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Lysine-specific demethylase 5C (KDM5C) has been identified as an important chromatin remodeling gene, contributing to X-linked
neurodevelopmental disorders (NDDs). The KDM5C gene, located in the Xp22 chromosomal region, encodes the H3K4me3-me2
eraser involved in neuronal plasticity and dendritic growth. Here we report 30 individuals carrying 13 novel and one previously
identified KDM5C variants. Our cohort includes the first reported case of somatic mosaicism in a male carrying a KDM5C nucleotide
substitution, and a dual molecular finding in a female carrying a homozygous truncating FUCAT alteration together with a de novo
KDM5C variant. With the use of next generation sequencing strategies, we detected 1 frameshift, 1 stop codon, 2 splice-site and 10
missense variants, which pathogenic role was carefully investigated by a thorough bioinformatic analysis. The pattern of
X-chromosome inactivation was found to have an impact on KDM5C phenotypic expression in females of our cohort. The affected
individuals of our case series manifested a neurodevelopmental condition characterized by psychomotor delay, intellectual
disability with speech disorders, and behavioral features with particular disturbed sleep pattern; other observed clinical
manifestations were short stature, obesity and hypertrichosis. Collectively, these findings expand the current knowledge about the
pathogenic mechanisms leading to dysfunction of this important chromatin remodeling gene and contribute to a refinement of the
KDM5C phenotypic spectrum.
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INTRODUCTION
Alterations in lysine-specific 5C demethylase (KDM5C; MIM

contributing to sex differences in brain [13-15] that correlate with
hypothalamic Growth hormone (GH) expression [16] and sex

314690) affect brain development and function [1]. To date, 59
KDM5C variants have been identified in males and females with
KDM5C-related disorder (OMIM *300534, Claes-Jensen type
syndrome, MRXSCJ), characterized by Intellectual Disability (ID),
spasticity, epilepsy, short stature, and behavioral disorders [2-4].
Phenotypic variability has been reported in KDM5C patients [5];
female carriers are asymptomatic or mildly affected [3, 6-10]. The
difference in phenotypic spectrum between males and females
has been recently delineated [11] and attributed to the
X-inactivation (XCl) skewing [9, 12]. However, since KDM5C seems
to partially escape XCl, additional mechanisms have been

differences in adiposity [17].

KDM5C (Xp11.22), containing 26 exons, encodes a ubiquitous
1560-aa protein catalyzing the removal of tri- and dimethyl groups
from lysine 4 of histone 3 (H3K4) [1]. Members of the KDM5-gene
family function as transcriptional co-repressor or enhancer
modulators and contain highly-conserved domains: ARID,
Jumonji-N (JmjN), Jumonji-C (JmjC), C5HC2 zinc finger, and two
or more PHD domains [18]. While frameshift, stop codon, or
splicing variants producing truncated KDM5C protein are dis-
tributed along the entire sequence, reported missense variants
cluster in the N-terminal of the protein [4]. The KDM5C N-terminus

suggested [13, 14]. KDM5C is likely a dosage-sensitive gene, seems sufficient for its catalytic activity, suggesting that
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predominant molecular mechanism underlying MRXSCJ could be
loss of demethylase activity [19]. Few MRXSCJ missense variants
reported in regions of the KDM5C C-terminus, with unknown
function [12, 20-23], seem to be more frequently associated with
autism spectrum disorders (ASDs) [24]. Two MRXSCJ missense
variants, lying in two different protein regions, preserve its
demethylase activity [1, 12, 19]; KDM5C variants may therefore
be pathogenic by compromising non-enzymatic domains.

We report the identification of new KDMS5C variants in 30
individuals, among which 13 female carriers. Five of the thirteen
novel variants lie outside of the N-terminal catalytic part of the
protein. The pathogenic role and phenotypic impact of both
sequence alterations and pattern of X-chromosome inactivation
have been thoroughly evaluated.

METHODS

Cohort description and genetic analysis

We report seventeen males and thirteen females, carrier of novel or rare
KDMS5C variants, from fourteen families. Six families have been diagnosed
with  MRXSCJ by targeted-sequencing in 800 individuals with NDDs
referred to the University Hospital of Padova. Eight families were enrolled
through collaborations with European groups working on NDDs (Supple-
mental Methods). Targeted-sequencing was performed as described in
Aspromonte et al. [25]. DNA sequencing and data analysis were performed
according to standard/in-house protocols of each participating center
(Supplemental Methods) [26-29]. American College of Medical Genetics
(ACMG) guidelines were followed for variant classification [30]. To
automatically assign a final variant interpretation, we used Intervar
(https://wintervar.wglab.org/) and Varsome (https://varsome.com/), imple-
menting ACMG criteria using statistically justified thresholds tuned by a
calibration process [31, 32]. User-supplied criteria were manually adjusted
to refine the automated variant classification. Transcript analysis was
performed for PL-3 and PD-2616 probands as described [25]. For female
carriers, XCl pattern was evaluated on the human androgen receptor (AR)
gene locus; if not informative, the SLIT and NTRK-like family member 4
(SLITRK4) locus was evaluated [33]. To investigate variant possible
pathogenic role, we performed in depth in silico analysis of structural
and functional impact (Supplemental Methods). All the reported variants
have been submitted to the LOVD database (https://databases.lovd.nl/
shared/genes/KDM5C). Individual UK#G56706 had been reported in
DECIPHER database (Patient code: 264839) [34].

RESULTS

Molecular data

We report 14 novel and rare KDM5C variants in 14 unrelated
families (Table 1): ten amino acid changes (p.Asp111Val; p.Leu420-
Pro; p.Pro531Leu; p.GIn566Leu; p.Arg599Cys; Ser1183Phe; p.Cys
1190Trp; p.Leu1265Pro; p.Ala1292Ser and p.Arg1483GIn), one
nonsense variant p.(Arg951%), a nucleotide insertion causing a
frameshift with premature stop codon 24 residues downstream of
codon 51 p.(Asp51Glyfs*24), and two donor splice-site variants
(c.963 + 2T>C and c.2243 + 1G>T) affecting the donor splice
consensus of exon 7 and 15, respectively (Supplementary Fig. 1).
Both exons are included in all KDM5C alternative isoforms
expressed in brain. Except for p.(Arg599Cys), reported in a MRXCS)J
familial case [11], the identified variants, absent from the gnomAD
database (https://gnomad.broadinstitute.org) (Table 1), are novel.
These resulted to be de novo in four cases, maternally inherited in
four cases, and segregating with the disease in multiple affected
members in four families (Tables 2, 3, Fig. 1). The variant p.(Ala
1292Ser), female PD-4009, was absent in the proband’s asympto-
matic mother and brother; the deceased father was reported as
completely asymptomatic. In case PD-3827, the de novo
p.(Asp111Val) variant was detected in a mosaic state (50%) by
targeted NGS on DNA extracted from peripheral blood leukocytes
(PBLs); the mosaicism was confirmed by Sanger sequencing in PBLs
and oral mucosal cells (Supplementary Fig. 2). Segregation was not
possible in the adopted male proband PD-3535. XCl pattern was
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evaluated in nine of the thirteen KDM5C female carriers. A slightly
unbalanced or random pattern of XCl was detected in three cases,
while a moderately or complete skewed XCl pattern was
found in six females, five of which reported as symptomatic
(Table 3).

KDM5C structural organization

To analyse the impact of identified variants we performed in silico
structural characterization of the KDM5C protein. The structure of
a deleted N-terminal catalytic region (residues 6-769 with residues
76-388 deleted), including ARID and PHD1 domains, was recently
crystallized [35]. Even though the structure of the KDM5C C-
terminus, is not known, the overall architecture of the highly
similar KDM5B paralogs has been investigated [35]. KDM5B and
highly similar KDM5 members result to have an elongated shape
with dumbbell-like architecture, composed of a globular
N-terminal catalytic core, a rigid elongated tower region, and a
C-terminal flexible domain (FLD) [35]. The tower region, corre-
sponding to the central PLU-1 domain, of all KDM5 family
members, consists of three spectrin-like (SPECL1-3) repeats (Fig. 2,
Supplementary Fig. 3), each forming a three-helix bundle giving
rise to a linear domain. In KDM5B, the downstream C-terminal
region, between SPECL3 and the terminal PHD3 domain, has four
helical regions (H1-4), separated by PHD2, an intrinsically
disordered loop (IDL), and a putative IDL (PIDL) [35]. KDM5C
alignment against the KDM5B sequence confirms the presence of
three helical regions (H1-3), separated by PHD2, and an
intrinsically disordered loop (IDL), while the H4 region is not
conserved (Fig. 2, Supplementary Fig. 3). Downstream of the H3
region, the corresponding PIDL region in KDM5B presents a
charged residue cluster, conserved across KDM5 family members,
and containing a putative nuclear localization signal (NLS) (Fig. 2,
Supplementary Fig. 3).

In silico analysis of the identified KDM5C variants

Among the identified variants, p.(Arg951*) and p.(Asp51Glyfs*24)
are expected to result in loss of function. The two splice-site
alterations, ¢.963 + 2T>C and c.2243 + 1G>T, are predicted to
cause skipping of part or of the entire exons 7 and 15, respectively,
resulting in frameshift deletions (Supplementary Fig. 1). If these
altered transcripts escaped nonsense mediated mRNA decay
(NMD), they would result in prematurely truncated proteins with
loss of the catalytic segment (Fig. 2). Six of the missense variants
are predicted to create new acceptor/donor splice sites or to alter
splicing enhancer/silencer sites (Table 1). The sequencing of cDNA,
performed only in PD-2616, did not reveal altered splicing (data
not shown).

Five of the identified missense variants map in the KDM5C
N-terminal catalytic domain: one in the ARID domain
(p.Asp111Val) and four in the JmjC domain, p.(Leu420Pro),
p.(Pro531Leu), p.(GIn566Leu), and p.(Arg599Cys) (Fig. 2). Five
variants have been identified in the KDM5C C-terminal flexible
domain FLD: one in the PHD2 domain (p.Cys1190Trp) and four
(p.Ser1183Phe; p.Leu1265Pro; p.Ala1292Ser; p.Arg1483GIn) in
regions of unknown function (Figs. 2, 3).

The JmjC variants are predicted to disrupt intramolecular bonds
in the JmjC core domain (p.Pro531Leu and p.Arg599Cys) or in
surrounding a-helices (p.Leu420Pro and p.GIn566Leu) (Fig. 3).
Interestingly, none of the variants impact residues that coordinate
the cofactors (metal ion Fell and aKG) binding [36]. Of note, the
GIn566 is located in a JmjC region (residues 554-569), highly
conserved in all KDM5 family members, that seems to assume a
dynamic conformation. In fact, this sequence lacks electron
density in the KDM5C crystal structure (5FWJ); on the contrary,
in KDM5B (5A1F) the corresponding region has a poorly defined
electron density but shows a fast hydrogen/deuterium exchange,
suggesting a disordered state [35]. Our in silico analysis suggests
that the four JmjC variants may impact KDM5C demethylase
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activity by reducing the stability of the catalytic core or affecting
its conformation dynamic.

We identified only one variant, p.(Asp111Val), in the ARID
domain. Substitution of the negative charged Asp111 with the
hydrophobic valine residue is predicted to disrupt intra-domain
hydrogen bonds and alter the electrostatic surface, destabilizing
ARID fold.

The ¢.332A>T nucleotide substitution is predicted to activate a
cryptic exonic donor site with loss of 23 exon 3 nucleotides
(Supplementary Fig. 1). This may result in the deletion of residues
111-117, part of a core ARID domain a-helix, causing its unfolding.
The ¢.332A>T variant can anyway have an impact on the KDM5C-
DNA binding mediated by the ARID domain.

Among KDM5C C-terminal variants, p.(Cys1190Trp) involves one
cysteine interacting with the PHD2 domain Zn** atom (Fig. 3), which
has a structural role in maintaining the domain stability; substitution
of Cys1190 therefore potentially causes PHD2 unfolding (Fig. 3).

In the disordered region preceding the PHD2 domain (residues
1185-1250), we identified the missense variant p.(Ser1183Phe). This
region, enriched with serine residues and conserved in KDM5D
paralogs, contains a putative phosphorylation site (Supplementary
Fig. 3). Other three C-terminal variants, p.(Leu1265Pro), p.(Ala1292-
Ser), and p.(Arg1483GlIn), map downstream of PHD2 (Fig. 2).

The mutated positions Leu1265 and Ala1292 are conserved
among other KDM5 members and involve two hydrophobic
residues located in the helical H2 region (Fig. 2, Supplementary
Fig. 3). Finally, the p.(Arg1483GIn) maps in the positively-charged
region (residues 1448-1489) and alters a residue of the putative
NLS (1479-PKRVRS-1484) suggesting a possible impact on the
protein translocation to the nucleus (Fig. 2, Supplementary Fig. 3).

Phenotypic findings

Thirty individuals from fourteen families, carrying novel or rare
KDM5C variants were enrolled. For 28 (15 males and 13 females)
detailed clinical information were available. Clinical features
collected from male and female subjects are summarized in
Tables 2, 3, respectively. A comparison of clinical features of males
and females is summarized in Table 4. Detailed clinical descrip-
tions for each family are reported in the Supplementary Material.
Pedigrees and available pictures in Fig. 1.

Except for the grandfather transmitting the p.(Cys1190Trp) in
family LA-MI, reported as affected by schizophrenia, all males
carrying KDM5C variants (14/15) have a global developmental
delay (DD) with severely compromised or absent language. The
cognitive profile has been evaluated in 13 males; 62% (8/13) of
them present a severe cognitive impairment, while four (4/13;
31%) have a mild ID (Tables 2, 4). Growth delay or short stature
have been reported in seven individuals. Motor abnormalities,
including fine and gross motor deficits, spasticity, altered fine
motor coordination, dysarthria, and hypotonia have been
reported in four males (4/15; 27%). Contractures of elbows and
hands have been reported in two individuals from the same
family (PL-1) (Supplementary Material). The presence of move-
ment disorders, including hyperreflexia (3/15), ataxic gait (2/15),
stereotypies (2/15), lingual dystonia (1/15), were reported in
eight individuals (53%) from six families. Behavioral alterations
were frequently observed among males (80%; 12/15), including
ADHD (53%; 8/15), tantrums (40%; 6/15), autistic features (53%;
8/15), aggressive behavior (40%; 6/15), anxiety (40%; 6/15) and
mood disorder (40%; 6/15). Six individuals presented a happy
demeanor (40%; 6/15). Frequently reported sleep disturbances
included disrupted sleep pattern, snoring, nocturnal awakening,
reduced sleep duration (53%; 8/15) (Supplementary Material). In
five cases the sleep disorder was associated with an abnormal
EEG, or related to hypermotor seizures. A total of eight males
(53%; 8/15) presented EEG abnormalities, including abnormal
activity of the parietal lobes and multifocal epileptic anomalies.
Eight cases (53%) developed epilepsy with multifocal,
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generalized, sleep-related seizures that where drug-resistant in
two subjects (Supplementary Material). Brain MRI, performed in
eleven males, detected abnormalities in four individuals (36%, 4/
11). These included vascular lesions and gliosis in the white
matter of the frontal lobes, hippocampal malrotation, T2 hyper-
intensity in the periventricular white matter, dilated Virchow-
Robin spaces and thin corpus callosum, a pineal dermoid cyst.
Abnormalities of the skull observed in three males included
microcephaly, brachycephaly, and dolichocephaly; relative
macrocrania was described in three cases. A high forehead was
observed in six males (40%; 6/15), while two presented a small
forehead. Other dysmorphic features included deep-set eyes (5/
15), long face (4/15), strabismus (3/15), thin upper lip (3/15),
epicanthus (2/15), hypotelorism (2/15), sparse eyebrows (2/15).
Six individuals (40%) presented teeth abnormalities: widely-
spaced teeth, diastema and malocclusion. Gastrointestinal
problems were reported in three cases. Finally, endocrine/
metabolic anomalies, such as hypothyroidism, hypertrichosis,
obesity, or overweight with abnormal response to growth
hormone, were described in six males (40%) of our cohort.

We identified 13 females carrying KDM5C variants: 10 familial
variants (5 simplex and 5 multiplex families), and 3 sporadic cases
(Table 3), among which, two carry de novo variants. In the third
sporadic case, the variant was found to be absent in the mother
and the healthy brother but segregation analysis could not be
performed in the father, deceased before the molecular char-
acterization of his daughter. We speculated that the father,
referred as completely asymptomatic, could not carry such variant.
Among individuals with familial variants, five are asymptomatic
(50%; 5/10) and four have mild ID (20%; 4/10). The mother
transmitting the pathogenic p.(Arg951%) variant (family PD-3021),
referred as not having learning disabilities, showed short stature
and hypertrichosis. The three sporadic cases (PD-3597, PD-4009,
PD-2616) presented psychomotor delay and an overall more
severe phenotype, with moderate to severe ID. Autistic features
were reported in PD-3597: mild behavioral disturbances, such as
anxiety, mood swings and irritability, were described in PD-4009.
Sleep disorders were reported only in PD-2616. Other MRXSCJ
neurological features, such as hyperreflexia, spasticity, and
epilepsy, have been observed only in sporadic cases (Table 3
and Supplementary Material).

Co-occurrence of KDM5C disorder and a second genetic
finding

In three cases of our cohort (PD-2616, PD-4009, UK#G56706)
additional likely pathogenic variants were detected in genes
associated with phenotypes partially overlapping with the KDM5C-
related disorder.

The female proband PD-2616, carrying the de novo KDM5C
p.(Leu1265Pro) variant, had a dual diagnosis due to the concurrent
presence of a homozygous alteration in the FUCAT gene (NM_
000147.5:c.564G>A; NP_000138.2:p.Trp118%), further complicating
her clinical condition. Alterations of FUCAT are responsible for
fucosidosis (OMIM *230000), an autosomal recessive lysosomal
storage disease that shares clinical features of MRXSCJ, such as ID,
short stature, growth retardation and spastic paraplegia; all these
features are present in our patient. The regression in language
abilities seen in this individual, compatible with the neurodegen-
eration of fucosidosis type |, distinguishes this patient from the
other reported MRXSCJ cases. Brain MRI anomalies, such as hypo-
myelination and abnormal intensities of the globus pallidum and
the medullary lamina, detected in this individual are the hallmarks
of fucosidosis. In turn, this girl presented hyperreflexia, epilepsy,
strabismus and hypertrichosis, typical of the KDMS5C-related
disorders. She also suffered from sleep disturbances, not observed
in patients with fucosidosis, but frequently reported in our KDM5C
cohort (Fig. 1, Table 3, Supplementary Material). The KDM5C variant
of this patient is new, it is de novo, it insists on a functional domain
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NA-BN

Cardiac defects,
gastrointestinal

problems,

Flat filter, down
diabetes

PD-4009
Overweight
+ (kyphosis)
slanting PF

PD-2616

+ (digital
anomalies)
Prominent
Ogival palate,
up—slanting
PF, broad and
prominent
nasal root
with a
depressed
bridge,
bulbous tip
Weak
sucking

PL-2 LA-MI

PD-3021

NA-LE

PD-3597

PL-1

UDNRM1018C.A

continued
PL-3

Obesity
Skeletal anomalies
Dysmorphisms

Forehead
Long Face
Thin upper lip
Spaced teeth
Others features

Table 3.
Family

European Journal of Human Genetics (2023) 31:202-215

F female, “+" present, “—" not present, n/a not available, XC/ X-chromosome inactivation, PMD psychomotor delay, /D intellectual disability, ASD autism spectrum disorders, ADHD attention-deficit/hyperactivity

disorder, y years, m months.

2Only maternal segregation has been possibly; the deceased father referred as completely asymptomatic.

E. Leonardi et al.

which is a mutational hot spot (Fig. 2) and our bioinformatic
analysis suggests a likely pathogenicity (Table 1).

The female proband PD-4009, in addition to the KDM5C
p.(Ala1292Ser) variant, presented a new variant (NM_000828.5:c.
573G>T; NP_000819.4:p.Arg191Ser) in the Glutamate Receptor
lonotropic Ampa 3 (GRIA3; OMIM 305915) gene. According to the
ACMG-AMP guidelines the GRIA3 variant is classified as of
uncertain significance (Intervar: PM1, PM2; Varsome; PP3, PM2).
GRIA3 is associated with the Wu-type X-linked syndromic
intellectual developmental disorder (MRXSW; OMIM 300699),
characterized by moderate to severe ID, macrocephaly, epilepsy,
autistic features, self-injury and aggressive behavior [37]. Further
clinical features are short stature, asthenic body habitus,
hyporeflexia, and sleep disorders [38]. Our case never manifested
epileptic seizures, frequent in GRIA3 disorders [37]. In addition,
she presents focal dystonia, increased mixed muscular tone
(spasticity and rigidity), pyramidal signs and underdeveloped
language, more consistent with a KDM5C-related disorder.

The male proband UK#G56706, in addition to the de novo
KDM5C splicing variant c.963 + 2T>C, carried the maternally
inherited variant NM_031407.7:c.8945G>A (NP_113584.3:p.Arg29
82GIn) in the HUWET gene (Xp11.22, OMIM 300697). According to
the ACMG-AMP guidelines the HUWET variant is classified as of
uncertain significance (Intervar; PM1, PM2; Varsome: PM2, BP4).
Alterations of the HUWET gene are associated with non-
syndromic ID and Turner Type X-linked Syndromic Intellectual
developmental disorder (MRXST; OMIM *309590). In addition,
variants in HUWET have been found in an individual with 1D, ASD,
ADHD, sleep and gastrointestinal problems [39]. Carrier females
are usually described as normal or less symptomatic. Our patient
presents global DD, severe language impairment, seizures, and
short stature; all features shared by MRXSCJ and MRXST.
However, behavioral disturbances, including ASD, aggressivity,
anxiety, ADHD, commonly reported in KDM5C-related disorders,
were the major problems in this patient. A role of the HUWE1
variant in modifying the phenotype of this patient, although not
certain, is not excludable.

DISCUSSION

We present a clinical evaluation and molecular characterization of
30 unreported individuals carrying KDM5C variants, among which
thirteen females. Our cohort includes the first case of somatic
mosaicism in a male carrying a KDM5C nucleotide substitution,
and a dual molecular finding in a female carrying a homozygous
truncating FUCAT alteration together with a de novo KDM5C
variant. Five of the thirteen novel variants cluster in the
uncharacterized KDM5C C-terminus, where, to date, few altera-
tions have been reported. Our findings confirm reported aspects
of KDM5C phenotypes such as obesity and hypertrichosis, which
can be explained by the relationship between KDM5C and GH
expression in the hypothalamus [16, 17]. In fact, pathological GH
serum levels produce profound clinical effects on hair [40]. This
mechanism might be responsible of the hypertrichosis observed
in KDM5C patients.

Our work expands the repertoire of KDM5C mutations,
contributes to refining a phenotypic spectrum that, lacking a
typical gestalt, remains difficult to identify on solely clinical
grounds, and points to the apparent relative frequency of KDM5C
variants in NDDs.

Expanding the phenotypic spectrum of KDM5C-related
disorder

In males, KDM5C pathogenic variants have been associated with
moderate to severe ID, growth delay/short stature, seizures,
happy demeanor, aggressive behavior and motor or movement
disorders. These features are common in our male cohort: 62%
presenting severe cognitive deficit, 60% motor or movement
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PL-3 c.151dupG PD-3827 UK#G56706 PD-3535
p.AspS1Glyfs*24 O——JZ ¢33245T KDMS5Cc.963+2T>C C.1259T>C
p.AsplllVal HUWEI ¢.8945G>A p-Leud420Pro

[J—_l i é é p.Arg2982GIn
2 13 II 4 s I6  I&7 IL8 19 1:.10 Il I:2
wt/wt |/nr wr/wt I1
wiwt
v/wt
A S
III 1 2 .1 11:2 Y 111 1
wit v vy v
UDNRM1018C.A PL-1¢.1697A>T, p.GIn566Leu | | PD-3597 NA-LE PD-3021¢.2851C>T, p.Arg951*
©.1592C>T €.1795C>T. p.Arg599Cys €.2243+1G>T
p.Pro531Leu

II:1
wwt

LA-MI PD-2616 KDM5C ¢.3794T>C. p.Leul265Pro| [PD-4009 NA-BN
¢.3570T>G FUCAI ¢.564G>A, p.Trp118* KDMS5C c.3874G>T.p.Ala1292Ser | | ¢.4448G>A
p.Cys1190Trp GRIA3 ¢.573G>T.p.Arg191Ser p.Argl483GIn

I:1 -
wt/wt L2

1 2 13 14
vwt  wiwt  v/wt

Y 4

"BE"

14
vwt

wi/wt

1I:1
Il 11 v

Fig. 1

Pedigrees of the 14 reported families. The red arrow indicates the MRXSCJ patients described in this study. The black square/circle

indicate symptomatic subjects with KDM5C variants. KDM5C female carriers are indicated as gray circles when mildly affected or white circles
when reported as asymptomatic. The stripes in the symbols of individuals 1l:1 and II:4 of pedigree PD-2616 indicate different clinical
conditions. Variants have been named based on the following reference sequences: NM_004187.5 and NP_004178.2 for KDM5C; NM_000147.5
and NP_000138.2 for FUCA1; NM_000828.5 and NP_000819.4 for GRIA3; NM_031407.7 and NP_113584.3 for HUWE1. NT not tested, “wt” wild-

uy

type, “v” variant.

disorders, 53% epilepsy, and 47% growth delay (Table 4). Four
individuals (31%) showed a mild ID. Behavioral and psychiatric
disturbances have been found at a greater rate (73%) than
previously reported (41%) [11]. One male, interestingly the first
case of KDM5C somatic mosaicism, is mildly affected, showing
good tolerance to frustration and good interaction skills. The
mosaicism can justify the milder phenotype observed in our
patient with respect to MRXSCJ males. We observed in our cohort
a higher prevalence of ADHD (53%), ASD (40%), and sleep
disorders (53%) than previous reports [4, 7, 24]. A higher
frequency of ADHD and ASD has been highlighted by caregivers
of KDM5C individuals [41]. While ADHD and ASD have been
already reported, sleep disturbances, described in a few cases
[5, 12, 42, 43], have not been explicitly associated with KDM5C-
related disorder. The KDM5 protein family is involved in the
circadian molecular machinery [42]. KDM5C acts a repressor of
CLOCK-BMAL1-mediated activation of Per2, a core component of
the circadian clock [42]. In the wild-type mouse brain, KDM5C
alternative spliced isoforms follow a circadian oscillation pattern of
expression [43]; the appropriate ratio among multiple KDM5C
alternative spliced isoforms may be pivotal for the proper function
of the circadian system [43]. Our findings suggest that sleep
disturbances have been under-evaluated in previous clinical
descriptions and may be a characteristic feature in KDM5C-related
disorders.

Phenotype variability in females with KDM5C-related disorder

The series of 13 females we describe confirm the main findings of
a recent review of the KDM5C female phenotype [11]. In our

SPRINGER NATURE

cohort 38% of female carriers are asymptomatic while 52%
present DD; in general, the phenotype is milder in females than in
males; 57% of the cognitively tested females presenting a mild ID.
Nevertheless, we report three cases of females carrying KDM5C
variants, two documented and one putative de novo, with severe
phenotypes including characteristic MRXSCJ behavioral, neurolo-
gical and endocrine features (Table 3). To date, only seven
sporadic affected females reported in literature have been found
to be more severely affected than female carriers with KDM5C
family history [11, 44, 45]. The molecular mechanisms that explain
the more severe phenotype in these females have not yet been
completely elucidated. In our study, the XCl analysis performed in
nine of the females carrying KDM5C variants, revealed an
unbalanced or skewed pattern in six individuals (67%); five of
these females are reported as symptomatic, in two cases severely
affected. One of these females with skewed XCl, carried the de
novo KDM5C variant, the p.(Arg599Cys), previously reported in a
female with learning disability and growth delay [11]. Our patient
presented a moderate ID and ASD. In X-linked disorders, the
phenotypic variability in females may be attributed to the
X-inactivation pattern, since a preferential activation of the wild-
type allele can attenuate the pathogenic variant impact. On the
other hand, the preferential activation of the mutated allele may
explain the full phenotypic expression of an X-linked disorder in
females. Despite the limited number of tested individuals, our
findings support a definite role for XCl in the KDM5C phenotypic
expression. Even though a partial XCl escape has been hypothe-
sized [13, 14], more recent data suggest a possible XCl modulating
effect in the KDM5C phenotype [9, 12, 45, 46]. On the other hand,
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Fig.2 Schematic representation of the KDM5C gene organization, protein domains, and localization of the fourteen variants described in
this study. Gene exons numbered from 1 to 26 (GeneBank reference sequence NM_004187.3) are colored and approximately aligned with the
corresponding domains. Nucleotide changes predicted to result in truncating protein products are mapped in the KDM5C exonic sequence
and the truncated endpoints are indicated. Different geometric symbols are assigned to the various domain types and indicated by the
abbreviations: Pink Trapezium: N-terminal (JmjN; aa 13-81) and C-terminal (JmjC; aa 389-618) Jumonji domains; Light blue hexagon: ARID, AT-
rich interaction domain (aa 82-179); Cyan rhombus: Zinc Finger-PHD type, PHD-1 (aa 324-374) and PHD-2 (aa 1185-1250); Green pentagon:
Zinc-finger C5HC2 type domain (aa 619-768); Yellow ovals: Spectrin-like domains, SPECL-1 (769-862), -2 (871-978), -3 (981-1090); Orange
spheres: predicted helical-rich regions: H1 (1132-1168); H2 (1255-1329); H3 (1398-1428); IDL: putative intrinsically disorder loop (aa 1330-1397);
Red: Arginine-rich region (1449-1483). KDM5C missense variants described in this study are mapped to the protein sequence (in bold, blue
font, top panels). Other reported missense variants that locate on the same domains are indicated (black font, bottom panels).

it is always possible to hypothesize that phenotypic variability in
monogenic disorders be, at least partially, due to additional
modifying factors [12, 43]; this cannot be excluded in KDM5C
individuals. Two of the severely affected females of our cohort
presented additional variants in genes, FUCAT and GRIA3,
associated with phenotypes partially overlapping with the
KDM5C-related disorder. The female carrying the KDM5C de novo
p.(Leu1265Pro) variant had a dual diagnosis for the concurrent
presence of a homozygous pathogenic FUCAT variant, further
complicating her clinical condition. Our findings further evidence
that atypical clinical expression of monogenic conditions, like the
KDM5C-related disorder, may be driven by additional genetic
alterations in genes associated with partially overlapping
phenotypes.

KDMS5C variant clusters

We describe 13 novels and one previously reported KDM5C
variants. Four are likely to result in a truncated protein or be
subjected to NMD, causing a loss of protein function.

For newly identified missense variants further studies, such as
demethylase activity assay or evaluation of their impact on DNA
methylation profile, is warranted to finally define functional
consequences [4, 47]. However, our in silico analysis allowed to
predict possible protein effects and observed two distinct variant
clusters along the KDM5C sequence. Five of the missense variants
map in the N-terminal catalytic region, where most reported
MRXSCJ variants cluster, and are predicted to compromise DNA
binding mediated by ARID domain or JmiC enzymatic activity. The
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other five missense variants (p.Cys1190Trp, p.Ser1183Phe;
p.Leu1265Pro; p.Ala1292Ser; p.Arg1483GIn)map in the KDM5C
C-terminus which function is still largely unknown. Our in silico
analysis allowed to better characterize the structural properties of
the C-terminal KDM5C region; information was derived by aligning
the KDM5 family members, and using annotation inferred from
the recent characterization of KDM5B [35]. We found that the
characteristic central PLU-1 region is composed of three spectrin-
like repeats (SPECL1-3) acting as a rigid linker between the
N-terminal catalytic core and a C-terminal flexible domain (FLD).
The five C-terminal missense variants cluster in the FLD and are
predicted to affect diverse structural/functional motifs of this
region. The p.(Cys1190Trp) variant affects the PHD2 folding,
p.(Ser1183Phe) alters a phosphorylation site, and p.(Arg1483GIn)
could impact the protein nuclear localization. Two variants,
p.(Leu1265Pro) and p.(Ala1292Ser), map in the helical region H2,
downstream of the PHD2 domain, highlighting the importance of
this structural region. To date, only a few missense variants have
been reported in the C-terminal region [12, 20-23]. Functional
characterization of p.(Arg1115His), mapping in the spectrin
domain, showed that, although partially mis-localized in the
cytoplasm, the protein maintains stability and retains the histone
demethylase activity [12]. In addition, compared to the wild-type
and other mutants causing a reduced enzymatic activity, the
p.(Arg1115His) mutant affects the expression of a distinct set of
genes [12]. These data suggest that C-terminal variants might
affect distinct KDM5C regulatory functions utilizing enzymatic-
independent molecular mechanisms [4, 12]. It has been suggested
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Fig. 3 Structural effect of KDM5C missense variants mapping in structural domains. Cartoon representation of the N-terminal part of
KDM5C model (residues 1-915) from AlphaFold with domains colored as indicated in Fig. 2. Since the C-terminal part contains long disordered
regions that cannot be modeled and due to the low reliability of the helical domains arrangement, only the model of PHD2 domain has been
shown in the picture. Positions of the six amino acid substitutions mapping in the JmjC, ARID, and PHD2 domain are shown as orange spheres
in the models, and close-up views of their affected intramolecular bonding with surrounding residues are shown in zoom panels. For
p.(D111V) in the ARID domain, the sequence alignment shows the conservation of this mutated position among KDM5 and other ARID-

containing proteins.

that the KDM5C C-terminus mediates the initial scanning of the
nucleosome DNA, before demethylation occurs [35] implying that
variants in the FLD domain may alter the recognition of KDM5C
target genes. Although functional characterizations are needed to
establish the pathogenicity of KDM5C C-terminal variants, our
findings do contribute to strengthen the functional role of the
flexible domain at the C-terminus of the protein.

KDM5C C-terminal variants and their associated phenotypes
It has been observed that KDM5C variations near the C-terminus
are more frequently found in patients with autistic features
[20, 23, 24]. Of our reported patients with C-terminal variants, two
individuals of the same family, carrying the p.(Ser1183Phe),
presented ASD in association with severe ID. However, we report
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five individuals with autistic features who carry alterations in
the KDM5C N-terminal catalytic: p.(Arg599Cys) and p.(GIn566Leu)
in the JmjC domain and the c.963 + 2T>C located in the Zn-finger
domain. Furthermore, in one family segregating the
p.(Cys1190Trp) located in the C-terminal PHD2 domain, one of
the carrier males was reported as affected by schizophrenia.
Several findings have indicated that ASD and schizophrenia are
connected with impaired epigenetic regulation of gene transcrip-
tion [48]. Future studies are needed to unravel the precise
mechanisms connecting KDM5C with psychiatric disorders and to
establish better the genotype-phenotype correlation in KDM5C
C-terminal variants. The identification of novel disease-causing
mechanisms implicated in KDM5C disorders will contribute to
elucidate the neuronal epigenetic network; this is particularly

European Journal of Human Genetics (2023) 31:202-215



Table 4. Frequency of the main clinical features observed in 15 males
and 13 females of our cohort.

Individual features Males Females
N=15 % N=13 %
Asymptomatic 0 0% 5 38%
Growth delay 7 47% 3 23%
DD/ID 14 93% 7 54%
Language delay 14 93% 4 31%
ID level N=13 N=7
Mild 4 31% 4 57%
Moderate 1 8% 2 29%
Severe 8 62% 1 14%
Behavior disorders 12 80% 3 23%
ASD 6 40% 1 8%
ADHD 8 53% 0 0%
Aggression 6 40% 1 8%
Tantrums 7 47% 0 0%
Anxiety disorder 6 40% 1 8%
Mood disorder 6 40% 1 8%
Schizophrenia 1 7% 0 0%
Happy demeanor 6 40% 0 0%
Sleep disturbance 8 53% 1 8%
Neurological features
Epilepsy 8 53% 1 8%
Motor dysfunction 4 27% 2 15%
Movement abnormalities 8 53% 2 15%
Hyperreflexia 3 20% 2 15%
Dystonia 1 7% 1 8%
Ataxia 3 20% 0 0%
Stereotypies 2 13% 0 0%
Facial features
Microcephaly 3 20% 0 0%
Macrocephaly (relative) 3 20% 0 0%
High forehead 6 40% 1 8%
Small forehead 2 13% 0 0%
Round face 2 13% 0 0%
Long face 4 27% 1 8%
Thin lips 3 20% 1 8%
High palate 1 7% 0 0%
Teeth abnormalities 2 13% 2 15%
Skeletal abnormalities 1 73% 2 15%
Endocrine features 6 40% 3 23%
Cardiac defects 0 0% 1 8%
Gastrointestinal problems 3 20% 1 8%
Sensory processing disorders 5 33% 3 23%
Visual disorders 3 20% 2 15%
Hearing impairment 1 7% 1 8%
Pain insensitivity 1 7% 0 0%
XCl tested N=9
XCl skewed 6 67%
XCl random 3 33%

Clinical features were classified according to the Human Phenotype
Ontology (HPO).

important in view of the recent applications of strategies to
reverse epigenetic modifications caused by KDM5C alterations

with the prospect of specific therapeutic interventions [49, 50].

CONCLUSIONS

We report thirteen novel KDM5C variants, five of which clustering
at the C-terminal non-catalytic part of the protein, supporting the
existence of distinct KDM5C regulatory functions that utilize
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enzymatic-independent molecular mechanisms. We found sleep
disorders to be a frequent feature of the KDM5C phenotype. As
reported in other neurodevelopmental conditions, even in our
cohort, KDM5C de novo variants tend to be associated with a more
severe phenotype. Our data support the role played by XCl in
modifying the KDM5C female phenotype. Future identification of
additional genetic modifiers will contribute to a better under-
standing of the KDM5C phenotype, improving diagnosis and
clinical care.

Web resources

GenBank, https://www.ncbi.nim.nih.gov/genbank/, OMIM, https://
www.omim.org/, UCSC, https://genome.ucsc.edu/, ENSEMBL, https://
www.ensembl.org/index.html, HSF, https://hsf.genomnis.com/home,
SIFT, (http://blocks.fhcrc.org/sift/SIFT.html), Polyphen, http://genetics.
bwh.harvard.edu/pph2/, CADD (https://cadd-sv.bihealth.org, PDB,
https://www.rcsb.org/, RING (http://protein.bio.unipd.it/ring), Uniprot
KB database (https://www.uniprot.org/, ClustalO (https://www.ebi.
ac.uk/Tools/msa/clustalo/), Espript (https://espriptibcp.fr), MobiDB
(https://mobidb.org/, ELM resource (http://elm.eu.org/), VarSome
(https://varsome.com/).
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and its Supplementary Information files. Genetic variants reported in this study have
been submitted to the “Global Variome shared LOVD” and they can be accessed
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