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Histone modifying enzymes are involved in the posttranslational modification of histones and the epigenetic
control of gene expression. They play a critical role in normal development, and there is increasing evidence of
their role in developmental disorders (DDs). DDs are a group of chronic, severe conditions that impact the
physical, intellectual, language and/or behavioral development of an individual. There are very few treatment
options available for DDs such that these are conditions with significant unmet clinical need. Recessive variants

in the gene encoding histone modifying enzyme KDM5B are associated with a DD characterized by develop-
mental delay, facial dysmorphism and camptodactyly. KDM5B is responsible for the demethylation of lysine 4 on
the amino tail of histone 3 and plays a vital role in normal development and regulating cell differentiation. This
review explores the literature on KDM5B and what is currently known about its roles in development and

developmental disorders.

1. Introduction

Epigenetics revolves around the concept of regulating gene expres-
sion without changes to the nucleotide sequence itself. It was first
described by Waddington [1] as “above genetics”, whose original defi-
nition has evolved over the years and has ultimately become a key
avenue of research in numerous fields [2]. DNA methylation, histone
modification and non-coding RNA are all mechanisms behind epigenetic
control of genes, transforming the genetic sequence into displayed
phenotypes. Over the past two decades the role of epigenomics in dis-
eases has been the focus of research, where an aberrant modulation of
gene expression and epigenetic landscape ultimately impacts on health
and disease [3]. Epigenetic abnormalities have been observed in cancers
and have been linked to obesity, diabetes and autoimmune diseases [4].
Primarily driven by oncology, epigenetic-based therapy is beginning to
emerge [5].

Developmental disorders (DDs) are a heterogeneous group of
chronic, often severe, conditions that impact the physical development,
learning, language or behavior of an individual. The diverse etiology

and range of clinical manifestations in DDs poses a challenge in under-
standing the underlying molecular mechanisms behind the disorders
and determining any novel therapeutic interventions. Large scale studies
exploring the molecular mechanisms behind DDs have implicated his-
tone modifying enzymes (HMEs) in the pathogenesis of DDs [6], en-
zymes involved with the epigenetic regulation of gene expression. The
mechanisms behind the overall function of these HMEs is complex, often
working in a tightly regulated balance of co-factors to finely control an
epigenetic landscape for normal development. It is often through
studying these disease-causing aberrations that the mechanisms of
normal function can be explored. This review explores the histone
modifying enzyme KDM5B, its functions in development and the asso-
ciated disorders as a result of damaging variants.

2. Epigenetics
2.1. Histones and histone modifications

Histones are a highly conserved family of proteins that are
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responsible for the condensing of DNA in the nucleus of eukaryotic cells
into chromatin [7]. While DNA is packaged densely in chromatin, genes
are inaccessible to the transcriptional machinery and are silenced. For
genes to be expressed, the nucleosome needs to undergo structural
changes [8]. These alterations in chromatin structure have a key role in
many biological processes including development [9].

All four core histone proteins contain lysine rich histone tails that
extend away from the nucleosome and that can be modified by post-
translational modifications, particularly the amino termini of histone
H3 and H4 and both amino and carboxyl termini of histones H2A, H2B
and H1 [9]. The type and level of modification is controlled by histone

Table 1
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modifying enzymes (HMEs). Each of these post translational modifica-
tions (marks) alters the structure of chromatin and influences the
accessibility of DNA. As a result, these HMEs and their respective marks
play a key role in gene regulation.

Until relatively recently, acetylation was the most widely studied
histone modification [10]. In short, the addition of a negatively charged
acetyl group to lysine residues on histone tails neutralizes the positive
charge of histones and reduces its affinity for DNA [11]. This alters the
chromatin structure to increase DNA accessibility for transcription.
However, with the discovery of the first histone demethylase, Lysine-
specific demethylase 1 (LSD1), the dynamic nature of histone

A list of the characterized lysine methyltransferases and lysine demethylases, cytogenetic band, the histone and lysine residue targeted, and the developmental
disorders associated with aberrant variants [14,26].

Histone modifying enzyme = Chromosome  Target Function Associated developmental disorder
SUV39H1 Xp11.23 H3K9 Methyltransferase
SUV39H2 10p13 H3K9 Methyltransferase =~ ASD
EHMT2 6p21.33 H3K9 Methyltransferase  Kleefstra syndrome
EHMT1 9q34.3 H3K9 Methyltransferase  Kleefstra syndrome
SETDB1 1q21.3 H3K9 Methyltransferase ~ ASD, Schizophrenia; ID
SETDB2 13q14.2 H3K9 Methyltransferase ~ ID; ASD
KMT2A 11q23.3 H3K4 Methyltransferase =~ Wiedemann-Steiner syndrome
KMT2B 19q13.12 H3K4 Methyltransferase  Kleefstra syndrome
KMT2C 7q36.1 H3K4 Methyltransferase ~ Kleefstra syndrome
KMT2D 12q13.12 H3K4 Methyltransferase ~ Kabuki syndrome
KMT2E 7q22.3 Methyltransferase =~ O'Donnell-Luria-Rodan syndrome
SETD1A 16p11.2 H3K4 Methyltransferase ~ Schizophrenia
SETD1B 12q24.31 H3K4 Methyltransferase  Intellectual developmental disorder with seizures and language delay
ASH1L 1q22 H3K36 Methyltransferase  Intellectual developmental disorder, autosomal dominant 52
SETD2 3p21.31 Methyltransferase =~ Luscan-Lumish Syndrome
NSD1 5q35.3 H3K36 Methyltransferase ~ Beckwith-Wiedemann syndrome; Sotos syndrome 1
SMYD2 1932.3 H3K4, H3K36 Methyltransferase
SMYD1 2pll1.2 H3K4 Methyltransferase
SMYD3 1q44 H3K4 Methyltransferase
NSD3 8p11.23 H3K36 Methyltransferase
NSD2 4pl16.3 H3K36 Methyltransferase ~ Wolf-Hirschhorn Syndrome; Rauch-Steindl Syndrome
DOT1L 19p13.3 H3K79 Methyltransferase
KMT5A 12q24.31 H4K20 Methyltransferase =~ Meier-Gorlin syndrome 1
KMT5B 11q13.2 H4K20 Methyltransferase  Intellectual developmental disorder, autosomal dominant 51
KMT5C 19q13.42 H4K20 Methyltransferase
EZH2 7q36.1 H3K27 Methyltransferase =~ Weaver syndrome
EZH1 17q21.2 H3K27 Methyltransferase
SETD7 4q31.1 H3K4 Methyltransferase
PRDM2 1p36.21 H3K9 Methyltransferase
PRDM9 5pl4.2 H3K4, H3K36 Methyltransferase
PRDM6 5q23.2 H4K20 Methyltransferase ~ Patent ductus arteriosus 3
PRDMS8 4q21.21 H3K9 Methyltransferase ~ Epilepsy, progressive myoclonic, 10
MECOM 3q26.2 H3K9 Methyltransferase ~ Radioulnar synostosis with amegakaryocytic thrombocytopenia 2
PRDM16 1p36.32 H3K9 Methyltransferase Cardiomyopathy, dilated, 1LL; Left ventricular noncompaction 8
KDM1A 1p36.12 H3K4, H3K9, H4K20 Demethylase KBG syndrome
KDM1B 6p22.3 H3K4 Demethylase
KDM2A 11q13.2 H3K36 Demethylase
KDM2B 12q24.31 H3K26 Demethylase Schizophrenia; Intellectual developmental disorder with seizures and language delay
KDM3A 2pll1.2 H3K9 Demethylase
KDM3B 5q31.2 H3K9 Demethylase Diets-Jongmans syndrome
JMJD1C 10g21.3 H3K9 Demethylase Rett syndrome; ID
KDMA4A 1p34.2- H3K9, H3K36 Demethylase
p34.1
KDM4B 19p13.3 H3K9, H3K36 Demethylase Intellectual developmental disorder, autosomal dominant 65
KDM4C 9p24.1 H3K9, H3K36 Demethylase
KDM4D 11q21 H3K9 Demethylase
KDMA4E 11q21 H3K9 Demethylase
KDMA4F 11q21 H3K9 Demethylase
KDM5A 12p13.33 H3K4 Demethylase ASD; ID
KDM5B 1¢32.1 H3K4 Demethylase Intellectual developmental disorder, autosomal recessive 65
KDM5C Xp11.22 H3K4 Demethylase Intellectual developmental disorder, X-linked syndromic, Claes-Jensen type
KDM5D Yql1.223 H3K4 Demethylase Potentially ASD through association with Engrailed Homeobox 2
KDM6A Xpll.3 H3K27 Demethylase Kabuki syndrome
KDM6B 17p13.1 H3K27 Demethylase Neurodevelopmental disorder with coarse facies and mild distal skeletal abnormalities
UTY Yql1.221 H3K27 Demethylase
KDM7A 7q34 Demethylase
PHF8 Xpl1.22 H3K9, H4K20 Demethylase Intellectual developmental disorder, X-linked, syndromic, Siderius type
PHF2 9q22.31 H3K9, H4K20 Demethylase
KDM8 16pl12.1 H3K36 Demethylase
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methylation was revealed [12]. As a result, over the past decade the
focus of histone research has shifted to methylation, the pattern and
regulation of which, across various gene elements, is now known to be
important in many biological processes.

2.2. Histone methylation

There are 6 major lysine residues that have the ability to be meth-
ylated; H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20, where the
ammonium group on the residues are able to accept up to three methyl
groups [13]. Two groups of histone modifying enzymes (HMEs) are
responsible for the addition (lysine (K) MethylTransferases, KMTs) and
removal (lysine (K) DeMethylases KDMs) of these methyl marks. There
are currently 34 characterized chromatin modifying KMTs and 24 KDMs
(listed in Table 1) [14], however there are potentially more SET domain
containing proteins yet to be fully characterized [15]. These enzymes
have a high degree of specificity for the specific lysine and degree of
methylation [16]. For example, KDM5B specifically targets tri- and di-
methylated lysine 4 of histone 3 (H3K4me2 and H3K4me3) to remove
methyl groups from these (Fig. 1) [17].

An extensive effort utilizing chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) across tissue and cell types has revealed
a complex pattern of histone methylation distribution. Depending on
which lysine is methylated, and to what degree, it can influence the
degree of gene expression or repression (reviewed [13]). For example,
H3K4me3 has been specifically associated with gene activation, marking
the promoters of active genes [18]. Approximately 80 % of promoters in
embryonic stem cells with the H3K4me3 mark are actively transcribed
[19]. More specifically, as an example, this distribution has been map-
ped in the human prefrontal cortex, displaying a H3K4me3 enrichment
at the promoter of genes associated with synaptic control and other
neuron-specific genes [20]. They found transcriptional start sites of
neuropsychiatric susceptibility genes trimethylated in neuronal
compared to non-neuronal cells including DPP10, CNTN4 and CHLI.

2.3. The KDM5 family of H3K4 demethylases

The KDMS5 family, also known as the JARID1 family, is characterized
by the presence of a catalytic Jumonji domain catalyzing the removal of
methylation marks (tri-, di- or mono-methylation) from lysine 4 of his-
tone 3 [21]. It is a highly evolutionary conserved through nature, where
in mammals the family encompasses four paralogs; KDM5A, KDM5B,

a-ketoglutarate
0,
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KDM5C and KDMS5D [22]. All member of the family consists of multiple
domains including an N-terminal Jumonji N, Jumonji C, a DNA binding
ARID domain, a C5HC2 zinc finger, and a number of histone binding
PHD domains, but differ greatest at the C-terminal region and the
number and composition of the PHD domains [23]. The association of
H3H4me3 at transcriptional start sites indicates members of the KDM5
family act generally as gene repressors [24].

The transforming histone methylation landscape has an important
role in human development, and through the utilization of high-
resolution next generation sequencing and large scale studies, HMEs
have been identified as the genetic basis of a number of DDs (Table 1)
[6]. More specifically, each of the four members of the KDM5 family
have been associated with a neurodevelopmental disorder [25]. To
explore the functions of KDMS5 in normal development and in disorders,
mouse, fruitfly (Drosophila melanogaster) and nematode worm (Caeno-
rhabditis elegans) have previously been used [22].

3. Developmental disorders
3.1. Clinical features and disease burden

The term developmental disorder (DD) encompasses a range of di-
agnoses that include intellectual disability (ID), hearing and vision
impairment, autism spectrum disorders (ASD), attention-deficit hyper-
activity disorder (ADHD), cerebral palsy and epilepsy, where neuro-
developmental conditions, including neuromuscular conditions are most
common. In 2016, 52.9 million children younger than 5 years old had a
diagnosed DD; 8.4 % of children worldwide [27]. These conditions
usually manifest during the developmental period, from birth to early
adulthood, and continue indefinitely throughout adult life [28]. Across
the range of conditions, vision loss is the most prevalent DD, followed by
hearing loss, ID and ASD [27]. However, these disorders frequently co-
occur [29,30]. Comparatively, children with DDs are at a greater risk of
health issues, lower educational attainment, reduced wellbeing and
suboptimal development [31]. As such, the life expectancy of people
with DDs is usually lower than in the general population [32].

Environmental conditions, like gestational infection and maternal
alcohol consumption can sometimes be attributed to the development of
DDs [33], however DDs are predominantly inherited genetic conditions.
Between 50 and 80 % of cases have a genetic etiology including chro-
mosomal abnormalities, copy number variants or mutations [34,35]. As
well as being a highly phenotypically heterogeneous group of disorders,
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Fig. 1. The KDM5B histone demethylation reaction as a mechanism for mediating gene repression. From recruitment to the genome through the ARID domain or
association with co-factors, KDM5B mediates the removal of Tri- and di-methyl groups on H3K4 in a Fe(II) and 2-oxoglutarate dependent reaction. (Created with BioR

ender.com, accessed April 2022).
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they are extremely genetically heterogeneous. The ‘Intellectual
Disability’ Panel App gene panel, developed as a virtual gene panel for
targeted analysis of whole genome sequencing data in the 100,000 Ge-
nomes Project lists 1139 genes confidently concluded to be causes of ID
[36]. This list contains a number of histone methyltransferases and
demethylases notably including KDM5B and KDM5C.

3.2. Diagnosis

There is great difficulty in diagnosing DDs as they often manifest in a
range of heterogeneous phenotypes affecting multiple systems, where
each condition often has comorbidities and overlaps phenotypically
[37]. Standard clinical approaches have a poor success rate in deter-
mining accurate diagnosis of DDs [38]. In 2013, neurodevelopmental
disorders were introduced into the Diagnostic and statistical manual of
mental disorders: DSM-5 [39], yet there is still a large overlap between
diagnoses. An accurate and early diagnosis is crucial for the effective
clinical management of the patient and is associated with improved
long-term outcomes and significant positive psychosocial impacts on the
individual and their family [34,40]. Whereas lack of a clear diagnosis
has a detrimental effect [41]. However, due to the complex diagnosis,
the length of time taken to gain a diagnosis could last up to 7 years, often
referred to as the diagnostic odyssey [42]. This has improved over recent
decades with the advancement of molecular and cytogenetic techniques,
and as they become routine practice in the clinic [37]. Genetic diagnosis
also has the additional benefit of the potential inform clinical care, and
aid family planning decisions. There has been a growing implementation
of genetic counsellors to provide education to both patients and the
parents of patients and aids with making informed treatment decisions
[43].

3.3. Treatment

Due in part to the complex multi-system nature of most DDs, they are
difficult conditions to treat as well as diagnose. Although cataract sur-
geries and Cochlear implants have improved outcomes for some vision
and hearing impairments, there is currently no cure for many features of
DDs with most treatments aimed at symptom management. A range of
psychotropic medications may be useful in combating some of the
behavioral symptoms [44], but options are limited, and as a result the
majority of DD patients require long-term supportive care. This high-
lights the financial cost associated with DDs with an estimated lifetime
cost of $1-2 million for a child born with ID, cerebral palsy, hearing loss
or vision impairment [45]. A focused exploration into targeted treat-
ment of the underlying biology of the disorders may reveal novel ave-
nues for treatment.

The development of antisense oligonucleotide (AON) therapy is a
promising avenue to address monogenetic or multifactorial conditions.
Initially approved for treating genetic eye conditions, AON have now
been developed to treat other Mendelian diseases including Duchenne
muscular dystrophy and spinal muscular atrophy [46]. This highlights
the importance of identifying the genetic cause behind these disorders
and underlying mechanisms and how it can be translated into the clinic
for novel treatment avenues.

4. Histone modifying enzymes in developmental disorders

With the advent of next generation sequencing, there has been a
greater focus on genetic factors behind undiagnosed DDs. Over the past
decade, the Deciphering Developmental Disorders study has improved
genetic diagnosis of DDs and explored the underlying molecular mech-
anisms behind DDs [38]. This is a concerted effort to understand the
genetic mechanisms behind the development of this heterogeneous
group of disorders with an aim to improving diagnosis and tailoring
treatments to these children. There is a growing number of damaging de
novo mutations identified in developmentally important genes linked to
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DDs [47]. In particular, whole-genome (WGS) and whole-exome
sequencing (WES) have revealed an enrichment of histone modifying
enzymes harboring mutations in developmental disorders [48], opening
an avenue for further research.

In patients exhibiting developmental disorders, pathogenic variants
of KMTs and KDMs have been identified that result in haploinsufficiency
and abnormal histone methylation [6]. Mutations in the histone meth-
yltransferase KMT2D, a H3K4 mono-methyltransferase, are associated
with Kabuki syndrome, a disorder characterized by facial, cardiac and
skeletal abnormalities with ID [49]. Mutations in the histone methyl-
transferase KMT2A, a H3K4 tri-methyltransferase, have been associated
with Wiedemann-steiner syndrome, a rare disorder displaying hyper-
trichosis cubiti, short stature, intellectual disability and distinctive facial
features [50]. Additionally, homozygous LoF mutations have also been
observed in H3K4 KDMs, where KDM5A has been linked to ASD [51,52]
and KDM5C linked with X-linked mental retardation [53] and ASD [54].
It is therefore unsurprising that another H3K4 KDM; KDM5B is also
associated with a recognizable developmental disorder.

5. KDMS5B has key functions in development and is linked to
disease

5.1. KDM5B, a histone demethylase

Early development is controlled in part through coordinated epige-
netic regulation. With the relevant signal, embryonic stem (ES) cells are
capable of indefinitely self-renewing or differentiating into the multi-
tude of different cell types of the three germ layers [55]. As these cells
differentiate in the developing embryo, the patterns of which genes are
active and which are repressed transform, dictating cell identity and
fate. The coordinated patterns of histone methylation, that control the
accessibility of gene promoters and enhancers, is one of the key mech-
anisms that regulate these processes [48]. Specifically, the methylation
of H3K4 and H3K27, which are associated with gene activation and
repression respectively, are key marks of gene expression mediation
[19]. The general transcription factor TFIID binds to this H3K4me3
mark [56].

The histone demethylase, KDM5B (also known as Jarid1B or PLU-1),
is known to regulate gene expression and has a key function in devel-
opment. It was first identified as a transcriptional repressor that was
over expressed in breast cancer cell lines [57], but has since gained in-
terest in cancer initiation and progression and mammalian develop-
ment. It belongs to the JHDM family of KDMs, characterized by the
presence of a catalytic Jumonji-domain, and catalyzes the removal of tri-
and di-methylation of H3K4 [17]. As H3K4me3 is a chromatin mark that
is associated with the promoters of actively transcribed genes, KDM5B
and other H3K4me3 demethylases that remove this mark were shown to
act as transcriptional repressors to silence genes [58].

5.2. Structure of KDM5B

KDMS5B is a large nuclear protein that is highly conserved in nature
[21]. In humans, it is 1544 residues long and contains three PHD do-
mains, and a JmjN, ARID, JmjC and C-terminal zinc finger domain
crucial for its activity [59]. The JmjN and JmjC fold together to form the
catalytic Jumonji domain responsible for the removal of histone tail
methyl groups. A Fe(Il) and a-ketoglutarate dependent reaction occurs
to produce a hydroxymethyl intermediate which immediately degrades
producing formaldehyde and the demethylated lysine (Fig. 1) [60].
Within the amino-acid sequence, an ARID and a PHD domain lies be-
tween both halves of the Jumonji domain, which differs from other
histone demethylases outside the KDM5 family [61]. The ARID domain
allows for binding to GC-rich DNA sequences and the PHD domains
allow for interaction with histones [61,62]. It is these PHD domains that
allow for the specificity to target distinct genomic regions [63]. Removal
of either the ARID, JmjN or JmjC domains removes the ability of KDM5B
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to demethylase [64].
5.3. KDM5B in development

KDMS5B is largely expressed during development, whereas in healthy
adults it is generally only found significantly expressed in the testes,
ovaries, brain, eye, spleen and thymus [65]. However, it is often upre-
gulated in a range of leukemias and other cancers including breast,
prostate, bladder, lung and cervical cancer [66]. In development, it is
observed to be highly expressed in stem cells including ES cells, neural
progenitors, trophoblast stem cells and blood lineages, influencing the
gene expression and differentiation of these cells [67]. In ES cells, there
is some evidence that KDMS5B is essential for self-renewal, where the
usual transcriptional repressor, KDM5B, paradoxically functions as an
activator to self-renewal genes [68]. KDM5A has also been observed to
function as both an activator or repressor depending on the context [69],
and the KDMS5B ortholog in Drosophila positively regulates gene
expression [70]. However, this contradicts another report where it was
concluded that KDM5B is dispensable for self-renewal [65]. This sug-
gests ES cell pluripotency is regulated by the chromatin modelling of
KDMS5B but the specific mechanisms are complex and unknown. Sub-
sequent experiments demonstrated a depletion of KDM5B results in an
extended self-renewal in the absence leukemia inhibitory factor, the
cytokine that inhibits differentiation [71]. Using short hairpin RNA
knockdown of KDM5B, Kidder et al. [71] also revealed KDM5B acting as
a barrier to the reprogramming process in induced pluripotent stem
(iPS) cells and was seen to be involved with silencing pluripotency genes
during differentiation. As the shKkDM5B cells differentiate, there was a
greater level of H3K4me3 at bivalent genes, where it has been suggested
that KDM5B co-localizes with H3K4me3 near the promoters and en-
hancers of active genes in ES cells [67]. Here it can function in focusing
H3K4me3 at the promoter regions, preventing the spread of methylation
to surrounding histones [67].

KDMS5B also plays a direct role in cell fate decisions, notably
neuronal differentiation. Overexpression of KDM5B in ES cells reduces
the expression of differentiation markers, including Egrl, p27 and BMI1,
genes that are associated with differentiation and neural lineages [72].
Equally, knockdown of KDM5B resulted in an enrichment of these genes.
These cells were blocked from terminal neural differentiation as
observed through the absence of neural markers, yet maintained
expression of self-renewal markers, such as Oct4 [72]. Subsequent
studies observed similar findings, highlighting the essential role of
KDMSB in differentiation towards the neural lineage [65]. In adults,
inhibition of KDM5B is seen to promote neurogenesis and decrease
proliferation of adult neural stem cells [73].
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5.4. Interactions in gene repression

Independent of its demethylase activity, KDM5B has been shown to
regulate transcription via interactions with other protein partners [74].
It has been observed to associate with the transcription factors PAX9,
FOXC2 and FOXG1 [75] via its PLU domain (Fig. 2), a Trp/Tyr/Phe Cys-
rich region, that is found conserved across a number of other proteins
[76]. These transcription factors are members of Groucho-mediated
transcriptional repression, a group involved in embryonic and neural
stem cell decisions [77]. PAX9 and FOXG1 are observed to repress
transcription but combined with KDM5B, repression activity is signifi-
cantly enhanced [78]. PAX9 deficient mice die soon after birth but
exhibit a range of abnormalities including facial and limb deformities
[79], and additionally, truncating mutations of FOXG1 are associated
with ASD [80].

KDMS5B is also known to directly interact with histone deacetylases
(HDACsS), histone modifying enzymes that decrease gene expression
through a compaction of chromatin. Mammalian HDACs can be classi-
fied into four classes depending on their homology to HDACs in yeast
(Reviewed in [81]). KDM5B is observed to physically interact with class
I and class IIa through two of the PHD domains on KDM5B [82]. The
class Ila HDACs have a crucial role in the differentiation of neural cells
through binding to members of the MEF2 family of transcription factors
and enhancing gene repression [83]. Pathogenic mutations in MEF2C
result in MEF2C Haploinsufficiency Syndrome, a rare disorder charac-
terized by ID, ASD, and seizures [83]. There are a number of repression
complexes that contain HDACs and the nuclear receptor co-repressor (N-
CoR) [81]. KDM5B was also observed to indirectly interact with N-CoR
[82], potentially enhancing repression through recruiting these HDAC
complexes.

KDMS5B also acts as a corepressor for AP-2 mediated gene expression
[84], a family of transcription factors important in embryogenesis and
the development of limbs and neural tube among others [85]. KDM5B is
a co-repressor dependent on a complex of TFAP2C and Myc and has been
observed to repress the universal cell cycle inhibitor p21 (CDKN1A).

5.5. Interactions in gene activation

Despite its usual gene repressive properties, evidence indicates
KDMB5B is also an essential co-activator for retinoic acid (RA) mediated
genes [86]. RA signaling regulates transcription through binding to
nuclear receptors that are bound to DNA at RA response elements
(RAREs) (reviewed in [87]). This signaling pathway is crucial for the
normal development of many organs including the brain, spinal cord
and forelimbs among others (reviewed in [88]), and deregulation has
been associated with cancer, metabolic disease, eye disease as well as
DDs [89]. In the absence of the RA ligand, co-repressors including N-CoR
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bind to the receptor. This allows the recruitment of HDACs, the poly-
comb repressive complex 2 and KDM5B resulting in high H3K27me3,
low level of H3K4me2/3 and low histone acetylation, marks of gene
repression. In the presence of the RA ligand, co-repressors are attenuated
but KDM5B is then free to bind to the retinoic acid receptor itself, acting
as a co-activator enabling transcription [86]. Silencing KDM5B under
treatment of RA results in a drop in HOXA1 expression, a RA mediated
gene that is important for neurodevelopment.

5.6. KDM5B in developmental disorders

Like many previously mentioned HMEs, damaging variants of the
KDM5B gene have been implicated in the pathogenesis of developmental
disorders. First observed in 2014, where whole exome sequencing
revealed a cohort of 2500 ASD patients contained a number of de novo
missense and nonsense variants of KDM5B (Fig. 2) [90]. Further whole
exome studies produced evidence again associating KDM5B de novo
mutations with ASD [91,92], however interestingly, two unaffected
siblings in the study also had de novo LoF KDM5B variants but did not
exhibit ASD. Similarly, another 29 protein truncating variants have also
been described from the Exome Aggregation Consortium [93], a
collaborative aggregation of exome sequencing data from a range of
projects. This suggests that haploinsufficiency is not the mechanism of
the associated disease, a common mechanism seen in other HME asso-
ciated DDs [6].

It was through the Deciphering Developmental Disorders Study that
damaging KD5MB variants were first associated with a recognizable
syndrome. Faundes et al. [6] observed homozygous or compound het-
erozygous KDM5B LoF mutations in three unrelated males, aged 10, 11
and 18 years, in two cohorts of 4293 and 5332 DD patients with whole
exome sequencing [47]. All three patients exhibited moderate to severe
developmental delay and ID, with two patients having facial dys-
morphism and camptodactyly of the fourth and fifth fingers. An addi-
tional 7-year-old male has also been reported, again displaying
developmental delay and ID as well as ADHD, sleep disturbance and
joint laxity [94]. Recently a further case study has described a 25-year-
old male with a heterozygous de novo frameshift variant in the JmjC
domain alongside an 8.2 Mb of chromosome 2q. The patient displaying
similar ID and facial and finger dysmorphic symptoms [95].

A further case study focused on a girl and a terminated sibling, both
with compound heterozygous damaging variants, where the girl dis-
played the recognizable dysmorphic features [96]. Both siblings
exhibited Ageness of the corpus callosum (ACC), detected on prenatal
imaging. ACC is a common cerebral malformation where the corpus
callosum is partially or fully absent [96] and has a wide spectrum of
symptoms of from unnoticeable to severe impairments [97]. The post-
mortem of the terminated sibling revealed mild ocular hypertelorism
but no other dysmorphic features [98]. The presence of ACC in one
previously mentioned case [6] suggest that ACC could be an additional
symptom of this disorder.

This recognizable disorder has subsequently been given the name
Intellectual developmental disorder, autosomal recessive 65; MRT65
[26]. Heterozygous mutations have also been recorded from the afore-
mentioned studies. Nine patients exhibited de novo heterozygous mu-
tations, of which six were LoF and three missense, and 22 inherited LoF
mutations where patients exhibited moderate developmental delay but
not the physical deformities [94]. The majority of the parents of the
patients did not display any of the clinical features observed in the
affected children, despite passing on an aberrant copy of the gene. It
appears that KDM5B is a recessive developmental disorder gene where
heterozygous LoF variants are incompletely penetrant. Additional de
novo splice variants of KDM5B have been linked to patients with ID and
ASD [93], where they concluded similarly that KDM5B is likely an
autosomal recessive disorder but also with dominant disease associated
variants. Interestingly, one of these variants exhibited as mild ID and
ASD with reduced KDM5B expression but did not significantly change
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the H3K4me3 patterns. It has been suggested that this varying degree of
severity of heterozygous mutations may be influenced by compensation
from other members of the KDM5 family [99], similar to the upregula-
tion of KDM5B expression observed in the presence of a KDM5C LoF
mutation [100].

5.7. Mouse models

There have been several attempts at generating KDM5B-knockout
mice, with varying degrees of success. Early attempts indicated that
homozygous KDM5B-knockout resulted in early embryonic lethality
[101]. A replacement of exon 1, containing the JmjN region, with a
neomycin-resistance gene appeared to be lethal at the late blastocyst
stage (E4.5) at the time of implantation, whereas heterozygous mice
were viable and fertile with no apparent abnormalities [101]. Subse-
quent attempts have been more viable, through producing a deletion of
exon 6 and a resultant frame shift and premature termination [65,102].
These mice did not result in significant prenatal mortality but did
neonatally with 50 % of homozygous mice dying in the first two hours
after birth. This is thought to be as a result of a failure to establish proper
respiratory function, but the exact mechanisms remain unclear. The
surviving homozygous adults exhibited increased incidents of exence-
phaly, eye defects, disorganized cranial and spinal nerves, and a reduced
response to pinching [102]. Similarly, Martin et al. [94] generated a
deletion of exon 7 using CRIPSR/CAS9 and were able to create homo-
zygous KDM5b-null mice, albeit sub-viable when compared to hetero-
zygous in-crosses. The heterozygous mice again appeared normal and
fertile, however, homozygous mice displayed vertebra defects. Inter-
estingly, behavioral abnormalities with KDM5B-null mice displaying
increased anxiety, reduced sociability, and memory impairment were
also observed [94]. Recently, a strain of mice has been generated with
the ARID domain and five amino acids from the JmjN region spliced out.
These AARID mice were viable and fertile but lacked demethylase ac-
tivity, demonstrating that KDM5B has crucial functions in development
but the demethylase activity is not necessarily required [64]. A AARID
KDMS5B variant has yet to be observed in humans. In conclusion from
these mouse models, it is clear KDM5B has a crucial role in the devel-
opment of healthy mice, both through its function to demethylase and
through other interactions. How this exactly relates to human patients
exhibiting KDM5B LoF is unclear, yet could provide suitable models for
the development of novel treatment targeting these underlying
mechanisms.

5.8. Potential avenues for treatment

As with most DDs, current treatment options for aberrant KDM5B
associated DDs are limited with a focus on the management of individual
symptoms or comorbidities rather than the underlying mechanisms.
Pharmacological interventions are limited, although they may help in
managing the lack of attention and insomnia that is described with the
condition [94]. In recent years, there has been increasing interest in
exploring targeted gene therapy for DDs.

Viral mediated gene transfer is a promising avenue for the precision
therapy of DDs. The use of adeno-associated viruses (AAVs) is the
leading vector for the delivery of gene therapy [103]. AAVs have been
used to replace the damaging genes, making it ideal for the treatment of
monogenic DDs. A recent review on the potential use of AAVs in neu-
rodevelopmental disorders focused on the more common Rett Syn-
drome, Fragile X syndrome, Angelman syndrome as well as two rare DDs
associated with the genes SLC13A5 and SLC6A1 [104]. Highlighting this
progress is a review of small molecule drugs in clinical or pre-clinical
development targeting an aberrant UBE3A gene that results in the
neurodevelopment disorder Angelman syndrome [105].

Other ongoing developments for pharmacological treatment of DDs
primarily focus on correcting downstream cellular pathways that are
disrupted as a consequence of the aberrant genes. For example, Kabuki
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syndrome, often with mutations in KMT2D, develop defects through
abnormal regulation of the RAS/MAPK signaling [106] a hyper-
activation of MEK within the RAS pathway. Utilizing small molecule
inhibitors developed for a variety of cancers, MEK inhibition in zebrafish
has been shown to mitigate some of the Kabuki syndrome associated
phenotypes [106]. Equally, activating PI3K-AKTt-mTOR and Ras-
MAPK-ERK pathways have been hypothesized to have a potential
benefit for Angelman syndrome [105]. As KDM5B has been demon-
strated to affect signaling pathways such as retinoic acid or AP-2 tran-
scriptional regulation, therapeutic modulation of these could restore
signaling to non-mutant KDM5B levels.

In order to successfully pursue these avenues of treatment, an
improved understanding of the disorder is needed. Questions still
remain around the influence of KDM5B on the histone methylation
landscape during development, and its other functions independent of
demethylation activity. There is also a need for suitable models for pre-
clinical trials, where it is notoriously difficult to recreate the human
phenotype of DDs in animal models. Difficulties are highlighted through
the varied responses from the afore-mentioned KDM5B knock out mouse
studies. Despite these challenges, targeting of KDM5B, either directly or
indirectly, offers a promising avenue for therapeutic intervention for the
treatment of DDs harboring pathogenic KDM5B mutations.

6. Conclusion

As focused large-scale studies come to fruition, the role of HMEs in
the development of DDs is becoming more apparent [6,47,94], however
the molecular mechanisms of these disease-causing aberrations remains
unclear. The loss of function of KDM5B displays as developmental delay,
facial dysmorphism and camptodactyly, however in heterozygous pa-
tients it is incompletely penetrant. Studies have shown that KDM5B has
important functions in development, with essential roles in moderating
the histone methylation landscapes [107] and interacting with tran-
scription factors [78]. Highlighting KDM5B's role in normal develop-
ment are several knockout studies, where its essential functions in early
embryonic development and neuronal differentiation are apparent.

KDMS5B is not unique among HMEs. With ongoing studies, more
epigenetic regulators are being associated with DDs. Through studying
the damaging aberrations in DDs and cancer, there will be a greater
understanding of the molecular mechanisms of their actions. With
continued efforts exploring these molecular mechanisms, novel thera-
peutic avenues could be revealed with a hope to translate into clinical
applications.

Funding source

JH is supported by Wessex Medical Research and Rosetrees Trust
studentship (PHD-2021/AB01).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1] C.H. Waddington, The epigenotype, Int. J. Epidemiol. 41 (2012) (1942) 10-13.

[2] G. Cavalli, E. Heard, Advances in epigenetics link genetics to the environment
and disease, Nature 571 (2019) 489-499.

[3] L.Zhang, Q. Lu, C. Chang, Epigenetics in health and disease, Adv. Exp. Med. Biol.
1253 (2020) 3-55.

[4]
[5]

[6]

[71
[8]

[91

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

[28]

[29]

[30]

BBA - Gene Regulatory Mechanisms 1865 (2022) 194848

E.S. Oh, A. Petronis, Origins of human disease: the chrono-epigenetic perspective,
Nat Rev Genet 22 (2021) 533-546.

M. Berdasco, M. Esteller, Clinical epigenetics: seizing opportunities for
translation, Nat. Rev. Genet. 20 (2019) 109-127.

V. Faundes, W.G. Newman, L. Bernardini, N. Canham, J. Clayton-Smith,

B. Dallapiccola, S.J. Davies, M.K. Demos, A. Goldman, H. Gill, R. Horton, B. Kerr,
D. Kumar, A. Lehman, S. McKee, J. Morton, M.J. Parker, J. Rankin, L. Robertson,
LK. Temple, , S. Clinical Assessment of the Utility of, S. Evaluation as a Service, S.
Deciphering Developmental Disorders, S. Banka, Histone lysine methylases and
demethylases in the landscape of human developmental disorders, Am J Hum
Genet 102 (2018) 175-187.

P.J. Horn, C.L. Peterson, Molecular biology: chromatin higher order folding:
wrapping up transcription, Science 297 (2002) 1824-1827. Science.

S.L. Berger, Histone modifications in transcriptional regulation, in: Current
Opinion in Genetics and Development 12, 2002, pp. 142-148. Curr Opin Genet
Dev.

R. Margueron, P. Trojer, D. Reinberg, The key to development: interpreting the
histone code?, in: Current Opinion in Genetics and Development, Current Trends,
15 Elsevier, 2005, pp. 163-176.

S.M. Kooistra, K. Helin, Molecular mechanisms and potential functions of histone
demethylases, Nat. Rev. Mol. Cell Biol. 13 (2012) 297-311.

H.M. Evans, The effects of inadequate vitamin a on the sexual physiology of the
female, J. Biol. Chem. 77 (1928) 651-654.

Y. Shi, F. Lan, C. Matson, P. Mulligan, J.R. Whetstine, P.A. Cole, R.A. Casero,
Y. Shi, Histone demethylation mediated by the nuclear amine oxidase homolog
LSD1, Cell 119 (2004) 941-953.

V.W. Zhou, A. Goren, B.E. Bernstein, Charting histone modifications and the
functional organization of mammalian genomes, Nat. Rev. Genet. 12 (2011)
7-18.

HGNC, Chromatin modifying enzymes. https://www.genenames.org/data/
genegroup/#!/group/484. (Accessed 27 April 2022).

S.G. Shah, T. Mandloi, P. Kunte, A. Natu, M. Rashid, D. Reddy, N. Gadewal,

S. Gupta, HISTome2: a database of histone proteins, modifiers for multiple
organisms and epidrugs, Epigenetics Chromatin 13 (2020) 31.

J.C. Black, C. Van Rechem, J.R. Whetstine, Histone lysine methylation dynamics:
establishment, regulation, and biological impact, Mol. Cell 48 (2012) 491-507.
K. Yamane, K. Tateishi, R.J. Klose, J. Fang, L.A. Fabrizio, H. Erdjument-Bromage,
J. Taylor-Papadimitriou, P. Tempst, Y. Zhang, PLU-1 is an H3K4 demethylase
involved in transcriptional repression and breast cancer cell proliferation, Mol.
Cell 25 (2007) 801-812.

C.N. Vallianatos, S. Iwase, Disrupted intricacy of histone H3K4 methylation in
neurodevelopmental disorders, Epigenomics 7 (2015) 503-519.

X.D. Zhao, X. Han, J.L. Chew, J. Liu, K.P. Chiu, A. Choo, Y.L. Orlov, W.K. Sung,
A. Shahab, V.A. Kuznetsov, G. Bourque, S. Oh, Y. Ruan, H.H. Ng, C.L. Wei, Whole-
genome mapping of histone H3 Lys4 and 27 trimethylations reveals distinct
genomic compartments in human embryonic stem cells, Cell Stem Cell 1 (2007)
286-298.

H.P. Shulha, I. Cheung, C. Whittle, J. Wang, D. Virgil, C.L. Lin, Y. Guo, A. Lessard,
S. Akbarian, Z. Weng, Epigenetic signatures of autism: trimethylated H3K4
landscapes in prefrontal neurons, Arch. Gen. Psychiatry 69 (2012) 314-324.

C. Johansson, S. Velupillai, A. Tumber, A. Szykowska, E.S. Hookway, R.P. Nowak,
C. Strain-Damerell, C. Gileadi, M. Philpott, N. Burgess-Brown, N. Wu, J. Kopec,
A. Nuzzi, H. Steuber, U. Egner, V. Badock, S. Munro, N.B. LaThangue,

S. Westaway, J. Brown, N. Athanasou, R. Prinjha, P.E. Brennan, U. Oppermann,
Structural analysis of human KDM5B guides histone demethylase inhibitor
development, Nat. Chem. Biol. 12 (2016) 539-545.

C. Drelon, H.M. Belalcazar, J. Secombe, The histone demethylase KDM5 is
essential for larval growth in drosophila, Genetics 209 (2018) 773-787.

J. Dorosz, L.H. Kristensen, N.G. Aduri, O. Mirza, R. Lousen, S. Bucciarelli,

V. Mehta, S. Selles-Baiget, S.M.O. Solbak, A. Bach, P. Mesa, P.A. Hernandez,

G. Montoya, T. Nguyen, K.D. Rand, T. Boesen, M. Gajhede, Molecular architecture
of the Jumonji C family histone demethylase KDM5B, Sci. Rep. 9 (2019) 4019.
L.P. Blair, J. Cao, M.R. Zou, J. Sayegh, Q. Yan, Epigenetic regulation by lysine
demethylase 5 (KDM5) enzymes in cancer, Cancers (Basel) 3 (2011) 1383-1404.
C. Wynder, L. Stalker, M.L. Doughty, Role of H3K4 demethylases in complex
neurodevelopmental diseases, Epigenomics 2 (2010) 407-418.

OMIM, An Online Catalog of Human Genes and Genetic Disorders. https://omim.
org/. (Accessed 26 April 2022).

B.O. Olusanya, A.C. Davis, D. Wertlieb, N.Y. Boo, M.K.C. Nair, R. Halpern,

H. Kuper, C. Breinbauer, P.J. de Vries, M. Gladstone, N. Halfon, V. Kancherla, M.
C. Mulaudzi, A. Kakooza-Mwesige, F.A. Ogbo, J.O. Olusanya, A.N. Williams, S.
M. Wright, H. Manguerra, A. Smith, M. Echko, C. Ikeda, A. Liu, A. Millear,

K. Ballesteros, E. Nichols, H.E. Erskine, D. Santomauro, Z. Rankin, M. Smith, H.
A. Whiteford, H.E. Olsen, N.J. Kassebaum, G.R.D.D. Collab, Developmental
disabilities among children younger than 5 years in 195 countries and territories,
1990-2016: a systematic analysis for the global burden of disease study 2016,
lancetGlobal Health 6 (2018) E1100-E1121.

C. Kripke, Adults with developmental disabilities: a comprehensive approach to
medical care, Am. Fam. Physician 97 (2018) 649-656.

V. del Barrio, Diagnostic and statistical manual of mental disorders *, in:
Reference Module in Neuroscience and Biobehavioral Psychology, American
Psychiatric Association, Arlington, VA, 2017.

D. Christensen, K.Van Naarden Braun, N.S. Doernberg, M.J. Maenner, C.

L. Arneson, M.S. Durkin, R.E. Benedict, R.S. Kirby, M.S. Wingate, R. Fitzgerald,
M. Yeargin-Allsopp, Prevalence of cerebral palsy, co-occurring autism spectrum


http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250607452609
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646011391
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646011391
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646129129
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646129129
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646142349
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646142349
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646210509
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646210509
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250619366434
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250630108245
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250630108245
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250630410027
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250630410027
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250630410027
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250631247429
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250631247429
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250631247429
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646396747
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646396747
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646482696
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646482696
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646560696
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646560696
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250646560696
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250647179874
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250647179874
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250647179874
https://www.genenames.org/data/genegroup/#!/group/484
https://www.genenames.org/data/genegroup/#!/group/484
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648044510
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648044510
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648044510
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648094440
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648094440
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648111190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648111190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648111190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648111190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648126500
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648126500
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648269979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648269979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648269979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648269979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648269979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648417549
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648417549
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648417549
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648434079
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648456179
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648456179
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608025389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608025389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608025389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608025389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648470599
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648470599
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648483719
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648483719
https://omim.org/
https://omim.org/
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250608572718
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648491189
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648491189
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250610268716
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250610268716
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250610268716
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250636132845
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250636132845
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250636132845

J. Harrington et al.

[31]

[32]

[33]

[34]

[35]

[36]
[371
[38]
[39]

[40]

[41]
[42]
[43]
[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

disorders, and motor functioning - Autism and Developmental Disabilities
Monitoring Network, USA, 2008, Dev Med Child Neurol 56 (2014) 59-65.

W.H. Organization, Developmental Difficulties in Early Childhood: Prevention,
Early Identification, Assessment and Intervention in Low- and Middle-income
Countries, 2012.

A.M.W. Coppus, People with intellectual disability: what do we know about
adulthood and life expectancy?, in: Developmental Disabilities Research Reviews
18 John Wiley & Sons, Ltd, 2013, pp. 6-16.

N. Kaminen-Ahola, Fetal alcohol spectrum disorders: genetic and epigenetic
mechanisms, Prenat. Diagn. 40 (2020) 1185-1192.

H. Copeland, E. Kivuva, H.V. Firth, C.F. Wright, Systematic assessment of
outcomes following a genetic diagnosis identified through a large-scale research
study into developmental disorders, Genet. Med. 23 (2021) 1058-1064.

J.Y. Han, L.G. Lee, Genetic tests by next-generation sequencing in children with
developmental delay and/or intellectual disability, Clin. Exp. Pediatr. 63 (2020)
195-202.

Genomics England, Intellectual Disability (Version: 3.2), 2020. https://nhsgms
-panelapp.genomicsengland.co.uk/panels/285/v3.2. (Accessed 27 April 2022).
D.J. Morris-Rosendahl, M.A. Crocq, Neurodevelopmental disorders-the history
and future of a diagnostic concept, Dialogues Clin. Neurosci. 22 (2020) 65-72.
H.V. Firth, C.F. Wright, D.D.D. Study, The deciphering developmental disorders
(DDD) study, Dev Med Child Neurol 53 (2011) 702-703.

A.P. Association, Diagnostic and Statistical Manual of Mental Disorders: DSM-5,
5th ed., American Psychiatric Association, Arlington, VA, 2013.

R.J. Landa, L.G. Kalb, Long-term outcomes of toddlers with autism spectrum
disorders exposed to short-term intervention, Pediatrics 130 (Suppl 2) (2012)
$186-5190.

K. Payne, S.P. Gavan, S.J. Wright, A.J. Thompson, Cost-effectiveness analyses of
genetic and genomic diagnostic tests, Nat. Rev. Genet. 19 (2018) 235-246.

M. Lappe, L. Lau, R.N. Dudovitz, B.B. Nelson, E.A. Karp, A.A. Kuo, The diagnostic
odyssey of autism Spectrum disorder, Pediatrics 141 (2018) S272-5279.

A. Blesson, J.S. Cohen, Genetic counseling in neurodevelopmental disorders, Cold
Spring Harb. Perspect. Med. 10 (2020).

R.L. Findling, Pharmacologic treatment of behavioral symptomsin autism and
pervasive developmental disorders, J. Clin. Psychiatry 66 (2005).

M.M.W.R. Morb, C. Centers for disease, prevention, economic costs associated
with mental retardation, cerebral palsy, hearing loss, and vision impairment —
United States, 2003, Mortal. Wkly. Rep. 53 (2003) 57-59.

K. Ferenchak, I. Deitch, R. Huckfeldt, Antisense oligonucleotide therapy for
ophthalmic conditions, Semin. Ophthalmol. 36 (2021) 452-457.

S.Deciphering Developmental Disorders, Prevalence and architecture of de novo
mutations in developmental disorders, Nature 542 (2017) 433-438.

J.S. Butler, E. Koutelou, A.C. Schibler, S.Y.R. Dent, Histone-modifying enzymes:
regulators of developmental decisions and drivers of human disease, in:
Epigenomics 4, Future Medicine Ltd, London, UK, 2012, pp. 163-177.

M.C. Hannibal, K.J. Buckingham, S.B. Ng, J.E. Ming, A.E. Beck, M.J. McMillin, H.
1. Gildersleeve, A.W. Bigham, H.K. Tabor, H.C. Mefford, J. Cook, K. Yoshiura,
T. Matsumoto, N. Matsumoto, N. Miyake, H. Tonoki, K. Naritomi, T. Kaname,
T. Nagai, H. Ohashi, K. Kurosawa, J.W. Hou, T. Ohta, D. Liang, A. Sudo, C.

A. Morris, S. Banka, G.C. Black, J. Clayton-Smith, D.A. Nickerson, E.H. Zackai, T.
H. Shaikh, D. Donnai, N. Niikawa, J. Shendure, M.J. Bamshad, Spectrum of MLL2
(ALR) mutations in 110 cases of kabuki syndrome, Am. J. Med. Genet. A 155A
(2011) 1511-1516.

W.D. Jones, D. Dafou, M. McEntagart, W.J. Woollard, F.V. Elmslie, M. Holder-
Espinasse, M. Irving, A.K. Saggar, S. Smithson, R.C. Trembath, C. Deshpande, M.
A. Simpson, De novo mutations in MLL cause wiedemann-steiner syndrome, Am.
J. Hum. Genet. 91 (2012) 358-364.

H. Najmabadi, H. Hu, M. Garshasbi, T. Zemojtel, S.S. Abedini, W. Chen,

M. Hosseini, F. Behjati, S. Haas, P. Jamali, A. Zecha, M. Mohseni, L. Puttmann, L.
N. Vahid, C. Jensen, L.A. Moheb, M. Bienek, F. Larti, I. Mueller, R. Weissmann,
H. Darvish, K. Wrogemann, V. Hadavi, B. Lipkowitz, S. Esmaeeli-Nieh,

D. Wieczorek, R. Kariminejad, S.G. Firouzabadi, M. Cohen, Z. Fattahi, I. Rost,
F. Mojahedi, C. Hertzberg, A. Dehghan, A. Rajab, M.J. Banavandi, J. Hoffer,

M. Falah, L. Musante, V. Kalscheuer, R. Ullmann, A.W. Kuss, A. Tzschach,

K. Kahrizi, H.H. Ropers, Deep sequencing reveals 50 novel genes for recessive
cognitive disorders, Nature 478 (2011) 57-63.

L.El Hayek, 1.0. Tuncay, N. Nijem, J. Russell, S. Ludwig, K. Kaur, X. Li,

P. Anderton, M. Tang, A. Gerard, A. Heinze, P. Zacher, H.S. Alsaif, A. Rad,

K. Hassanpour, M.R. Abbaszadegan, C. Washington, B.R. DuPont, R.J. Louie,

C. Study, M. Couse, M. Faden, R.C. Rogers, R.Abou Jamra, E.R. Elias,

R. Maroofian, H. Houlden, A. Lehman, B. Beutler, M.H. Chahrour, KDM5A
mutations identified in autism spectrum disorder using forward genetics, Elife 9
(2020) 1-25.

L.R. Jensen, M. Amende, U. Gurok, B. Moser, V. Gimmel, A. Tzschach, A.

R. Janecke, G. Tariverdian, J. Chelly, J.P. Fryns, H. Van Esch, T. Kleefstra,

B. Hamel, C. Moraine, J. Gecz, G. Turner, R. Reinhardt, V.M. Kalscheuer, H.

H. Ropers, S. Lenzner, Mutations in the JARID1C gene, which is involved in
transcriptional regulation and chromatin remodeling, cause X-linked mental
retardation, Am. J. Hum. Genet. 76 (2005) 227-236.

A. Adegbola, H. Gao, S. Sommer, M. Browning, A novel mutation in JARID1C/
SMCX in a patient with autism spectrum disorder (ASD), Am. J. Med. Genet. A
146A (2008) 505-511.

R.A. Young, Control of the embryonic stem cell state, Cell 144 (2011) 940-954.
M. Vermeulen, K.W. Mulder, S. Denissov, W.W. Pijnappel, F.M. van Schaik, R.
A. Varier, M.P. Baltissen, H.G. Stunnenberg, M. Mann, H.T. Timmers, Selective

[57]

[58]

[59]

[601]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771
[78]

[79]

[80]

[81]

[82]

BBA - Gene Regulatory Mechanisms 1865 (2022) 194848

anchoring of TFIID to nucleosomes by trimethylation of histone H3 lysine 4, Cell
131 (2007) 58-69.

P.J. Lu, K. Sundquist, D. Baeckstrom, R. Poulsom, A. Hanby, S. Meier-Ewert,

T. Jones, M. Mitchell, P. Pitha-Rowe, P. Freemont, J. Taylor-Papadimitriou,

A novel gene (PLU-1) containing highly conserved putative DNA/chromatin
binding motifs is specifically up-regulated in breast cancer, J. Biol. Chem. 274
(1999) 15633-15645.

L.P. Blair, J. Cao, M.R. Zou, J. Sayegh, Q. Yan, Epigenetic regulation by lysine
demethylase 5 (KDM5) enzymes, Cancer 3 (2011) 1383-1404.

L.H. Kristensen, A.L. Nielsen, C. Helgstrand, M. Lees, P. Cloos, J.S. Kastrup,

K. Helin, L. Olsen, M. Gajhede, Studies of H3K4me3 demethylation by KDM5B/
Jarid1B/PLU1 reveals strong substrate recognition in vitro and identifies 2,4-
pyridine-dicarboxylic acid as an in vitro and in cell inhibitor, FEBS J. 279 (2012)
1905-1914.

R.J. Klose, E.M. Kallin, Y. Zhang, JmjC-domain-containing proteins and histone
demethylation, Nat Rev Genet 7 (2006) 715-727.

J.R. Horton, A. Engstrom, E.L. Zoeller, X. Liu, J.R. Shanks, X. Zhang, M.A. Johns,
P.M. Vertino, H. Fu, X. Cheng, Characterization of a linked jumonji domain of the
KDM5/JARID1 family of histone H3 lysine 4 demethylases, J. Biol. Chem. 291
(2016) 2631-2646.

Y. Zhang, H. Yang, X. Guo, N. Rong, Y. Song, Y. Xu, W. Lan, X. Zhang, M. Liu,
Y. Xu, C. Cao, The PHD1 finger of KDM5B recognizes unmodified H3K4 during
the demethylation of histone H3K4me2/3 by KDM5B, protein, Cell 5 (2014)
837-850.

R. Sanchez, M.M. Zhou, The PHD finger: a versatile epigenome reader, Trends
Biochem. Sci. 36 (2011) 364-372.

S. Jamshidi, S. Catchpole, J. Chen, C.W.E. So, J. Burchell, K.M. Rahman,

J. Taylor-Papadimitriou, KDM5B protein expressed in viable and fertile AARID
mice exhibit no demethylase activity, Int. J. Oncol. 59 (2021) 1-8.

S.U. Schmitz, M. Albert, M. Malatesta, L. Morey, J.V. Johansen, M. Bak,

N. Tommerup, I. Abarrategui, K. Helin, Jarid1b targets genes regulating
development and is involved in neural differentiation, EMBO J. 30 (2011)
4586-4600.

B.J. Klein, L. Piao, Y. Xi, H. Rincon-Arano, S.B. Rothbart, D. Peng, H. Wen,

C. Larson, X. Zhang, X. Zheng, M.A. Cortazar, P.V. Pena, A. Mangan, D.L. Bentley,
B.D. Strahl, M. Groudine, W. Li, X. Shi, T.G. Kutateladze, The histone-H3K4-
specific demethylase KDM5B binds to its substrate and product through distinct
PHD fingers, Cell Rep. 6 (2014) 325-335.

B.L. Kidder, G. Hu, K. Zhao, KDM5B focuses H3K4 methylation near promoters
and enhancers during embryonic stem cell self-renewal and differentiation,
Genome Biol. 15 (2014) R32.

L. Xie, C. Pelz, W. Wang, A. Bashar, O. Varlamova, S. Shadle, S. Impey, KDM5B
regulates embryonic stem cell self-renewal and represses cryptic intragenic
transcription, EMBO J. 30 (2011) 1473-1484.

S.W. Chan, W. Hong, Retinoblastoma-binding protein 2 (Rbp2) potentiates
nuclear hormone receptor-mediated transcription, J. Biol. Chem. 276 (2001)
28402-28412.

M. Lloret-Llinares, C. Carre, A. Vaquero, N. de Olano, F. Azorin, Characterization
of Drosophila melanogaster JmjC+N histone demethylases, Nucleic Acids Res. 36
(2008) 2852-2863.

B.L. Kidder, G. Hu, Z.X. Yu, C. Liu, K. Zhao, Extended self-renewal and
accelerated reprogramming in the absence of Kdm5b, Mol. Cell. Biol. 33 (2013)
4793-4810.

B.K. Dey, L. Stalker, A. Schnerch, M. Bhatia, J. Taylor-Papidimitriou, C. Wynder,
The histone demethylase KDM5b/JARID1b plays a role in cell fate decisions by
blocking terminal differentiation, Mol. Cell. Biol. 28 (2008) 5312-5327.

Q. Zhou, E.A. Obana, K.L. Radomski, G. Sukumar, C. Wynder, C.L. Dalgard, M.
L. Doughty, Inhibition of the histone demethylase Kdm5b promotes neurogenesis
and derepresses reln (reelin) in neural stem cells from the adult subventricular
zone of mice, Mol. Biol. Cell 27 (2016) 627-639.

M. Han, W. Xu, P. Cheng, H. Jin, X. Wang, Histone demethylase lysine
demethylase 5B in development and cancer, Oncotarget 8 (2017) 8980-8991.
K. Tan, A.L. Shaw, B. Madsen, K. Jensen, J. Taylor-Papadimitriou, P.S. Freemont,
Human PLU-1 Has transcriptional repression properties and interacts with the
developmental transcription factors BF-1 and PAX9, J. Biol. Chem. 278 (2003)
20507-20513.

C. Quadbeck-Seeger, G. Wanner, S. Huber, R. Kahmann, J. Kamper, A protein
with similarity to the human retinoblastoma binding protein 2 acts specifically as
a repressor for genes regulated by the b mating type locus in Ustilago maydis,
Mol. Microbiol. 38 (2000) 154-166.

(!!! INVALID CITATION !!! [88]).

K. Tan, A.L. Shaw, B. Madsen, K. Jensen, J. Taylor-Papadimitriou, P.S. Freemont,
Human PLU-1 has transcriptional repression properties and interacts with the
developmental transcription factors BF-1 and PAX9, J. Biol. Chem. 278 (2003)
20507-20513.

H. Peters, A. Neubuser, K. Kratochwil, R. Balling, Pax9-deficient mice lack
pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb
abnormalities, Genes Dev. 12 (1998) 2735-2747.

F. Ariani, G. Hayek, D. Rondinella, R. Artuso, M.A. Mencarelli, A. Spanhol-
Rosseto, M. Pollazzon, S. Buoni, O. Spiga, S. Ricciardi, I. Meloni, I. Longo, F. Mari,
V. Broccoli, M. Zappella, A. Renieri, FOXG1 is responsible for the congenital
variant of rett syndrome, Am. J. Hum. Genet. 83 (2008) 89-93.

S.Y. Park, J.S. Kim, A short guide to histone deacetylases including recent
progress on class II enzymes, Exp. Mol. Med. 52 (2020) 204-212.

A. Barrett, S. Santangelo, K. Tan, S. Catchpole, K. Roberts, B. Spencer-Dene,

D. Hall, A. Scibetta, J. Burchell, E. Verdin, P. Freemont, J. Taylor-Papadimitriou,


http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250636132845
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250636132845
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250611473754
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250611473754
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250611473754
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250637107735
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250637107735
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250637107735
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648498989
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648498989
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648587119
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648587119
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250648587119
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649173939
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649173939
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649173939
https://nhsgms-panelapp.genomicsengland.co.uk/panels/285/v3.2
https://nhsgms-panelapp.genomicsengland.co.uk/panels/285/v3.2
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649196199
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649196199
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250613191902
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250613191902
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614055011
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614055011
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614129701
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614129701
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614129701
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649282278
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649282278
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649303058
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649303058
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649355408
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649355408
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614192881
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614192881
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614283501
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614283501
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614283501
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649424038
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649424038
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250638239024
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250638239024
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250639089374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250639089374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250639089374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614368430
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649519098
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649519098
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649519098
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250649519098
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250614427250
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615087470
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250652394165
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653487034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653487034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653487034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653497854
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615112190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615112190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615112190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615112190
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653502644
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653502644
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653502644
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653502644
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653502644
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615129150
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615129150
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653509824
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653509824
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653509824
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653509824
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653509824
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653516224
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653516224
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653520094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653520094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653520094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653520094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615138410
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615138410
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615138410
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615138410
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653529154
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653529154
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615209979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615209979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615209979
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653537374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653537374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653537374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653537374
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653550314
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653550314
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653550314
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653550314
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653550314
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653554794
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653554794
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653554794
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653560134
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653560134
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653560134
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653565654
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653565654
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653565654
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653573094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653573094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653573094
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653579984
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653579984
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653579984
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653587254
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653587254
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653587254
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653595234
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653595234
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653595234
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250653595234
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654000894
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654000894
http://refhub.elsevier.com/S1874-9399(22)00063-3/or0005
http://refhub.elsevier.com/S1874-9399(22)00063-3/or0005
http://refhub.elsevier.com/S1874-9399(22)00063-3/or0005
http://refhub.elsevier.com/S1874-9399(22)00063-3/or0005
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654013034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654013034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654013034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654013034
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654028194
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654028194
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654028194
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654028194
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654035684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654035684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654035684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654045804
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654045804
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654045804
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654045804
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654052744
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654052744
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654064684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654064684

J. Harrington et al.

[83]

[84]

[85]

[86]

[87]
[88]

[89]

[90]

[91]

[92]

[93]

[94]

Breast cancer associated transcriptional repressor PLU-1/JARID1B interacts
directly with histone deacetylases, Int. J. Cancer 121 (2007) 265-275.

A. Assali, A.J. Harrington, C.W. Cowan, Emerging roles for MEF2 in brain
development and mental disorders, Curr. Opin. Neurobiol. 59 (2019) 49-58.
P.P. Wong, F. Miranda, K.V. Chan, C. Berlato, H.C. Hurst, A.G. Scibetta, Histone
demethylase KDM5B collaborates with TFAP2C and Myc to repress the cell cycle
inhibitor p21(cip) (CDKN1A), Mol Cell Biol 32 (2012) 1633-1644.

D. Eckert, S. Buhl, S. Weber, R. Jager, H. Schorle, The AP-2 family of transcription
factors, Genome Biol. 6 (2005) 246.

Y. Zhang, J. Liang, Q. Li, Coordinated regulation of retinoic acid signaling
pathway by KDM5B and polycomb repressive complex 2, J. Cell. Biochem. 115
(2014) 1528-1538.

T.J. Cunningham, G. Duester, Mechanisms of retinoic acid signalling and its roles
in organ and limb development, Nat. Rev. Mol. Cell Biol. 16 (2015) 110-123.
N.B. Ghyselinck, G. Duester, Retinoic acid signaling pathways, Development 146
(2019).

B.C. Das, P. Thapa, R. Karki, S. Das, S. Mahapatra, T.C. Liu, I. Torregroza, D.

P. Wallace, S. Kambhampati, P. Van Veldhuizen, A. Verma, S.K. Ray, T. Evans,
Retinoic acid signaling pathways in development and diseases, Bioorg. Med.
Chem. 22 (2014) 673-683.

1. Iossifov, B.J. O'Roak, S.J. Sanders, M. Ronemus, N. Krumm, D. Levy, H.

A. Stessman, K.T. Witherspoon, L. Vives, K.E. Patterson, J.D. Smith, B. Paeper, D.
A. Nickerson, J. Dea, S. Dong, L.E. Gonzalez, J.D. Mandell, S.M. Mane, M.

T. Murtha, C.A. Sullivan, M.F. Walker, Z. Waqar, L. Wei, A.J. Willsey, B. Yamrom,
Y.H. Lee, E. Grabowska, E. Dalkic, Z. Wang, S. Marks, P. Andrews, A. Leotta,

J. Kendall, I. Hakker, J. Rosenbaum, B. Ma, L. Rodgers, J. Troge, G. Narzisi,

S. Yoon, M.C. Schatz, K. Ye, W.R. McCombie, J. Shendure, E.E. Eichler, M.

W. State, M. Wigler, The contribution of de novo coding mutations to autism
spectrum disorder, Nature 515 (2014) 216-221.

B. Al-Mubarak, M. Abouelhoda, A. Omar, H. AlDhalaan, M. Aldosari, M. Nester,
H.A. Alshamrani, M. El-Kalioby, E. Goljan, R. Albar, S. Subhani, A. Tahir,

S. Asfahani, A. Eskandrani, A. Almusaiab, A. Magrashi, J. Shinwari, D. Monies, N.,
Al tassan, whole exome sequencing reveals inherited and de novo variants in
autism spectrum disorder: a trio study from Saudi families, Sci. Rep. 7 (2017)
5679.

R. Chen, L.K. Davis, S. Guter, Q. Wei, S. Jacob, M.H. Potter, N.J. Cox, E.H. Cook,
J.S. Sutcliffe, B. Li, Leveraging blood serotonin as an endophenotype to identify
de novo and rare variants involved in autism, Mol. Autism 8 (2017) 14.

N. Lebrun, C. Mehler-Jacob, K. Poirier, C. Zordan, D. Lacombe, N. Carion,

P. Billuart, T. Bienvenu, Novel KDM5B splice variants identified in patients with
developmental disorders: functional consequences, Gene 679 (2018) 305-313.
H.C. Martin, W.D. Jones, R. McIntyre, G. Sanchez-Andrade, M. Sanderson, J.

D. Stephenson, C.P. Jones, J. Handsaker, G. Gallone, M. Bruntraeger, J.F. McRae,
E. Prigmore, P. Short, M. Niemi, J. Kaplanis, E.J. Radford, N. Akawi,

M. Balasubramanian, J. Dean, R. Horton, A. Hulbert, D.S. Johnson, K. Johnson,
D. Kumar, S.A. Lynch, S.G. Mehta, J. Morton, M.J. Parker, M. Splitt, P.

D. Turnpenny, P.C. Vasudevan, M. Wright, A. Bassett, S.S. Gerety, C.F. Wright, D.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

BBA - Gene Regulatory Mechanisms 1865 (2022) 194848

R. FitzPatrick, H.V. Firth, M.E. Hurles, J.C. Barrett, S., Deciphering
developmental disorders, quantifying the contribution of recessive coding
variation to developmental disorders, Science 362 (2018) 1161-1164.

G.D. Mangano, V. Antona, E. Cali, A. Fontana, V. Salpietro, H. Houlden,

P. Veggiotti, R. Nardello, A complex epileptic and dysmorphic phenotype
associated with a novel frameshift KDM5B variant and deletion of SCN gene
cluster, Seizure 97 (2022) 20-22.

T.J. Edwards, E.H. Sherr, A.J. Barkovich, L.J. Richards, Clinical, genetic and
imaging findings identify new causes for corpus callosum development
syndromes, Brain 137 (2014) 1579-1613.

J. Hofman, M. Hutny, K. Sztuba, J. Paprocka, Corpus callosum agenesis: an
insight into the etiology and Spectrum of symptoms, Brain Sci. 10 (2020).

S. Lebon, M. Quinodoz, V.G. Peter, C. Gengler, G. Blanchard, V. Cina, B. Campos-
Xavier, C. Rivolta, A. Superti-Furga, Agenesis of the corpus callosum with facial
dysmorphism and intellectual disability in sibs associated with compound
heterozygous KDM5B variants, Genes (Basel) 12 (2021).

S. Zamurrad, H.A.M. Hatch, C. Drelon, H.M. Belalcazar, J. Secombe, A drosophila
model of intellectual disability caused by mutations in the histone demethylase
KDMS, Cell Rep. 22 (2018) 2359-2369.

L.R. Jensen, H. Bartenschlager, S. Rujirabanjerd, A. Tzschach, A. Numann, A.

R. Janecke, R. Sporle, S. Stricker, M. Raynaud, J. Nelson, A. Hackett, J.P. Fryns,
J. Chelly, A.P. de Brouwer, B. Hamel, J. Gecz, H.H. Ropers, A.W. Kuss,

A distinctive gene expression fingerprint in mentally retarded male patients
reflects disease-causing defects in the histone demethylase KDM5C,
PathoGenetics 3 (2010) 2.

S. Catchpole, B. Spencer-Dene, D. Hall, S. Santangelo, I. Rosewell, M. Guenatri,
R. Beatson, A.G. Scibetta, J.M. Burchell, J. Taylor-Papadimitriou, PLU-1/
JARID1B/KDMSB is required for embryonic survival and contributes to cell
proliferation in the mammary gland and in ER+ breast cancer cells, Int. J. Oncol.
38 (2011) 1267-1277.

M. Albert, S.U. Schmitz, S.M. Kooistra, M. Malatesta, C. Morales Torres, J.

C. Rekling, J.V. Johansen, I. Abarrategui, K. Helin, The histone demethylase
Jarid1b ensures faithful mouse development by protecting developmental genes
from aberrant H3K4me3, PLoS Genet. 9 (2013), e1003461.

D. Wang, P.W.L. Tai, G. Gao, Adeno-associated virus vector as a platform for gene
therapy delivery, Nat. Rev. Drug Discov. 18 (2019) 358-378.

C. Ozlu, R.M. Bailey, S. Sinnett, K.D. Goodspeed, Gene transfer therapy for
neurodevelopmental disorders, Dev. Neurosci. 43 (2021) 230-240.

N.A. Copping, S.M. McTighe, K.D. Fink, J.L. Silverman, Emerging gene and Small
molecule therapies for the neurodevelopmental disorder angelman syndrome,
Neurotherapeutics 18 (2021) 1535-1547.

1.C. Tsai, K. McKnight, S.U. McKinstry, A.T. Maynard, P.L. Tan, C. Golzio, C.

T. White, D.J. Price, E.E. Davis, H. Amrine-Madsen, N. Katsanis, Small molecule
inhibition of RAS/MAPK signaling ameliorates developmental pathologies of
kabuki syndrome, Sci. Rep. 8 (2018) 10779.

B. Xhabija, B.L. Kidder, KDM5B is a master regulator of the H3K4-methylome in
stem cells, development and cancer, Semin. Cancer Biol. 57 (2019) 79-85.


http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654064684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654064684
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654068924
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250654068924
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640419436
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640419436
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640419436
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640447406
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640447406
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640484756
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640484756
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250640484756
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642283955
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642283955
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642316905
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642316905
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642422404
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642422404
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642422404
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642422404
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642480904
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615321029
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642580844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642580844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250642580844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643285004
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643285004
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643285004
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250615507389
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643306604
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643306604
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643306604
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643306604
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643331844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643331844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643331844
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643382014
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643382014
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643403263
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643403263
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643403263
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643403263
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643417914
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643417914
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643417914
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643439413
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643446843
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643446843
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643446843
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643446843
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643446843
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643470963
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643470963
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643470963
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643470963
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643491323
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250643491323
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645304992
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645304992
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645433892
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645433892
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645433892
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645544561
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645544561
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645544561
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645544561
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645597681
http://refhub.elsevier.com/S1874-9399(22)00063-3/rf202207250645597681

	Pathogenic KDM5B variants in the context of developmental disorders
	1 Introduction
	2 Epigenetics
	2.1 Histones and histone modifications
	2.2 Histone methylation
	2.3 The KDM5 family of H3K4 demethylases

	3 Developmental disorders
	3.1 Clinical features and disease burden
	3.2 Diagnosis
	3.3 Treatment

	4 Histone modifying enzymes in developmental disorders
	5 KDM5B has key functions in development and is linked to disease
	5.1 KDM5B, a histone demethylase
	5.2 Structure of KDM5B
	5.3 KDM5B in development
	5.4 Interactions in gene repression
	5.5 Interactions in gene activation
	5.6 KDM5B in developmental disorders
	5.7 Mouse models
	5.8 Potential avenues for treatment

	6 Conclusion
	Funding source
	Declaration of competing interest
	Data availability
	References


