM5C. (D) Extended RA incubation to 72 hrs did not increased 

the percentage of cells with neurites in KDM5CY751C N2a cells relative to that of the 

KDM5CWT N2a cells.
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Figure 3. Ntng2 down-regulation by KDM5C mutations
Ntng2 expression was quantified with RT-qPCR assays and found to be down-regulated in 

the KDM5CH514A, KDM5CF642L, and KDM5CY751C N2a cells relative to that of the 

KDM5CWT cells. Three independent samples per cell line were included in the analysis and 

relative expression was calculated using the AACt formula with Gapdh expression as 

reference. *: p < .05, Mann-Whitney U test. (b) ChIP assays indicated that, at the Ntng2 

promoter (-65bp to -142bp), the H3K4me3 levels were decreased while that of exogenous 

KDM5C proteins were increased in the KDM5CY751C N2a cells compared to that of 

KDM5CWT or GFP N2a cells (*: p < .05, Mann-Whitney). The KDM5C levels were 

estimated by ChIP analysis of the HA tag. Three independent chromatin samples per cell 

line were processed. (c) Western blotting suggested that the global levels of H3K4me3 and 

HA-KDM5C were comparable between the GFP, KDM5CWT, and KDM5CY751C N2a cells.
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Figure 4. Kdm5c deficiency caused reduced neurite growth but not Ntng2 down-regulation
Dendritic lengths were shorter in cultured Kdm5c KO hippocampal neurons relative to that 

of WT neurons, and percentages of cells with neurites were lower in Kdm5c knockdown 

N2a cells than that treated with control shRNA particles. However, no difference in Ntng2 
expression was detected in either case.
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Figure 5. Ntng2 down-regulation mediated the effect of KDM5C mutations on neurites
(A) Expression of Ntng2 was suppressed in N2a cells treated with lentiviral particles 

encoding gene-specific shRNAs (Ntng2 shRNA), leading to significantly lower percentages 

of cells with neurites, compared to that of control cells treated with non-gene targeting viral 

particles (Ctrl shRNA). (B) The percentages of cells with neurites were significantly higher 

in KDM5CY751C cells transiently transfected with Ntng2 plasmids than control 

KDM5CY751C cells, although no difference was found between the KDM5CWT cells with 

and without transient Ntng2 transfection. Cells transfected with Ntng2 were identified by the 

plasmid-derived His tag, immunolabeled and visualized with Alexa fluor 594. (c) In 

KDM5CY751C cells stably transfected with Ntng2 plasmids (Y751C + Ntng2), Ntng2 
expression was significantly increased compared to that of KDM5CY751C or KDM5CWT 

cells; the percentages of cells with neurites were comparable to that of KDM5CWT cells and 

significantly higher than that of KDM5CY751C cells.
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Table 1
Reduced neurite growth of N2a cells with KDM5C patient mutations

Percentage of cells with neurites and total neurite length per cell were measured after 24 hrs of retinoic acid 

treatment, shown below as mean ± standard error. Six independent samples per cell line were examined.

Cell Line % Cells with Neurites Total Length of Neurites (μm)

GFP 68.17 ± 2.6* 54.9 ± 6.2

WT 58.5 ± 3.3 55.1 ± 3.4

D87G 51.1 ± 2.6 59.7 ± 5.4

A388P 49.8 ± 3.6 57.9 ± 3.4

H514A 48.1 ± 3.3* 37.1 ± 4.1*

F642L 36.6 ± 1.5** 47.3 ± 3.6

Y751C 27.9 ± 3.9** 35.2 ± 5.5*

*
p< 0.05,

**
p <0.0001, t-test relative to cells transfected with wild type KDM5C (WT).
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Table 2

Differential expression of RA-responsive genes between GFP, KDM5CWT, and 

KDM5CY751C N2a cells identified in RNA-seq analysis

These genes were found to be up- or down-regulated by RA in GFP and KDM5CWT (adjusted p < .05) but not 

KDM5CY751C N2a cells. FC: fold change in the number of reads between the cells with and without RA. 

Biological Processes are shown below only one identified by functional annotation (David Bioinformatics 

Resources, https://david.ncifcrf.gov), and genes involved in these processes are highlighted.

Symbol Gene Name FC (GFP) FC (KDM5CWT) Biological Process

RA-Induced Gene Up-Regulation

Ccnjl cyclin J-like 7.77 11.83

Gas1 growth arrest specific 1 3.58 3.70

Neuron Project Morphogenesis / 
Chordate Embryonic 
Development / Regulation of 
Apoptosis

Rasl10b RAS-like, family 10, member B 3.09 3.91

Ntng2 netrin G2 2.75 2.99 Neuron Project Morphogenesis

Gnb3 guanine nucleotide binding protein (G protein), 
beta 3 2.93 2.72

F630110N24Rik RIKEN cDNA F630110N24 gene 2.96 1.70

Aifm2 apoptosis-inducing factor, mitochondrion-
associated 2 2.04 2.51 Regulation of Apoptosis

Frmpd1 FERM and PDZ domain containing 1 2.31 2.17

Tcp11l2 t-complex 11 (mouse) like 2 2.42 1.84

Dscam Down syndrome cell adhesion molecule 1.76 2.49 Neuron Project Morphogenesis

Rec8 REC8 homolog (yeast) 2.32 1.91

Gfi1 growth factor independent 1 2.24 1.99

Procr protein C receptor, endothelial 1.77 2.35

5730409E04Rik RIKEN cDNA 5730409E04Rik gene 1.92 2.12

Rnd2 Rho family GTPase 2; predicted gene 4768 1.90 1.93

Isoc1 isochorismatase domain containing 1 1.52 2.30

Gm8909 predicted gene 8909 1.77 1.94

Zfp809 zinc finger protein 809 1.70 2.00

8430427H17Rik RIKEN cDNA 8430427H17 gene 2.21 1.43

Zfp438 zinc finger protein 438 1.71 1.93

Ttc8 tetratricopeptide repeat domain 8 2.22 1.38

Ttc28 tetratricopeptide repeat domain 28 1.63 1.97

Gpr124 G protein-coupled receptor 124 1.89 1.56

Bicd1 bicaudal D homolog 1 (Drosophila) 1.53 1.81

Dedd2 death effector domain-containing DNA binding 
protein 2 1.59 1.65 Regulation of Apoptosis

Snhg12 hypothetical protein LOC100039864 1.54 1.63

Phyh phytanoyl-CoA hydroxylase 1.52 1.63
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Symbol Gene Name FC (GFP) FC (KDM5CWT) Biological Process

Dcun1d3 DCN1, defective in cullin neddylation 1, domain 
containing 3 (S. cerevisiae) 1.42 1.71 Regulation of Apoptosis

Zfp445 zinc finger protein 445 1.47 1.62

1700017B05Rik septin 14; RIKEN cDNA 1700017B05 gene 1.65 1.41

Slc25a20 solute carrier family 25 (mitochondrial carnitine/
acylcarnitine translocase), member 20 1.52 1.53

Slit2 slit homolog 2 (Drosophila) 1.54 1.45 Neuron Project Morphogenesis

Ncoa3 nuclear receptor coactivator 3 1.54 1.43

Eml5 echinoderm microtubule associated protein like 5 1.52 1.44

Uck1 uridine-cytidine kinase 1; predicted gene 4482 1.44 1.51

Ofd1 oral-facial-digital syndrome 1 gene homolog 
(human) 1.53 1.41

Ptpn21 protein tyrosine phosphatase, non-receptor type 
21 1.53 1.40

Arhgef10l Rho guanine nucleotide exchange factor (GEF) 
10-like 1.40 1.49

Enah enabled homolog (Drosophila) 1.40 1.41 Neuron Project Morphogenesis / 
Chordate Embryonic Development

Ucp2 uncoupling protein 2 (mitochondrial, proton 
carrier) 1.33 1.40

RA-Induced Gene Down-Regulation

Pde9a phosphodiesterase 9A 0.27 0.30

Cdh22 similar to cadherin 22; cadherin 22 0.33 0.31

Tgfb3 transforming growth factor, beta 3 0.43 0.43
Chordate Embryonic 
Development / Regulation of 
Apoptosis

Sertad1 SERTA domain containing 1 0.28 0.59

Tcf7l2 transcription factor 7-like 2, T-cell specific, 
HMG-box 0.40 0.47 Chordate Embryonic Development

Tmtc1 transmembrane and tetratricopeptide repeat 
containing 1 0.40 0.49

Ctla2b cytotoxic T lymphocyte-associated protein 2 beta 0.55 0.40

Igfbp7 insulin-like growth factor binding protein 7 0.50 0.49

Mapk10 mitogen-activated protein kinase 10 0.59 0.54

Adck4 aarF domain containing kinase 4 0.59 0.53

Plod2 procollagen lysine, 2-oxoglutarate 5-dioxygenase 
2 0.58 0.58

Pmp22 peripheral myelin protein 22 0.69 0.49

Mical2 microtubule associated monoxygenase, calponin 
and LIM domain containing 2 0.57 0.62

Plekha2 pleckstrin homology domain-containing, family 
A (phosphoinositide binding specific) member 2 0.67 0.53

Ets1 E26 avian leukemia oncogene 1, 5′ domain 0.62 0.59

Rgs9 regulator of G-protein signaling 9 0.64 0.58

Slc44a1 solute carrier family 44, member 1 0.72 0.55

Capn6 calpain 6 0.63 0.66
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Symbol Gene Name FC (GFP) FC (KDM5CWT) Biological Process

Brp44l
similar to brain protein 44-like protein; brain 
protein 44-like; predicted gene 3452; predicted 
gene 8219

0.71 0.59

Cxxc4 CXXC finger 4; similar to Dvl-binding protein 
Idax 0.63 0.68

Zeb2 zinc finger E-box binding homeobox 2 0.67 0.66 Chordate Embryonic Development

Rab3c similar to RAB3C, member RAS oncogene 
family; RAB3C, member RAS oncogene family 0.72 0.60

Uqcrh predicted gene 14088; ubiquinol-cytochrome c 
reductase hinge protein 0.70 0.65

Slc6a8 solute carrier family 6 (neurotransmitter 
transporter, creatine), member 8 0.66 0.69

Abat 4-aminobutyrate aminotransferase 0.67 0.68

Wipi1 WD repeat domain, phosphoinositide interacting 
1 0.74 0.63

Scrn1 secernin 1 0.69 0.71

Wbp5 WW domain binding protein 5 0.73 0.69

G2e3 G2/M-phase specific E3 ubiquitin ligase 0.69 0.75
Chordate Embryonic 
Development / Regulation of 
Apoptosis

Fn1 fibronectin 1 0.74 0.72

Spock2 sparc/osteonectin, cwcv and kazal-like domains 
proteoglycan 2 0.73 0.74

Plcxd3 phosphatidylinositol-specific phospholipase C, X 
domain containing 3 0.75 0.72

1700025G04Rik RIKEN cDNA 1700025G04 gene 0.72 0.75

Slc4a7 solute carrier family 4, sodium bicarbonate 
cotransporter, member 7 0.73 0.75

Me2 malic enzyme 2, NAD(+)-dependent, 
mitochondrial 0.74 0.76
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