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Abstract 

Genes encoding the KDM5 family of transcriptional regulators are disrupted in individuals with intellectual disability (ID). To understand the link 
between KDM5 and ID, we characterized five Drosophila strains harboring missense alleles analogous to those observed in patients. These 
alleles disrupted neuroanatomical de v elopment, cognition and other behaviors, and displayed a transcriptional signature characterized by the 
do wnregulation of man y ribosomal protein genes. A similar transcriptional profile w as observ ed in KDM5C knock out iPSC-induced human gluta- 
matergic neurons, suggesting an e v olutionarily conserv ed role f or KDM5 proteins in regulating this class of gene. In Drosophila , reducing KDM5 
changed neuronal ribosome composition, lo w ered the translation efficiency of mRNAs required for mitochondrial function, and altered mitochon- 
drial metabolism. These data highlight the cellular consequences of altered KDM5-regulated transcriptional programs that could contribute to 
cognitive and behavioral phenotypes. Moreover, they suggest that KDM5 may be part of a broader network of proteins that influence cognition 
by regulating protein synthesis. 
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Introduction 

Lysine demethylase 5 (KDM5) family proteins play key roles
in the regulation of gene expression programs needed for
normal development by binding to, and enzymatically alter-
ing, chromatin ( 1 ,2 ). Molecularly, KDM5 proteins can alter
transcription by cleaving trimethyl groups from lysine 4 of
histone H3 (H3K4me3) to alter promoter activity in addi-
tion to demethylase-independent means of gene regulation
control. In mammalian cells, three paralogous KDM5 genes
are broadly expressed but appear to be particularly impor-
tant for brain development and function. This is based on
the observation that genetic variants that disrupt KDM5A ,
KDM5B or KDM5C are associated with intellectual disabil-
ity that often co-occurs with seizures, anxiety, ataxia, motor
skill deficits, and autism spectrum disorder (ASD) ( 3–5 ). The
best characterized of these links is between the X-linked gene
KDM5C and the intellectual disability disorder Claes–Jensen
syndrome, for which at least 85 pathogenic genetic variants
have been published ( 4 , 6 , 7 ). 

The functions of KDM5 proteins are evolutionarily
conserved, with studies in Mus musculus , Drosophila
melanogaster and Caenorhabditis elegans revealing neuro-
morphological and behavioral characteristics consistent with
reported human clinical phenotypes. For example, mice ho-
mozygous for knockout of Kdm5a , Kdm5b or hemizygous
for loss of Kdm5c , show cognitive deficits, increased anxi-
ety, seizure susceptibility and / or aggression ( 3 ,8–11 ). Simi-
larly, the single Kdm5 ortholog in Drosophila is important for
locomotion during larval development and for cognitive func-
tion in adult flies ( 12 ,13 ). Changes to synaptic function and
axonal growth and guidance are two potential contributors
to KDM5-dependent changes to brain function ( 14 ,15 ). Indi-
rect evidence of altered synaptic activity has been observed in
Kdm5c knockout mice, where pyramidal neurons of the adult
brain show reduced dendritic spine density, which could result
in, or be caused by, altered synaptic activity ( 10 ,16 ). Direct ev-
idence has come from Drosophila , where KDM5 is needed for
proper morphology of synaptic boutons and neurotransmis-
sion at the glutamatergic larval neuromuscular junction ( 12 ).
Studies using Drosophila and C. elegans have also revealed
a role for KDM5 in axonal growth and guidance. In C. el-
egans , a loss of function allele of the single Kdm5 ortholog
leads to axonal guidance defects that correlate with altered F-
actin polymerization dynamics ( 17 ,18 ). Similar findings have
been observed in the Drosophila mushroom body, a learning
and memory center of the adult fly, where reducing KDM5 lev-
els during early neuronal differentiation results in mushroom
body axonal mis-projection and overgrowth ( 19 ). 

Although the neuromorphological consequences of KDM5
loss of function are beginning to be elucidated, the transcrip-
tional and downstream cellular changes that underly altered
synaptic and axonal structure and function are less clear. To
date, there have been no transcriptional studies examining the
consequences of loss of KDM5 family genes in human neu-
rons. Gene expression studies have, however, been carried out
using the hippocampus and other regions of the brain from
Kdm5a and Kdm5c knockout mice ( 8 , 9 , 11 ). These studies
have revealed the dysregulation of genes known to be involved
in neuronal function, but have not led to clear models of the
pathways that link KDM5 protein function to ID. One can-
didate process has, however, emerged from genomic binding
and gene expression studies carried out in Drosophila . Tran-
scriptomic data using adult heads of flies harboring an allele 
comparable to an ID-associated variant in KDM5C showed 

decreased expression of genes related to cytoplasmic trans- 
lation and ribosome biogenesis ( 13 ). Ribosome trafficking 
and proper localization of protein synthesis are key mecha- 
nisms necessary to regulate synaptic formation, maintenance,
and function ( 20 ). Consistent with this, genetic variants in 

regulators of translation such as the Fragile X gene FMR1 

have been shown to alter the neuronal translatome, chiefly 
through the proximal translational silencing of distally traf- 
ficked mRNA ( 21 ,22 ). Thus, deficits in translation could con- 
tribute to KDM5-induced altered cognition. However, it re- 
mains to be determined whether altered expression of riboso- 
mal protein genes is a common consequence of different ID- 
associated variants in KDM5 genes, or whether this alters the 
neuronal translatome. 

Here, we examine the link between KDM5-regulated tran- 
scription, regulation of translation, and altered neuronal de- 
velopment and function. Key to this study is five Drosophila 
Kdm5 alleles that are analogous to KDM5C variants identi- 
fied in individuals with Claes-Jensen syndrome. Analyses of 
these alleles revealed that loss of histone demethylase activity 
is not a universal feature of ID-associated variants, emphasiz- 
ing the importance of non-enzymatic transcriptional activities 
of KDM5 proteins. ID-variants in Kdm5 also disrupt neuronal 
development and function, leading to axonal growth and 

guidance defects, altered learning and / or memory, increased 

propensity for seizures, and altered locomotion. Molecularly,
the brains of ID-allele fly strains show a signature pattern of 
altered gene expression that is characterized by reduced ex- 
pression of genes encoding ribosomal proteins. A similar ef- 
fect on ribosomal protein gene expression was observed in hu- 
man induced pluripotent stem cell (iPSC)-derived glutamater- 
gic neurons lacking KDM5C , indicating that this is an evo- 
lutionarily conserved function of KDM5 family proteins. In 

Drosophila , neuronal knockdown of Kdm5 resulted in altered 

ribosome composition. Moreover, Ribo-Seq analyses revealed 

a decrease in the translation efficiency (TE) of transcripts en- 
coding proteins necessary for mitochondrial metabolism, such 

as those involved in the tricarboxylic acid (TCA) cycle and 

fatty acid metabolism. This altered translation correlated with 

changes to neuronal metabolite concentrations, suggesting a 
new link between KDM5 and the maintenance of proper mi- 
tochondrial function in neurons. These studies uncover these 
new aspects of neuronal ribosome biology and provide a can- 
didate pathway that could contribute to altered cognition and 

behavior across species. 

Materials and methods 

Fly strains and care 

Fly food contained 80 g malt extract, 65 g cornmeal,
22 g molasses, 18 g yeast, 9 g agar, 2.3 g methyl 
para-benzoic acid and 6.35ml propionic acid per liter.
Flies were kept at 25 

◦C with a 12-h light / dark cycle 
and 50% humidity. The following fly stocks were ob- 
tained from Bloomington Drosophila Stock Center: w 

1118 

( RRID:BDSC _ 5905 ), elav-Gal4 ( RRID:BDSC _ 458 ), UAS- 
RpL3:FLAG ( RRID:BDSC _ 77132 ), UAS-sh Kdm5 ( RRID: 
BDSC _ 35706 ). Alleles of Kdm5 including Kdm5 

� (null al- 
lele; previously known as Kdm5 

140 ), Kdm5 

JmjC* , Kdm5 

A512P ,
Kdm5 

L854F , Kdm5 

R873W and Kdm5 

Y874C are published 

https://scicrunch.org/resolver/RRID:BDSC_5905
https://scicrunch.org/resolver/RRID:BDSC_458
https://scicrunch.org/resolver/RRID:BDSC_77132
https://scicrunch.org/resolver/RRID:BDSC_35706
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 12 , 13 , 23 , 24 ). The HA-tagged Kdm5 

WT fly strain has
een shown to express KDM5 at endogenous levels ( 23 ).
dm5 

A224T and Kdm5 

D234G were generated in the same man-
er as previous alleles using a clone of the 11 kb genomic re-
ion encompassing Kdm5 locus from the end of the transcript
f the upstream gene Tsp26A to the promoter of the down-
tream gene ifc , with an in-frame 3xHA tag at the 3 

′ end (in
he vector pattB; DGRC Stock 1420; https://dgrc.bio.indiana.
du/ /stock/ 1420; RRID:DGRC _ 1420 ). For Kdm5 

A224T , codon
24 was changed from GCA to ACA by site-directed muta-
enesis and codon 234 from GAT to ACT for Kdm5 

D234G 

 25 ). Sequenced constructs were sent to BestGene Inc for in-
ection into FlyC31 embryos ( RRID:BDSC _ 24749 ; attP86F).
ransformed flies were crossed into the Kdm5 

Δ null mutant
ackground. For all assays except habituation, male and fe-
ale flies used were homozygous for kdm5 

Δ and homozygous
or the genomic transgene such that the sole source of KDM5
as ID-variant (homozygous mutant). For habituation data,
ale flies heterozygous for kdm5 

Δ and heterozygous for the
enomic transgene were used. 

uman cell line LS200 and generation of KDM5C 

KO 

ines 

he LS200 iPSC line derived from a typically develop-
ng male has been previously described ( 26 ). The two
DM5C knockout lines were generated using Invitrogen
rueCut™ Cas9 Protein v2 (Invitrogen_A36496) and Invit-
ogen™ TrueGuide™ Synthetic gRNA (Invitrogen_A35509).
ibonucleoprotein transfection was performed by electropo-

ation using the Invitrogen™ Neon Transfection System (In-
itrogen_MPK1025) according to the protocol provided by
he manufacturer. The transfection reaction consisted of 1.5
g of Cas9 and 300 ng of sgRNA using pre-set program
. After recovery, iPSCs were expanded and genome edit-
ng was assessed using the GeneArt™ Genomic Cleavage De-
ection Kit (Invitrogen_A24372). Once successful cleavage
as determined, iPSCs were FACS-sorted using a BD FAC-

Aria™ IIu Cell Sorter and allowed to grow at 1 cell per well
n a 96-well plate. Knockouts were verified by PCR and Sanger
equencing. 

eneration of iPSC-derived glutamatergic neurons 

PSCs were maintained as previously described ( 26 ,27 ).
lutamatergic neuronal differentiation was induced using
 protocol developed by Zhang et al., in which differen-
iation is driven by overexpression of the transcription
actor Neurogenin2 (NGN2) ( 27 ). A tet-inducible expression
ystem was introduced, and lentivirus particles prepared
rom the plasmid vectors; pLV_TRET_hNgn2_UBC_Puro
 RRID:A ddgene_61474) and FUdeltaGW -rtT A ( RRID:
 ddgene_19780), followed by treatment with doxycycline
nd selection with puromycin. 

ntibodies 

he following primary antibodies were used: Anti-Fas2
1:25, Developmental Studies Hybridoma Bank (DSHB)
at# 1D4 anti-Fasciclin II, RRID:AB _ 528235 ), Anti-HA
1:1000, Cell Signaling Technology cat# 3724, RRID:
B _ 1549585 ), anti-H3 (1:20000, Active Motif Cat# 39763,
RID:AB _ 2650522 ), anti-H3K4me3 (Cell Signaling Tech-
ology Cat# 9751, RRID:AB _ 2616028 ), Anti-FLAG (Sigma-
ldrich Cat# F1804, RRID:AB _ 262044 ), Anti-vGLUT2
(1:200; Millipore #mab5504) Anti-TUJ (1:500; Genescript
#A01627), Anti-Cyclophilin B (Thermofisher #PA1-027A),
anti-DAC (1:50; DSHB cat# mAbdac2-2; RRID:AB _ 528190 ).
Anti-RpS12 was a gift from Dr. Nicholas Baker (Albert Ein-
stein College of Medicine) ( 28 ). Anti-KDM5C was a gift from
Dr Shigeki Iwase (University of Michigan) ( 8 ). Secondary an-
tibodies: Goat anti-mouse Alexa-488 (1:500, Thermo Fisher
Scientific cat# A32723; RRID:AB _ 2633275 ), IRDye 680RD
donkey anti-mouse IgG (1:8000; LI-COR Biosciences cat#
925-68072, RRID:AB _ 2814912 ) and IRDye 800CW donkey
anti-rabbit IgG (1:8000; LI-COR Biosciences cat# 926-32213,
RRID:AB _ 621848 ). Blots were scanned and processed using a
LI-COR Odyssey Infrared scanner and band intensities quan-
tified with ImageJ ( 29 ). 

Immunohistochemistry 

Drosophila 
For adult brains whole flies were fixed in 4% paraformalde-
hyde in phosphate buffered saline (PBS) with 0.2% Triton X-
100 (0.2% PBT) at 4 

◦C for 3 h and then washed in 0.2% PBT
for three cycles of 15 min at room temperature (RT). Brains
were next dissected in 0.2% PBT, blocked for 30 min at RT
(5% normal goat serum in 0.2% PBT) and incubated with pri-
mary antibodies prepared in 5% NDS / 0.2% PBT for 2 days
at 4 

◦C. After three cycles of 15 min in 0.2% PBT washing, sec-
ondary antibodies were added for 1–2 days at 4 

◦C. After being
washed in PBS for three cycles of 15 min at RT, brains were
incubated in a drop of Vectashield mounting medium (Vector
Laboratories, H-1000) or DAPI Fluoromount G (Southern-
Biotech, OB010020) overnight at 4 

◦C. Brains were mounted
on glass slides (Superfrost Plus, Fisherbrand), flanked by glass
spacers, and covered with a final glass coverslip prior to image
analysis. Images were taken on a Leica SP8 confocal micro-
scope using either a ×20 air lens (N.A. = 0.75 air, W.D. = 0.64
mm) or a ×63 immersion lens (N.A. = 1.4 oil, W.D. = 0.14
mm). Confocal stacks were taken under either ×2 or × 2.5
zoom, in a 1024 × 1024 configuration and using 1 μm res-
olution. Image stacks were processed with Fiji (ImageJ). For
statistical tests of mushroom body morphological defects, a
chi-squared test followed by Mariscuillo procedure was per-
formed using GraphPad Prism 8.4 (GraphPad Software, Inc.,
C A, US A) and R. 

Human iPSC-induced glutamatergic neurons 
Staining of iNeurons was carried out as described in Barnes
et al. ( 26 ). iNeurons were grown to day 21 on 12 mm cover-
slips coated with Laminin. Cells were fixed in 10% buffered
formalin phosphate for 10 min at 4 

◦C, and permeabilized at
RT for 15 min with 1% Triton X-100 in PBS. Samples were
blocked using 5% donkey serum / 1% bovine serum albumin
(BSA) / 1% Triton-X100 for 45 min at RT and primary anti-
body added and incubated for 1 h at RT. Samples were washed
several times in 5% donkey serum / 1% BSA prior to sec-
ondary antibody incubation for 45 min at RT. Samples were
washed several times prior to addition of ProLong Gold an-
tifade reagent with DAPI (Invitrogen #P36931). Images were
taken on a Leica SP8 confocal microscope using a ×40 im-
mersion lens. 

Appetitive olfactory learning and memory assay 

Single-round training appetitive learning and memory assays
were carried out similarly to protocols described previously,
using 3- to 5-day-old flies and a T-maze purchased from Cel-

https://dgrc.bio.indiana.edu//stock/1420;
https://scicrunch.org/resolver/RRID:DGRC_1420
https://scicrunch.org/resolver/RRID:BDSC_24749
https://scicrunch.org/resolver/RRID:A
https://scicrunch.org/resolver/RRID:A
https://scicrunch.org/resolver/RRID:AB_528235
https://scicrunch.org/resolver/RRID:AB_1549585
https://scicrunch.org/resolver/RRID:AB_2650522
https://scicrunch.org/resolver/RRID:AB_2616028
https://scicrunch.org/resolver/RRID:AB_262044
https://scicrunch.org/resolver/RRID:AB_528190
https://scicrunch.org/resolver/RRID:AB_2633275
https://scicrunch.org/resolver/RRID:AB_2814912
https://scicrunch.org/resolver/RRID:AB_621848
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Explorer Labs ( 30 ). All tests were performed in the afternoon
(1–3 p.m.) at a temperature of room temperature and > 40%
humidity. Flies were starved in vials along with a filter paper
disk soaked in water for 16–20 h prior to training. Single-
round training was performed by placing flies in a chamber
along with a filter paper square that had been soaked with
water and allowed to air dry. Odor from a solution of 3-
octanol (3-OCT) diluted in mineral oil at 1:1000 was infused
into the chamber simultaneously at a flow rate of 1 l / min
for 2 min. Room air was then infused into the chamber for
30 s. Flies were subsequently transferred to another cham-
ber along with a filter paper that was previously soaked with
2 M sucrose and allowed to air dry. Odor from a solution
of 4-methylcyclohexanol (4-MCH) diluted in mineral oil at
1:1000 was infused into the chamber simultaneously at a flow
rate of 1 l / min for 2 min. Flies were then placed on stan-
dard food for 30 min before being starved for 24 h with a
filter paper disk soaked in water. For testing, flies were placed
in a T-maze. Odors from the same 3-OCT and 4-MCH so-
lutions were infused from each arm of the T-maze at a flow
rate of 1 l / min for 2 min in complete darkness and flies were
allowed to enter and traverse each arm of the T-maze. After
2 min, flies were removed from each arm of the T-maze and
quantified. Memory was quantified using a performance in-
dex (PI) calculated by subtracting the number of flies avoiding
sucrose-associated odor from the number of flies preferring
the sucrose-associated odor and dividing by the total number
of flies. Each experiment was carried out a minimum of six
times per genotype. 

Habituation assay 

Habituation learning was tested with the high-throughput
light-off jump habituation assay ( 31 ). To generate white-eyed
genomic rescue transgenes for ID- Kdm5 variants, as required
for the efficient jump response to the light-off stimulus, we
excised the white gene cassette using the CRE recombinase.
Three-to-four-day old males were individually placed in semi-
transparent vials enclosed by two microphones of two inde-
pendent 16-unit light-off jump habituation systems (Aktogen
Ltd.) and left to acclimatize for 5 min before starting the ha-
bituation paradigm assay in which 32 flies were simultane-
ously exposed to 100 light-off pulses of 15 ms with a one
second inter-trial-interval. The noise amplitude produced by
wing vibrations was recorded for 500 ms after each light-
off pulse. The obtained sound amplitudes were filtered with
a threshold to remove background noise, leading to the an-
notation of a jump at amplitude above 0.8 V. Jump quanti-
tation were collected and analyzed by a custom-made Lab-
view Software (National instruments). A high initial jump re-
sponse to the light-off pulse decreased with the repetition of
pulses. Flies were considered habituated when they failed to
jump to five consecutive trials (no jump criterion). The num-
ber of trials required to reach the no jump criterion (trials to
habituation, TTC) was collected for each individual fly. The
effect of genotype on log transformed TTC values, corrected
for the effect experimental day and system, was analyzed with
a linear model in the R statistical software (v.3.0.0). Result-
ing P -values were corrected for multiple comparisons with
Bonferroni–Holm method ( P adj ). 

Mechanically induced seizure assays 

The protocol for mechanical seizure induction was adapted
from Mituzaite et al ( 32 ). Flies < 7 days old were separated
under carbon dioxide anesthetization into groups of seven or 
fewer in individual food-containing vials. Animals were al- 
lowed to recover overnight before being transferred without 
anesthetization to empty testing vials. After transfer, flies were 
left to acclimatize for at least an hour before testing. Dur- 
ing the vortex assay, flies were shaken at maximum speed in 

their vials on a laboratory vortex for ten seconds. Vials were 
then moved to a tube holder and recorded for five minutes 
using a smartphone camera. All testing was done during the 
morning hours. Recordings were used to visually track each 

fly for 5 min to note all seizures. Bang-sensitive Drosophila go 

through a stereotypic seizure cycle during which the fly may 
turn onto its side or back and exhibit behaviors such as shak- 
ing and paralysis. ( 33 ) Similar numbers of males and females 
were used for each variant tested. Statistical analysis was done 
using a Chi-Square Test in GraphPad PRISM 8.4 (GraphPad 

Software, Inc., C A, US A) followed by a Marascuilo procedure 
to adjust for multiple comparisons, which was done in R. 

Locomotion 

The protocol for quantifying locomotion assay was adapted 

from Mi et al. ( 34 ). Seven to ten male or female flies less than 

seven days old were anesthetized and portioned into vials con- 
taining standard fly medium 24 h prior to testing. On the 
day of testing, flies were individually aspirated into the testing 
chambers, and were left to acclimate for an hour before video 

recording for 5 min. Flies were tracked post hoc in videos us- 
ing UMA tracker and analyses of tracking was completed in R 

Studio ( 35 ). Dunnett’s one way ANOVA was used to account 
for multiple comparisons. 

RNA-Seq 

Drosophila 
The Kdm5 

JmjC* RNA-seq dataset is published 

(GEO:GSE100578) ( 13 ). For the remaining genotypes, RNA 

was prepared from 3–5 day old heads during the morning 
hours using Trizol. Kdm5 

JmjC* , Kdm5 

L854F and Kdm5 

A224T 

libraries were prepared using the TruSeq Stranded mRNA 

Library Preparation Kit. Samples were sequenced on an Illu- 
mina HiSeq2500 sequencer (v4 chemistry) using 2 × 50 bp 

cycles. Genotypes Kdm5 

D234G , Kdm5 

R873W and Kdm5 

Y874C 

were sequenced with Novogene with Illumina HiSeq se- 
quencer in triplicate, accompanied by two Kdm5 

WT samples 
for used for batch correction. Raw reads of all genotypes were 
aligned with RSubread (v2.10.5), normalized, and differential 
expression determined with DESeq2 (v1.38.3) ( 36 ). 

Human cells 
Total RNA from day 45 glutamatergic neurons was extracted 

from each of the duplicate samples of matched control and 

KDM5C 

KO cell lines using the Qiagen miRNeasy Mini kit 
(#217002). Libraries were prepared by Novogene for 150 bp 

paired-end (PE) sequencing in an Illlumina HiSeq platform. PE 

reads were aligned to the human reference sequence hg38 us- 
ing STAR (v2.7.9a). ( 37 ) RSEM (v1.3.3) was used to compute 
read count, fragments per million fragments mapped (FPKM) 
and transcripts per million (TPM) for all genes annotated in 

the GENCODE database (v41). ( 38 ,39 ) Genes with a TPM 

of ≥1 in at least one sample was used for subsequent studies.
DEseq2 (v1.38.3) was used for differential gene expression 

analyses by combining duplicate samples from each knock- 
out such that the final analyses compared four control to four 
KDM5C 

KO samples ( 36 ). 
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ibo-seq 

or Ribo-Seq we followed the protocols outlined in Chen
t al. ( 40 ). This experiment was performed in biological trip-
icate. 200 flies per sample were flash frozen, decapitated,
nd homogenized in lysis solution (10 mM HEPES, pH 7.4,
50 mM KCl, 5 mM MgCl 2 , 100 μg / ml cycloheximide) sup-
lemented with 0.5% Triton-X100, 1 U / ul SUPERase •In™
Nase Inhibitor (ThermoFisher, AM2694) and Halt™ Pro-

ease Inhibitor Cocktail (Thermofisher, 78430). Anti-Flag an-
ibodies (Sigma, F1804) were bound to Dynabeads Protein
 (ThermoFisher, 10004D) as per manufacturer’s specifica-

ions. Lysate was centrifuged at 4 

◦C for 10 min at 15 000 ×g.
he supernatant was added to the beads and supplemented
ith 200 000 U of RNAse T1 (Thermofisher, EN0541) and

ncubated with rotation at 4 

◦C for 6 h. Afterwards the super-
atant was discarded, and the beads were washed three times
ith wash buffer (10 mM HEPES, pH 7.4, 150 mM KCl,
 mM MgCl 2 , 100 μg / ml cycloheximide). RNA was eluted
rom the beads using Trizol (Invitrogen, 15596026). Immuno-
recipitated RNA was sent to Novogene for library prepara-
ion and sequencing. The ORFik package was used for map-
ing and Ribo-Seq analysis ( 41 ). We detected few changes to
FP, mRNA, or TE levels between alternate transcripts de-

ived from the same gene, so we elected to use genes for down-
tream analyses. 

mmunoprecipitation followed by mass 

pectrometry 

e immuno-precipitated ribosomes using the same protocol
s above without RNase T1 in triplicate. After washing the
ibosomes, samples were sent for mass spectrometry analyses.

n-bead protein digestion 

roteins were digested directly on streptavidin beads. 5 mM
TT and 50 mM ammonium bicarbonate (pH 8) were added

o the solution and left on the bench for about 1 hour for
isulfide bond reduction. Samples were then alkylated with 20
M iodoacetamide in the dark for 30 min. Afterward, 500 ng
f trypsin was added to the samples, which were digested at
7 

◦C for 18 h. The peptide solution was dried in a vacuum
entrifuge. 

ample desalting 

rior to mass spectrometry analysis, samples were desalted
sing a 96-well plate filter (Orochem) packed with 1 mg of
asis HLB C-18 resin (Waters). Briefly, the samples were re-

uspended in 100 μl of 0.1% trifluoroacetic acid and loaded
nto the HLB resin, which was previously equilibrated using
00 μl of the same buffer. After washing with 100 μl of 0.1%
FA, the samples were eluted with a buffer containing 70 μl of
0% acetonitrile and 0.1% TFA and then dried in a vacuum
entrifuge. 

C–MS / MS acquisition and analysis 

amples were resuspended in 10 μl of 0.1% TFA and loaded
nto a Dionex RSLC Ultimate 300 (Thermo Scientific), cou-
led online with an Orbitrap Fusion Lumos (Thermo Scien-
ific). Chromatographic separation was performed with a two-
olumn system, consisting of a C-18 trap cartridge (300 μm
D, 5 mm length) and a picofrit analytical column (75 μm ID,
5 cm length) packed in-house with reversed-phase Repro-
Sil Pur C18-AQ 3 μm resin. Peptides were separated using a
90 min gradient from 4% to 30% buffer B (buffer A: 0.1%
formic acid, buffer B: 80% acetonitrile + 0.1% formic acid) at
a flow rate of 300 nl / min. The mass spectrometer was set to
acquire spectra in a data-dependent acquisition (DDA) mode.
Briefly, the full MS scan was set to 300–1200 m / z in the orbi-
trap with a resolution of 120 000 (at 200 m / z ) and an AGC
target of 5 × 10e5. MS / MS was performed in the ion trap us-
ing the top speed mode (2 s), an AGC target of 1 × 10e4 and
an HCD collision energy of 35. 

Raw files were searched using Proteome Discoverer soft-
ware (v2.4, Thermo Scientific) using SEQUEST search en-
gine and the UniProt database of Drosophila melanogaster .
The search for total proteome included variable modifica-
tion of N-terminal acetylation, and fixed modification of car-
bamidomethyl cysteine. Trypsin was specified as the digestive
enzyme with up to 2 missed cleavages allowed. Mass toler-
ance was set to 10 pm for precursor ions and 0.2 Da for prod-
uct ions. Peptide and protein false discovery rate was set to
1%. Following the search, data was processed as described
by Aguilan et al. ( 42 ). Briefly, proteins were log 2 transformed,
normalized by the average value of each sample and missing
values were imputed using a normal distribution 2 standard
deviations lower than the mean. Statistical regulation was as-
sessed using heteroscedastic t -test (if P -value < 0.05). Data
were assumed to be normally distributed. 

Metabolomics 

Fifty heads per sample were flash frozen in liquid nitrogen
in quadruplicate. The samples were added 200 ul of 80%
methanol with internal standards in a bead’s beater. The sam-
ples were centrifuged at 14 000 rpm for 10 min, the super-
natant was transferred into glass vials for injection. The sam-
ples were analyzed with ABsciex 6500+ with Ace PFP col-
umn. A pooled quality control (QC) sample was added to the
sample list. This QC sample was injected six times for coef-
ficient of variation (CV) calculation for data quality control.
CVs lower than 20% were treated as accurate quantification,
CVs between 20% and 30% were treated as relatively accu-
rate quantification, while CVs higher than 30% were treated
as inaccurate data. 334 metabolites were detected with a CV
< 30% in the QC samples. The dataset imported into SIMCA-
p software (Umeå, Sweden) for multivariate analysis. For anal-
yses, fold changes of mass abundances normalized to a single
control. 

MetaboAnalyst 

The online tool MetaboAnalyst 6.0 was used to perform joint
pathway analyses on differential metabolites and translation-
ally regulated mRNAs ( 43 ). Options were as follows: all path-
ways (integrated), enrichment analysis: hypergeometric test,
topology measure: degree centrality, and integration method:
combine queries. 

Results 

Generation of Drosophila Kdm5 alleles equivalent 
to intellectual disability-associated variants in 

KDM5C 

Claes-Jensen syndrome-associated missense variants in
KDM5C occur in amino acids that are conserved in
Drosophila KDM5. Compared to analyses of complete
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loss of KDM5, single amino acid changes may alter a subset
of its functions to reveal target genes and pathways that
are relevant to the pathomechanisms of Claes–Jensen syn-
drome. We therefore utilized five patient intellectual disability
(ID)-associated missense variants at the analogous residue in
Drosophila KDM5, three of which we previously used to ex-
amine larval neuromuscular junction phenotypes ( 12 ). These
variants occur within several different KDM5 domains and
are associated with a range of ID severity and co-occurring
features such as epilepsy, ataxia, aggression, and short stature
(Figure 1 A) ( 7 ,44–46 ). One of these alleles, Kdm5 

D234G , is
the only variant identified in two unrelated families, and
another is notable in that the equivalent amino acid is altered
in KDM5C - and KDM5A- associated ID ( Kdm5 

R873W ) ( 7 ,46 ).
Our analyses also include a synthetic demethylase dead allele
( Kdm5 

JmjC * ) to assess the role of the enzymatic function of
KDM5 ( 12 , 23 , 24 , 47 ). We have previously shown that the
ID-allele KDM5C 

A388P , Kdm5 

A512P in Drosophila , behaves
indistinguishably from Kdm5 

JmjC* with respect to gene ex-
pression changes in addition to neuronal and behavioral
phenotypes ( 13 ). 

ID allele strains were created by combining a Kdm5 null
allele ( Kdm5 

�) with a transgene encoding a HA-tagged form
of the entire wild-type ( Kdm5 

WT ) or Kdm5 

ID-variant locus at
chromosomal location 86F ( Supplementary Figure S1 A). In
contrast to loss of Kdm5 , Kdm5 

� animals re-expressing ID-
variant proteins were homozygous viable, suggesting that
these alleles disrupt a subset of KDM5’s gene regulatory ac-
tivities. To confirm that ID-variant proteins were expressed at
wild-type levels, we carried out western blots to detect HA-
tagged KDM5 using total protein from adult heads (Figure
1 B). We also indirectly examined the effect of ID-variants
on histone demethylase activity by quantifying bulk levels
of H3K4me3 relative to total histone H3 (Figure 1 C, D).
This revealed that Kdm5 

D234G , Kdm5 

L854F , Kdm5 

R873 W and
Kdm5 

Y874C did not affect levels of H3K4me3, suggesting that
they retain demethylase activity. Kdm5 

A224T was the only ID-
variant strain that showed a two-fold increase to H3K4me3
levels similar to that observed for Kdm5 

JmjC* , indicating a
loss of demethylase function (Figure 1 C-D). We also verified
that all ID-variant forms of KDM5 were properly localized to
the nucleus by immunostaining adult brains ( Supplementary 
Figure S1 B). 

ID-variant fly strains display neuromorphological 
and behavioral phenotypes 

In previous work, we found that 70% of Kdm5 

Δ pharate
adult animals exhibit axonal growth and guidance defects
of the α and β lobes of the mushroom body, an integrative
signaling center of the Drosophila brain ( 19 ). This was not
seen in Kdm5 

JmjC* animals, showing that KDM5 is needed
for proper axonal development independently of its histone
demethylase activity ( 13 ). To determine the extent to which
other ID-variants altered mushroom body structure, we per-
formed immunohistochemical staining of the α and β lobes
using Fas2 as a marker (Figure 1 E). This revealed that all alle-
les showed neuromorphological defects, ranging from 8% of
brains in Kdm5 

D234G animals to 33% in Kdm5 

R873W (Figure
1 F). Interestingly, defects were seen in Kdm5 

A224T flies that
lack enzymatic activity, clearly distinguishing this allele from
the demethylase dead Kdm5 

JmjC* strain which does not alter
mushroom body morphology ( 13 ). The KDM5 

A224T protein is
therefore likely to be deficient in more than one KDM5 func- 
tion. 

We have previously shown that Kdm5 

JmjC* animals show 

defects in short- and long-term memory ( 13 ). To understand 

the extent to which each ID-variant affects memory forma- 
tion and / or recall, we performed appetitive olfactory learn- 
ing and memory assays. In these assays, water or a sugar re- 
ward are paired with octanol (OCT) or 4-methylcyclohexanol 
(MCH), and the ratio of flies recalling the sugar-paired odor 
is calculated as the performance index (PI). In the absence 
of training, all strains showed a similar slight preference for 
MCH over OCT (Figure 1 G). After a single round of train- 
ing, Kdm5 

D234G and Kdm5 

L854F animals showed significant 
or trending deficits in both short- and long-term memory (Fig- 
ure 1 H-I). Kdm5 

A224T animals showed variable short-term 

memory performance, for which the mean PI was not signifi- 
cantly different than controls, but profound long-term mem- 
ory deficits. Conversely, Kdm5 

Y874C showed mild short-term 

learning changes ( P = 0.07) but no detectable change to long- 
term memory. 

Drosophila models of ID are frequently characterized by 
deficits in habituation, which allows organisms to adapt to 

and ultimately ignore familiar, irrelevant stimuli, preserving 
cognitive capacities ( 31 , 48 , 49 ). In the light-off jump habitu- 
ation paradigm, many ID models fail to suppress their jump 

response to repeated light-off stimuli, paralleling habituation 

deficits to different modalities reported in individuals with 

ASD and monogenic ID syndromes ( 31 ,50 ). Homozygous ID- 
variant expressing flies did not show a robust response to 

light-off stimuli, thus we used animals heterozygous for both 

Kdm5 

� and the ID-variant transgenic rescue construct for 
these studies. Using this strategy, flies expressing the Kdm5 

WT 

rescue construct showed a steep adaptation to the repeated 

stimulus, as expected. Quantifying the number of trials that 
are required to reach the no-jump criterion (Trials to Crite- 
rion; TTC), this genotype habituated with a low mean TTC.
In contrast, the mean TTCs of all ID-variant strains tested 

was significantly greater, demonstrating an incomplete rescue 
of habituation for these variants compared to the Kdm5 

WT 

( Supplementary Figure S2 A-E). Combined with the learning 
and memory assays, these data show that ID-variants disturb 

Kdm5 function and lead to cognitive dysfunction. 
In addition to cognitive changes, other frequently re- 

ported features of Claes–Jensen syndrome are epilepsy and 

ataxia / altered motor control ( 4 , 5 , 7 ). Seizures are reported in
80% of Claes-Jensen syndrome patients with KDM5C alle- 
les predicted to be complete loss of function, and in about 
half of individuals with missense variants ( 4 ). Of the ID-allele 
fly strains generated, Kdm5 

A224T and Kdm5 

D234G are anal- 
ogous to variants identified in individuals with documented 

seizure disorders ( 44 ,46 ). To test the extent to which ID- 
variant fly strains show seizure predisposition, we used a well- 
established paradigm that subjects flies to mechanical stress 
( 32 ). In this assay, flies are vortexed at maximum speed and 

the number that show seizure-like behavior within five min- 
utes counted. Comparing the ID-variant and control groups 
revealed a consistent 2-fold or greater increase in seizure sus- 
ceptibility across all variant fly stains (Figure 1 J). To assay 
movement in flies, we quantified distance traveled and me- 
dian speed of adult flies over a 5-minute period and found 

that all ID-variant and Kdm5 

JmjC* animals exhibited a reduc- 
tion in both (Figure 1 K, L). Representative tracings are shown 

in Supplementary Figure S2 F. Combined, these data are con- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
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Figure 1. ID-associated variants in Drosophila Kdm5 show altered neuronal development and function. ( A ) A schematic of human KDM5C patient 
ID-associated missense variants and their analogous conserved residues in Drosophila melanogaster KDM5. ( B ) Western blot of HA-tagged KDM5 
sho ws that ID-v ariants do not affect protein le v els. α-tubulin used as loading control. All flies are homozygous for Kdm5 Δ and for the ID-variant encoding 
transgene such that the sole source of KDM5 is from the transgene. Genotypes indicated abo v e blot. ( C ) Western blot of adult heads from control and 
ID-variant strains probed with antibodies toward H3K4me3 and total H3 as loading control. Genotypes identical to panel B. ( D ) Quantification of 
H3K4me3:H3 ratios, N = 4. Kdm5 A224T and Kdm5 JmjC* show increased bulk H3K4me3 relative to total H3 while the other alleles do not. ( E ) Anti-Fas2 
immunofluorescent staining to visualize the alpha ( α) and beta ( β) lobes of the mushroom body to re v eal morphogenesis defects in ID-variant adult 
brains. Arrows indicate morphological defects. N = 35 for all genotypes. Scale bar represents 20 μm. ( F ) Quantification of the number of animals 
showing mushroom body defects. Chi squared test followed by Marascuilo procedure. ( G ) Preference for 4-methylcyclohexanol (MCH) compared to 
octanol (OCT) in the absence of training. ( H ) Short term memory assay carried out 30 min after training. ( I ) Long term memory assay carried out 24 h 
after training . ( J ) Percent age of flies for each genot ype that had one or more seizures f ollo wing mechanical stress. N = 41 (WT), 39 (A224T), 41 (D234G), 
42 (JmjC*), 41 (L854F), 40 (R873W), 42 (Y874C). ( K ) Total distance tra v eled in millimeters (mm) for each genotype in 5 min. Numbers of flies used were 
WT N = 48, A224T N = 42, D234G N = 40, JmjC* N = 49, L854F N = 49, R873W N = 41, Y874C N = 43. ( L ) Median speed (mm / second) for each 
genotype using same animals as in (K). Statistics: one-w a y ANO V A or Chi-squared test f ollo w ed b y Marascuilo procedure perf ormed when appropriate. 
P -values * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0 0 01. 
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sistent with KDM5 playing roles in suppressing seizures and
in facilitating typical locomotion. 

KDM5 is needed to maintain the expression of 
ribosomal protein genes in Drosophila and in 

human iNeurons 

To define the common and divergent pathways altered by each
ID-variant, we performed RNA-sequencing (RNA-seq) anal-
yses using adult heads and integrated these with our previ-
ously generated Kdm5 

JmjC* data ( Supplementary Table S1 )
( 13 ). Principal component analysis (PCA) of batch-corrected
data show two distinct clusters, Kdm5 

A224T , Kdm5 

JmjC * , and
Kdm5 

L854F and Kdm5 

D234G , Kdm5 

R873W and Kdm5 

Y874C

(Figure 2 A). Interestingly, 78% of the variance was found
in PC1, suggesting converse gene expression changes among
the two clusters. It is also notable that the Kdm5 

L854F al-
lele that retains demethylase activity clusters with demethy-
lase dead Kdm5 

JmjC* and Kdm5 

A224T alleles, suggesting that
the loss of different KDM5 activities can lead to similar gene
expression outcomes. Across all genotypes, several thousand
differentially expressed genes (DEGs) were observed using
a 5% FDR cutoff that were evenly distributed between up-
regulated and downregulated ( Supplementary Figure S3 A–
F). These data are consistent with KDM5 having activating
and repressing roles in gene expression, as has been observed
previously ( 12 , 19 , 51 ). Also in keeping with prior studies of
KDM5, ID-variants showed modest changes to gene expres-
sion, with mean log2FCs of 1.6 and –1.13 for upregulated and
downregulated genes, respectively ( Supplementary Figure S3 ;
Supplementary Table S1 ). 

To detect common gene expression signatures, we per-
formed gene ontology (GO) analyses on DEGs. Across all
datasets, terms relating to translation and ribosomes were the
most significantly enriched, although this was less pronounced
for Kdm5 

R873W and Kdm5 

Y87C (Figure 2 B, C; Supplementary 
Figure S3 G, H). A similar enrichment was seen in our pre-
vious gene expression study of Kdm5 

Δ larval neuronal pre-
cursors and immature neurons, but not from our prior study
of epithelial wing imaginal discs, suggesting that this gene ex-
pression signature may occur primarily in neurons (Figure 2 G)
( 19 ,23 ). Key among the commonly altered genes in ID-variant
and Kdm5 

JmjC* flies were ribosomal protein genes (RPGs)
whose protein products are necessary for the proper forma-
tion and function of the ribosome. RPGs were downregulated
across all genotypes, implicating wild-type KDM5 in the ac-
tivation of these genes ( Supplementary Figure S4 A–H). RPGs
are one of the most abundant classes of transcript, thus the
modest ≤2-fold change to gene expression seen reflects a rela-
tively large change to number of mRNAs present (red dots in
Supplementary Figure S4 I–P). 

KDM5 is likely to directly regulate genes related to riboso-
mal function, as GO analyses of published genomic binding
data from whole adults and neuronal precursors / immature
neurons reveal an enrichment for this class of gene (Figure
2 D, E) ( 19 ,51 ). Of the 93 RpS and RpL genes represented
across our datasets, 73 were bound by KDM5 in ChIP-seq
data from whole adults, 56 were bound in targeted DamID
from neuronal precursors / immature neurons, and 48 were
bound in both datasets (Figure 2 F-G). These data also em-
phasize the fact that alleles that do (e.g. Kdm5 

JmjC* ) and do
not (e.g. Kdm5 

L854F ) abrogate the histone demethylase activ-
ity of KDM5 lead to similar lowering of RPG expression. This
suggests that both enzymatic and non-enzymatic activities of 
KDM5 are likely to be important for the regulation of these 
genes. 

To test if KDM5-mediated regulation of RPGs is conserved 

in human cells, we used iPSC-induced excitatory glutamater- 
gic neurons (iNeurons). Using a well-characterized iPSC line 
developed from a typically developing male, we generated two 

independent KDM5C knock out ( KDM5C 

KO ) lines by target- 
ing exon 3 using CRISPR-Cas9 ( 26 ). The KDM5C 

13 allele has 
a 16bp insertion and the KDM5C 

22 allele has a 4bp deletion,
both of which lead to the introduction of a premature stop 

codon (Figure 3 A). For each allele, we used a matched control 
parental strain that was subjected to the CRISPR-Cas9 muta- 
genesis protocol but had no change to the KDM5C gene. Con- 
sistent with expectations based on the molecular lesions, west- 
ern blot analyses of KDM5C 

KO iPSC lines demonstrated the 
absence of KDM5C protein (Figure 3 B). To confirm the ability 
of induced KDM5C 

KO glutamatergic neurons to differentiate,
we showed that they have similar morphology and expression 

of the vesicular glutamate transporter 2 (VGLUT2) marker 
and neuronal β-tubulin III (TUJ1) to control cells (Figure 3 C).
For RNA-seq analyses, we used day-45 iNeurons to compare 
each KDM5C 

KO line to its control in duplicate. As expected,
PCA analyses showed clear clustering of all KDM5C 

KO and 

all control samples, allowing us to combine the data to carry 
out differential gene expression using quadruplicate samples 
(Figure 3 D). This revealed the upregulation of 495 genes while 
348 genes were downregulated using a 5% FDR cutoff. (Fig- 
ure 3 E, F; Supplementary Table S2 ). GO analyses revealed 

that terms associated with translation and ribosome biogene- 
sis were enriched among the downregulated genes, with 27 of 
the 86 detected RPGs being significantly affected (Figure 3 G,
H). The ability of KDM5 family proteins to promote RPG ex- 
pression in neurons is therefore evolutionarily conserved. 

Neuron-specific knockdown of Kdm5 results in 

altered ribosome composition and globally 

reduced translation efficiency 

To understand how KDM5-dependent changes to RPG ex- 
pression affect downstream ribosome composition and trans- 
lation efficiency (TE) in the Drosophila adult brain, we uti- 
lized a UAS-transgene encoding FLAG-tagged RPL3 ( 40 ,52 ).
The RPL3:FLAG expressed from this transgene properly inte- 
grates into ribosomes and can be used to immunoprecipitate 
intact ribosome-mRNA complexes ( 52 ). To confine our anal- 
yses to KDM5 function within neurons, we took a RNA inter- 
ference (RNAi) knockdown approach using a UAS-short hair- 
pin transgene that efficiently reduces levels of KDM5 protein 

(UAS- Kdm5 

RNAi ) ( 19 ,53 ). To examine RPL3:FLAG contain- 
ing ribosomes in neurons with decreased KDM5 we simul- 
taneously expressed the RPL3:FLAG and Kdm5 

RNAi trans- 
genes using the pan-neuronal driver elav-GAL4 (Figure 4 A).
Western blot analyses of adult heads showed that elav-GAL4 

drives robust expression of RPL3:FLAG, and that KDM5 is 
reduced only in the strain expressing the Kdm5 

RNAi transgene 
(Figure 4 B). 

To confirm that pan-neuronal Kdm5 knockdown in the 
context of RPL3:FLAG overexpression led to reduced levels 
of RPG mRNAs, we performed RNA-seq using adult heads.
Compared to control animals expressing RPL3:FLAG alone,
those co-expressing Kdm5 

RNAi in neurons using elav-GAL4 

showed an upregulation of 1149 genes and downregulation of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
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233 genes (5% FDR; Figure 4 C; Supplementary Table S3 ).
s expected, GO analyses of biological processes (GO-BP)
nd cellular compartments (GO-CC) of downregulated genes
ecapitulated data seen in ID-variants, where terms such as
ibosome biogenesis and pre-ribosome were significantly en-
iched (Figure 4 D, E). Looking specifically at RPG expression,
9 of 88 expressed RPGs were downregulated in response to
educed levels of KDM5 (Figure 4 F). Thus, neuron-specific
nockdown of Kdm5 in adult heads results in a reduction
n RPG expression that is not affected by RPL3:FLAG co-
xpression. Comparing affected RPGs across species revealed
hat 23 of the 29 RPGs downregulated in human KDM5C 

KO 

lutamatergic neurons were also affected in Drosophila heads
ith neuronal knockdown of Kdm5 (Figure 4 G). Moreover,
PGs were dysregulated to similar degrees in human and
Drosophila neurons, reinforcing the notion that regulating the
expression of RPGs is a conserved function of KDM5C and
KDM5 (Figure 4 H). 

To test whether reduced RPG expression in Kdm5 knock-
down neurons resulted in altered ribosome composition com-
pared to controls, we immunoprecipitated RpL3:FLAG using
anti-FLAG and carried out mass spectrometry (IP-MS) (Fig-
ure 5 A). To demonstrate that whole ribosomes were recov-
ered through immunoprecipitation of the large ribosomal sub-
unit RPL3 prior to mass spectrometry, we confirmed the pres-
ence of the small ribosomal protein RPS12 by western blot in
Kdm5 knockdown and control heads (Figure 5 B). Of the 71 ri-
bosomal proteins (RPs) detected across all IP-MS samples, six
showed decreased ribosomal association in the context of re-
duced KDM5: RpLP1, RpLP2, RpL10, RpL35, RpL35A and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
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pS11 ( P -value < 0.05; Figure 5 C; Supplementary Table S4 ).
ll six of these differentially associated RPs showed decreased
RNA levels, although many other similarly reduced RPGs
id not show reduced ribosome association, suggesting that
hese RPs may have another layer of regulation for ribo-
ome integration consistent with previous reports of post-
ranscriptional regulation ( 54 ) (Figure 5 D). Overlapping gene
xpression information from human and Drosophila neurons
ith IP-MS data of differentially associated RPs revealed four
Ps that were consistently decreased across all three exper-
iments: RPS11, RPL10, RPLP1 and RPLP2 (Figure 5 E). In-
terestingly, RPL10, RPLP1, RPLP2 are part of the ribosomal
stalk of the human ribosome (4V6X), a key element of the
ribosome that recruits translation elongation factors (Figure
5 F) ( 55 ,56 ). Thus KDM5 is needed for proper ribosome com-
position and may be particularly important for ribosome stalk
function. 

To determine if knockdown of Kdm5 affected the transla-
tional landscape in neurons, we performed Ribo-Seq. To do
this, we used RPL3:FLAG to immunoprecipitate ribosomes,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
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hich were treated with RNase to digest free mRNA to leave
 footprint where each ribosome resides (Figure 6 A) ( 40 ,52 ).
equencing these 24–32 bp ribosome footprints (RFPs) al-
ows the translation efficiency (TE) of mRNAs to be deter-
ined. To quantify the differences between control and neu-

onal Kdm5 knockdown Ribo-Seq data, we used ORFik, as
his tool provides a standardized, reproducible workflow and
dvanced analytic tools ( Supplementary Table S3 ). ( 41 ) Con-
istent with our recovery of mRNAs from actively translat-
ng ribosomes, recovered RFPs were 24–33 bp in size, with
 peak at 27 bp, 95% of which mapped to coding sequences
 Supplementary Figure S5 A-E). To achieve codon-resolution
f our Ribo-Seq data, we performed p-shifting on RFPs rang-
ng from 26 to 30 bp as they reproduced a 3nt periodicity and
sed these for downstream analyses. 
To understand how RFP abundance related to mRNA lev-

ls for each gene, we compared the log 2 (FC) of RFPs to those
etermined by our RNA-seq data (Figure 6 B). This allowed
s to assign each gene into one of four categories: ‘Transla-
ion’ where mRNA levels are unchanged while RFP changes,
Buffering’ where mRNA and RFP are regulated in opposite
irections, ‘mRNA abundance’ where mRNA and RFP are
egulated in the same direction, and ‘No change’ where there
s no change to RFP or mRNA (red, blue, green, and gray, re-
pectively, in Figure 6 B, C) ( 41 ). This revealed that 1458 genes
ere regulated at the level of translation, 1708 genes showed
uffering, and 615 genes were regulated through mRNA
bundance (Figure 6 B, Supplementary Figure S6 A–L). Genes
n all three categories can show altered TE, which is quanti-
ed by normalizing the ratio of RFPs to total mRNA (Figure
 C, Supplementary Figure S6 A–R). This identified 2222 genes
ith significantly decreased TE in Kdm5 knockdown neurons

nd 1213 with increased TE (FDR < 0.05; Figure 6 C). In ad-
ition to a larger number of genes with reduced TE, the ex-
ent to which TE was altered was greater, suggesting that the
rimary consequence of Kdm5 knockdown is lower levels of
ranslation. 

To understand how Kdm5 knockdown affected ribosome
unction, we focused on genes in the ‘Translation’ cate-
ory. Of the 1458 genes regulated through translation, 451
howed increased TE and 1007 were decreased (Figure 6 D).
enes with increased TE showed enrichment for categories re-

ated to transport and secretion, including Secretory 3 ( Sec3 ),
alcium-dependent secretion activator ( Cadps ), and Cysteine

tring protein ( Csp ) (Figure 6 E, F). Genes with reduced TE
ere enriched for those whose protein products function in
itochondrial cellular respiration, including subunits of ATP

ynthase and NADH dehydrogenase complexes (Figure 6 E,
). To examine whether genes with decreased TE were en-
iched for key metabolic pathways in mitochondria, we used
he KEGG database and found that oxidative phosphoryla-
ion (OXPHOS), the TCA cycle, glycolysis, and fatty acid
etabolism were the most affected (Figure 6 G) ( 57 ). Genes

elated to these processes show clear depletion of RFPs across
heir mRNAs in Kdm5 

RNAi animals (red compared to grey in
igure 6 H–J). 
Extending our Ribo-Seq analyses, we tested whether the

hanges to translation could be due to altered codon usage.
ncreased codon occupancy suggests ribosome stalling which
ould be due, in part, to the depletion of cognate charged
RNAs ( 58–60 ). No significant changes were observed in
odon occupancy at P-sites, where the tRNA attached to
 

the growing amino-acid chain is positioned ( Supplementary 
Figure S7 A, B). At A-sites where the amino-acyl tRNA
is positioned, we found increased ribosome occupancy of
Valine:GT A, Isoleucine:A T A, Arginine:A GG / A GA and Ser-
ine:TCA in Kdm5 knockdown neurons . Conversely, we ob-
served decreased occupancy in codons Valine:GTC, Argi-
nine:CGG, Serine:AGC and Proline:CCC ( Supplementary 
Figure S7 C-D). With ribosome occupancy both increasing and
decreasing for tRNAs bearing identical amino acids, it is pos-
sible that these data reflect codon preference. The codons with
increased ribosome occupancy were not optimal or preferred,
whereas those with a decreased ribosome occupancy were ei-
ther optimal or preferred ( Supplementary Figure S7 E) ( 60 ).
Thus, in Kdm5 

RNAi neurons ribosomes are more likely to be
stalled at non-optimal codons encoding valine, isoleucine, ser-
ine and arginine, but are less stalled when these codons are
optimal. 

Loss of Kdm5 alters mitochondrial metabolism 

To understand if the decreased TE of mRNAs involved in
mitochondrial metabolism affected the steady state cellular
concentration of corresponding metabolites, we performed
metabolomic analysis using adult heads. PCA analysis re-
vealed a clear separation between the metabolic profiles of
neuronal Kdm5 knockdown and control animals (Figure 7 A).
Of the 334 metabolites identified with high confidence, 19
were significantly increased and 63 decreased in Kdm5 knock-
down animals down (Figure 7 B; Supplementary Table S5 ). Us-
ing mRNA regulated through translation, we used Metabo-
Analyst 6.0 to integrate TE and metabolite data to deter-
mine which metabolic pathways were most impacted ( 43 ,61 ).
These included the TCA cycle, beta-alanine metabolism,
purine metabolism, and arginine metabolism (Figure 7 C,
D). Within the glycolysis pathway key metabolites such as
glucose-6-phosphate (G6P), glycerol-3-phosphate (G3P) and
3-phosphoglyceric acid (3PG) were reduced (Figure 7 E). There
was also a general downregulation of TCA cycle metabo-
lites that correlated with reduced RFPs from mRNAs encod-
ing enzymes required for progression through the TCA cy-
cle (Figure 7 F; Supplementary Figure S8 ). In contrast, Fatty
acids (FAs) were generally increased in the Kdm5 

RNAi com-
pared to controls, particularly C5 and C12-C18 FAs (Fig-
ure 7 G). mRNA encoding for proteins responsible for lipid
biosynthesis and oxidation also showed a decreased TE 

( Supplementary Figure S9 ). Together, these data suggest an
overall lowering of TCA activity in neuronal mitochondria. 

Glycolysis and the TCA cycle are interwoven with amino
acid metabolism, redox status, and energy status of the cell.
The switch in A-site codon occupancy from non-optimal
to optimal codons encoding the same amino acid in Kdm5
knockdown neurons suggests a potential change to amino
acid levels. Integrated pathway analysis suggested that ala-
nine, arginine, and proline metabolism were affected (Figure
7 C). Examining the levels of amino acids and their derivatives
detected in our metabolomic study, no changes were detected
in levels of isoleucine, valine, arginine, or proline, although
the arginine precursor citrulline, a key metabolite in the urea
cycle, was decreased (Figure 7 H). Alanine, leucine, and ly-
sine were all reduced in neuronal Kdm5 knockdown heads
compared to control. Serine and its derivative O -phospho-
l -serine were slightly ( P = 0.09), or significantly reduced,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae261#supplementary-data
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Kdm5 RNAi neurons compared to control. ( C ) Volcano plot of translation efficiency (TE) of each gene categorized by regulation. There is a large 
downregulation of TE in Kdm5 RNAi neurons compared to control. ( D ) Volcano Plot of translation efficiency (TE) of mRNA regulated through translation. ( E ) 
GO-BP of mRNA regulated through translation. Downregulated mRNAs are enriched for terms associated with respiration. ( F ) GO-CC of mRNA 

regulated through translation. Downregulated mRNAs were enriched for terms associated with mitochondria, while upregulated mRNAs were 
associated with vesicles and trafficking. ( G ) KEGG Ontology mRNA regulated through translation. Downregulated mRNA are enriched for terms 
associated with mitochondrial metabolism. ( H ) RFP tracings of mRNA encoding for proteins in glycolysis pathway. Control is in gray and Kdm5 RNAi in red 
(also in I, J). ( I ) RFP tracings of mRNA encoding for proteins in the tricarboxylic acid (TCA) cycle. ( J ) RFP tracings of mRNA encoding for proteins in fatty 
acid metabolism pathw a y s. 
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Figure 7. Loss of KDM5 affects the neuronal metabolome. ( A ) PCA of metabolomic data shows a clear separation between elav-GAL4, U A S- Kdm5 RNAi 

(elav > Kdm5 RNAi ) (red) neurons compared to control (blue). ( B ) Volcano plot of detected metabolites. Red indicates significantly altered ( P < 0.05). ( C ) 
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respectively (Figure 7 H). Glutamine metabolites were also
slightly affected, with glutamine itself being slightly de-
creased and reduced glutathione increased. Whether these
subtle changes affect neuronal signaling or redox state is not
clear. Interestingly, despite these changes to mitochondrial en-
ergy pathways, there was no change to ATP, F AD 

2+ / F ADH 2 ,
NAD 

+ / NADH, or NADP 

+ / NADPH ratios suggesting com-
pensation of other pathways or non-neuronal cell types such
as glia (Figure 7 I). However, cAMP was significantly ele-
vated, supporting the view that Kdm5 knockdown may result
in cells and / or mitochondria being metabolically stressed. It
should, however, be noted that steady-state levels of metabo-
lites do not necessarily reflect metabolic flux through mito-
chondrial pathways or oxygen consumption, and the extent
to which loss of Kdm5 affects these remains an open ques-
tion. Overall, these data link KDM5-regulated transcriptional
programs to neuronal ribosome composition and the transla-
tion of proteins needed for proper mitochondrial and amino
acid metabolism. 

Discussion 

Here, we use Drosophila and human cell models to gain in-
sights into the basis of neurodevelopmental disorders caused
by variants in KDM5 family genes, particularly those in
KDM5C that are associated with Claes–Jensen syndrome.
Coupled with our prior analyses of the adult neuronal pheno-
types of Kdm5 

A512P , our analyses of five additional patient-
associated missense variants show that ID-variant flies show
phenotypes that are consistent with their identification in in-
dividuals with Claes–Jensen syndrome ( 13 ). These include
changes to short- and / or long-term associative learning and
memory, ID-relevant habituation learning, axonal growth
and guidance, seizure susceptibility, and locomotion. Impor-
tantly, we find that the transcriptional changes caused by ID-
associated alleles show a striking trend of altering genes asso-
ciated with translation, particularly RPGs. A similar gene ex-
pression signature was observed in human KDM5C 

KO iNeu-
rons, in keeping with the regulation of RPGs being a con-
served function of KDM5 proteins. Analyses of the down-
stream consequences to translation revealed a strong effect
on mRNAs encoding proteins required within mitochondria.
This coincided with changes to mitochondrial metabolism, as
exhibited by alterations in the metabolome which included
lowered steady state levels of TCA cycle intermediates and
altered levels of fatty acids. Together, our studies greatly ex-
tend our understanding of how KDM5 family proteins func-
tion in the brain and suggest that altered translation may
play a key role in cognitive (dys)function observed in patients
with ID. 

Individuals with Claes–Jensen syndrome present with a
broad range of features. While hemizygous males consistently
show some level of intellectual disability, seizures, aggression,
speech impairment, autism, and / or short stature have all ad-
ditionally been reported to varying degrees ( 4 ,7 ). Although
differences in genetic backgrounds across families is likely to
contribute to this phenotypic variability, our studies using iso-
genic Drosophila strains suggest that it may be a feature of
KDM5. For example, 10–35% of Kdm5 

A224T , Kdm5 

D234G ,
Kdm5 

L854F , Kdm5 

R87W and Kdm5 

Y874C animals showed de-
fective axonal growth and guidance of the mushroom body
neurons, while the remaining animals showed typical neuro-
morphological development. It is also notable that the low
frequency of these gross architectural phenotypes suggest that
they are unlikely to contribute significantly to the learning and 

memory deficits observed in ID-variant fly strains. This is con- 
sistent with our previous observations that the Kdm5 

A512P and 

Kdm5 

JmjC* alleles had no morphological defects but did alter 
learning and / or memory ( 13 ). Altered neuronal function, sim- 
ilar to the excitatory synaptic activity that we have shown to 

be reduced at the larval neuromuscular junction, may there- 
fore contribute to the phenotypes observed in ID-variant adult 
flies ( 12 ). 

Despite an emphasis on altered H3K4me3 in the pathogen- 
esis of Claes-Jensen syndrome, four of the six alleles exam- 
ined here and previously do not appreciably alter this aspect 
of KDM5 activity ( 13 ). Although ID-alleles show disparate 
effects on enzymatic function, they all showed downregula- 
tion of genes required for cytoplasmic translation. This sug- 
gests that more than one activity of KDM5 contributes to 

its regulation of RPGs. For example, variants that do not al- 
ter enzymatic function may affect protein–protein interactions 
that are critical for KDM5 function. It is also notable that 
the regulation of this class of gene by KDM5 appears to oc- 
cur primarily in neurons. In Drosophila , our previous anal- 
yses of epithelial wing imaginal discs did not reveal changes 
to RPGs ( 62 ). Similarly, while we observe changes to RPGs 
in KDM5C 

KO iNeurons, this has not been seen in prior stud- 
ies of a range of non-neuronal mammalian cells with altered 

KDM5A , KDM5B or KDM5C ( 62–66 ). How broadly KDM5 

regulates RPGs across cell types remains an open and impor- 
tant question. Based on the association between genetic vari- 
ants in KDM5A and KDM5B and ID, it will also be interesting 
to determine whether these paralogs regulate RPGs in iNeu- 
rons in a similar manner to KDM5C, as this could indicate a 
shared pathomechanism. 

Our data show that Kdm5 knockdown in neurons led to 

reduced expression of RPGs, altered ribosome composition,
and an overall dampening of translation. Since long-term po- 
tentiation of memory relies on de novo translation, our data 
are consistent with the hypothesis that KDM5-mediated con- 
trol of RPGs contributes to the long-term memory defects ob- 
served in flies. Consistent with this, Kdm5 

A224T , Kdm5 

D234G ,
Kdm5 

JmjC* and Kdm5 

L854F show long-term memory defects 
and these genotypes display the most consistent and broad 

down regulation of RPGs. Long term potentiation of mem- 
ory relies, in part, on the ability for ribosomes and mRNA 

to be properly trafficked to distal compartments such as den- 
drites and axon terminals for the development and mainte- 
nance of synapses ( 67–69 ). Our data also point to a particu- 
larly important role for the ribosomal stalk proteins RPL10,
RPLP1 and RPLP2. Proteins that comprise the stalk region 

of the ribosome bind to, and stabilize, translation elongation 

factors, suggesting that their loss would result in unproductive 
translation and reduced TE ( 56 ). Since mRNA encoding mito- 
chondrial proteins were most dysregulated, it is possible that 
these changes occur primarily in more distal neuronal com- 
partments ( 70–72 ). Consistent with this, mRNAs encoding for 
RPLP1, RPLP2, RPL10 are enriched in dendrites compared to 

soma in rat hippocampal neurons, where they undergo dy- 
namic incorporation into ribosomes ( 73 ). Like Claes-Jensen 

syndrome, dysfunction of RPL10 results in an X-linked neu- 
rodevelopmental disorder with overlapping phenotypes such 

as ID, seizures, and microcephaly ( 74 ). RPLP1 is also neces- 
sary for nervous system development in mice, and its dele- 
tion results in microcephaly ( 75 ). The extent to which phe- 
notypes caused by reduced RP function overlap with KDM5 

ID-variant phenotypes is unclear, and how their reduction 
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ffects ribosome and translation localization should be ex-
lored in future studies. 
Reduced levels of KDM5 in neurons had a dispropor-

ionately large effect on the translation of mRNA encod-
ng metabolic proteins necessary for mitochondrial function
 76 ). Prior studies of non-neuronal cell types in mammals
nd Drosophila have observed that KDM5 family proteins
an directly activate or repress the expression of genes encod-
ng mitochondrial-related proteins such as components of cy-
ochrome C oxidase, ATP synthase complex, and mitochon-
rial translation in a context dependent manner ( 65 , 66 , 77–
9 ). We did we not observe altered expression of this group
f mitochondrial genes in ID-variants, consistent with KDM5
ffecting mitochondrial function through a distinct mecha-
ism in neurons. Our work therefore bridges an important gap
etween understanding conserved KDM5-directed expression
rograms at the levels of both transcription and translation
nd provides insights into the complexities of Claes–Jensen
yndrome. Moreover, our data suggest a model in which
DM5 -associated ID may be part of a broader category of
isorders that show altered neuronal translation and mito-
hondrial function. 

ata availability 
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