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Mutations in KDM5C (lysine (K)-specific demethylase 5C) were causally associated with up to 3% of X-linked
intellectual disability (ID) in males. By exome and Sanger sequencing, a novel frameshift KDM5C variant, pre-
dicted to eliminate the JmjC catalytic domain from the protein, was identified in two monozygotic twins and
their older brother, which was inherited from their clinically normal mother, who had completely skewed X-
inactivation. DNA methylation (DNAm) data were evaluated using the Illumina 450 K Methylation Beadchip
arrays. Comparison of methylation levels between the three patients and male controls identified 399 differ-
entially methylated CpG sites, which were enriched among those CpG sites modulated during brain develop-
ment. Most of them were hypomethylated (72%), and located mainly in shores, whereas the hypermethylated
CpGs were more represented in open sea regions. The DNAm changes did not differ between the monozygotic
twins nor between them and their older sibling, all presenting a global hypomethylation, similar to other studies
that associated DNA methylation changes to different KDM5C mutations. The 38 differentially methylated re-
gions (DMRs) were enriched for H3K4me3 marks identified in developing brains. The remarkable similarity
between the methylation changes in the monozygotic twins and their older brother is indicative that these
epigenetic changes were mostly driven by the KDM5C mutation.

1. Introduction

At least 21 KDM5C (Lysine Demethylase 5C) pathogenic mutations
were identified in individuals with XLID, representing around 3% of the
XLID cases (Abidi et al., 2008; Jensen et al., 2005; Rujirabanjerd et al.,
2010; Santos-Reboucas et al., 2011). There is substantial clinical het-
erogeneity, however, short stature, microcephaly, hyperreflexia and
aggressive behavior are usually reported in males (Gongalves et al.,

2014; Jensen et al., 2005), whereas female carriers rarely exhibit mild
ID or learning difficulties (Rujirabanjerd et al., 2010). KDM5C is an
epigenetic regulator that removes di- and trimethyl groups from lysine
4 of Histone 3 (H3K4me2/3) (Brookes et al., 2015; Tahiliani et al.,
2007). In neurons, KDM5C is recruited to CpG islands at gene pro-
moters targeted by H3K4me3 (Iwase et al., 2016). All KDM5C muta-
tions were associated with reduced enzymatic activity, suggesting that
the pathophysiological mechanism is a consequence of the protein loss

Abbreviations: DMRs, Differentially methylated regions; DNAm, DNA methylation; GEO, Gene expression Omnibus; H3K4, lysine 4 in histone H3; HM450K, Human
Methylation 450 BeadChip microarrays; ID, Intellectual disability; MDS, Multidimensional scaling; MSET, Modular Single-set Enrichment test; OFC, Occipitofrontal
circumference; P1, Monozygous twin 1; P2, Monozygous twin 2; P3, Older brother; shelves, regions defined as the 2 kb outside of a shores; shores, regions with lower
CpG density that lie within the 2 kb up- and down-stream of a CpG island; TSS1500, region from transcript start site to 1500 nt upstream of transcript start site; XLID,
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of function (Johnson et al., 2007). Patients carrying KDM5C mutations
present disruption of the methylation dynamics related to cellular
growth, differentiation, and developmental processes, whereas changes
in global histone methylation were not detected (Johnson et al., 2007;
Smyth, 2004). Recently, DNAm signatures were associated with nine
out of 14 syndromes caused by mutations in genes involved in the
epigenetic machinery, including KDM5C. The KDM5C DNAm signature
showed enough specificity and accuracy to be proposed as a diagnostic
tool (Schenkel et al., 2018).

Here, we report a novel frameshift KDM5C pathogenic variant, and
its impact on the epigenome.

2. Materials and methods
2.1. Subjects

The research protocol was approved by the institutional ethical
committee (Institute of Biosciences, University of Sdo Paulo, Sao Paulo,
Brazil) and informed consent was undersigned by the parents. This
study was carried out in accordance the Declaration of Helsinki.

Two monozygotic twins (P1 and P2) and their older brother (P3)
were the only children born to a healthy non-consanguineous couple.
After uneventful pregnancies, all three had pre-term vaginal delivery
(about 37 weeks). The twins P1 and P2 weighed 1.530 g and 1720 g,
respectively, with length of 44 cm. Birth weight of P3 was 2080 g, no
other measurements being recorded. Conditions at birth were good, and
the newborns were discharged on the third day after birth.

The twins were examined at 12 6/12 years of age; severe in-
tellectual disability was apparent, and they could speak only a few
isolated words. P1 was 134.5cm tall (2nd centile), weighing 28 kg
(10th centile) and his occipitofrontal circumference (OFC) was 55.5 cm
(75th centile). The height of P2 was 133.5cm (2nd centile), weigh
27 kg (10th centile) and OFC 54.5 cm (50-75th centiles). They had no
dysmorphic signs. They presented a calm behavior and a constant
smiling facial expression. Brain MRI at the age of 13 years revealed no
abnormalities in both twins. There was no history of seizures. Their
motor development was slightly delayed, and they walked without
support at the ages of 1 6/12 years (P1) and 1 7/12 years (P2).

Evaluated at the age of 10 8/12 years, patient P3, as his brothers,
presented severe ID, and his speech had not developed beyond a few
isolated words. His height was 118.5 cm (below the 2nd centile), weight
22.5 kg (2-10th centiles), and OFC 52.0 cm (25-50th centiles). He had
no dysmorphic signs. He was calm and cheerful. At the age of 3 years,
he started presenting tonic seizures. He walked without support at the
age of 1 4/12 years.

Both parents were clinically normal. The stature of the father,
however, was slightly below the 2.5th centile (159 cm); the mother had
a normal height: 156 cm (25-50th centiles).

The control group for methylation analysis was formed by 12
clinically normal unrelated males, with ages ranging from 1 to 18 years
(10.5 = 5.8 years). We also evaluated the two clinically normal ma-
ternal aunts of the affected boys, who did not carry the KDM5C pa-
thogenic variant found to be causative of ID in the family, as a control
for the mother.

The control group and the patients were from self-declared white
Brazilian families, but ancestry was not determined. All experimental
procedures were conducted using DNA samples extracted from per-
ipheral blood collected at the time of the evaluation described here.

2.2. Identification of the pathogenic variant

Whole-exome library of P1 was prepared using the Nextera Rapid
Capture Expanded Exome (Illumina, California USA) and was paired-
end sequenced (2x77bp) on HiSeq 2500 (Illumina, California, USA).
Reads were aligned to the reference genome (GRCh37), using the BWA
algorithm, and VCF files were generated using GATK tools (Broad
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Institute, Cambridge, USA). ANNOVAR (Wang et al., 2010) was used for
annotation, filtering, and prioritization. Variants were filtered per fre-
quency (< 1%) against NHLBI ESP6500SI-V2 exome variant fre-
quencies, ClinVar, dbSNP138, 1000 Genome Project and EXAC Browser
databases. Sanger sequencing was used to validate the KDM5C patho-
genic variant (KDM5C-7F CACCTGGGGAGAAAAGTCAG and KDMS5C-
7R AAGGGACAAGAAGCAGAGCA), and for segregation analysis in the
family.

2.3. X-inactivation analysis

X-chromosome inactivation pattern was determined in the patients’
mother and maternal aunts, based on the methylation status of the
androgen receptor gene (AR) (Allen et al., 1992). PCR products were
separated by capillary electrophoresis on an ABI Prism 3700 Genetic
Analyzer (Applied Biosystems), and analysis was performed using the
Gene Mapper Software v4.1 (Applied Biosystems).

2.4. Hybridization to 450 K methylation arrays

High-quality bisulfite-converted DNA samples (EZ DNA Methylation
Kit, Zymo Research Corp) were hybridized to the Infinium
HumanMethylation450 BeadChip microarray (HM450K, Illumina). Raw
data were extracted by the iScan SQ Scanner (Illumina), using
GenomeStudio software (v.2011.1), with the methylation module
v.1.9.0 (Illumina) as IDAT files. Probes were annotated according to the
[lumina annotation file, using the Human GRCh37/hg19.

Analyses were conducted with the minfi package (Aryee et al.,
2014). Data were normalized using FunNorm package (Aref-Eshghi
et al., 2018) with further removal of probes located on X and Y chro-
mosomes, and SNPs as well as cross-reactive probes, unless otherwise
stated. Following the batch effect correction (Johnson et al., 2007), we
quantified methylation differences resultant from cellular composition
of the blood by using a purified dataset containing six blood cell types.
Based on the estimated percentages of each cell type, a projection of the
methylation levels for each sample (Houseman et al., 2012) was de-
convoluted. Methylation levels for CpG sites were given as beta-values
(0: unmethylated, 1: methylated); M-values (loggit of beta-values) were
used for statistical analyses because they presented homoscedastic be-
havior (Fig. S1), whilst beta-values were used to plot the graphs.

The HM450K dataset from this study is available at NCBI Gene
Expression Omnibus (GEO), under accession number GSE108423.

2.5. Analysis of differentially methylated CpG sites and regions

Differential methylation analyses were performed by comparing the
three patients carrying the KDM5C mutation (duplicates) versus twelve
male controls. The methylation pattern in the patients’ mother, a
clinically normal carrier, was compared to the patterns of her two non-
carrier sisters. An empirical Bayesian analysis (Smyth, 2004) was ap-
plied to normalized M-values (duplicates were averaged), using a linear
regression model from limma package (Ritchie et al., 2015), to identify
differentially methylated CpG sites We considered significant those CpG
sites with adjusted p-value < 0.05 (Benjamini and Hochberg, 1995).

DMRcate (Peters et al., 2015) was used to identify differentially
methylated regions (DMRs), considering at least three CpGs in 500
bases as parameters. We considered significant those regions with ab-
solute mean beta change higher than 10% and adjusted p-value < 0.05
(Benjamini and Hochberg, 1995).

2.6. Comparison to other datasets

The differentially methylated CpG sites were compared to those
reported by three studies with publicly available data (Grafodatskaya
et al., 2013; Schenkel et al., 2018; Spiers et al., 2015), using all probes
from HM450K as background, using the Modular Single-set Enrichment
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Test (MSET) (Eisinger et al., 2013) to randomly assess the enrichment
of our list of differentially methylated CpG sites within the published
lists. These studies included two lists of CpG sites from patients pre-
senting different mutations in KDM5C (Eisinger et al., 2013; Schenkel
et al., 2018), and one list of CpG sites modulated during brain devel-
opment (Spiers et al., 2015). Briefly, to verify this enrichment, first we
generated 10,000 simulated sets of CpG sites, without replacement,
randomly generated from the HM450K. The degree of overlap between
our list and each CpG site list from the other studies was compared to
the 10,000 simulated sets. Then, a p-value was calculated based on the
number of simulated randomized sets that contained an equal or higher
number of CpG sites belonging to our list. Comparisons with an in silico
p-value < 0.05 were considered significant.

By using the using chromosomes coordinates, DMRs were compared
to H3K4me3 marks generated by ChIPseq of male and female human
brains downloaded from the ENCODE portal (Davis et al., 2018)
(https://www.encodeproject.org/) with the following identifiers: EN-
CFF290TTE, ENCFF385DTB, ENCFF442WNS, ENCFF483PRQ, EN-
CFF4127ZGA and ENCFF415WPZ.

3. Results

3.1. Whole-exome sequencing discloses a novel frameshift KDM5C
pathogenic variant

Whole-exome sequencing revealed a novel KDM5C frameshift var-
iant [NM_004187.3(KDM5C):c.807delC; p.(Thr270GInfs x 2)] in the
twin P1 (Fig. 1A), further confirmed by Sanger sequencing; this variant
was also present in the twin P2 and his older brother (P3), as well as in
their clinically normal mother, but not in their two maternal aunts
(Fig. 1B). This mutation in KDM5C exon 7 results in a stop codon, and
the predicted protein, if produced, is devoid of the JmjC catalytic do-
main, thus pointing to the absence of a functional protein. This variant
can be found in ClinVar under the Submission ID SUB5849796.

X-chromosome inactivation analyses revealed complete skewing
(100:0) in the carrier mother, but not in her non-carrier sisters (36:65
and 36:64) (Fig. 1C).

3.2. Male patients carrying the frameshift KDM5C pathogenic variant
exhibit DNA hypomethylation

Methylation values from 456,513 CpG sites were derived from the
affected brothers (n = 3), male controls (n = 12), the carrier mother
(n = 1) and non-carrier maternal aunts (n = 2). A multidimensional
scaling (MDS) analysis of the 1% most variable CpGs assessed the inter-
sample variability within samples not revealing a systematic methyla-
tion change among groups (Fig. 2A).

Comparison between the three patients carrying the KDM5C pa-
thogenic variant (duplicates) with the 12 male controls. identified 399
differentially methylated CpG sites located in or next to 244 genes
(Table S1). Upon clustering of the 399 CpGs (Pearson correlation with
complete linkage), two groups were identified: Group 1 (the three af-
fected brothers) and Group 2, which further separated into a cluster
containing all but two male controls, and a cluster containing two male
controls and the non-carrier aunts, showing that the methylation levels
of these CpGs could differentiate patients from controls (Fig. 2B). Me-
thylation levels of the 399 CpG sites did not differ between the three
patients, including between the twins.

The patients presented a hypomethylated pattern compared to male
controls, with 288 out of 399 CpG sites (72%) presenting hypomethy-
lation (p-value < 0.0001, two-tailed Fisher's exact test). Slight hypo-
methylation was detected in the carrier mother compared to her non-
carrier sisters.

Because our study explored only siblings, including a pair of
monozygotic twins, we validated the detected differentially methylated
CpG sites, using independent sets of unrelated individuals. We
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compared our data to the top 53 and to the 1769 differentially me-
thylated CpG sites previously identified in patients carrying KDM5C
mutations (Grafodatskaya et al., 2013; Schenkel et al., 2018), and found
an enrichment of our dataset relative to these studies, with eight and
176 shared CpG sites (p-value < 0.0001), respectively (Table S1).

Hypomethylated CpGs were mainly located in shores (43%) of CpG
islands, whereas hypermethylated CpGs were more represented in open
sea regions (48%; p-value < 0.05, Chi-squared test with Yates' correc-
tion; Table S2). With respect to genes, the hypermethylated CpGs were
mainly located in gene body (39%), whereas the hypomethylated CpGs
were mainly represented in TSS1500 (33%, p-value < 0.05, Chi-
squared test with Yates’ correction; Table S3). Fig. 2C summarizes these
results.

3.3. Differentially methylated regions were mostly located next to protein-
coding genes

We found 38 DMRs (adjusted p-value < 0.05) randomly distributed
across chromosomes, most of them located next to protein-coding genes
(26 DMRs; 68%). Methylation levels of all DMRs were similar for the
three siblings. Twenty-four out of 38 DMRs were within CpG islands
and three others, next to transcriptional start sites. By comparing the 38
DMRs to the peaks of contiguous H3K4me3 enrichment identified in
brains from a 17-week female and two 122-days male embryos (from
ENCODE), we identified 29 and five DMRs (p-value < 0.0001), re-
spectively (Table 1). Nineteen DMRs were more methylated in patients
compared to controls (11 located next to BRDT, SOX30, TSKS, GABRG1,
TNNI3, GSTM5, PIEZO2, ANKH, CTB, HOOK2, AL0O35460.1, EBF4 and
RP11, and seven DMRs not located close to known genes); 19 DMRs
were hypomethylated in patients relative to controls (located next to
NCL, KLHL21, POMC, MYOIF, AC013402.5, AC005082.12, SOX18,
ZNF512B, TCEA2, DLEU2, ORIR1P, RP11, POU5F1, CTBP2 and TLDCI).

Three of the detected DMRs have been previously reported in pa-
tients carrying KDM5C mutations (Schenkel et al., 2018): next to NCL
and next to POMC, and at chr6:164092588-164093099, not close to
known genes. Three other DMRs had been identified in patients with
other neurodevelopmental disorders (Aref-Eshghi et al., 2018): located
next to MYOIF (in individuals with Floating-Harbor or Kabuki syn-
dromes), next to GABRG1 (individuals with Floating-Harbor or Sotos
syndromes), and at chr1:247694041-247694531, not closely located to
known genes (individuals with Claes-Jensen or Sotos syndromes).

In order: H3K4me3 - female, 17 weeks: ENCFF290TTE,
ENCFF385DTB, ENCFF442WNS and ENCFF483PRQ; H3K4me3 - fe-
male, 17 weeks: ENCFF412ZGA and ENCFF415WPZ.

3.4. Differentially methylated CpG sites associated with the novel KDM5C
pathogenic variant are involved in brain development

DNA extracted from peripheral blood cells was used as a surrogate
to assess the impact of the KDM5C variant on methylation. Thus, we
submitted all differentially methylated CpG sites to BECon (Edgar et al.,
2017), which provides the correlation of methylation levels between
matched brain and blood samples from 16 individuals, enabling bio-
logical interpretation of blood-based human DNAm data in the context
of brain tissues. Among the 399 differentially methylated CpGs, 353
could be evaluated: 220 (62%) presented a positive correlation of me-
thylation levels between blood and brain (42% with > 50% correlation;
data not shown), suggesting that peripheral blood cells could be used as
a proxy to evaluate methylation in neurons.

Additionally, we compared the detected differentially methylated
sites to all CpGs with methylation levels modulated during brain de-
velopment (Spiers et al., 2015). Our dataset presented an enrichment of
68 CpGs (p-value < 0.0001, Table S1).
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Fig. 1. A novel frameshift KDM5C pathogenic variant detected in three brothers presenting intellectual disability and short stature. A. KDM5C pathogenic variant
[NM_004187.3(KDM5C):c.807delC; p.(Thr270GlInfs x 2)] identified by exome sequencing in one of the patients. BAM file image shows the hemizygous 1 bp deletion
(black bars). B. Segregation analysis by Sanger sequencing validated the frameshift 1 bp deletion in exon 7 of the KDM5C gene, in the three patients and their
clinically normal mother. C. X-chromosome inactivation analysis revealed complete skewing (100:0) in the carrier mother, pointing to the inactivation of the X-

chromosome bearing the pathogenic variant.

4. Discussion

A novel KDM5C frameshift variant was identified in three brothers
presenting intellectual disability and short stature, and in their clini-
cally normal mother, who had completely skewed X-inactivation, as
also observed in other women heterozygous for KDM5C mutations
(Ounap et al., 2012). This mutation resulted in a premature stop codon,
and a predicted non-functional protein. The effect of the KDM5C mu-
tation was observed in the monozygotic twins and their sibling, all
presenting a very similar pattern in the DNAm levels despite of the 50%
of differences in the genetic background, suggesting that this mutation
produced a specific impact in the epigenome.

Reduced activity of genes encoding histone demethylases is pre-
dicted to disrupt DNAm dynamics and cause aberrations in the chro-
matin state. ChIP-seq experiments showed that Kdm5c peaks often co-
incide with CpG islands, with 94% of the Kdm5c bound promoters
containing a CpG island in neurons. Together with Kdm5c absence,
increased levels of H3K4me3 were observed specifically at the promoter
of Kdmb5c target genes that presented low expression, but H3K4mel
levels were higher in Kdmb5c target genes independent of their level of
expression. H3K4me3 and H3K4mel data suggest that low-expressed

genes are more sensitive to the loss of Kdm5c, pointing to a role in the
fine-tuning regulation of expression in neurons, besides some functional
redundancy that could overcome Kdmb5c loss (Iwase et al., 2016).
Consistent with the hypothesis that KDM5C have a functional role for
correct brain differentiation and function, we found an enrichment of
the H3K4me3 marks in brains from human male and female embryos
(Davis et al., 2018) among the 38 DMRs. This finding suggest that
KDMS5C loss might have a function impact for human neurons differ-
entiation and/or function through DNA methylation perturbation.
While these alterations may be detrimental to neurodevelopment, as
evidenced by the associated ID phenotypes, all cells carrying the mu-
tations may have some alterations that could contribute to the overall
phenotype (Aref-Eshghi et al., 2018; Brookes et al., 2015). The positive
correlation between methylation levels from peripheral blood and brain
supports the use of blood as a proxy in the study of neurodevelopmental
diseases, although with caution (Aref-Eshghi et al, 2018;
Grafodatskaya et al., 2013; Maschietto et al., 2012; Schenkel et al.,
2018; Walton et al., 2016). DNAm epi-signatures in the peripheral
blood of individuals presenting ID as a consequence of mutation in
genes related to the regulation of the epigenome were found to be
highly sensitive and accurate to identify at least nine syndromes,
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including that caused by KDM5C mutations (Aref-Eshghi et al., 2018).
Accordingly, most of the differentially methylated CpG sites identified
in the present study (62%) are positively correlated between blood and
brain.

The enrichment of the differentially methylated CpGs among the 7%
of those modulated during brain development (Spiers et al., 2015)
suggests that the disrupted methylation patterns during neocortex for-
mation contribute to the ID phenotype of our patients. Our patients
carrying the novel KDM5C pathogenic variant present a hypomethy-
lated pattern compared to controls, with a significant proportion of
CpGs being located at shores of CpG islands, corroborating previous
findings (Schenkel et al., 2018). These data suggest that the disturbance

N_Shore

S_Shore

Siblings Controls Mother Aunts

of the methylation process, particularly in sites at or next to CpG islands
is a result of the KDM5C mutation.

Comparing our data to DNAm changes reported for other patients
carrying KDM5C variants (Aref-Eshghi et al., 2018; Grafodatskaya
et al., 2013; Schenkel et al., 2018), we observed a significant overlap
even though different methylation platforms were used, again sug-
gesting that KDM5C mutations have an impact in the epigenome. From
the 399 differentially methylated CpG sites detected by us, only 23
probes were represented in the previous study with the Infinium Hu-
manMethylation27 Beadchip (Illumina) platform (Grafodatskaya et al.,
2013), eight common CpG sites being modulated during brain devel-
opment. These CpG sites were located at gene shores (FBXL5, C2orf3,
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Table 1 (continued)

H3K4me3 — male,
122 days

H3K4me3 - female, 17 weeks

CpG island
overlap

TSS1500

Observation

Mean beta-value

difference

Genes related to DMR

Number of
CpG sites

DMR length
(base pair)

Genomic position (GRCh37)

DMR

5

Peak_19533
Peak 20373

5

Peak_20373
Peak_22608.

yes

—-0.1178

ORIRI1P; RP11

802

chr17:3289363-3290164

DMR28

Peak_ 7797

5

Peak 7940

>

Peak_8487

= 5

5

Peak 7940

yes

Similar to Aref-Eshghi

et al. (2018)

MYOIF —0.1430

413

chr19:8591364-8591776

DMR29

Peak_14305.

5

Peak_14859
Peak_14305

5

Peak 14116

yes

541 AC013402.5 —0.1390

chr2:105275613-105276153

DMR30

Peak 21942 and

>

Peak_20907

Peak_ 21548

5

Peak 44482

yes

Similar to Schenkel
et al. (2018)

—0.1456

NCL

chr2:232347922-232348794 873

DMR31

3

5

Peak 20907

Peak_16459

5

Peak_16126
Peak_16459

5

Peak 17604

yes

Similar to Schenkel
et al. (2018)

—0.1475

POMC

1406

chr2:25383404-25384809

DMR32

Peak 40855, P

, NA

Peak_31688

>

56, Peak 13442

NA,

yes

—0.1259
-0.1179

459
483

chr20:62679255-62679713

DMR33
DMR34

SOX18; ZNF512B; TCEA2

Peak 13256

5

Peak_13256
Peak_13218.

yes

chr5:115697214-115697696

5

—0.1097
—0.1253

311
512

chr5:415575-415885

DMR35
DMR36

yes

Similar to Schenkel
et al. (2018)

chr6:164092588-164093099

yes

—0.1165
—0.1361

15 POUS5F1

417
247

chr6:31148332-31148748
chr7:23245900-23246146

DMR37
DMR38

yes

ENSG00000226816
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EIF2B3, C170rf44, CACYBP and KLHL21) or at a CpG island (HENMT1).
We found a more significant overlap (49% of the differentially me-
thylated CpGs) with recently published data that explored the epige-
netic signature of KDM5C mutations, using the same HM450K platform
used in the present study (Schenkel et al., 2018).

Three DMRs have been reported in other patients carrying KDM5C
mutations (Schenkel et al., 2018), two of them located next to POMC
and NCL. The role of both genes in the clinical phenotype of the in-
dividuals carrying KDM5C mutations needs further exploration. Finally,
three DMRs, two of them located next to GABRG1 and MYOF1, were
also detected in the study of ID syndrome-specific epigenetic signatures
in peripheral blood (Aref-Eshghi et al., 2018). GABRGI has an in-
creasing expression in development, from the 14th week to birth. when
reaches a plateau; MYOF1 appears to have lower expression during
neocortex development compared to high expression after birth
(Colantuoni et al., 2011). These DMRs were also found in other syn-
dromes suggesting that they might be important for common pheno-
types.

Moreover, DNA methylation epi-signatures can help with the diag-
nosis of patients with intellectual disability, particularly those carrying
variants of unknown clinical significance. This was demonstrated in a 9-
year-old patient carrying a KDM5C variant of unknown clinical sig-
nificance but that presented a methylation profile similar to other pa-
tients with Sotos syndrome (Aref-Eshghi et al., 2019), suggesting that
this specific variant may be related to the DNA methylation alterations
found in the patients and thus, might not be fully responsible for or not
be related to the patient's phenotype. A proper interpretation of DNA
methylation together with other types of data (mutation, phenotype,
clinical symptoms, etc) will improve diagnosis of patients with in-
tellectual disability.

5. Conclusion

Our results showed that the novel KDM5C (pathogenic variant re-
sulted in methylation changes in a subset of CpG sites of the affected
male siblings, but not in their clinically normal mother. This mutation
led to multilocus hypomethylation (72% of differentially methylated
CpG sites), including FBXL5 and CACYBP, which are known to be
regulated by KDM5C. Together with the enrichment data of other
KDM5C-mutated datasets, these data validate our analyses and allow us
to suggest that the genes identified here are associated with methyla-
tion changes that contribute to the clinical features of the patients.
Moreover, we report a remarkable similarity in the methylation pat-
terns in the monozygotic twins and their sibling, that shares 50% of the
genetic background, strongly suggesting that these epigenetic changes
were mostly driven by the KDM5C pathogenic variant.
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