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SUMMARY

Mutations in KDM5 family histone demethylases
cause intellectual disability in humans. However,
the molecular mechanisms linking KDM5-regulated
transcription and cognition remain unknown. Here,
we establish Drosophila as a model to understand
this connection by generating a fly strain harboring
an allele analogous to a disease-causing missense
mutation in human KDM5C (kdm5A512P). Transcrip-
tome analysis of kdm5A512P flies revealed a striking
downregulation of genes required for ribosomal as-
sembly and function and a concomitant reduction
in translation. kdm5A512P flies also showed impaired
learning and/or memory. Significantly, the behavioral
and transcriptional changes in kdm5A512P flies were
similar to those specifically lacking demethylase
activity. These data suggest that the primary defect
of the KDM5A512P mutation is a loss of histone
demethylase activity and reveal an unexpected role
for this enzymatic function in gene activation.
Because translation is critical for neuronal func-
tion, we propose that this defect contributes to the
cognitive defects of kdm5A512P flies.

INTRODUCTION

Patients with intellectual disability (ID) show an impaired ability to

reason, learn, and solve problems and are defined by a score of

less than 70 in an IQ test. Mutations in over 400 genes have been

implicated in ID, although the underlying molecular links be-

tween genotype and phenotype for most of these genes remain

unknown (Oortveld et al., 2013). Proteins that bind, remodel, or

modify chromatin play key roles during development, and their

dysfunction is linked to many diseases, including neurodevelop-

mental disorders like ID (Johansson et al., 2014). We focus here

on one chromatin modifier, KDM5, that is essential for cognition

in mammals and acts by binding to, and enzymatically altering,

the tail region of histone H3. Mammals encode four KDM5 paral-

ogs, KDM5A, KDM5B, KDM5C, and KDM5D, while organisms

with smaller genomes such asDrosophila andC. elegans encode

a single KDM5 protein. KDM5 family proteins share a similar
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domain structure that allows them to influence gene expression

through several distinct mechanisms. The Jumonji C (JmjC)

domain is the enzymatic core of KDM5 proteins, and its only

known role is to demethylate histone H3 that is trimethylated at

lysine 4 (H3K4me3) (Klose and Zhang, 2007). In addition to

removing H3K4me3, KDM5 proteins have two other domains

that recognize the methylation status of H3K4. The C-terminal

PHD motif binds to H3K4me2/3 and the N-terminal PHD recog-

nizes histone H3 that is unmethylated at lysine 4 (H3K4me0)

(Li et al., 2010; Torres et al., 2015; Wang et al., 2009). In addition

to chromatin-based activities, KDM5 can also bind DNA in vitro

through its A/T-rich interaction domain (ARID) (Tu et al., 2008;

Yao et al., 2010).

In all organisms examined, KDM5 proteins bind predominantly

to promoter regions surrounding the transcriptional start site

(TSS) (Iwase et al., 2016; Liu and Secombe, 2015; Lopez-Bigas

et al., 2008; Xie et al., 2011). Onemeans bywhich KDM5 proteins

find their target genes is through interactions with sequence-

specific transcription factors, including E2F, Myc, Foxo, and

the Su(H) complex that acts downstream of Notch signaling

(Liefke et al., 2010; Liu et al., 2014; Secombe et al., 2007; van

Oevelen et al., 2008). Once at a promoter, KDM5 can affect tran-

scription by demethylating promoter H3K4me3, which is a hall-

mark of transcriptionally active genes (Johansson et al., 2014).

This activity is therefore primarily thought of as repressing target

gene expression, a prediction that holds true for someKDM5 tar-

gets (Christensen et al., 2007). KDM5 proteins can also repress

or activate transcription by demethylase-independent mecha-

nisms. For example, KDM5 proteins can interact with the

NuRD chromatin remodeling and sin3A/HDAC histone deacety-

lase complexes that impact transcription by altering nucleosome

positioning and histone acetylation mechanisms, respectively

(Barrett et al., 2007; Gajan et al., 2016; Lee et al., 2007, 2009;

Nishibuchi et al., 2014).

In humans, mutations in KDM5A, KDM5B, and KDM5C are

found in patients with ID, implicating KDM5-regulated transcrip-

tion in the development or activity of neuronal tissues (Vallianatos

and Iwase, 2015). KDM5D is Y-linked, and its role in cognition re-

mains uncharacterized. Mutations in KDM5C are the most well

studied and are predicted to account for 0.7%–3% of males

with X-linked ID (XLID) (Gonçalves et al., 2014; Ropers andHamel,

2005). To date, 31 mutations in KDM5C have been observed

segregating in familieswith non-syndromic or syndromic ID (Gon-

çalves et al., 2014; Grafodatskaya et al., 2013; Vallianatos and
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Iwase, 2015). One mutation in KDM5A has been identified in a

family study of autosomal recessive non-syndromic ID (Najma-

badi et al., 2011). Notably, this missensemutation affects an argi-

nine that is also found altered in KDM5C in XLID patients,

providing additional support for a causal link between this muta-

tion and cognitive defects (Tzschach et al., 2006). Genome-wide

correlative studies have also identified nine missense, nonsense,

and frameshiftmutations inKDM5B inautismpatientswhodisplay

ID (De Rubeis et al., 2014; Iossifov et al., 2014). While nonsense

and frameshift mutations are expected to result in a loss of

KDM5 proteins, missense mutations are more likely to alter the

transcription of a clinically relevant subset of target genes.

Emphasizing the importance of residues affected bymissense al-

leles, all disease-associated mutations in KDM5A, KDM5B, and

KDM5Ccharacterized todate occur in amino acids that areevolu-

tionarily conserved between humans and Drosophila.

Current models propose that disrupting the enzymatic activity

of KDM5 proteins leads to cognitive impairment in human pa-

tients (Vallianatos and Iwase, 2015). Consistent with this, eight

of nine missense mutations in KDM5C examined show signifi-

cantly reduced in vitro histone demethylase activity (Brookes

et al., 2015; Iwase et al., 2007; Rujirabanjerd et al., 2010; Tahiliani

et al., 2007). However, these effects were modest (%2-fold), and

nomutant proteins have been examined for demethylase activity

defects in an in vivo context. This point is particularly salient in

light of the fact that missense mutations in KDM5 proteins do

not cluster in the catalytic JmjC domain and are instead spread

throughout the protein (Vallianatos and Iwase, 2015). Whether

the enzymatic activity of KDM5 proteins is a critical contributor

to neuronal function therefore remains unknown.

Direct genotype-phenotype investigations in human patients

have been confounded by the variability in clinical presentation

of patients with a mutation in KDM5C. Mutations predicted to

be genetic null alleles cause mild to severe ID and can be non-

syndromic or syndromic with other features such as short stat-

ure, seizures, and aggression (Gonçalves et al., 2014; Tzschach

et al., 2006). Diverse genetic backgrounds may contribute to

this variability. In addition, clinical severity may be influenced

by the efficiency of compensation by other KDM5 family proteins

since KDM5B expression was upregulated in lymphoblastoid

cells from a patient with a frameshift KDM5C mutation (Jensen

et al., 2010).

The molecular links between KDM5 family proteins and

neuronal (dys)function remain unclear, underscoring the need

for a genetically amenable model. A major step forward in this

goal came from the generation of a KDM5C knockout mouse

strain designed to model the effects of nonsense and other mu-

tations expected to result in a complete loss of KDM5C gene

function (Iwase et al., 2016; Scandaglia et al., 2017). KDM5C

knockout mice had defective learning, aberrant social interac-

tions, hyperreflexia, and propensity for seizures. Despite recapit-

ulating many of the clinical features of patients with mutations in

KDM5C, genome-wide transcriptome analyses of frontal cortex

and amygdala neurons in KDM5C knockout mice did not reveal

any clear pathways linked to ID (Iwase et al., 2016). An additional

animal model could therefore provide insight into the genes and

pathways that are dysregulated by ID-associated mutations in

KDM5 family proteins.
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Drosophila is a well-established model to investigate the mo-

lecular and cellular defects underlying human neurodevelop-

mental disorders (Oortveld et al., 2013; van der Voet et al.,

2014). Here, we establish Drosophila as a model for understand-

ing the mechanisms linking mutations in KDM5 family proteins

and cognitive defects. Specifically, we generated a fly strain

harboring a missense allele of kdm5 analogous to a mutation in

KDM5C found in ID patients that does not alter protein levels

(kdm5A512P). We show that kdm5A512P mutant flies have learning

and/or memory deficits and define the gene expression defects

associated with this allele. These analyses revealed a striking

dysregulation of genes involved in cytoplasmic translation that

we propose to be a key cause of the cognitive phenotypes asso-

ciated with this mutation.

RESULTS

The ID-Associated Allele kdm5A512P Disrupts
Transcription
Mutations in KDM5 family genes result in cognitive phenotypes

in humans and mice (Vallianatos and Iwase, 2015). To establish

Drosophila as a model to define the molecular defects of

disease-associated alleles, we generated a mutation in fly

kdm5 equivalent of the human disease-associated mutation

KDM5CA388P (kdm5A512P) (Jensen et al., 2005). The kdm5A512P

mutation lies between the N-terminal PHD motif that binds to

histone H3 (Li et al., 2010) and the JmjC demethylase domain

(Figure 1A). Because the mutation lies outside of the histone

H3 binding region of the PHD motif, it is not expected to disrupt

this activity. It is, however, likely to affect the adjacent JmjC

domain, as KDM5CA388P decreases in vitro demethylase activity

toward a histone peptide substrate by 55% (Iwase et al., 2007).

The extent of its enzymatic defects in vivo is unknown. Thus, it is

not clear whether the cognitive effects of this allele are caused by

its attenuated enzymatic activity or whether this mutant protein

has additional defects.

We previously generated transgenes encoding wild-type

KDM5 or a JmjC domain point mutant form of KDM5 that abol-

ishes demethylase activity, that are expressed under the control

of the kdm5 endogenous promoter (Li et al., 2010; Navarro-

Costa et al., 2016). We similarly generated a transgene encoding

KDM5A512P. The wild-type, demethylase inactive (kdm5JmjC*)

and kdm5A512P transgenes were crossed into a kdm5140 null

mutant background such that the transgene was the sole source

of KDM5. kdm5JmjC* and kdm5A512P homozygous mutant flies

were viable, appeared morphologically normal, and expressed

KDM5 at wild-type levels (Figure 1B). To determine the enzy-

matic deficit of KDM5A512P, we quantified levels of H3K4me3

as an indirect measure of demethylase activity and found a

2-fold increase in this chromatin mark that was indistinguishable

from the demethylase-inactive kdm5JmjC* strain (Figures 1B

and 1C). This suggests that the KDM5A512P point mutation has

a more severe effect on enzymatic activity in vivo than predicted

based on in vitro data.

Defining how ID-associated mutations in KDM5 disrupt its

ability to regulate transcription is key to understanding their

link to disease. Because KDM5 is a nuclear-localized protein

founduniformly throughout the adultDrosophilabrain (Figure 2A),



Figure 1. Generation of the ID-Associated Mutation kdm5A512P

(A) Drosophila A512P mutation and homology between human KDM5C and fly

KDM5.

(B) Western showing levels of KDM5, H3K4me3, and histone H3.

(C) Quantification of H3K4me3:H3 ratio. H3K4me3 levels are 1.9 ± 0.08- and

1.8 ± 0.1-fold higher, respectively (**p = 0.002; ***p = 0.0007). Data are shown

as mean ± SEM.
we carried out mRNA sequencing (mRNA-seq) from whole

kdm5A512P mutant adult heads. Compared to kdm5WT,

kdm5A512P mutants had 1,609 differentially expressed genes,

778 of which were upregulated and 831 of which were downre-

gulated (1% false-discovery rate [FDR]; Figure 2B; Table S1).

We further categorized dysregulated genes into direct and indi-

rect targets using chromatin immunoprecipitation sequencing

(ChIP-seq) data generated using adult flies (Liu and Secombe,
2015), and found that 20% of affected genes had significant

KDM5 binding at their promoter region (p = 5.1e-08). KDM5A512P

affects the ability of KDM5 to activate and repress transcription,

since 16% of upregulated and 24% of downregulated genes

are direct targets (Figure 2B; Table S1). As previously seen in

Drosophila and mammalian systems, changes to gene expres-

sion of direct and indirect targets were mild (Iwase et al., 2016;

Liu et al., 2014; Liu and Secombe, 2015; Lopez-Bigas et al.,

2008; Lussi et al., 2016) (Figure 2C). Because KDM5A512P affects

histone demethylase activity, we also carried out RNA-seq of

kdm5JmjC* adult heads to determine the extent to which loss of

enzymatic activity contributed to the transcriptional defects

of kdm5A512P animals. Examining all 1,609 genes that were dys-

regulated in kdm5A512P revealed that these changes were strik-

ingly similar in kdm5JmjC* flies (r = 0.9; p < 0.0001; Figure 2D).

The loss of enzymatic activity is therefore likely to be the primary

defect of the KDM5A512P mutant protein.

Transcriptome Analyses of kdm5A512P and kdm5JmjC*

Reveal the Downregulation of Genes Required for
Ribosome Function
To determine whether genes dysregulated in kdm5A512P and

kdm5JmjC* were enriched for functional categories, we utilized

programs that mine gene ontology (GO) information, including

GO David (Huang et al., 2009) and GOrilla (Eden et al., 2009).

The most significantly enriched category of genes affected in

the kdm5A512P and kdm5JmjC* datasets was cytoplasmic transla-

tion, a process well-established to be essential in forming long-

term memories (Figure 3A) (Korte and Schmitz, 2016). All genes

in this category were downregulated and 92%were direct KDM5

targets. Interestingly, this included genes involved in several

aspects of translation, including 34 ribosomal protein (39% of

all Rp) genes, genes involved in ribosomal RNA processing

and modification (e.g., fibrillarin, Nop5, hoi-palloi), and factors

necessary for translation initiation and elongation (e.g., eIF3b,

eEF1gamma) (Aylett and Ban, 2017). Other GO-enriched cate-

gories were consistent with a role for KDM5 in neuronal function,

including synapse function and G-protein-coupled signaling

(Figure 3A). Genes in these categories did not have an

associated KDM5 ChIP peak at their promoters so are likely to

be indirectly affected in kdm5A512P and kdm5JmjC* mutant flies.

Dysregulated genes required at synapses and in cell-cell

communication included genes that encode immunoglobulin

domain transmembrane proteins involved in determining the

specificity of synaptic connections between neurons and their

target cells (Carrillo et al., 2015). Within the G-protein signaling

category, notable genes included those required for the

production (Tdc1, Tdc2) and reception (Oamb, Octbeta3R) of

the neurotransmitter octopamine that is well-established to

be necessary for appetitive olfactory short-term learning and

memory (Kim et al., 2013).

Based on the large number of genes required for translation

that were downregulated in kdm5A512P and kdm5JmjC* brains,

and the importance of this process to cognition, we directly

assessed levels of de novo translation. Consistent with our tran-

scriptome data, heads from kdm5A512P and kdm5JmjC* mutant

flies fed the aminoacyl tRNA analog puromycin showed a

2-fold reduction in nascent polypeptide synthesis (Figures 3B
Cell Reports 22, 2359–2369, February 27, 2018 2361



Figure 2. KDM5 Is Broadly Expressed in

Nuclei of the Adult Brain and Is Required

for Normal Gene Expression Programs

(A) kdm5WT adult brain of showing KDM5:HA

expression using an anti-HA antibody. (A0, A00, A%)
Pars intercerebralis region showing nuclear local-

ized KDM5:HA (A0), DAPI (A00), and amerged image

(A%). Scale bar, 50 microns.

(B) Direct and indirect differentially expressed

genes (DEGs) in kdm5A512P heads using a 1% FDR

cutoff.

(C) Boxplot showing range of changes to gene

expression.

(D) Correlation between gene expression changes

in kdm5A512P and kdm5JmjC* for all 1,609 DEGs

(1% FDR).
and 3C). Importantly, ribosome function was unaffected in

thorax tissue, suggesting that reduced translation is not globally

affected in kdm5A512P and kdm5JmjC* animals (Figure 3D).

Co-feeding of puromycin and the protein synthesis inhibitor

cycloheximide served as a specificity control in these assays

(Figures 3C and 3D).

The Demethylase Activity of KDM5 Is Required for
Transcriptional Activation
Because H3K4me3 is associated with the promoter region of

actively transcribed genes (Greer and Shi, 2012), KDM5-medi-

ated demethylation is traditionally thought to lead to transcrip-

tional repression. Accordingly, 37% of the KDM5-bound genes

dysregulated in kdm5A512P and kdm5JmjC* were upregulated.

However, the remaining 63% of directly regulated genes were

downregulated, implicating the demethylase activity of KDM5

in gene activation. We therefore examined levels of promoter
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H3K4me3 at KDM5-bound genes whose

expression was upregulated (gb, l(2)gl,

CG14803, defl), downregulated (RpS27,

Rack1, Fib, l(1)G0020, Nop60B), or unaf-

fected (ash1 andmsl-2) in kdm5JmjC* flies.

These analyses revealed that genes in

all three classes showed significantly

increased levels of promoter H3K4me3

(Figure 4A). Increased H3K4me3 levels

therefore did not correlate with the

changes to gene expression observed.

To confirm that the changes to gene

expression were not a consequence of

the mutant KDM5JmjC* protein failing to

be recruited to some or all of its target

promoters, we analyzed promoter bind-

ing by ChIP. As shown in Figure 4B,

KDM5WT and KDM5JmjC* are recruited

equivalently to promoters of upregulated

and downregulated genes.

One means by which KDM5 could

activate and repress transcription in a

context-dependent manner is through

recruitment by distinct transcription fac-
tor complexes at target promoters. However, interrogation of

KDM5-bound sequences at genes that were dysregulated in

kdm5A512P and kdm5JmjC* using MEME-ChIP did not reveal

any significant enrichment for any known transcription factor

binding sites (Machanick and Bailey, 2011). Likewise, the DNA

binding ARID motif of KDM5 is unlikely to contribute to promoter

recruitment as no significant enrichment was observed for its

known in vitro binding site CCGCCC (Tu et al., 2008). We there-

fore explored the differences between direct KDM5 target genes

that were upregulated or downregulated in kdm5A512P and

kdm5JmjC* by analyzing their core promoter regions using

CentriMo (Bailey and Machanick, 2012). The TSS ± 100 bp of

downregulated genes were enriched for two sequences with

known cognate binders. Binding sites for the insulator protein

BEAF-32 were observed upstream of the TSS (p = 2.4e-9)

(Figure 5A). We confirmed this correlation using BEAF-32

ChIP-seq data generated using cultured Drosophila S2 cells



Figure 3. kdm5A512P and kdm5JmjC* Flies Show Reduced Translation in Head Tissue

(A) GO analyses using 1,293 DEGs that met the 1% FDR statistical cutoff for both kdm5A512P and kdm5JmjC*.

(B) Quantitation of head:thorax ratio of puromycin incorporation after histone H3 normalization. *p = 0.02; **p = 0.01. n = 3. Data are shown as mean ± SEM.

(C) Anti-puromycin and anti-histone H3 (loading control) western blots using adult heads. Flies were fed puromycin (lanes 1–3) or puromycin and cycloheximide

(lanes 4–6). Genotypes are as indicated.

(D) Thorax tissue from head samples shown in (C).
(Nègre et al., 2010) (p = 2.2e-16; Figures 5B and 5C). Slightly

downstream of the TSS, E-box sequences were enriched

(CACGTG; p = 2.1e-9; Figure 5A). Although the E-box motif is

bound by several basic-helix-loop-helix (bHLH) transcription

factors, we focused on the transcription factor Myc because it

is a well-established activator of genes required for translation

and cell growth (Gallant, 2013). Additionally, Myc genetically

and physically interacts with KDM5 in Drosophila and mice

(Li et al., 2010; Outchkourov et al., 2013; Secombe et al.,

2007). We therefore compared our data to the Myc bound and

regulated targets identified using S2 cells (Herter et al., 2015)

and found that 28%of KDM5 downregulated geneswere directly

regulated by Myc (p = 2.5e-7; Figures 5B and 5C). A significant

number of KDM5 targets were also bound by both Myc and

BEAF-32 (p = 2.2e-16; Figure 5C).

Similar analyses of the TSS ± 100-bp region of upregulated

genes showed modest enrichment for two transcription factors,

Medea and Tramtrack. Medea sites were observed surrounding

the TSS (Med; p = 6.7e-3), whereas Tramtrack sites were down-
stream of the TSS (Ttk; p = 2e-3; Figure 5D). Ttk is a transcription

factor with established roles in a number of processes, including

neuronal and neuromuscular development (Chaharbakhshi and

Jemc, 2016). Ttk ChIP data are not available, preventing us from

verifying the enrichment for this transcriptional repressor at

KDM5 targets.Medea interactswithMad tomediate the transcrip-

tional consequences ofBMP/TGF-b signaling that is necessary for

many developmental processes (Hamaratoglu et al., 2014). Using

ChIP-seq data from cultured Kc cells in response to exogenous

treatment with a Drosophila BMP, Decapentaplegic (DPP) (Van

Bortle et al., 2015), we confirmed the overlap between KDM5

upregulated genes and those bound by Medea (p = 5e-4; Figures

5E and 5F). KDM5 may therefore act at a subset of BMP/Medea-

regulated genes to facilitate transcriptional repression.

kdm5A512P and kdm5JmjC* Mutant Flies Show Short- and
Long-Term Cognitive Phenotypes
To characterize the cognitive deficits of kdm5A512P and

kdm5JmjC* flies, we tested their ability to form and/or retrieve
Cell Reports 22, 2359–2369, February 27, 2018 2363



Figure 4. Analyses of Promoter H3K4me3 Levels and KDM5

Recruitment

(A) Anti-H3K4me3 and control IgG ChIP from kdm5WT and kdm5JmjC* flies

using primers near the TSS. Shown as a ratio compared to wild type. Data are

represented as mean ± SEM. *p < 0.05.

(B) Anti-HA (KDM5) and control IgG ChIP from kdm5WT and kdm5JmjC* flies

showing similar promoter recruitment at genes that were upregulated or

downregulated in RNA-seq analyses.
memories using an appetitive associative olfactory learning

assay. In this assay, flies are trained by pairing a sucrose reward

with an air current containing 4-methylcyclohexanol (MCH) or

octanol (OCT). The ability to remember the sucrose-associated

odor is then tested using a T-maze by presenting both odors

simultaneously in the absence of a reward for 2 min. A key

advantage of this system is that a single round of training is

sufficient to form short-term and long-term memories that are

formed independently of each other through distinct mecha-

nisms (Trannoy et al., 2011).

In the absence of training, kdm5WT, kdm5A512P, and kdm5JmjC*

flies did not show apreference for eitherMCHorOCT (Figure 6A).

After training, wild-type flies formed robust short- and long-

term memories and show a clear preference for the sucrose-

associated odor (Figures 6B and 6C). In contrast, kdm5A512P

and kdm5JmjC* flies showed a significant defect at 5 min and

9 hr, and so had reduced short- and long-term learning and/or

memory (Figures 6B and 6C). This assay relies on the ability to

smell MCH andOCT, which flies find innately aversive compared

to air. We therefore confirmed that, in the absence of training,

kdm5WT, kdm5A512P, and kdm5JmjC* flies showed similar odor

acuity (Figure S1). All genotypes also preferred sucrose solution

over water, confirming this as an appropriate stimulus in the
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learning and memory assays (Figure S1). The KDM5A512P and

KDM5JmjC* mutant proteins therefore disrupt the acquisition,

processing, and/or retrieval of short- and long-term memories.

To determine whether kdm5A512P and kdm5JmjC* mutant flies

had neuronal defects that could contribute to their cognitive def-

icits, we examined the morphology of the mushroom body, a

paired structure in the adult brain that mediates olfactory

learning andmemory (Figure 6D). The a and b lobes of themush-

room body (MB) are necessary for acquisition and retrieval of

long-termmemory, and can be visualized using an antibody spe-

cific for the NCAM-like neural cell adhesion molecule Fasciclin II

(FasII) (Kahsai and Zars, 2011). FasII antibody strongly stains

a/b-lobe neuropil and weakly stains g-lobe neuropil within the

MB of the adult brain. Our analysis revealed that 100% of

kdm5JmjC* mutant flies and 96% of kdm5A512P flies had morpho-

logically normal a and b MB neurons (Figures 6E–6G). It should

be noted that, although 4% (2/51 flies) of kdm5A512P flies showed

a-lobe growth defects (Figure S1), it is improbable that this low

frequency accounts for the learning and/or memory phenotypes

observed. The acquisition and retrieval of short-term memories

requires g-lobe MB Kenyon cell neurons that express the Rho

GEF Trio (Awasaki et al., 2000). Trio antibody strongly stains g,

as well as a0/b0 Kenyon cells, although we limited our analysis

to the former for its role in short-termmemory. Similar to our find-

ings for a/b lobes, no gross morphological g-lobe defects were

observed in kdm5JmjC* or kdm5A512P brains (Figures 6H–6J).

kdm5A512P and kdm5JmjC* mutant flies therefore do not have

obvious physical defects that would explain their learning and

memory deficits.

DISCUSSION

Here, we present key findings regarding the gene expression

and cognitive defects of a Drosophila kdm5 allele (kdm5A12P)

that is analogous to a KDM5C mutation found in ID patients

(KDM5CA388P). The KDM5A512P mutation did not affect protein

levels, distinguishing this model from the previous mouse

KDM5C knockout model (Iwase et al., 2016; Scandaglia et al.,

2017), and caused dramatic changes to the neuronal transcrip-

tome and to the cognitive abilities of the fly. kdm5A512P mutants

behaved indistinguishably from the demethylase-inactive strain

(kdm5JmjC*), suggesting that loss of enzymatic activity is the pri-

mary defect associated with this mutation. Our analyses also

showed that the demethylase activity of KDM5 is required for

both gene activation and gene repression in a manner that cor-

relates with distinct promoter elements. Together, our data are

consistent with an evolutionarily conserved neuronal function

for KDM5 family proteins.

Based on analyses of kdm5A512P in flies, human KDM5CA388P

likely exerts its effects through a demethylase-dependent mech-

anism. This suggests that, while previous in vitro data of

KDM5CA388P showed that this protein retained 45% of its deme-

thylase activity (Iwase et al., 2007), the in vivo effect of this muta-

tion is more dramatic. Because this mutation lies outside the

catalytic JmjC domain, the molecular basis for the effect of

KDM5A512P on enzymatic activity is not immediately obvious.

Although the existing crystal structure data of KDM5 proteins

do not include the residue affected by this missense mutation,



Figure 5. KDM5-Activated Genes Are En-

riched for Promoter-Proximal Myc Binding

and Insulator Elements

(A) Consensus BEAF-32 and Myc sites (Shazman

et al., 2014) and Centrimo (Bailey and Machanick,

2012) using TSS ± 100 bp of downregulated

genes. BEAF-32, p = 2.4e-9. E-box, p = 2.1e-9.

(B) ChIP-seq read data showing binding of KDM5

(Liu and Secombe, 2015), Myc (Herter et al., 2015),

and BEAF-32 (Nègre et al., 2010).

(C) Overlap of KDM5 regulated genes and those

bound by BEAF-32 and those bound and regu-

lated by Myc.

(D) Consensus Medea (Med; p = 5e-4) and Tram-

track sites (Ttk; p = 2e-3) using TSS ± 100-bp

upregulated genes and Centrimo.

(E) Integrative Genomics Viewer (IGV) view of

KDM5 and Med ChIP-seq (Van Bortle et al., 2015).

(F) Overlap between KDM5-bound upregulated

genes and those bound by Medea.
it shows that domains in the N-terminal half of KDM5 family pro-

teins interact extensively (Vinogradova et al., 2016). It is therefore

likely that the tertiary structure of KDM5 places alanine 512

in close proximity to catalytically critical regions of the protein.

The similarity between the phenotypes of kdm5A512P and

kdm5JmjC* raises questions regarding the mechanism by which

other alleles of KDM5 family genes lead to disease. It is possible

that all missense mutations, independent of whether they reside

within the JmjC domain, ultimately affect the histone demethy-

lase activity of KDM5. Thiswould be expected to result in thedys-

regulation of a commonset of target genes. In support of this pos-

sibility, six of the eight missense mutations in KDM5C that have

observable in vitro demethylase activity defects lie outside the

JmjC domain (Brookes et al., 2015; Iwase et al., 2007; Rujiraban-

jerd et al., 2010; Tahiliani et al., 2007). It is, however, noteworthy

that one mutation, KDM5CD87G, showed only minimal defects to

in vitrodemethylase activity (Tahiliani et al., 2007) and the remain-

ing mutations remain untested. It is therefore also possible

that there is more than one mechanism by which mutations in

KDM5 family proteins disrupt transcription to impair cognition.

As with previous transcriptome studies of KDM5 mutants

across a number of species, the changes to gene expression
Cell Repo
observed in kdm5A512P and kdm5JmjC*

mutants were mild (Iwase et al., 2016;

Liu and Secombe, 2015; Lopez-Bigas

et al., 2008; Lussi et al., 2016). KDM5

therefore likely acts by ‘‘fine-tuning’’ the

expression of numerous genes within

pathways essential to neuronal function.

Consistent with this model, the majority

of direct KDM5 target genes that were

downregulated genes in kdm5A512P and

kdm5JmjC* mutants have been previously

implicated in ribosome assembly, struc-

ture, and function. Demonstrating the

significance of these transcriptional

changes, kdm5A512P and kdm5JmjC*
mutant head, but not thorax, tissue showed attenuated transla-

tion. Short-term memory formation relies on the modification of

existing proteins, whereas long-term memory is dependent on

de novo protein synthesis to stabilize synaptic changes within

the brain (Gal-Ben-Ari et al., 2012; Jung et al., 2012; Slomnicki

et al., 2016). Thus, defective translation could contribute to the

long-term learning and/or memory defects observed in our mu-

tants either alone or in combination with the dysregulation of

other genes involved in neuronal function. The link between

translational regulation and cognitive impairment is highlighted

by the observation that dysregulation of the Akt-mTOR pathway

that regulates translation rates is found in patients with fragile X,

Down syndrome, and Rett syndrome (Troca-Marı́n et al., 2012).

Impaired ribosomal production or assembly is also linked to

the neuronal dysfunction observed in Alzheimer’s disease and

other tauopathies (Meier et al., 2016). KDM5-mediated regula-

tion of growth pathways that impact neuronal function may

be evolutionarily conserved, as brain tissue of KDM5C knockout

mice showed dysregulation of genes required for growth,

including ribosomal protein genes (Iwase et al., 2016).

While reduced protein synthesis provides a model to explain

the long-termmemory defects of kdm5A512P and kdm5JmjC* flies,
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Figure 6. kdm5A512P and kdm5JmjC* Show a Learning and Memory Defect without Affecting MB Neuronal Morphology

(A) When presented together, kdm5WT, kdm5JmjC*, and kdm5A512P do not prefer OCT or MCH in the absence of training.

(B) Five-minute (short-term) memory after one round of training. *p = 0.003; **p < 0.0001.

(C) Nine-hour (long-term) memory after one round of training. *p = 0.006; **p = 0.002.

(D) Diagram of MB a0/b0 and g neurons and their cell bodies (Kenyon cells).

(E–G) Adult brains stained with anti-FasII to show a and bMB lobes of kdm5WT (n = 37) (E), kdm5JmjC* (n = 38) (F), and kdm5A512P (n = 51) (G). Scale bar, 20microns.

(H–J) Anti-Trio staining of adult brains showing and g lobes (and a0/b0 lobes) in kdm5WT (n = 38) (H), kdm5JmjC* (n = 31) (I), and kdm5A512P (n = 33) (J). Scale bar,

20 microns.

In (A)–(C), data are shown as mean ± SEM.
new translation is not required for short-term memories. The

chronic reduction in translation observed in mutant fly strains

may, however, lower the levels of proteins necessary for

short-term memory formation. Alternatively, defects in distinct

pathways may cause the short- and long-term phenotypes. For

example, genes required for the production and transmission

of octopamine, a neurotransmitter required for short-term mem-

ory (Schwaerzel et al., 2003), were downregulated in kdm5A512P

and kdm5JmjC* flies. It is also possible that other dysregulated

genes in kdm5A512P and kdm5JmjC* flies contribute to both the

short- and long-term learning and/or memory defects.

Our analyses of two mutations that abolish the demethylase

activity of KDM5 have provided key insights into potential

mechanisms of transcriptional regulation. Promoter proximal

H3K4me3 is found at transcriptionally active genes and is recog-

nized by many proteins, including components of the transcrip-

tional initiation machinery (Vermeulen et al., 2007). Because they

demethylate H3K4me3, the enzymatic activity of KDM5 proteins

is regarded as one that represses transcription. However, we

find that KDM5 can directly activate or repress transcription in

a demethylase-dependent manner. This is not due to the enzy-

matic activity of KDM5 varying at different targets, since levels

of promoter-proximal H3K4me3 increase similarly at upregu-

lated, downregulated, and unaffected genes. The observation
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that levels of promoter H3K4me3 are not a driving force in

defining gene expression levels has been noted previously (Be-

nayoun et al., 2014; Lussi et al., 2016).

Because we were unable to find enrichment for specific

transcription factors at KDM5-regulated genes, KDM5 may

be recruited downstream of other events that occur at its

target promoters to facilitate transcriptional activation or

repression. Supporting this model, we found that genes acti-

vated by KDM5 were often bound also by the transcription fac-

tor Myc and by the insulator protein BEAF-32. Indeed, Myc

and BEAF-32 binding have previously been observed to corre-

late in cultured Drosophila Kc cells, although whether these

proteins act to coordinate chromatin domains or transcrip-

tional events is not known (Yang et al., 2013). We and others

have also observed a physical interaction between KDM5

and Myc proteins in flies and mammalian cells (Li et al.,

2010; Outchkourov et al., 2013; Secombe et al., 2007). How-

ever, because Myc and KDM5 peaks at co-regulated genes

are not always coincident, it is not clear whether this interac-

tion is important in the context of the adult brain. It is inter-

esting to note that mutations in human N-Myc cause the

cognitive disorder Feingold syndrome (Cognet et al., 2011),

and knockdown of Drosophila Myc results in synaptic defects

(Oortveld et al., 2013). Transcriptional cooperation between



Myc and KDM5 in neurons may thus contribute to these

cognitive phenotypes through the regulation of genes required

for translation.

EXPERIMENTAL PROCEDURES

Fly Strains

The gKDM5:HAWT and gKDM5:HAJmjC* transgenes are published (Navarro-

Costa et al., 2016). gKDM5:HAA512P was similarly generated using the

‘‘thebestgene.com.’’ Other strains were from the Bloomington Stock Center.

kdm5140 is a null (deletion) allele (described in detail elsewhere).

Immunostaining and Western Blot

Three- to 5-day-old adult flies were fixed in 4% paraformaldehyde for 3 hr at

4�C. Brains were dissected, blocked in 5% normal donkey serum, incubated

with anti-FasII, 1D4 (DSHB), or anti-HA at 4�C for 2 days and then incubated

with anti-mouse Alexa Fluor 488 (Cell Signaling) for 16 hr. Brains weremounted

in Vectashield and imaged on a Leica TCS SP5 confocal microscope. Western

blots were carried out as previously described (Liu and Secombe, 2015).

Learning and Memory

Single-round training appetitive learning and memory assays were carried out

as described previously (Trannoy et al., 2011) using 3- to 5-day-old flies and a

T-maze purchased from CelExplorer Labs. Memory was quantified using a

performance index (PI) calculated by subtracting the number of flies avoiding

sucrose-associated odor from the number of flies preferring the sucrose-asso-

ciated odor and dividing by the total number of flies. Ability to sense OCT and

MCH was tested by calculating the PI for the odor versus air. Sucrose drive

was quantified by starving flies for 16 hr and placing them in a T-maze appa-

ratus for 5 min to choose between water-soaked and 2 M sucrose-soaked

Whatman. At least 80 flies were used per experiment, which were carried

out a minimum of five times.

Translation Quantification

Translation levels in adult brains were examined as previously described

(Belozerov et al., 2014). Briefly, 2- to 5-day-old flies were starved for 6 hr

and fed 600 mM puromycin (Sigma) or puromycin/35 mM cyclohexamide

(Sigma) in a 3% ethanol/5% sucrose solution for 16–24 hr. Incorporated

puromycin was quantified by western blot with anti-puromycin, 3RH11 (Kera-

fast), and normalized with histone H3 (Active Motif).

RNA-Seq

RNA-seq was carried out at the New York GenomeCenter. RNAwas prepared

in triplicate from kdm5WT, kdm5JmjC*, and kdm5A512P 3- to 5-day-old heads

using Trizol and RNAeasy (QIAGEN). Libraries were prepared using the TruSeq

Stranded mRNA Library Preparation Kit. Samples were sequenced on an Illu-

mina HiSeq 2500 sequencer (v4 chemistry) using 23 50-bp cycles. Raw reads

were aligned with STAR aligner and normalized, and differential expression

was determined with DESeq2. GO analyses used GO David (Huang et al.,

2009) and GOrilla (Eden et al., 2009). TSS analyses utilized MEME-suite (Bailey

et al., 2009). Consensus DNA binding elements for transcription factors were

from flyfactor (Shazman et al., 2014).

Chromatin IP

Anti-H3K4me3 and anti-HA (for KDM5:HA) ChIPs were carried out as

described previously (Liu and Secombe, 2015). Primers sequences are pro-

vided in Table S2.

Statistical Analyses

Experiments were done in biological triplicate (minimum). R programwas used

for Fisher’s exact test; Student’s t test, Wilcoxon rank-sum tests, and Pearson

correlation analyses were carried out using GraphPad Prism, version 7. The

accession number for the KDM5 ChIP-seq data is GEO: GSE70589 (Liu and

Secombe, 2015), the accession number for the BEAF-32 ChIP-seq data is

GEO: GSE16245 (Nègre et al., 2010), the accession number for the Medea

ChIP-seq data is GEO: GSM1678114 (Van Bortle et al., 2015), and the acces-
sion number for the Myc ChIP and RNA-seq data is EMBL-EBI: E-MTAB-3209

(Herter et al., 2015).

DATA AND SOFTWARE AVAILABILITY

The accession number for the kdm5A512P and kdm5JmjC* RNA-seq data re-

ported in this study is GEO: GSE100578.
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Table S1, related to Figure 2. Genes dysregulated in kdm5A512P and whether they have an associated KDM5 ChIP 
peak. 
 
This Table is provided as a separate excel file.  
  
 



Table S2, related to Figure 4. Primers used for chromatin IP analyses.  
 

Gene Forward primer Reverse primer 
l(2)gl CTCACCATCACGCATAAGTTTG GATACACGGTTAAGCTCTGACC 
gb GTCTATCGCACATAAAACTCGC CTGCCCTTATTTACCAGACCC 
CG14803 GATCCTGGCTACCTTCATACAG ACTAGGTCCTCTTCGCTATCG 
defl TCAACGAGAGCTTCCTTAACG GCAGTCCCTTGTCCAGTTC 
RpS27 CTCCTGTAAGTCCCAAGATTCC GTAAAACAAATGTCTGGCCCG 
Rack1 ATTATGGTGTCGGGATCCTTG CTTTGGACGTGTTTCCTTCG 
fib CTATCAAAAGCAAAGGCGACG TGACGGACTCAATCACATTTCG 
l(1)G0020 TCGTAAAGAATGGGAACCTGG GTGAAAAGTGAACGCAGGAAAG 
Nop60B TCCATTTATGTATCGATGTCTTCA TCAACTAATAGACGGAGAGAAACC 
ash-1 CGCTTGATTGTTTTCTGGGC CCATTTTAGAAGCAGGCAAGC 
msl-2 TGAGCGAAGCCAGTGTG GCGAAAATTCCTCAGAGCAC 
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