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Abstract
Background  Lysine demethylase 5 (KDM5) family proteins are transcriptional regulators best known for 
demethylating the promoter-proximal histone mark H3K4me3. KDM5-mediated regulation of gene expression is 
crucial in the brain, with pathogenic variants in human KDM5 genes leading to intellectual disability (ID) disorders. 
Although the demethylase activity of KDM5 proteins is vital for brain function, non-enzymatic functions also 
contribute. How KDM5 uses distinct features to regulate transcription in a context-dependent manner remains largely 
uncharacterized.

Results  Using Drosophila, we demonstrate that a demethylase-dead Kdm5JmjC* strain expands the distribution of 
promoter-proximal H3K4me3 in the brain, whereas Kdm5L854F, which models a pathogenic ID variant, has limited 
effects. Despite these divergent enzymatic effects, Kdm5L854F and Kdm5JmjC* exhibit similar transcriptional changes that 
do not correlate with changes to promoter recruitment of variant proteins, H3K4me3 levels, or chromatin accessibility. 
Instead, altered gene expression in both alleles correlates with preexisting chromatin signatures.

Conclusions  These findings suggest that KDM5 operates in conjunction with local chromatin contexts to employ 
demethylase-dependent and independent mechanisms of gene expression regulation in the brain. Disruption to this 
regulation affects pathways critical for neuronal function and is likely to contribute to the cognitive and behavioral 
features seen in patients.
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Background
The KDM5 family of enzymes are multidomain tran-
scriptional regulators with roles across a wide range of 
cell types. Their activity is especially important in the 
nervous system, where they are required for proper brain 
development and function. This is based on the observa-
tion that genetic disruption to three of the four human 
KDM5 paralogs, KDM5A, KDM5B, and KDM5C, is 
observed in individuals with neurodevelopmental disor-
ders characterized by intellectual disability (ID), seizures, 
and changes in behavior and movement [1–4]. Critical 
roles for KDM5 proteins in the nervous system are evolu-
tionarily conserved, as evidenced by the altered learning 
and memory, social interactions, aggression, and seizure 
susceptibility observed in animals with genetic knockout 
of Kdm5a, Kdm5b, or Kdm5c in Mus musculus [5–8]. In 
invertebrates such as Drosophila melanogaster, disrup-
tion to the function of their single Kdm5 gene leads to 
cognitive, neuronal, and behavioral phenotypes consis-
tent with those observed in humans [9–11]. 

Of the KDM5 paralogs implicated in human 
ID disorders, KDM5C has been studied the most 
extensively. Pathogenic variants in KDM5C cause a neu-
rodevelopmental disorder known as KDM5C-related 
neurodevelopmental disorder (KDM5C-NDD; also 
known as Claes-Jensen X-linked Intellectual disability 
syndrome), which consistently and dramatically affects 
hemizygous males [1, 7, 12, 13]. Approximately half of 
the known KDM5C-NDD variants are nonsense, frame-
shift, or other changes expected to lead to loss or reduced 
levels of KDM5C protein [1, 13]. The remainder are mis-
sense variants, which provide a powerful means to garner 
insights into the etiology of KDM5C-NDD and to dissect 
the molecular mechanisms by which KDM5 family pro-
teins regulate transcription. ID-associated single amino 
acid changes occur throughout the KDM5C protein, 
including in the Jumonji C (JmjC) domain, which func-
tions in conjunction with JmjN to form the enzymatic 
active site of KDM5 proteins [1, 3]. The combined activ-
ity of the JmjN/C domains demethylates trimethylated 
lysine 4 of histone H3 (H3K4me3), a promoter-proximal 
histone modification associated with transcriptional acti-
vation and consistency [14–16]. In keeping with a key 
neuronal role for this demethylase activity, some cogni-
tive and behavioral phenotypes of Kdm5c knockout mice 
can be partially suppressed by genetically restoring lev-
els of H3K4me3 [17]. In addition, a JmjC domain mutant 
Drosophila strain that lacks demethylase activity (Kdm-
5JmjC*) displays altered learning and memory, seizure sus-
ceptibility, locomotion, and neurotransmission [9, 11]. 

Despite the clear contribution of KDM5C’s enzymatic 
activity to proper brain development, its loss alone is 
insufficient to explain the pathogenesis of KDM5C-
NDD. Indeed, many missense variants occur outside of 

the enzymatic JmjN/JmjC domains, and several of these 
retain some in vitro demethylase activity [1, 13]. These 
data suggest that demethylase-dependent and indepen-
dent effects on gene expression contribute to the traits 
observed. This is consistent with a broader body of litera-
ture on KDM5 proteins, which suggests that they possess 
demethylase-independent gene regulatory functions [1, 
2, 18–20]. When and where these non-canonical KDM5 
activities are utilized in vivo, their relationship to the his-
tone demethylase activity, and whether KDM5 proteins 
can also impact gene regulation through additional activ-
ities, remains unclear. Analyses of ID-associated alleles 
offer an opportunity to uncover new gene-regulatory 
activities of KDM5 proteins and to provide insights into 
the links between KDM5 and neuronal (dys)function.

Here, we use Drosophila to investigate KDM5 function 
using an allele associated with severe intellectual disabil-
ity, ataxia, and aggression (KDM5CL731F) [21, 22]. This 
variant occurs within the C5HC2 zinc finger immediately 
adjacent to the JmjC domain, and a recombinant form of 
this protein displays a 2-fold decrease in in vitro enzy-
matic activity [23]. To understand the properties of this 
variant protein in an in vivo context, we generated a fly 
model of this allele in which Drosophila Kdm5 encodes 
the equivalent of KDM5CL731F (Kdm5L854F) as part of 
a library of human ID-associated allele variant strains 
for which we carried out transcriptomic and behavioral 
studies [9–11]. Both the demethylase-dead Kdm5JmjC* 
and Kdm5L854F adult flies exhibit deficits in associa-
tive memory and altered locomotion [9, 10]. However, 
while western blot studies show that Kdm5JmjC* causes 
a 2-fold increase in bulk levels of H3K4me3, Kdm5L854F 
does not, suggesting that the KDM5L854F variant pro-
tein retains at least some of its enzymatic activity in vivo 
[9, 10]. Here, we demonstrate that the changes in gene 
expression observed in the adult brains of Kdm5JmjC* and 
Kdm5L854F animals cannot be explained by alterations 
in H3K4me3. Instead, we find that preexisting chroma-
tin marks, including high levels of H3K4me3, promoter 
accessibility, and other chromatin features, correlate with 
the altered gene expression patterns seen in Kdm5JmjC* 
and/or Kdm5L854F. This suggests that the JmjC and/or the 
C5HC2 domains of KDM5 work in concert with existing 
histone modification landscapes to activate or repress 
transcription. These distinct modes of gene regulation by 
KDM5 are necessary to regulate pathways critical to vari-
ous aspects of neuronal development and function, pro-
viding possible etiological links to the cognitive features 
observed in patients.

Methods
Fly strains and care
Fly food (per liter) contained 80 g malt extract, 65 g corn-
meal, 22 g molasses, 18 g yeast, 9 g agar, 2.3 g methyl 
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para-benzoic acid, and 6.35 mL propionic acid per liter. 
Flies were kept at 25 °C with a 12-hour light/dark cycle 
and 50% humidity. All flies were collected or harvested 
1–5 days after eclosion from 9:00 a.m. to 12:00 p.m. 
Kdm5∆ (null allele; previously Kdm5140), Kdm5JmjC*, and 
Kdm5L854F are published [9, 24, 25]. UAS-Dam:Kdm5-
ID variant constructs were generated by site-directed 
mutagenesis of published UAS-Dam:Kdm5 [25]. UAS-
Dam was obtained from Dr. Andrea Brand’s lab. All 
Dam fusion transgenes were inserted into attP2 on chro-
mosome III. All transgenesis was carried out at Best 
Gene. The Ubi-Gal4 (RRID: BDSC_32551) fly stock was 
obtained from Bloomington Drosophila Stock Center.

Structural modeling
Protein structure predictions were performed using 
AlphaFold 3, hosted by DeepMind, using default param-
eters. Full-length FASTA files containing the amino acid 
sequences for Drosophila KDM5WT, KDM5JmjC*, and 
KDM5L854F and their KDM5C equivalents were used as 
inputs in separate runs of the AlphaFold pipeline, and 
the predicted structures produced were later visual-
ized, annotated, and aligned using ChimeraX [26, 27]. 
Per-residue root-mean-square deviation (RMSD) values 
were calculated to assess structural differences between 
AlphaFold-generated protein data banks (PDBs) of either 
KDM5WT and KDM5JmjC* or KDM5L854F proteins. Struc-
tures were loaded using the MDAnalysis Python library 
and aligned using a least-squares fit based on alpha 
carbon (Cα) atoms. Residue numbers were matched 
between structures to ensure one-to-one comparison.

Targeted DamID (TaDa)
Tissue processing was performed as previously described 
with the following modifications: TaDa was performed in 
triplicate (Kdm5L854F in duplicate) for each genotype with 
10 heads per sample [25]. KDM5-DamID fusion proteins 
were expressed under the control of Ubi-Gal4, which was 
pulsed on for three days during early adulthood. Geno-
types were Kdm5∆, Ubi-Gal4/Kdm5∆, tubulin-Gal80ts; 
UAS-Kdm5:DamIDWT or variant, gKdm5:HAWT or variant. 
Samples were homogenized in 75µL UltraPure Distilled 
Water and 20µL 500mM EDTA, then digested with Pro-
teinase K for 1.5 h. DNA extraction was performed using 
the Zymo Quick-DNA Miniprep Plus Kit (Zymo, D3024). 
DpnI digestion, PCR adaptor ligation, DpnII digestion, 
and PCR amplification were performed as described. 
DNA was sonicated using a Diagenode Bioruptor Pico 
for six cycles (30 s on/90 seconds off at 4 °C), and the 
resulting DNA fragments were analyzed using an Agi-
lent Bioanalyzer to confirm ∼ 300 bp fragment size. 
DamID adaptor removal and DNA cleanup were per-
formed as previously described. The samples were then 
submitted to BGI Genomics for library construction and 

sequencing. Libraries were prepared at BGI Genomics 
following a ChIP-seq workflow and sequenced on the 
NovaSeq S4.

For TaDa analyses, sequencing data were aligned to 
the D. melanogaster dm6 genome and processed using 
damidseq_pipeline [28]. After converting to bedgraphs 
via damidseq_pipeline, peaks were called using find_
peaks (using the parameters fdr = 0.05, min_quant = 0.8) 
on the averaged replicates, and genes overlapping peaks 
were identified using ChIPSeeker [29]. We used NOISeq 
to perform differential analysis comparing KDM5JmjC* 
and KDM5L854F to KDM5WT, using a standard cutoff of 
0.8 for statistical significance [30, 31]. 

Single-cell suspension
50 brains were dissected and placed in 1 mL of ice-cold 
1X PBS. Brains were centrifuged at 4  °C for 5  min at 
1000XG. PBS was removed and the cell pellet was resus-
pended with 150 µL of 100  mg/mL Collagenase, Type I 
(ThermoFisher, 17018029) and incubated at 25  °C on a 
thermoshaker at 500 rpm for 2 h. The suspension was vig-
orously pipetted up and down 20 times every 10–15 min 
to facilitate digestion. After incubation, suspensions were 
centrifuged again at 4 °C for 5 min at 1000XG and resus-
pended in PBS + 10% DMSO. 10 µL of the suspension was 
used for cell quantification using a hemocytometer. 50 
brains yielded about 1.5 million cells. The remaining 100 
µL was slowly frozen using a Mr. Frosty Freezing Con-
tainer (ThermoFisher, 5100-0001) at -80 °C.

CUT & RUN
CUT & RUN was performed using the Epicypher 
CUTANA Kit (Epicypher, 14-1048) and Epicypher 
Library Prep Kit (Epicypher, 14-1001), as directed, with 
the generated single-cell suspension. The anti-H3K4me3 
antibody used was Epicypher Cat# 13–0041 (RRID: 
AB_3076423), and IgG (Epicypher Cat# 13–0042, RRID: 
AB_2923178). Samples were sequenced on the Illumina 
MiSeq Platform. All samples were normalized to spike-in 
E. coli DNA.

ATAC-Seq
ATAC-Seq was performed using the ATAC-Seq Kit from 
Active Motif (Active Motif, 53150) using adult brains fol-
lowing the manufacturer’s instructions. Samples were 
sequenced on the Illumina MiSeq Platform.

Peak alignment and analysis
Raw reads were quality controlled and trimmed using 
rfastp (v1.6.0) and were aligned using Rsubread (2.10.5) 
to the dm6 Drosophila melanogaster genome assem-
bly [32, 33]. BAM files were normalized by dividing the 
number of E.coli reads in each sample by the lowest num-
ber of E. coli reads across samples. Samtools (v1.14) was 
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Fig. 1 (See legend on next page.)
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then used to scale BAM files by this normalization fac-
tor using (samtools view -s (normalization factor)) [34]. 
BigWigs were generated using the deepTools (v3.5.1) 
bamCoverage function [35]. Profiles and heatmaps were 
generated using the deepTools computeMatrix and plot-
Profile functions. Peaks were called using Genrich(v0.6.1) 
and DiffBind (v3.6.1) was used to perform differen-
tial peak analyses [36, 37]. Reads in each peak were 
counted using dba.count(summits = FALSE). ChIPSeeker 
(v1.32.0) was used to perform peak annotation, and 
clusterProfiler(v4.4.4) was used to perform Gene Ontol-
ogy Analyses [29, 38]. 

Signal quantification and plotting
ChIP-seq and CUT&RUN data at specific genomic 
regions were plotted using PyGenomeTracks (v3.8) [39, 
40]. Graphs were generated using ggplot2 [41]. Mean sig-
nal intensities were calculated from promoter-proximal 
regions TSS ± 100 bp and gene body regions (TSS + 300 
bp to + 800 bp) using BED files defining these intervals in 
combination with the MultiBigwigSummary tool in deep-
Tools (v 3.5.1) [35]. Signal quantification data for all of 
the chromatin marks examined are provided in Table S2.

Published datasets used in the study
 Kdm5JmjC* and Kdm5L854F RNA-seq data derived from 
adult heads have been previously published and are 
available at GEO: GSE100578 and GEO: GSE245380 
[9, 11]. KDM5 ChIP-seq from whole adult flies is pub-
lished and publicly available (GSE70589) [42]. The fol-
lowing ChIP-seq datasets were generated as part of the 
ModEncode project using heads from Oregon R adults: 
H3K36me3 (SRX287816; GEO accession GSM1147324), 
H3K9ac(SRX287708; GEO accession GSM1147220), 
H2Bub (SRX287772; GEO accession GSM1147284), 
H4K20me1 (SRX287663; GEO accession GSM1147175), 
RNA Polymerase II (Polr2A; SRX287911; GEO accession 
GSM1147419) [43]. All datasets were mapped to dm6 

and were downloaded from the ChIP-ATLAS database 
[44]. 

Results
Kdm5L854F and Kdm5JmjC* show unique and overlapping 
changes to gene expression
The ID-associated variant KDM5L854F (equivalent to 
KDM5CL731F) occurs within the C5HC2 zinc finger 
domain and consistent with its functional importance, it 
is conserved in human KDM5A, KDM5B, KDM5C, and 
KDM5D (Fig. 1A, B). To understand the defects caused 
by this variant, we compared it to the demethylase-dead 
Kdm5JmjC* strain, which encodes a form of KDM5 with 
changes to the active site of the JmjC domain that abolish 
its enzymatic activity (H637A and E639A; Fig. 1C) [9–11, 
45, 46]. In silico modeling of Drosophila KDM5JmjC* and 
KDM5L854F and their human KDM5C equivalents using 
AlphaFold revealed that the amino acid substitutions did 
not grossly alter their predicted structure (Fig. 1D; Figure 
S1A, B) [26]. Moreover, the leucine at position 731/854 
is not expected to interact with structural components of 
the protein that are necessary to maintain the enzymatic 
demethylation pocket (Fig. 1D; Fig. S1A). Per-residue 
root mean square deviation (RMSD) values comparing 
the predicted structures of Drosophila KDM5WT and 
KDM5JmjC* or KDM5L854F were low, indicating that they 
are similar, apart from the disordered regions at the N 
and C termini that are inherently difficult to model (Fig. 
1E). Furthermore, the introduction of a bulky phenylala-
nine in the variant KDM5L854F protein is not predicted to 
affect the structure of the C5HC2 motif, or the neighbor-
ing JmjC domain. Neither KDM5JmjC* nor KDM5L854F is 
likely to dramatically disrupt the overall folding of the 
protein [9, 10]. 

To directly compare the transcriptional effects of Kdm-
5JmjC* and Kdm5L854F, we utilized previously generated 
RNA-seq data from adult heads. These datasets were 
collected as part of a broader study of five ID-variant fly 

(See figure on previous page.)
Fig. 1  KDM5JmjC* and KDM5L854F are structurally alike and have similar overall changes to gene expression. A Schematic of the ID-associated KDM5CL731F 
variant and the analogous residue in human KDM5A, KDM5B, KDM5D, and Drosophila KDM5. Kdm5JmjC* in Drosophila is a demethylase-dead strain. B 
Alignment of human KDM5A, KDM5B, KDM5C, KDM5D, and Drosophila KDM5 showing amino acid conservation. Leucine 731 of KDM5C is conserved 
across all KDM5 proteins shown (box and arrowhead). C AlphaFold model of Drosophila KDM5 visualized using ChimeraX. Domains are indicated using 
the same color as in A, and bubbles show residues considered in this study. In black are the two residues which bind to the iron molecule necessary for 
demethylation (H637A and E639A; altered in KDM5JmjC*) and in purple is the L854F change that occurs within the C5HC2 zinc finger. D AlphaFold models 
of Drosophila KDM5WT, KDM5JmjC*, and KDM5L854F proteins, with C5HC2 and JmjC domains highlighted. The first column shows full-length proteins. The 
second column shows the JmjC domain in KDM5WT, KDM5JmjC*, and KDM5L854F proteins. The side chains altered in the demethylase-dead KDM5JmjC* 
protein (positions 637 and 6390), are highlighted in red. The third column shows the C5HC2 domain in KDM5WT, KDM5JmjC*, and KDM5L854F proteins. The 
side chain at 854 is shown in red. E Predicted structural differences between AlphaFold-generated PDBs of KDM5WT and KDM5JmjC* (top) or KDM5L854F 
(bottom) proteins using per-residue root-mean-square deviation (RMSD) values. The N and C termini are intrinsically disordered, making them difficult to 
predict via AlphaFold, which results in a greater RMSD between the modeled structures. F Venn diagram showing the overlap in differentially expressed 
genes (DEGs) in Kdm5JmjC* and Kdm5L854F RNA-seq from adult heads using 5% false discovery rate (FDR) cutoff for significance. G Scatterplots of RNA-Seq 
log2(FC)s from Kdm5L854F and Kdm5JmjC*. Blue = DEG in both genotypes, black = DEG in Kdm5JmjC* only, purple = DEG in Kdm5L854F only, and gray = un-
changed in both. H GO analysis of genes upregulated in Kdm5JmjC* and/or Kdm5L854F using clusterProfiler, in which the size of each circle corresponds to 
the number of genes in the GO category, and the size of each pie slice corresponds to the relative number of genes in each category attributed to that 
genotype, according to color. I GO analysis of downregulated genes using clusterProfiler, using similar notation to H
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strains that centered on their shared impact on transla-
tion-related gene expression [9, 11]. Comparing the gene 
expression changes observed in Kdm5L854F and Kdm-
5JmjC*, we find that many of the significantly dysregulated 
genes in both genotypes exhibit similar behavior (r² = 
0.91; p = 2.2e-16; Fig. 1F, G; Table S1). Consistent with 
this, Kdm5L854F and Kdm5JmjC* shared many Gene Ontol-
ogy (GO) categories, including metabolism and immu-
nity among the upregulated genes, and translation and 
mitochondrial function among the downregulated genes 
(Fig. 1H, I). There were also GO categories that were 
unique to one genotype or the other. For example, Kdm-
5JmjC* showed a greater enrichment for gene categories 
involving synaptic signaling, while Kdm5L854F had more 
genes involved in sensory perception.

To determine which genes dysregulated in Kdm5JmjC* 
and Kdm5L854F were likely to be directly regulated by 
KDM5, we integrated transcriptomic information with 
ChIP-seq data derived from whole adult flies.42 58% and 
56% of dysregulated genes had an associated KDM5 pro-
moter peak for Kdm5JmjC* and Kdm5L854F, respectively 
(Fig. 2A, B; Table S1). These included similar numbers 
of up- and downregulated genes, consistent with stud-
ies implicating KDM5 proteins as both repressors and 
activators of gene expression (Fig. 2C, D).18,46 Interest-
ingly, directly regulated genes generally showed smaller 
changes in gene expression than indirect targets (Fig. 
2C-G). To explore potential underlying reasons for this, 
we compared the expression of KDM5-bound and non-
bound genes based on average normalized expression 
counts and RNA polymerase II (Pol II) occupancy using 
adult head ChIP-seq data from the modENCODE proj-
ect [43, 44, 47]. KDM5-bound genes showed significantly 
higher expression and gene body Pol II levels than non-
bound genes, which likely contributed to the lower fold 
change observed at direct target genes (Fig. 2H; Fig. 
S2A; Table S2). The higher level of gene expression was 
observed across KDM5-bound genes that were upregu-
lated, downregulated, or unchanged in both Kdm5JmjC* 
and Kdm5L854F (Fig. S2B-E). KDM5 therefore binds to 
and modulates the expression of genes that are robustly 
expressed. Genes that were directly regulated in both 
Kdm5JmjC* and Kdm5L854F mutants were enriched for 
shared GO categories. Among downregulated genes, 
mitochondrial and translation-related processes were 
prominent, while upregulated genes were enriched for 
immune-related functions (Fig. 2I). Further emphasizing 
the concordance of the Kdm5JmjC* and Kdm5L854F data-
sets, 97% of the direct targets that were dysregulated in 
both genotypes behaved similarly (r² = 0.9; Fig. 2J). In 
addition to possessing unique functions, the adjacent 
JmjC and C5HC2 domains of KDM5 are therefore jointly 
required to increase or dampen the expression of many 
genes.

KDM5JmjC* but not KDM5L854F broadly expands promoter-
proximal H3K4me3 peaks
Our prior western blot studies of adult heads showed that 
while Kdm5JmjC* animals show a 2-fold increase in levels 
of H3K4me3, levels of this chromatin mark in Kdm5L854F 
were similar to wild type [9]. To accurately assess the 
effects of the variant KDM5L854F protein on H3K4me3 
levels across the genome in the adult brain, and compare 
these to those of KDM5, we used Cleavage Under Tar-
gets & Release Using Nuclease (CUT&RUN) [48, 49]. In 
Kdm5WT animals, H3K4me3 was observed surrounding 
the transcriptional start sites (TSSs) and coincided with 
regions bound by KDM5 (Fig. 3A, Fig. S3A, B) [42, 50]. 
Since H3K4me3 is typically enriched at active genes, this 
aligns with our observation that KDM5 preferentially 
binds to highly expressed genes. (Fig. 2H; Fig. S2A-E). 
H3K4me3 was expanded at KDM5-bound promoters in 
Kdm5JmjC* animals, as anticipated (Fig. 3A-C). Quantifi-
cation of the differences in H3K4me3 in Kdm5JmjC* brains 
compared to Kdm5WT using Diffbind identified 1516 
KDM5-bound genes with significantly increased signal 
intensity and four genes with reduced signal (log2FC > ± 
1 and FDR < 0.01 cutoffs; Fig. 3D; Table S3) [51]. Changes 
to H3K4me3 did not, however, predict transcriptional 
outcomes. Of the 1516 genes with increased H3K4me3, 
41% showed decreased gene expression, 34% increased, 
and 25% remained unchanged or were expressed at very 
low levels (Fig. 3E). We also used Diffbind data to exam-
ine how the extent of H3K4me3 increase (∆H3K4me3) 
related to transcriptional changes across the genome and 
at genes with significantly increased H3K4me3. Over-
all, this revealed that genes that were upregulated or 
unchanged showed similarly increased H3K4me3, while 
downregulated genes exhibited a slightly greater change 
to H3K4me3 (Fig. S3C, D). These findings indicate that 
while KDM5 broadly regulates promoter H3K4me3, 
changes to this mark alone are insufficient to explain the 
transcriptional outcomes of Kdm5JmjC* animals.

  
In contrast to Kdm5JmjC*, the overall profile of H3K4me3 

in Kdm5L854F was similar to Kdm5WT (Fig. 3A-C; Fig. S3A, 
B). Diffbind detected 195 genes with increased H3K4me3 
in Kdm5L854F animals, 98% of which overlapped and were 
well correlated with those that were observed in Kdm-
5JmjC* (191 genes; r2 = 0.36 p < 0.001; Fig.  3F-H; Table 
S3). Examining the 191 genes that showed increased 
H3K4me3 in Kdm5JmjC* and Kdm5L854F, we observe that a 
majority show no change to gene expression or were not 
expressed in either Kdm5JmjC* or Kdm5L854F (135 genes; 
71%; three genes were not detectably expressed; Fig. 3I). 
Of the 56 genes that were dysregulated, 34% were upreg-
ulated and 41% were downregulated (Fig.  3I). Although 
no link with altered expression was observed, we do note 
that all 188 genes with increased H3K4me3 were highly 
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Fig. 2  Direct and indirect changes to gene expression in Kdm5JmjC* and Kdm5L854F. A Venn diagram showing overlap between genes bound by KDM5 
based on ChIP-seq data from whole adult flies and changes to gene expression in Kdm5JmjC* (both up- and downregulated genes; 58% of differentially 
expressed genes (DEGs)). B Venn diagram showing overlap between genes bound by KDM5 and changes to gene expression in Kdm5L854F (both up- and 
downregulated genes; 56%). C Volcano plot showing the distribution of directly regulated genes in Kdm5JmjC*, using a 5%FDR for DEGs. Significantly af-
fected genes are indicated by black dots. D Volcano plot showing the distribution of directly regulated genes in Kdm5L854F, using a 5%FDR for DEGs. Sig-
nificantly affected genes are indicated by purple dots. E Volcano plot showing distribution of indirectly regulated (no promoter-associated KDM5 binding) 
genes in Kdm5JmjC*, using 5%FDR for DEGs. Significantly affected genes are indicated by black dots. F Volcano plot showing the distribution of indirectly 
regulated (no promoter-associated KDM5 binding) genes in Kdm5L854F, using a 5%FDR for DEGs. Significantly affected genes are indicated by purple dots. 
G Absolute log2 fold change (combining up- and downregulated into |log2 fold change|) for directly (orange) and indirectly (light blue) regulated genes 
from Kdm5JmjC* (left) and Kdm5L854F (right). **** p < 0.0001). H Violin plots showing normalized expression count (baseMean) values at KDM5-bound (or-
ange; 6519 genes) and unbound (blue; 6950 genes) genes. **** p < 0.0001 (Kruskal-Wallis test). I Gene ontology (biological process) analysis comparing 
directly up- and downregulated genes in Kdm5JmjC* and Kdm5L854F. J Scatterplot showing the similarity in gene expression changes of direct targets in 
Kdm5JmjC* and Kdm5L854F. The number of genes in each category is indicated in the top left
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Fig. 3 (See legend on next page.)
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expressed based on examining expression and RNA poly-
merase II data (Fig. 3J; Fig. S3E-G). The high expression 
of these 188 genes, including Wiskott-Aldrich Syndrome 
Protein (WASp) and Neuroglian (Nrg) that are important 
for neuronal cytoskeletal organization and adhesion, may 
make them especially susceptible to H3K4me3 changes 
(Fig.  3K). Overall, we conclude that KDM5L854F retains 
sufficient enzymatic function to maintain H3K4me3 
levels at most genes. This suggests that the underlying 
pathomechanism for this variant in intellectual disability 
is not simply the loss of enzymatic function.

Changes to promoter recruitment or accessibility do not 
account for the changes in H3K4me3 or gene expression 
observed in Kdm5JmjC* and Kdm5L854F animals
One possible contributor to the changes in H3K4me3 
and/or gene expression caused by KDM5JmjC* and 
KDM5L854F variant proteins is altered recruitment. To 
test this, we performed Targeted DamID (TaDa) in 
adult brains, comparing the behavior of KDM5JmjC* and 
KDM5L854F with that of wild-type KDM5 [25, 52–54]. To 
ensure the appropriate genetic background, we induced 
the expression of each Dam-KDM5 fusion protein (or 
Dam alone control) in its respective wild-type or Kdm5 
allele background for three days during early adulthood 
(3–5 days old). A total of 5,893 binding sites, primar-
ily at promoter regions, were observed across KDM5WT, 
KDM5JmjC*, and KDM5L854F (Fig. S4A). Quantification of 
the differences using NOISeq revealed that KDM5JmjC* 
and KDM5L854F were associated with more genes show-
ing modest gains than losses in binding (threshold cut-
off 0.8; 289 increased vs. 26 decreased in KDM5JmjC* and 
216 vs. 20 in KDM5L854F, with 120 genes overlapping; Fig. 
S4B-D; Table S4) [30]. Integrating the TaDa and RNA-
seq data did not identify a consistent theme. In both 
genotypes, of the expressed genes, those that showed 
increased or decreased TaDa signal were upregulated, 

downregulated, or unchanged (Fig. S4E, F). Similarly, 
genes with altered KDM5JmjC* or KDM5L854F TaDa sig-
nal showed either unaltered or increased H3K4me3, 
although many of these genes lacked sufficient H3K4me3 
signal to be included in the Diffbind analysis (Fig. S4G, 
H). Variant KDM5 proteins therefore have slightly 
increased binding to target genes, but this does not cor-
relate with changes to H3K4me3 or gene expression.

As neither H3K4me3 levels nor KDM5 recruitment 
explained the transcriptional changes seen in Kdm5JmjC* 
or Kdm5L854F, we examined whether chromatin acces-
sibility might contribute, as KDM5 proteins can inter-
act with nucleosome-positioning chromatin modifiers 
[19, 55–57]. To do this, we used ATAC-seq to compare 
the brains of Kdm5JmjC* and Kdm5L854F with those of 
Kdm5WT. Similar to our studies of H3K4me3, KDM5 
binding was enriched at regions of open chromatin with 
the highest ATAC-seq signal (Fig. S5A). Across geno-
types, accessible regions were enriched for promoters, 
and meta-TSS analysis revealed a slight increase in sig-
nal at KDM5-bound genes in Kdm5L854F and Kdm5JmjC* 
(Fig. S5B, C). Quantifying changes in ATAC-seq signal 
in Kdm5JmjC* brains using Diffbind identified 150 signifi-
cantly increased and 21 significantly decreased peaks, 
respectively, that did not correlate with altered expres-
sion (Fig. S5D, E; padj < 0.01, log2FC ± 1; Table S5). Like-
wise, Kdm5L854F had a small number of genes with altered 
accessibility that did not show concordance with changes 
to transcription (Fig. S5F, G). Changes in accessibility in 
Kdm5JmjC* and Kdm5L854F animals are therefore unlikely 
to be a key contributor to the altered gene expression 
observed.

Genes commonly downregulated in both Kdm5L854F and 
Kdm5JmjC* exhibit a characteristic genomic landscape
Our observation that directly regulated target genes 
in Kdm5JmjC* and Kdm5L854F were remarkably similar, 

(See figure on previous page.)
Fig. 3  Increased promoter H3K4me3 does not correlate with changes to mRNA levels. A Transcriptional start site (TSS) profiles of H3K4me3 CUT&RUN 
at KDM5-bound genes (direct targets) from Kdm5WT (grey), Kdm5JmjC* (black), Kdm5L854F (purple). B H3K4me3 peak widths from Kdm5WT (grey; median of 
1152 bp), Kdm5JmjC* (black; median of 1524 bp), Kdm5L854F (purple; median of 1145). **** p-value < 0.0001 Kruskal-Wallis test. ns = not significant. C Ge-
nome track of CUT&RUN data from Kdm5WT (grey), Kdm5JmjC* (black), and Kdm5L854F (purple), showing a genomic region with KDM5 binding and increased 
H3K4me3 in Kdm5JmjC* but not Kdm5L854F [42]. Bars beneath each track show the called peaks from the associated BED file. D Volcano plot showing KDM5-
bound genes with changes in H3K4me3 (Diffbind analysis) in Kdm5JmjC*. Black dots indicate genes with altered H3K4me3 (log2FC ± 1 and FDR < 0.01). E 
Stacked bar graph separating genes with significantly increased (left) or decreased (right) H3K4me3 and the proportion of those genes that show altered 
gene expression based on RNA-seq data. n = 1516 and 4 genes for increased and decreased H3K4me3, respectively. F Volcano plot showing KDM5-bound 
genes with changes in H3K4me3 (Diffbind analysis) in Kdm5L854F. Purple dots indicate genes with significantly changed H3K4me3 (log2FC ± 1 and FDR 
< 0.01). Note the same y-axis limits as D. G Scatterplot showing correlation between changes to H3K4me3 (using Diffbind) for direct target genes for 
Kdm5JmjC* (x-axis) and Kdm5L854F (y-axis). Red dots indicate genes with altered H3K4me3 in both, black shows Kdm5JmjC* only, purple dots indicate genes 
altered in Kdm5L854F only, and gray indicates other categories. Gene number for each category are indicated. H Genome track of H3K4me3 CUT & RUN 
data from Kdm5WT (grey), Kdm5JmjC* (black), Kdm5L854F (purple), showing increased H3K4me3 at l(2)gl gene in Kdm5JmjC* and Kdm5L854F. Bars indicate called 
peaks from BED file. I Scatterplot showing only the 191 genes with significantly increased H3K4me3 in both Kdm5JmjC* and Kdm5L854F, showing changes 
to gene expression in each genotype. The x-axis shows Kdm5JmjC* log2FC RNA-seq data, and the y-axis shows Kdm5L854F data. Most genes show unaltered 
gene expression (or no expression) in both genotypes (gray; 135 genes). Red dots indicate genes upregulated in both genotypes (n = 23); blue dots 
indicate downregulation in both genotypes (n = 32). J Violin plots showing baseMean signal from the 188 expressed genes with increased H3K4me3 in 
Kdm5JmjC* and Kdm5L854F (green) and other expressed genes (orange; n = 13677). K Gene ontology using the 188 highly expressed genes that showed 
increased H3K4me3 in Kdm5JmjC* and Kdm5L854F
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despite no corresponding change in H3K4me3, KDM5 
recruitment, or chromatin accessibility, suggests that 
other factors influence transcriptional outcomes. One 
possibility is that pre-existing genomic features of KDM5 
target genes play a critical role. Although the vari-
ant KDM5JmjC* and KDM5L854F proteins exhibit some 
unique deficits, the joint activity of the JmjC and C5HC2 
domains affected by these variants appears to be essen-
tial for regulating a set of 1221 KDM5-bound genes com-
monly affected in both mutants (common targets; 572 
upregulated and 649 downregulated genes; Fig.  2J). To 
investigate whether baseline chromatin context might 
contribute to this gene expression program, we examined 
H3K4me3 and chromatin accessibility at these genes in 

wild-type brains using existing H3K4me3 CUT&RUN 
and ATAC-seq data. As expected, based on the strong 
association between KDM5 binding, H3K4me3, and 
ATAC-seq, little signal was seen at genes that showed 
altered gene expression but no KDM5 recruitment (indi-
rect targets; Fig. 4A, B; Fig. S5A; Table S2). However, at 
direct target genes, we observed that common downreg-
ulated target genes exhibited the highest accessibility and 
H3K4me3 levels, while upregulated genes showed the 
lowest baseline levels of these chromatin characteristics 
(Fig. 4C-E). The gene activation program affected by both 
Kdm5JmjC* and Kdm5L854F therefore preferentially occurs 
in this genomic context. Consistent with our knowledge 
of the shared transcriptional network, genes with high 

Fig. 4  Promoters of genes downregulated in Kdm5JmjC* and Kdm5L854F have high H3K4me3 and accessibility. A Metaplot showing the distribution of 
H3K4me3 CUT&RUN (median) signal at genes not bound by KDM5 (indirect targets) relative to the TSS in genes that were upregulated (red), downregu-
lated (blue), or unchanged (gray) in Kdm5JmjC* (left) and Kdm5L854F (right). Note the same y-axis scale as C. B Metaplot showing the distribution of ATAC-
seq (median) signal at genes not bound by KDM5 (indirect targets) relative to the TSS in genes that were upregulated (red), downregulated (blue), or 
unchanged (gray) in Kdm5JmjC* (left) and Kdm5L854F (right). Note the same y-axis scale as C. C Metaplots and heatmaps of H3K4me3 and ATAC-seq at direct 
targets separated by upregulated (red), downregulated (blue), and unchanged (gray). D Violin plots quantifying promoter H3K4me3 signal (TSS ± 100 bp) 
at KDM5-bound genes that showed common regulation in Kdm5JmjC* and Kdm5L854F. * p < 0.05, ****p < 0.0001 (Kruskal-Wallis test). E Violin plots quantify-
ing promoter ATAC signal (TSS ± 100 bp) at KDM5-bound genes that showed common regulation in Kdm5JmjC* and Kdm5L854F. ***p < 0.001 (Kruskal-Wallis 
test). F GO-Biological Process (GO-BP) analyses of KDM5-bound genes in the top 20% of expression (baseMean), H3K4me3, and ATAC-seq of Kdm5JmjC* and 
Kdm5L854F commonly regulated genes. Most robustly enriched categories include those related to mitochondrial function and cytoplasmic translation
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Fig. 5 (See legend on next page.)
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H3K4me3 and ATAC-seq signal that were downregulated 
in Kdm5JmjC* and Kdm5L854F were enriched for categories 
related to energy metabolism, mitochondrial function, 
and cytoplasmic translation (top 30% across all catego-
ries; Fig. 4F).

To identify additional chromatin modifications that 
may contribute to KDM5-mediated regulation of tran-
scription of common targets, we used ChIP-Atlas to find 
histone modification and histone variant datasets gener-
ated from adult heads or brains of wild-type animals [44]. 
These studies revealed that H3K9 acetylation (H3K9ac), 
H4K20 monomethylation (H4K40me1), and Histone 
H2B lysine 120 monoubiquitination (H2Bub) showed 
increased signal at downregulated and/or unchanged 
genes, and significantly less signal at upregulated genes 
(Fig. 5A-D; Table S2). The combination of these marks 
reflects a shared chromatin signature among genes 
downregulated in both Kdm5JmC* and Kdm5L854F, which 
are enriched for the same GO terms related to translation 
and mitochondrial function seen previously (Fig. 5E). 
These data are consistent with prior understanding of the 
roles of these chromatin marks. For example, H4K20me1 
is associated with the expression of “housekeeping” 
genes, such as those that encode ribosomal and mito-
chondrial proteins, and H2Bub is needed for efficient 
deposition of H3K4me3 [58, 59]. In addition to these 
positive associations, we also observed the converse with 
the H3K36me3 and the histone variant H2A.V, which co-
occur at genes across the genome and showed the lowest 
signal at downregulated genes (Fig. S6A-E). In contrast 
to the chromatin signature observed at common targets, 
genes uniquely regulated in each genotype exhibited dis-
tinct behavior (Fig. S7A, B). The most striking feature to 
emerge from these analyses was the increased accessi-
bility, as assessed by ATAC-seq, observed in genes that 
were downregulated in Kdm5JmjC* but not in Kdm5L854F 
(Fig. S7A-C). This is consistent with the JmjC and C5HC2 
domains functioning jointly at some target genes, while 
also exhibiting independent activities. This may also sug-
gest a previously unappreciated role for the JmjC domain 
in maintaining the expression of genes with highly acces-
sible promoter regions, which were significantly enriched 
for roles in synaptic signaling (Fig. S7D, E).

Genes repressed by KDM5 via demethylase-dependent 
mechanisms correlate with chromatin context enriched for 
H3K36me3 and H2A.V
In addition to investigating links between chromatin 
features at common KDM5 target genes, we were also 
interested in those that correlated with potential demeth-
ylase-dependent target genes. While the highest levels 
of the gene body marker H3K36me3 and the promoter-
enriched variant histone H2A.V were observed in the 
commonly unchanged category, a distinct story emerged 
when examining genes uniquely upregulated in Kdm-
5JmjC*. Whereas genes that were uniquely upregulated in 
Kdm5L854F showed the lowest levels of H3K36me3 and 
H2A.V, the 825 genes elevated only in Kdm5JmjC* dis-
played the highest levels of these chromatin features 
(Fig.  6A-H; Table S2). Notably, this class of genes does 
not differ in the extent of H3K4me3 change compared to 
unchanged genes (Fig. 6I). Indeed, they generally showed 
smaller changes to H3K4me3 than genes that were 
upregulated in both genotypes (Common Up compared 
to Unique Up; Fig.  6I). These data are consistent with 
demethylase-dependent repression by KDM5 preferen-
tially occurring in a genomic context of high promoter 
H2A.V and gene body H3K36me3.

Genes upregulated in Kdm5JmjC* with high levels of 
H3K36me3 and H2A.V were enriched for GO categories 
connected to neuronal signaling and secretion pathways 
(Fig. 6J, K).60 Genes involved in innate immunity were 
also overrepresented, including components of the Toll 
and immune deficiency (Imd) pathways. Consistent with 
this, antimicrobial peptides such as the Attacin genes 
that are activated downstream of these pathways were 
also elevated uniquely in Kdm5JmjC*, although these were 
not direct targets of KDM5 (Table S1). This is notable in 
light of emerging links between immunity-related genes 
and neuronal development and (dys)function [61–63]. 
Collectively, these data demonstrate that both up- and 
downregulated genes possess unique combinations of 
features that are likely to contribute to KDM5-mediated 
repression and activation (Fig. 7). Furthermore, KDM5-
regulated genes within distinct chromatin environments 
appear to be linked to the regulation of distinct cellular 
pathways in the brain.

(See figure on previous page.)
Fig. 5  Genes downregulated in Kdm5JmjC* and Kdm5L854F correlate with specific promoter and gene body chromatin marks. A Metaplots and heatmap 
using direct common targets showing H3K9ac (adult head ChIP-seq signal), H4K20me1, and H2Bub. Upregulated genes (red), downregulated (blue), or 
unchanged (gray). B Violin plot showing promoter proximal (TSS ± 100 bp) signal from H3K9ac ChIP-seq using KDM5-bound genes that are commonly 
downregulated (n = 649), upregulated (572), or unchanged (NC; 3193). ns = not significant. **** p < 0.0001 (Kruskal-Wallis test). C Violin plot showing gene 
body (TSS + 300 to 800 bp) signal from H4K20me1 ChIP-seq using KDM5-bound genes commonly downregulated (n = 649), upregulated (n = 572), or un-
changed (NC; n = 3193). **** p < 0.0001 **p < 0.01 (Kruskal-Wallis test). D Violin plot showing gene body (TSS + 300 to 800 bp) signal from H2Bub ChIP-seq 
using KDM5-bound genes commonly downregulated (n = 649), upregulated (n = 572), or unchanged (n = 3193; NC). **** p < 0.0001 (Kruskal-Wallis test). E 
Gene ontology using genes in the top 30% of signal for ATAC-seq, H3K4me3, H3K9ac, H4K20me1, and H2Bub
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Discussion
Here we explore how KDM5 regulates transcription 
using the ID-associated allele Kdm5L854F and the demeth-
ylase-dead Kdm5JmjC* strain. While much focus has been 
on the enzymatic H3K4me3-specific histone demethyl-
ase activity of KDM5 proteins, our data further highlight 
the complexities of these proteins and their roles in gene 
regulation. Kdm5L854F and Kdm5JmjC* show both overlap-
ping and unique effects on gene expression that do not 
correlate with changes in H3K4me3 or promoter acces-
sibility in either genotype. Rather than altered chromatin 
states, it is the pre-existing chromatin features of genes 
that seem to influence the outcome of KDM5-regulated 
transcription. We find that each gene expression category 
is associated with a specific local chromatin landscape 
that predicts the gene expression deficits observed in 
Kdm5JmjC* and/or Kdm5L854F. These results broaden our 
understanding of how KDM5 activates or represses tran-
scription in a context-dependent way and point to new 
pathways as potential contributors to KDM5 gene-asso-
ciated ID disorders.

The pathogenic Kdm5L854F variant affects the C5HC2 
zinc finger motif of KDM5, which appears to be particu-
larly important for gene regulation in the brain, as it is a 
hotspot for ID-associated variants. At least six other mis-
sense variants occur at different residues within this small 
51-amino-acid region of KDM5C [1, 64]. The C5HC2 
motif is immediately adjacent to the JmjC domain and is 
considered part of the catalytic cassette [65]. Published 
in vitro studies of recombinant KDM5CL731F, the human 
equivalent of KDM5L854F, showed a 50% reduction in 
activity toward a histone peptide substrate [23]. Our 
results indicate that in vivo, the enzymatic impairment 
of KDM5L854F is relatively minor. This may be due to the 
variant protein having more robust activity within physi-
ologically relevant complexes and/or against nucleoso-
mal substrates, highlighting the importance of analyzing 
pathogenic variants in a physiological setting. The small 
number of genes with detectable effects on H3K4me3 
in Kdm5L854F animals was limited to highly expressed 
genes, raising the possibility that the catalytic activity of 
KDM5 is preferentially engaged at promoters of genes 
with high transcriptional output. In addition to working 
together for optimal catalytic activity, we propose that 
the collaboration between the JmjC and C5HC2 domains 
is also crucial for non-enzymatic mechanisms of tran-
scriptional activation and repression. The KDM5JmjC* and 
KDM5L854F proteins are largely recruited to their target 
genes normally, indicating that these changes to KDM5 
alter activities downstream of this, such as establishing 
or stabilizing interactions with other proteins that influ-
ence gene expression. Interestingly, the combination 
of JmjC and C5HC2 domains with non-enzymatic gene 
regulatory roles may extend beyond KDM5 proteins. For 

example, JARID2, the founding member of the Jumonji 
family of proteins, contains both JmjC and C5HC2 
motifs, but lacks catalytic residues necessary for histone 
demethylase activity [66, 67]. These domains therefore 
also may work in this context to carry out non-enzymatic 
roles in gene expression regulation.

The transcriptional activation function of KDM5, 
which is disrupted by Kdm5L854F and Kdm5JmjC*, is 
required for the proper expression of genes involved in 
housekeeping roles, such as those necessary for trans-
lation and other critical cellular processes. Given the 
importance of regulated translation in neurons, we pre-
viously proposed that changes in this process may con-
tribute to the cognitive traits observed in patients [9, 
11]. Here we show that these genes are generally highly 
expressed and enriched for a set of promoter and gene 
body chromatin characteristics known to be associ-
ated with transcriptionally active genes [58, 68–70]. 
While we have observed that Kdm5JmjC* and Kdm5L854F 
do not regulate transcription solely through changes to 
H3K4me3 or accessibility, these features could be criti-
cal for KDM5 function. At promoter regions, increased 
accessibility and elevated levels of H3K4me3 and H3K9ac 
may promote the recruitment of KDM5. Indeed, across 
species, KDM5 proteins can interact with histone acety-
lation regulatory complexes in addition to chromatin 
remodelers, and a subset of KDM5 proteins can bind to 
H3K4me3 through their C-terminal PHD motif [18, 46, 
55, 71, 72]. Common target genes were also enriched 
for H2Bub and H4K20me1. H2Bub plays several roles, 
including promoting H3K4me3 deposition at promoters 
by allosterically activating the COMPASS methyltrans-
ferase complex and facilitating transcriptional elongation 
[73, 74]. Although not mechanistically linked to H2Bub 
deposition, H4K20me1 is also found in regions of open 
chromatin, particularly at housekeeping genes [58, 68]. 
The combination of these marks likely indicates a per-
missive chromatin state that promotes productive elon-
gation of RNA polymerase II. Whether or not KDM5 is 
needed for the efficient deposition or maintenance of 
H3K9ac, H2Bub, or H4K20me1 will require additional 
CUT&RUN experiments in Kdm5JmjC* and Kdm5L854F. In 
gene contexts where this chromatin signature occurs at 
low levels, KDM5 appears to repress transcription in a 
JmjC and C5HC2 domain-dependent manner.

Our results additionally revealed a demethylase-
dependent repressive role for KDM5 at a subset of genes 
marked by elevated levels of promoter H2A.V and genic 
H3K36me3. How changes to H3K4me3 intersect with 
the presence of H2A.V and H3K36me3 is not yet clear. 
Drosophila H2A.V combines the functions of two mam-
malian histone variants, H2A.Z and H2A.X, and has 
been implicated in both activation and repression of gene 
expression [75]. Providing a possible link between KDM5 
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Fig. 6  Genes uniquely upregulated in Kdm5JmjC* are enriched for H3K36me3 and H2A.V. A Metaplot and heatmap showing H3K36me3 signal adult head 
ChIP-seq signal relative to the gene body at KDM5-bound genes that were commonly upregulated (red), uniquely upregulated (purple), downregulated 
(blue), or unchanged (gray) in Kdm5L854F. B Violin plots quantifying H3K36me3 gene body signal from the categories of genes shown in A. **** p < 0.0001, 
*** p < 0.001, * p < 0.05 (Kruskal-Wallis test). C Metaplot and heatmap showing H2A.V signal adult head ChIP-seq signal relative to the gene body at KDM5-
bound genes that were commonly upregulated (red), uniquely upregulated (purple), downregulated (blue), or unchanged (gray) in Kdm5L854F. D Violin 
plots quantifying H2A.V promoter-proximal signal from the categories of genes shown in C. **** p < 0.0001, *** p < 0.001, ** p < 0.01 (Kruskal-Wallis test). 
E Metaplot and heatmap showing H3K36me3 signal adult head ChIP-seq signal relative to the gene body at KDM5-bound genes that were commonly 
upregulated (red), uniquely upregulated (black), downregulated (blue), or unchanged (gray) in Kdm5JmC*. F Violin plots quantifying H3K36me3 signal 
from the categories of genes shown in E. **** p < 0.0001, *** p < 0.001, * p < 0.05 (Kruskal-Wallis test). G Metaplot and heatmap showing H2A.V signal adult 
head ChIP-seq signal (SRX287772) relative to the gene body at KDM5-bound genes that were commonly upregulated (red), uniquely upregulated (black), 
downregulated (blue), or unchanged (gray) in Kdm5Jmjc*. H Violin plots quantifying H2A.V signal from the categories of genes shown in G. **** p < 0.0001, 
*** p < 0.001 (Kruskal-Wallis test). I Diffbind-generated data showing change to H3K4me3 (∆H3K4me3) comparing Kdm5JmjC* to Kdm5WT at genes down-
regulated (blue; n = 940), unchanged (gray; n = 2150), commonly upregulated (red; n = 280), and uniquely upregulated (black; n = 506) in Kdm5JmjC*. ** 
p < 0.01, ns = not significant (Kruskal-Wallis test). J GO analyses of genes uniquely upregulated in Kdm5JmjC* with high (top 30%) of H3K36me3 (gene body) 
and H2A.V (promoter). K String-DataBase-guided examples of genes within categories identified in GO analyses
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Fig. 7  Model for KDM5 function. Genes that were downregulated in Kdm5JmjC* and Kdm5L854F exhibited a characteristic signature, characterized by high 
levels of promoter accessibility, H3K4me3, and H3K9 acetylation. In the gene body, downregulated genes tended to have H4K20me1 and H2Bub. Genes 
uniquely upregulated in Kdm5JmjC* exhibited high H2A.V at the promoter and H3K36me3 in the coding region. Within the KDM5 protein, the orange circle 
with “J” indicates the JmjC domain, while the green “C” indicates the C5HC2 motif. KDM5-regulated genes in these distinct chromatin environments are 
involved in different cellular processes. Histone octamer: H3 = blue, H4 = green, H2A = yellow, H2A.V = orange, H2B = red. Images created using BioRender 
(with permission)
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to H2A.V, this histone variant is deposited at promoters 
by the ATPase Domino (Dom), which we identified as 
a candidate KDM5 interactor in TurboID studies [55]. 
Through its interaction with Dom and other members of 
the SWR1 complex, KDM5 might facilitate H2A.V depo-
sition, or conversely, be recruited to these promoters. 
Unlike H2A.V, whose localization at promoters overlaps 
with KDM5 binding, H3K36me3 is deposited within gene 
bodies during transcription. It is associated with a range 
of transcriptional activities, including the suppression of 
spurious transcription, regulation of splicing, and depo-
sition of m6A on mRNAs [76–78]. These H3K36me3-
mediated activities are likely to be particularly important 
in neurons, as genetic disruption to the machinery that 
regulates this mark is associated with intellectual disabil-
ity disorders [77]. Similar to H2A.V, although the rela-
tionship between KDM5-mediated changes to H3K4me3 
and H3K36me3 remains to be determined, it is notable 
that KDM5 proteins in mammals and Drosophila interact 
with the H3K36me2/3-binding protein MRG15 [55, 56, 
71, 79]. 

KDM5-repressed target genes with high H3K36me3 
levels included components of innate immune signaling 
pathways, such as the Toll and Imd pathways, as well as 
their downstream antimicrobial peptides. Although tra-
ditionally studied in the context of host defense, these 
immune pathways also have emerging roles in the ner-
vous system, where they influence neuronal survival, syn-
aptic pruning and plasticity, glia-neuron communication, 
and responses to stress or injury [62, 63, 80]. Together, 
these findings suggest that KDM5 actively restrains 
immune gene expression in the brain, potentially to 
prevent deleterious activation of inflammatory or stress 
pathways that may compromise neuronal development 
or function. The loss of KDM5-mediated repression of 
immune signaling may represent a previously unrecog-
nized mechanism that contributes to the pathogenesis 
of KDM5-induced ID disorders through neuroimmune 
dysregulation.
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Supplementary Material 6. Supplemental Fig. 1: Predicted changes to the 
structure of KDM5C. A AlphaFold models of Human KDM5WT, KDM5JmjC*, 
and KDM5L854F proteins. The first column shows full-length proteins with 
the C%HC2 and JmjC domains circled. The second column shows the 
JmjC domain in KDM5CWT, KDM5CJmjC* (H514A, E516A), and KDM5CL731F 
proteins. The side chains altered in the demethylase-dead KDM5CJmjC* 

protein (positions 514 and 516) are highlighted in red. The third column 
shows the C5HC2 domain in KDM5CWT, KDM5CJmjC*, and KDM5CL731F 
proteins. The side chain at 731 is shown in red. B Overlay of full-length 
wild-type Drosophila KDM5, KDM5JmjC*, and KDM5L854F (gray) compared to 
human KDM5C (black).

Supplementary Material 7. Supplemental Fig. 2: KDM5 binds to highly 
expressed genes. A Quantification of gene body (TSS + 300–800 bp) 
signal for RNA polymerase II at KDM5-bound (orange) and unbound 
(blue) genes. **** p < 0.0001 (Kruskal-Wallis test). B baseMean values of 
KDM5-bound (direct; orange) and unbound (indirect; blue) targets that 
were downregulated, unchanged, or upregulated in Kdm5JmjC* RNA-seq 
data. **** p < 0.0001 (Kruskal-Wallis test). Gene numbers are provided on 
the x-axis in all panels. C Gene body (TSS + 300–800 bp) signal for RNA 
polymerase II of KDM5-bound (direct; orange) and unbound (indirect; 
blue) targets that were downregulated, unchanged, or upregulated in 
Kdm5JmjC* RNA-seq data. **** p < 0.0001 (Kruskal-Wallis test). D base-
Mean values of KDM5-bound (direct; orange) and unbound (indirect; 
blue) targets that were downregulated, unchanged, or upregulated in 
Kdm5L854F RNA-seq data. **** p < 0.0001 (Kruskal-Wallis test). E Gene body 
(TSS + 300–800 bp) signal for RNA polymerase II of KDM5-bound (direct; 
orange) and unbound (indirect; blue) targets that were downregulated, 
unchanged, or upregulated in Kdm5L854F RNA-seq data. **** p < 0.0001 
(Kruskal-Wallis test).

Supplementary Material 8. Supplemental Fig. 3: Increased H3K4me3 in 
Kdm5JmjC* does not correlate with elevated gene expression. A Pie charts 
showing the distribution of genomic features within H3K4me3 called 
peaks (Genrich) for Kdm5WT, Kdm5JmjC*, and Kdm5L854F. B Metaplots and 
heatmaps showing KDM5 and H3K4me3 from Kdm5WT, Kdm5JmjC* and 
Kdm5L854F showing similar genomic distribution. C Violin plots showing 
Diffbind-derived quantification of the change to H3K4me3 signal (log2 
of ∆H3K4me3) obtained when examining KDM5-bound (direct) genes 
in from Kdm5JmjC* data. Upregulated (red), downregulated (blue), or 
unchanged (NC; gray). ns = not significant. ** p < 0.01 (Kruskal-Wallis test). 
D Violin plots genes with significantly increased H3K4me3 (Diffbind; log2 
of ∆H3K4me3) examining KDM5-bound (direct) genes in from Kdm5JmjC* 
data. Upregulated (red), downregulated (blue), or unchanged (NC; gray). 
ns = not significant. ** p < 0.01 (Kruskal-Wallis test). Of the 1516 genes with 
increased H3K4me3, 25 genes were excluded from these analyses because 
they were expressed at very low levels and not included in our DESeq2 
data. E MA plot using data from Kdm5JmjC* RNA-seq, with genes that 
showed increased H3K4me3 in both Kdm5JmjC* and Kdm5L854F highlighted 
in black. F MA plot using data from Kdm5L854F RNA-seq, with genes that 
showed increased H3K4me3 in both Kdm5JmjC* and Kdm5L854F highlighted 
in purple. G Violin plot showing level of gene body RNA polymerase II 
signal from genes with increased H3K4me3 in Kdm5JmjC* and Kdm5L854F 
(green, 188 genes) compared to all other expressed genes (orange).

Supplementary Material 9. Supplemental Fig. 4: Binding of KDM5JmjC* and 
KDM5L854F compared to KDM5WT. A Pie charts showing the distribution of 
wild-type KDM5, KDM5JmjC*, and KDM5L854F TaDa peak annotations. B Vol-
cano plot showing the distribution of KDM5JmjC* TaDa data compared to 
KDM5WT using NOIseq. Genes with significantly more or less signal are in-
dicated by the black dots (p < 0.2). C Volcano plot showing the distribution 
of KDM5L854F TaDa data compared to KDM5WT using NOIseq. Genes with 
significantly more or less signal are indicated by the purple dots (p < 0.2). 
D Venn diagrams showing the overlap in significantly altered TaDa signal 
using KDM5JmjC* and KDM5L854F. E Stacked bar graph showing the propor-
tion of genes with increased or decreased KDM5JmjC* TaDa signal that 
show altered gene expression from RNA-seq data. An additional 2 and 4 
genes showed altered TaDa signal consistent with increased or decreased 
binding, respectively, but lacked corresponding DESeq2 RNA-seq data. 
F Stacked bar graph showing the proportion of genes with increased or 
decreased KDM5L854F TaDa signal that show altered gene expression from 
RNA-seq data. G Stacked bar graph showing the proportion of genes with 
increased or decreased KDM5JmjC* TaDa signal (NOIseq) that show altered 
H3K4me3 (Diffbind). An additional 129 and 6 genes showed altered TaDa 
signal consistent with increased or decreased binding, respectively, but 
lacked corresponding Diffbind data. H Stacked bar graph showing the 
proportion of genes with increased or decreased TaDa signal in KDM5L854F 
TaDa (NOIseq) that show altered H3K4me3 (Diffbind). An additional 61 
and 7 genes showed altered TaDa signal consistent with increased or 
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decreased binding, respectively, but lacked corresponding Diffbind data.

Supplementary Material 10. Supplemental Fig. 5: Altered chromatin acces-
sibility does not correlate with changes to gene expression in Kdm5JmjC* 
and Kdm5L854F. A Metaplots and heatmaps showing KDM5, H3K4me3 and 
ATAC-seq from wild-type animals showing similar genomic distribution. B 
Pie chart illustrating the distribution of ATAC-seq called peaks in Kdm5WT, 
Kdm5JmjC*, and Kdm5L854F brains according to genomic features based on 
ChIPseeker annotations. C Metaplot showing ATAC-seq signal surround-
ing the TSS from Kdm5WT (black), Kdm5JmjC* (gray), and Kdm5L854F (purple) 
adult brains. D Volcano plot showing KDM5-bound genes for which the 
ATAC-seq signal was significantly different comparing Kdm5JmjC* to Kd-
m5WT. Black dots indicate a significant difference based on Diffbind data. 
The number of genes in each category is indicated on the plot (down 
= 21, up = 150, unchanged = 5362). E Stacked bar graph separating genes 
with increased or decreased ATAC-seq signal and the proportion of genes 
within these two categories that were upregulated (red), downregulated 
(blue), or unchanged (gray) in Kdm5JmjC* RNA-seq data. F Volcano plot 
showing KDM5-bound genes for which ATAC-seq signal was significantly 
different between Kdm5L854F and Kdm5WT. Purple dots indicate a signifi-
cant difference based on Diffbind data. The number of genes in each 
category is indicated on the plot (down = 19, up = 35, unchanged = 5479). 
G Stacked bar graph separating genes with increased or decreased ATAC-
seq signal and the proportion of genes within these two categories that 
were upregulated (red), downregulated (blue), or unchanged (gray) in 
Kdm5L854F RNA-seq data.

Supplementary Material 11. Supplemental Fig. 6: association between 
chromatin marks and altered gene expression in Kdm5JmjC* and Kdm5L854F. 
A Meta plot and heatmap showing H3K36me3 signal at common 
upregulated (red), downregulated (blue), or unchanged (gray) genes. B 
Violin plots quantifying changes to H3K36 in the gene body (TSS + 300 to 
+ 800 bp) at upregulated (red), downregulated (blue), or unchanged (gray) 
genes. ns = not significant. ** p < 0.001, **** p < 0.0001 (Kruskal-Wallis test). 
C Meta plot and heatmap showing H2A.V signal at common upregulated 
(red), downregulated (blue), or unchanged (gray) genes. D Violin plots 
quantifying changes to H2A.V at promoter regions at upregulated (red), 
downregulated (blue), or unchanged (gray) genes. **** p < 0.0001 (Kruskal-
Wallis test). E Meta plots and heatmaps showing that genes with high 
promoter H2A.V are likely to also have high H3K36me3 in the gene body.

Supplementary Material 12. Supplemental Fig. 7: Association between 
chromatin marks and altered gene expression unique to Kdm5JmjC* or 
Kdm5L854F. A Meta plot and heatmap showing H3K4me3, ATAC-seq 
(both relative to the TSS), H3K9ac, H2Bub and H4K20me (TSS to TES) 
signal at Kdm5JmjC* uniquely upregulated (red), downregulated (blue), or 
unchanged (gray) genes. B Meta plot and heatmap showing H3K4me3, 
ATAC-seq (both relative to the TSS), H3K9ac, H2Bub and H4K20me (TSS to 
TES) signal at Kdm5L854F uniquely upregulated (red), downregulated (blue), 
or unchanged (gray) genes. C Violin plot quantifying changes to ATAC 
signal (Diffbind) at upregulated (red), downregulated (blue), or unchanged 
(gray) genes in Kdm5JmjC*. *** p < 0.001, **** p < 0.0001 (Kruskal-Wallis test). 
n = gene numbers in each category. D GO of uniquely downregulated 
genes in Kdm5JmjC*. E GO and String-db-guided genes within the synaptic 
signaling category.
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