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Abstract

Background Kleefstra syndrome spectrum (KLEFS) is an autosomal dominant disorder that can lead to intellectual
disability and autism spectrum disorders. KLEFS encompasses Kleefstra syndrome-1 (KLEFS1) and Kleefstra
syndrome-2 (KLEFS2), with KLEFS1 accounting for more than 75%. However, limited information is available regarding
KLEFS2. KLEFS1 is caused by a subtelomeric chromosomal abnormality resulting in either deletion at the end of the
long arm of chromosome 9, which contains the EHMTT gene, or by variants in the EHMTT gene and the KMT2C gene
that cause KLEFS2.

Methods This study was a retrospective analysis of clinical data from four patients with KLEFS. Exome sequencing
(ES) and Sanger sequencing techniques were used to identify and validate the candidate variants, facilitating the
analysis of genotype—phenotype correlations of the EHMTT and KMT2C genes. Protein structure modeling was
performed to evaluate the effects of the variants on the protein’s three-dimensional structure. In addition, real-time
quantitative reverse transcription—polymerase chain reaction (RT-gPCR) and western blotting were used to examine
the protein and mRNA levels of the KMT2C gene.

Results Two patients with KLEFS1 were identified: one with a novel variant (c.2382+1G>T) and the other with a
previously reported variant (c.2426 C>T, p.Pro809Leu) in the EHMTT gene. A De novo deletion at the end of the long
arm of chromosome 9 was also reported. Furthermore, a patient with KLEFS2 was identified with a novel variant in
the KMT2C gene (c.568 C>T, p.Arg190Ter). The RT—qPCR and western blot results revealed that the expression of the
KMT2C gene was downregulated in the KLEFS2 sample.

Conclusion This study contributes to the understanding of both KLEFS1 and KLEFS2 by identifying novel variants

in EHMT1 and KMT2C genes, thereby expanding the variant spectrum. Additionally, we provide the first evidence of
how a KMT2C variant leads to decreased gene and protein expression, enhancing our understanding of the molecular
mechanisms underlying KLEFS2. Based on these findings, children exhibiting developmental delay, hypotonia,

fYedan Liu and Peipei Liu these authors contributed equally to this
work.

*Correspondence:
Aiyun Yuan
yay79429@126.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-024-02065-5&domain=pdf&date_stamp=2024-12-16

Ren et al. BMC Medical Genomics (2024) 17:290

Page 2 of 12

distinctive facial features, and other neurodevelopmental abnormalities should be considered for ES to ensure early

intervention and treatment.

Keywords Kleefstra syndrome-1 (KLEFS1), Kleefstra syndrome-2 (KLEFS2), KMT2C gene, EHMT1 gene, Exome

sequencing (ES), RT=gPCR

Introduction

Kleefstra syndrome spectrum (KLEFS) is a rare autoso-
mal dominant disorder that was first reported by Kleefs-
tra et al. in 2006 [1]. The typical clinical manifestations of
KLEFS include intellectual disability (ID), developmental
delay, autism spectrum disorder (ASD), hypotonia, and
distinctive facial features. Less commonly, cardiorespira-
tory and renal defects, epilepsy, and psychiatric disorders
may also occur [2]. KLEFS can be classified as Kleefs-
tra syndrome-1 (KLEFS1, OMIM: 610253) or Kleefstra
syndrome-2 (KLEFS2, OMIM: 617768). The etiology of
KLEFS1 is currently attributed to variants in the EHMTI
gene or to a deletion at the end of the long arm of chro-
mosome 9 containing the EHMTI1 gene, while variants
in the KMT2C gene cause KLEFS2. Both KLEFS1 and
KLEFS2 are caused by genetic defects involving his-
tone methyltransferases. Variants in MBDS5, SMARCBI,
NR113, and other genes, referred to as the KLEFS gene,
can also lead to KLEFS [3].

KLEFS1 accounts for more than 75% of KLEES cases
and is characterized by a range of clinical manifesta-
tions, including ID, developmental delays, and hypotonia.
Other clinical manifestations, including congenital heart
disease, genital anomalies, epilepsy, hearing impair-
ment, behavioral problems, sleep disorders, psychiat-
ric disorders, and ASD, have also been reported [4-7].
Most patients exhibit distinctive facial features, such as
microcephaly, arched eyebrows, short noses, upturned
nostrils, and ectropion of the lower lip [8, 9]. Most chil-
dren with KLEFS2 display a range of conditions, includ-
ing ID, ASD, hypotonia, and peculiar distinctive features.
However, the clinical presentation and diagnostic criteria
for KLEFS2 are currently insufficient, and its long-term
prognosis remains unclear [10].

Owing to the diverse and complex clinical manifesta-
tions of KLEFS, early identification, timely intervention,
and comprehensive treatment and rehabilitation are par-
ticularly crucial. In this study, we present four KLEFS
patients treated at the Women’s and Children’s Hospi-
tal of Qingdao University. Among them, three patients
were diagnosed with KLEFS1, featuring an EHMT1 splice
site variant, a missense variant, and deletion at the end
of the long arm of chromosome 9, includes the EHMTI
gene. One patient was diagnosed with KLEFS2, associ-
ated with a nonsense variant in KMT2C. The diagnostic
and treatment processes for these patients are detailed
below. Additionally, a review of the relevant literature is

provided to offer insights into early diagnosis, treatment
strategies, and prognosis for children with KLEFS.

Materials and methods

Subjects

Four patients who displayed unexplained developmen-
tal delay and facial anomalies underwent genetic testing
and ultimately diagnosed with KLEFS at the Affiliated
Women and Children’s Hospital of Qingdao Univer-
sity. Genetic tests were prompted due to the patients
unexplained developmental delays and facial anomalies.
All cases were assessed using the Gesell Developmen-
tal Schedules (GDS, https://gesellinstitute.org/) to deter
mine the extent of the developmental delays. The study
was approved by our hospital, with the approval num-
ber QFELL-YJ-2024-06. Informed consent was obtained
from each patient after a full explanation of the study was
provided.

Exome sequencing (ES) and sanger sequencing

Genomic DNA was extracted from the peripheral blood
samples of patients and their parents for exome sequenc-
ing. A DNA Sample Prep Reagent Set (MyGenostics,
Beijing, China) was used for the preparation of standard
Mlumina libraries. The gene panel for KLEFS disease
was downloaded from the ClinVar database. Biotinyl-
ated capture probes were designed to cover coding exons
and flanking regions. The DNA was eluted and amplified
after hybridization and bead washing. The PCR product
was purified and sequenced on an Illumina HiSeq X Ten
sequencer for paired 150 bp reads.

After sequencing, the raw data were saved in FASTQ
format. The clean reads were mapped to the UCSC hg19
human reference genome using the BWA parameter in
Sentieon software (https://www.sentieon.com/). Duplic
ated reads were removed using the parameter driver of
Sentieon software, and the base quality was corrected to
more accurately reflect the probability of mismatch with
the reference genome. The mapped reads were used for
variant detection. SNP and InDel variants were detected
using the parameter driver of Sentieon software, and the
data were subsequently transformed to the VCF format.
Variants were further annotated via ANNOVAR soft-
ware (http://annovar.openbioinformatics.org/en/latest/)
and associated with multiple databases, such as 1000
Genomes, ESP6500, dbSNP, EXAC, Inhouse (MyGenos-
tics), and HGMD. For CNV analysis, the same prepro-
cessing steps were followed, and CNVKkit (https://cnvkit
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.readthedocs.io/en/stable/) software was used to extract
CNV information.

In this study, potentially pathogenic variants were
selected in four steps: (i) variant reads>5 with a
ratio>30%; (ii) exclusion of variants with a fre-
quency>5% in 1000 g, ESP6500, and in-house databases;
(iii) removal of variants in the InNormal database (MyG-
gnostics); and (iv) exclusion of (synonymous variants
not found in the HGMD database. For variant validation
and family segregation analysis, Sanger sequencing was
performed. Medical laboratory geneticists classified the
remaining variants according to ACMG guidelines [11].

Silico evaluation: variant model evaluation

We used NCBIGene (https://www.ncbi.nlm.nih.gov/)
to obtain the EHMTI (NM_024757) and KMT2C
(NM_170606.3) gene sequences and the AlphaFold pro-
tein structure database (https://AlphaFold.ebi.ac.uk/) to
obtain the EHMTI and KMT2C gene protein 3D struc-
tures. The protein 3D structure visualization software
PyMOL 2.5 was used to generate protein 3D structure
maps.

RT-qPCR amplification

After providing informed consent, total RNA was iso-
lated from the blood samples of Patient 4 and his par-
ents with RNAios plus reagent (9108, TAKARA) for
molecular genetic analysis. Total RNA was reverse tran-
scribed to ¢cDNA via the Cw2569 Reverse Transcrip-
tion Kit (CWBIO, China). cDNA was amplified via
real-time quantitative reverse transcription-polymerase
chain reaction (RT-qPCR) to determine the expression
of the KMT2C gene, which encodes a histone methyl-
transferase, in Patient 4 and his parents. The transcripts
were quantified via RT-qPCR on an ABI PRISM 7300
Sequence Detector (Perkin-Elmer Applied Biosystems)
with TAKARA 9108 predesigned SYBRW Premix Ex
Taq™ assays and reagents (Mxbio, Shanghai, China)
according to the manufacturer’s instructions. The follow-
ing specific primers were used for RT-qPCR: hGAPDH
(5-GCACCGTCAAGGCTGAGAAC-3) and hKMT2C
(5-GCCTGTTCTCAGTGTGGTCA-3’). The RT-qPCR
program included ab initial denaturation at 95 °C for
5 min, followed by 40 cycles of denaturation at 95 °C for
15 s, annealing at 60 °C for 30 s, and a final extension
at 60 °C for 2 min. After the reaction, amplification and
melting curves were analyzed, and the 2-/AACt value
was calculated to determine the fold change in gene
expression relative to that of the controls.

Western blot analysis

Protein pellets were obtained from the peripheral blood
of P4 and its parents. (i) Protein quantification: The total
protein concentration of the samples was determined
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using a BCA protein quantification kit (Beyotime,
P0010), and each sample was adjusted to a concentration
of 1 mg/ml. (ii) Gel casting: A 12% separating gel with a
total volume of 10 ml was prepared. The gel was poured
immediately and allowed to polymerize for 45 min at
room temperature. A 5% stacking gel with a total volume
of 5 ml was prepared and poured onto the separating gel.
After polymerization, the gel was placed in the electro-
phoresis chamber, and electrophoresis buffer was added.
(iii) Electrophoresis: Protein extraction solutions from
each treatment group were mixed, adjusted to a concen-
tration of 1 mg/ml, and mixed with an equal volume of 2x
sample buffer. The samples were boiled, cooled, and cen-
trifuged before being loaded onto the gel. Electrophoresis
was performed at a constant voltage of 70 V for approxi-
mately 30 min, followed by 90 V until the bromophenol
blue reached approximately 0.5 cm from the bottom of
the gel. (iv) Protein transfer and immunodetection: PVDF
membranes were prepared and combined with the gel to
form a transfer sandwich. The transfer was performed at
a constant current of 200 mA for 70 min. After transfer,
the PVDF membrane was blocked with 5% BSA, washed,
and incubated with primary antibodies (KMT2C Anti-
body, Proteintech 28437-1-AP, dilution: 1:500) overnight
at 4 °C. After washing, the membrane was incubated with
secondary antibodies, washed again, and subjected to
chemiluminescence detection.

Results

Case presentation

Proband 1 (P1), a 2-year-old male, was the second full-
term birth delivered through cesarean section with
a birth weight of 3.6 kg from a non-consanguineous
healthy couple (mother 45 years old). The patient was
brought to the Affiliated Women and Children’s Hospital
of Qingdao University due to “developmental delay since
birth” He achieved head stability at 4-5 months, rolled
over at 6-7 months, and sat independently at 10-11
months. However, crawling was not observed, and active
language expression was lacking until 11 months. Physi-
cal examination revealed distinctive facial features: head
circumference of 44.8 cm (-1SD ~0SD, growth standard
for children under 7 years of age, Health Industry Stan-
dards of China), yellow hair, flat forehead, hypertelorism,
joint hypermobility, a depressed nasal bridge, hypodon-
tia with wide interdental spacing, trunk and lower limb
hypotonia, inability to walk, and pes planus during
walking (Fig. 1). Ultrasonography of the urogenital sys-
tem indicated retractile testes, and echocardiography
revealed a patent foramen ovale. Audiological evaluation
showed mild hearing impairment, with 35 decibels in the
left ear and 30 in the right ear. Liver and kidney func-
tion tests, cranial magnetic resonance imaging (MRI),
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Fig. 1 Clinical photographs of patient A: P1 showed a head circumference of 44.8 cm (-1 SD, growth standard for children under 7 years of age, Health
Industry Standards of China), with yellow hair, flat forehead, hypertelorism, joint hypermobility, a depressed nasal bridge, and hypodontia with wide

interdental spacing; B: P2 showed a broad forehead, hypertelorism, low and flat nasal bridge, slightly thick lips, high-arched palate, macroglossia, small
teeth, and a pigmented lesion of 1.8 cm x 2 cm on the left outer side of the lower leg; C: P3 exhibited a depressed nasal bridge, anteverted nares and

‘.‘

hypertelorism; D: P4 had a head circumference of 43 cm (-1SD~-2SD) and pectus carinatum

electrocardiogram, and electroencephalogram revealed
no apparent abnormalities.

Proband 2 (P2), a 3-year-old female, was the second
full-term birth delivered through cesarean section, with
a birth weight of 3.4 kg from a non-consanguineous
healthy couple. At 5 days postnatal, she was hospital-
ized for 10 days due to severe neonatal jaundice. During
her hospitalization, cranial MRI revealed mild intracra-
nial hemorrhage, but follow-up cranial MRI showed no
apparent abnormalities. She was referred to our hospital
because of “Delayed speech development” Her develop-
mental milestones were significantly delayed compared
to those of her peers, with independent walking achieved
at 1 year and 7 months. Feeding difficulties and umbili-
cal hernias were also observed. The ability to say “mama”
was acquired at 1 year and 5 months, reflecting delayed
speech development. Physical examination revealed
distinctive facial features, including a broad forehead,
hypertelorism, a low and flat nasal bridge, slightly thick
lips, a high-arched palate, macroglossia, small teeth, and
a pigmented lesion of 1.8 cm x 2 cm on the left outer side
of the lower leg (Fig. 1). Hypotonia was observed in all
limbs. At 10 months, the Bayley Scales of Infant Devel-
opment Assessment revealed both a Psychomotor Devel-
opment Index and Mental Development Index below
50, and consistent with developmental levels of approxi-
mately 7 and 6 months, respectively. At 1 year of age,
cranial MRI revealed ventricular and sulcal widening.
Laboratory investigations revealed a lactate level of 2.29
mmol/L (normal range: 1.33—1.78 mmol/L).

Proband 3 (P3), a 1-year-old female, was the second
full-term birth delivered through cesarean section, with
a birth weight of 4.25 kg from a non-consanguineous
healthy couple. She was referred to our hospital for
“developmental delay since birth” She was able to sit
without support at 9 months of age and occasionally
imitated saying “mama” at the age of 1 year, indicating
delayed speech development. Feeding difficulties were

also noted. On physical examination, facial anomalies
include a depressed nasal bridge, anteverted nares, and
hypertelorism (Fig. 1). Hypotonia was also observed. A
cranial MR, performed at 6 months, revealed bilateral
widening of the frontotemporal extracerebral spaces.
Moreover, echocardiography revealed a secundum atrial
septal defect measuring approximately 3.1 mm in size, a
patent ductus arteriosus, and mild tricuspid regurgita-
tion. Audiological examination indicated moderate hear-
ing impairment.

Proband 4 (P4), a 2-year-old male, was the first full-
term infant born at 36"> weeks, with a birth weight
of 2.45 kg, to a non-consanguineous healthy couple
(35-year-old mother). The patient presented to our hos-
pital with the chief complaint of “developmental delay
since birth” At 9 months of age, he exhibited instabil-
ity while sitting independently, failure to crawl, delayed
ability to stand, poor fine motor coordination, impaired
ability to follow commands, and delayed speech devel-
opment. Feeding difficulties since infancy, failure to
thrive, and recurrent eczema were also observed. Physi-
cal examination revealed a head circumference of 43 cm
(-1SD~-2SD), pectus carinatum, and hypotonia. (Fig. 1).
Subsequent investigations revealed microcytic anemia in
multiple routine blood examinations (last examination at
1 year of age: hemoglobin concentration, 94.00 g/L; mean
corpuscular volume, 56.10 fL; mean corpuscular hemo-
globin, 17.30 pg; and mean corpuscular hemoglobin
concentration, 306.00 g/L). Elevated blood lactate levels
of 2.17 mmol/L and elevated serum [B-hydroxybutyrate
levels of 1.79 mmol/L (normal range: 0.02—0.27 mmol/L)
were noted. Urine creatinine was elevated at 6720.03
pumol/L, and urinalysis revealed proteinuria (+) with vis-
ible calcium oxalate crystals. A cranial MRI revealed
microcytic anemia bilaterally in the temporal region,
and a cranial CT scan confirmed the findings. Meta-
bolic screening, along with ultrasound of hepatobi-
liary and urinary systems, gastrointestinal ultrasound,
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Table 1 Scores of the gesell developmental scales in five patients
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Patient ID Ageatassessment (months)

Gesell Developmental Schedulesscores (DQ)

Gross motor Finemotor Adaptative-behaviors Language Personal-social
P1 20 74 57 57 59 64
P2 36 62 62 62 40 62
P3 15 71 77 69 59 70
P4 M 55 78 57 74 59

Note: DQ, development quotient. 100: normal; 85-99: below normal level; 75-84: close to mild defect; 55-74: mild defect; 40-54: moderate defect; 25-39: severe

defect; < 25: extremely severe defect

Table 2 Genetic information of the KLEFS patients in our study

PatientID Gene of Gender Age (month) Type of variant  Nucleotide Protein change Exon Inheri-
variant change tance
P1 EHMT1 Male 11 Splice site €c2382+1G>T / Exon15 De novo
P2 EHMTIT Female 10 Missense 2426 C>T Pro809Leu Exon16 De novo
P3 EHMT1 Female 6 CNV(0.17 Mb) 9g34.3 / Exon2-25 De novo
140,562,016—
140,730.115 loss
P4 KMT2C Male M Nonsense c568C>T Arg19QTer Exon4 De novo
Note: CNV, copy number variation
A ©.2382+1G>T B €.2426C>T C ©.568C>T
Cc G G G ccccGgTTG G G
GCTGG TCAGTGTGCGGCGGEC [ GAG CCCTGTTG TG G CT G TTC GGTGCTGAG
| !
Proband 1 Proband 2 Proband 4
1 I
GCTGGTTCAGGTGCGGCGGC CAGAGGACCCCGTTG GG c TG TCGTGGTGCTGAG
L} [
il I
Mother Mother Mother | Napl
GCTGGTTC GG'GC(;)GCGGC cit;reei c;ocsr”re‘r'oe c T G GTGGTGCTG G
) | :‘
Father Father Father | I\ 4

Fig. 2 DNA sequence chromatograms of the EHMTI and KMT2C variants. The arrows indicate the positions of the variants. A: A De novo variant,
€2382+1G>T (NM_024757.4), was found in the P1. B: A De novo variant, c.2426 C>T (p.Pro809Leu) (NM_024757), was found in the P2. C: A De novo vari-
ant, ¢.568 C>T (p.Arg190Ter) (NM_170606.3), was found in P4. Validation and parental origin analysis via Sanger sequencing or genetic high-throughput
sequencing verified that the probands all carried De novo heterozygous variants

echocardiography, and electroencephalography revealed
no significant abnormalities.

All these patients were subjected to GDS to assess their
development. The GDS scores are listed in Table 1. The
scores indicated that four patients had mild or moder-
ate developmental delays, with notably lower scores in
language development compared to other areas. Addi-
tionally, none of the patients had a family history of
developmental delay or other disorders. The clinical
facial features of the patients are shown in Fig. 1.

WES and sanger sequencing results

WES for P1 and P2 revealed variants in the EHMT1 gene.
For P1: NM_024757.4, c.2382+1G>T, the GRCh37/hgl9
position (chr9:140676850) indicates a splice site variant
resulting in the loss of exon 15 due to aberrant splicing.

For P2: NM_024757; exon 16, ¢.2426 C>T (p.Pro809Leu),
at position (chr9:140685343), this indicates a heterozy-
gous missense variant. P3 exhibited a 0.17 Mb deletion of
chromosome 9q34.3 (140,562,016—140,730.115)x1. This
deletion region harbors the EHMT1I gene, resulting in the
loss of exon 2 to exon 25. For P4, WES revealed a variant
in the KMT2C gene, NM_170606.3: exon4, ¢.568 C>T
(p-Argl90Ter), at position (chr7:152012245), indicating a
heterozygous nonsense variant (Table 2). Validation and
parental origin analysis were performed using Sanger
sequencing or high-throughput gene sequencing, con-
firming that the probands carried De novo heterozygous
variants (Fig. 2). These variants were classified as patho-
genic based on the variant classification guidelines of the
American College of Medical Genetics and Genomics
(ACMG).
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Protein structural modeling

To elucidate the underlying molecular mechanism of
the detected point variant, a protein modeling study
was conducted. Protein modeling revealed that the
€.2426 C>T variant in EHTM1 results in altered hydro-
gen bonding and may affect the steric structure of the
protein. Originally, residue PRO809 formed a hydrogen
bond with residues GLU812 and ALA813. When pro-
line of residue PRO809 was replaced by a leucine, the
hydrogen bond with residue ALA813 remained, but the
hydrogen bond formed with GLU812 was lost. Moreover,
the p.Argl90Ter variant in KTM2C leads directly to the
loss of protein structure (including the o-helix, B-fold,
and loop regions) starting from amino acid position 190
(Fig. 3).

RT-qPCR amplification results

To further validate the pathogenic molecular pro-
cess caused by the newly identified variant ¢.568 C>T
(p-Argl90Ter) in the KMT2C gene, we performed RNA
analyses, as shown in Fig. 4. The results suggest that
the child with P4 has significantly lower KMT2C gene
expression compared to their parents, suggesting that a
nonsense heterozygous variant at this locus in ¢.568 C>T
(p-Argl90Ter) can lead to decreased expression of this
gene.

Western blot analysis results

We performed western blotting (WB) using peripheral
blood cells from P4 and his parents to compare possible
changes in histone methyltransferase protein expres-
sion. WB analysis of whole-cell protein lysates revealed
the expression of histone methyltransferases in the
control group, while the protein expression signal was
significantly reduced at P4 (Fig. 5). Therefore, the non-
sense variant ¢.568 C>T (p.Argl90Ter) in the KMT2C
gene may lead to a decrease in histone methyltransferase
expression, potentially contributing to developmental
delay.

Discussion
Although KLEFS1 cases have been widely reported, few
KLEFS2 cases have been reported, leaving its clinical and
molecular landscape less understood. Here, we report
three patients with KLEFS1 variants and one patient
with a KLEFS2 variant. All patients exhibited develop-
mental delays ranging from mild to severe. Our findings
highlight the critical role of gene expression regulation
in neurodevelopment, particularly through the loss of
function caused by KMT2C variants at both the RNA and
protein levels.

In terms of clinical manifestations, KLEFS1 is char-
acterized by a variety of features, including ID, ASD,
developmental delay, hypotonia, and distinctive facial
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characteristics. Other reported phenotypes include con-
genital heart disease, genital anomalies, epilepsy, hearing
loss, behavioral problems, sleep disorders, and psychiat-
ric disorders. The distinctive facial features may include
microcephaly, flat forehead, synophrys, hypertelorism,
low nasal bridge, everted lower lip, and prognathism
[4-8]. Developmental delay, particularly in language
development, was commonly observed in KLEFSI. In our
study, the language development of all KLEFS1 patients
(the P1, the P2, and P3) significantly lagged behind that
of other peers. Previous studies suggested that lan-
guage developmental delays in KLEFS1 patients may be
attributed to hearing impairment in the P3. However, in
the P2, where no hearing impairment was evident, this
observation suggests that language deficits may be an
intrinsic characteristic of KLEFS1 rather than a conse-
quence of hearing loss [12, 13]. Congenital heart diseases,
including tetralogy of Fallot, incomplete development of
aortic arch hypoplasia, aortic stenosis, mitral valve ste-
nosis, pulmonary artery stenosis, pulmonary hyperten-
sion, and atrial or ventricular septal defects, have been
reported in KLEFS]1 patients. Additionally, cases of ven-
tricular systolic dysfunction and dilated cardiomyopathy
have been documented. Although there is considerable
individual variation, cardiac disorders are considered
part of the phenotype of KLEFS1 [7, 14, 15]. In this study
(P1 and P2), both patients also developed congenital
heart disease. Moreover, some studies have reported den-
tal abnormalities in KLEFS1, such as hypodontia or small
teeth, as observed in P1 and P2, suggesting that dental
abnormalities may be characteristic features of KLEFS1
[12, 13]. Scoliosis has been reported in two KLEFS1
patients in previous studies; although these features were
not observed in our patients, vigilance is necessary, as
spinal scoliosis may develop with growth [16, 17]. Finally,
KLEFS has been associated with obesity. While not all
individuals with KLEFS develop obesity, some case stud-
ies and reviews have indicated a potential link between
KLEFS and excessive weight gain. Although all of our
cases presented signs of obesity, further investigation
into fat metabolism could help elucidate whether there is
an underlying mechanism of dysregulated fat metabolism
in KLEES [18].

At present, there are few reported cases of KLEFS2. To
better study their clinical manifestations, we included
17 KLEFS2 patients aged 8 months to 31 years, includ-
ing 9 males (9/17). Almost all patients exhibited varying
degrees of developmental delay (14/17), ID (13/17), ASD
(11/17), hypotonia (4/17), attention deficit—hyperactiv-
ity disorder (ADHD) (5/17), anemia (4/17), and epilepsy
(3/17). Some patients also experienced feeding difficul-
ties, eczema, hearing loss, sleep disorders, scoliosis,
recurrent respiratory infections, microcephaly, etc. The
majority of patients had distinctive facial features (10/17),



Ren et al. BMC Medical Genomics (2024) 17:290 Page 7 of 12

Fig. 3 Structural analysis of wild-type (WT, A, and C) and variant EHMT1 with variants (B and D). The residues at the missense variant sites, along with the
nearby functional sites, are illustrated for both WT and variant EHMTT via PyMol 2.5. The computed hydrogen bonds are shown as green dashed lines. P1:
As shown in A-D, protein modeling revealed that the P809L variant resulted in an alteration in the number of hydrogen bonds charged from two to one.
P4: Figures E-F demonstrate the p.Arg190Ter variant in the KMT2C gene, which results in the loss of protein structures (including a-helices, B-folds, and
loop regions) starting from amino acid 190 onward, with the lost regions marked in gray
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Fig. 4 KMT2C gene expression levels in different samples. The expression of the KMT2C gene in P4 was significantly lower than that in the parental
samples
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Fig. 5 WB results revealed that P4 histone methyltransferase protein expression was significantly lower than that of its parental signals

with 3 out of 5 showing abnormalities on cranial MRI,  since childhood, suggesting these may be early clinical
and only 1 with abnormal electroencephalogram (EEG) features of the disorder. The patient’s intellectual ability
findings. KMT2C has been confirmed as a pathogenic improved with long-term rehabilitation, indicating that
gene for ASD (Table 3). Wu et al. [19] reported an ID  such treatment could benefit KLEFS2 patients, (further
patient with severe feeding difficulties and malnutrition  studies are needed to confirm this finding. Cheema et al.
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Table 3 (continued)

Protein change

KMT2C variants

MRI

Other clinical characteristics Unusual facies

Clinical characteristics

Ref Gender, Age

at Evaluation

ADHD ASD Anemia

ID DD Hypotonia

p.Gly1582%

c4744G>T

Marked infra-orbital creases,

Hearing loss

+

+

Female, 17y

(32]

downslanting palpebral fissures, a

duplicated right thumb.

(2024) 17:290

p.

€.8849_8850del AT

/

Marked plagiocephaly and bilateral

Hydrocephalus, Hypoplasia of

cerebellar vermis

+

Female, 4y

His2950Argfs*17

marked bulging just below the tem-

poral region

Insensitivity to pain, Abnormal  /

gait, Constipation

Note: ID, intellectual disability; DD, developmental delays; ADHD, attention deficit-hyperactivity disorder; ASD, autism spectrum disorder

p.

€.14526dupG

+

+

Female, 5y

Pro4843Alafs*12
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[20] reported a KLEFS2 patient with refractory epilepsy,
although this symptom was not observed in P4. Addi-
tionally, KLEFS2 patients may experience severe ADHD
and ASD, which are resistant to medication and signifi-
cantly impair daily life, highlighting the need for long-
term behavioral interventions. In our study, P4 presented
with recurrent hypopigmented microcytic anemia, a pre-
viously unreported phenotype in KLEFS2, indicating that
anemia might be a clinical phenotype of KLEFS2. To our
knowledge, the ¢.568 C>T variant of KMT2C reported in
this study has not been previously documented. Research
on KMT2C has been limited, with no investigations
into the pathogenicity of KMT2C gene variants at the
molecular and protein expression levels. Through protein
structure prediction, RT-qPCR, and WB experiments,
we demonstrated that this variant can lead to structural
alterations in the protein, resulting in reduced KMT2C
gene transcription and ultimately diminished protein
expression levels. This may explain the developmental
delay in patients with KLEFS2.

Based on previous studies, some KLEFS patients may
also experience hearing loss. Some studies have sug-
gested that KLEFS patients may have sensorineural or
conductive neurogenic deafness [16, 20]. Psychiatric
symptoms, including aggressive behavior or schizophre-
nia, have also been reported in KLEFS1 and KLEFS2
[2, 21]. Therefore, all confirmed KLEFS patients should
undergo early assessment for psychiatric symptoms. Par-
ents of KLEFS patients often feel concerned with anxiety,
highlighting the need for healthcare professionals to pro-
vide comprehensive disease education and rehabilitation
guidance. Managing KLEFS is a long-term, challenging
process that demands sustained support from both fami-
lies and society [12].

A substantial body of evidence confirms that variants
in KLEFS genes such as EHMTI, MLL3, SMARCBI,
MBDS or NRI1I3 can lead to KLEFS. EHMT1 and MLL3
are histone modifiers. EHMT1I catalyzes the methylation
of H3K9me2 and H3K9me3, whereas MLL3 methylates
H3K4, both of which influence chromatin modification
and gene expression. SMARCBI is part of an ATP-depen-
dent chromatin remodeling complex, MBDS5 binds to
heterochromatin, and NR113 is a nuclear hormone recep-
tor. Studies in Drosophila have revealed synergistic and
antagonistic relationships between these genes, collec-
tively regulating chromatin [22]. Frega et al. [3] reported
that these KLEFS genes cause common alterations in
neuronal communication, synaptic function, and neuro-
nal excitability, offering insights into the shared mecha-
nisms underlying ID and ASD. This finding explains the
clinical homogeneity of KLEFS patients despite having
different genetic variants.

Both the EHMTI (KLEFS1) and KMT2C (KLEFS2)
genes are histone methyltransferases, with EHMT]I
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catalyzing H3K9 methylation and KMT2C targeting
H3K4, both of which are crucial for regulating gene
expression during neurodevelopment. For KLEFS1, we
explored the pathogenic mechanisms associated with
the EHMT1 gene. The EHMT1 gene is located at the end
of the long arm of chromosome 9 and encodes euchro-
matic histone methyltransferase 1. KLEFS1 is primarily
caused by EHMT]I haploinsufficiency, with most cases
arising from De novo variants and fewer being maternally
inherited [23]. At the molecular and cell levels, EHMT]I
haploinsufficiency disrupts neuronal gene regulation via
miRNA-mediated NRSF/REST modulation, impairs neu-
ral networks by altering their duration and frequency,
affects cell cycle regulation, and impacts the morphol-
ogy and distribution of subcellular structures such as the
Golgi apparatus and lysosomes [24—26]. In animal stud-
ies, EHMT1 knockout mice displayed aggressive behav-
ior, anxiety, and ASD-like traits [27-29]. In our study, P2
shared the EHMT1 (p.P809L) variant, presenting with
ID, ASD, developmental delay, and distinct craniofacial
dysmorphisms, including midface underdevelopment,
consistent with previously reported cases [30]. Compu-
tational models (FoldX, molecular dynamics simulations)
indicate that this variant destabilizes the EHMT1 protein,
affecting its structural integrity [31].

For KLEFS2, research on the KMT2C gene is rare.
This gene is a crucial epigenetic regulator located on
chromosome 7q36. It methylates lysine 4 of histone H3
(H3K4mel), leading to the transcription activation, par-
ticipating in chromatin organization, and influencing the
epigenetic regulation of brain gene expression [31]. Hap-
loinsufficiency of KMT2C is often associated with devel-
opmental delay [32]. Studies in fruit flies revealed that
the neurobiological mechanisms of KMT2C and EHMT1
variants overlap, as both genes encode histone methyl-
transferases and share convergent functions in neuronal
development and regulation, particularly in learning and
memory [20].

Conclusions

In this study, we reported four novel patients with KLEFS,
with three KLEFS] patients exhibiting core features such
as developmental delay, ID, muscle hypotonia, and dis-
tinctive facial characteristics. One of the KLEFS1 patients
carried a novel pathogenic variant, ¢.2382+1G>T, and
one had a novel De novo 0.17 Mb chromosome dele-
tion at the end of the long arm of chromosome 9, which
had not been reported in previous studies. Additionally,
the KLEFS2 patient developed developmental delay, ID,
hypotonia, anemia, recurrent eczema, and distinctive
facial characteristics, harbored a novel pathogenic vari-
ant, ¢.568 C>T. Early ES is crucial for timely diagnosis
and intervention. By identifying three novel variants, this
study broadens the known KLEFS variant spectrum and
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opens new paths for further research into its molecular
mechanisms.
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