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cases, approximately 70% have a 9q34.3 microdeletion 
[2], while the remaining 30% of patients have EHMT1 
mutations, including missense, nonsense, frameshift, 
splice site mutations, and deletions [3, 4]. According to 
our search, a total of 179 patients have been reported so 
far, including 127 patients with 9q34.3 microdeletion and 
51 patients with EHMT1 mutations (Table 1).

The core features of KLEFS1 include intellectual devel-
opmental delay or disability, autism-like characteris-
tics, childhood hypotonia, and distinct facial features. 
Additionally, the majority of KLEFS1 patients also have 
complex medical conditions affecting other systems. Car-
diovascular defects, especially congenital heart defects 
(CHD) are prevalent in a significant number of KLEFS1 
patients and represent another major phenotype of the 
syndrome.

Introduction
Kleefstra syndrome (KLEFS1) (OMIM 610253), for-
merly known as 9q subtelomeric deletion syndrome 
(9qSTDS), is a rare genetic disorder caused by a micro-
deletion or pathogenic mutation in the euchromatin 
histone methyl-transferase 1 (EHMT1) gene located in 
the subtelomeric region 34.3 of the long arm of chromo-
some 9 (9q34.3) [1], which was also the first subtelomeric 
deletion syndrome to be identified. Among the reported 
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Abstract
Kleefstra syndrome (KLEFS1) is a rare genetic disorder primarily caused by the deletion of the chromosome 9q34.3 
genomic segment or pathogenic mutations in the euchromatin histone methyltransferase 1 (EHMT1) gene. It is 
characterized by intellectual disability or impairment, childhood hypotonia, and distinct facial features. Notably, 
cardiovascular defects especially congenital heart diseases also represent a major feature of KLEFS1. While the 
neuropsychiatric aspects of KLEFS1 have been extensively documented and researched, the cardiovascular 
manifestations have not received adequate attention. The majority of KLEFS1 patients often present with a 
spectrum of cardiovascular defects, including abnormal cardiac structure, arrhythmias, valve abnormalities, 
cardiomyopathy, and coronary artery abnormalities. Here, we systematically searched and reviewed previously 
published articles and case reports related to KLEFS1, conducting a comprehensive analysis of the existing 
literature to highlight the cardiovascular manifestations of this genetic disorder and explore the potential 
correlations between the cardiac phenotype and KLEFS1.
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With an increased number of case reports and the 
establishment of KLEFS1 disease cohorts, the proportion 
of patients exhibiting cardiac abnormalities can reach 
30–50% [5–7]. Recent studies have shown a significant 
genotype-phenotype correlation in cardiac morphologi-
cal abnormalities, which often occur in the context of 
9q34.3 microdeletions or truncating mutations of the 
EHMT1 gene [7]. Among KLEFS1 patients with car-
diac defects, a significant portion presents with CHD, 
particularly those with complex cardiac malformations. 
Additionally, some patients also experience atrial fibrilla-
tion and other arrhythmias [8]. However, in the literature 
reported so far, only a few cases have provided detailed 
evaluations of the cardiovascular system, with the major-
ity focusing solely on the neurobehavioral symptoms of 

the patients, indicating a lack of emphasis on the cardio-
vascular aspect. Therefore, we provide a comprehensive 
literature review focused on the cardiovascular pheno-
type of KLEFS1, aiming to elucidate the cardiovascular 
manifestations of this complex disorder (Fig. 1).

Methods
As of March 1, 2024, a comprehensive literature search 
was performed on the PubMed database to retrieve all 
case reports, articles and reviews related to KLEFS1. In 
addition to English-language publications, non-English 
papers were also reviewed to ensure a thorough exami-
nation of the existing evidence. The search strategy 
employed a combination of keywords, including “kleef-
stra syndrome”, “9q subtelomeric deletion syndrome”, 
“EHMT1”, and “9q34.3”, to capture a broad spectrum of 
relevant studies. Due to the establishment of KLEFS1 
cohorts such as the Radboudumc registry, GenlDA reg-
istry, and KLEFS1 local expertise center, previously 
reported cases may overlap, leading to potential dupli-
cation in statistics [5, 6]. Therefore, we did not include 
cohort data, focusing solely on currently reported cases 
and case series.

Table 1 Overview of reported Kleefstra syndrome cases
9q34.3 
deletion

EHMT1 
mutation

Not 
described

Total

Reported cases 
summarized by Wil-
lemsen MH [9]

76 10 0 86

Cases reported by 
Willemsen MH [9]

16 13 0 29

Other cases re-
ported so far

36 28 1 65

Total cases 128 51 1 180

Fig. 1 The main cardiovascular manifestations and potential pathogenesis of Kleefstra syndrome. Kleefstra syndrome features diverse cardiac defects like 
structural abnormalities, arrhythmias, valve issues, cardiomyopathy, and coronary anomalies. The pathophysiological mechanisms are currently unclear, 
and further research is needed to elucidate the role of the EHMT1 in the cardiovascular system. ASD, atrial septal defect; CoA, coarctation of aorta; PDA, 
patent ductus arteriosus; PFO, patent foramen ovale; TOF, tetralogy of Fallot; VSD, ventricular septal defect
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Literature review
Overview of clinical findings and mutations of KLEFS1
According to our search, a total of 180 patients have 
been reported so far, including 128 patients with 9q34.3 
microdeletion and 51 patients with EHMT1 mutations 
(Table 1).

The core clinical phenotype of KLEFS1 is character-
ized by moderate to severe developmental delay/intellec-
tual disability, hypotonia, and distinct facial features [9]. 
According to the current study, individuals with EHMT1 
mutations and small 9q34.3 deletions (< 1  Mb) have 
similar clinical findings; whereas individuals with larger 
9q34.3 deletions (≥ 1  Mb) may have more severe clini-
cal problems, such as more severe mental retardation, 
congenital anatomical abnormalities, and respiratory 
problems [8]. KLEFS1 cases have been reported in vari-
ous countries, including the Netherlands [9], Germany 
[10], Norway [11], Hungary [12], China [3], and Iran 
[13], without any clear geographic or ethnic predisposi-
tion. The literature has focused on classical phenotypes 
of KLEFS1, such as neurodevelopmental issues [14], 
autism and psychiatric problems [15, 16], and otopathol-
ogy [17]. Pulmonary hypertension (PH) associated with 
9q34.3 microdeletion has also been explored [18]. How-
ever, there is no systematic literature on cardiovascular 
manifestations in patients with KLEFS1.

Cardiovascular manifestations of KLEFS1
As case reports accumulate, heart defects are becoming 
increasingly prevalent among patients diagnosed with 
KLEFS1. In a recent study, Vasireddi SK et al. [5] evalu-
ated two of the largest known KLEFS1 registries and 
found that the prevalence of cardiovascular abnormali-
ties among KLEFS1 patients was 40%, with the major-
ity being CHD. Our study demonstrates consistent 
findings through literature review of previously reported 
KLEFS1 cases, revealing an overall heart defect preva-
lence of 37.2% (67/180) (Table  2). Further stratification 
by genetic etiology revealed heterogeneity in heart defect 
rates across molecular subtypes. Cases with 9q34.3 dele-
tions (39.8%) exhibited a relatively higher proportion of 
heart defects compared to those with EHMT1 mutations 
(29.4%).

The main cardiovascular manifestations that have been 
reported are diverse through literature review. Among 

them, cardiac structural abnormalities are the most com-
mon (69.2%), followed by cardiac function abnormali-
ties (11.7%), valve abnormalities (10.0%), and arrhythmia 
(5.8%), while cardiomyopathy (2.5%) and coronary artery 
abnormalities (0.8%) are relatively rare (Table 3).

Abnormal cardiac structure
Patients with KLEFS1 can present with a wide range of 
structural cardiac abnormalities, encompassing various 
types of cardiac abnormalities. These can include com-
mon abnormalities such as atrial septal defect (ASD), 
ventricular septal defect (VSD), patent ductus arterio-
sus (PDA), patent foramen ovale (PFO) and tetralogy of 
Fallot (TOF), as well as rarer conditions like aortic con-
striction, double-outlet right ventricle, and Shone’s com-
plex, among others. There are 49 patients with structural 
cardiac abnormalities reported, and their prevalence is 
around 33%. Among the cardiac structural abnormali-
ties, the most common type was VSD, followed by ASD, 
PFO, and PDA. This highlights the variability and diver-
sity of cardiac abnormalities that can be associated with 
KLEFS1. Each patient may present with a unique combi-
nation of structural cardiac abnormalities, and the preva-
lence of specific abnormalities may vary among different 
cohorts of KLEFS1 patients.

The majority of KLEFS1 patients with structural car-
diac abnormalities have only one simple defect, but a 
significant number of reported cases have complex and 
severe structural heart disease, which tends to occur in 
neonates and infants. Neas KR et al. [23] reported three 
cases of KLEFS1 with complex and severe structural 
heart disease, all of which eventually died. Campbell 
CL et al. [29] reported a neonatal patient with KLEFS1 
who had severe hypoplastic left heart syndrome includ-
ing moderate valve hypoplasia, mild hypoplastic left ven-
tricle not reaching the apex, thickened dysplastic aortic 
valve with decreased excursion. There was also a large 
conoventricular septal defect, moderate dilatation of the 
main pulmonary artery, and dilatation of the coronary 
sinus. The child eventually died after palliative care due 
to severe cardiovascular disease that prevented surgery 
and dialysis. However, it is not always the case that com-
plex cardiovascular manifestations lead to death or a 
poorer prognosis. Kohli U et al. [27] reported a case of a 
neonatal patient with both KLEFS1 and Shone’s complex, 
who had a typical parachute-type mitral valve with mitral 
stenosis, dysplasia of the aortic arch combined with aor-
tic constriction, and a narrowing of the left ventricu-
lar outflow tract. The patient also had a moderate-sized 
ASD and VSD. The patient underwent arterial conduit 
stenting and bilateral pulmonary artery palliation on the 
12th day of life, after which he developed atrial arrhyth-
mias that were well controlled with digoxin therapy. An 
asymptomatic patient with complex CHD has also been 

Table 2 Proportion of heart defects in reported Kleefstra 
syndrome cases by different etiologies

Total cases Heart defects
All causes 180 67 (37.2%)
 9q34.3 deletion 128 51 (39.8%)
 EHMT1 mutation 51 15 (29.4%)
 Not described 1 1
CHD, congenital heart defects
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reported in the literature [26] as a 3-month-old infant 
with multiple coronary microfistulas, mild dilatation of 
the left coronary artery, multiple small VSD, as well as 
hemodynamically non-significant PDA and PFO. At the 
age of 20 months, it was observed that most coronary 
artery fistulas spontaneously regressed and there were 
still free of associated symptoms.

Grouping CHD by complexity, our study found that 
patients with 9q34.3 deletions larger than 1 Mb tend to 
exhibit more severe and complex congenital cardiac 
structural defects (Table 4). On the other hand, patients 
with smaller deletions (< 1  Mb) generally present with 
milder defects, or may even be asymptomatic or experi-
ence spontaneous healing. Notably, all classifiable CHD 

Table 3 Reported Kleefstra syndrome cases with specific cardiovascular manifestations
Cardiac manifestations N* References

Abnormal cardiac structure
(N = 83)
(68.0%)

VSD 22 [18–30]
ASD 15 [1, 18, 23–27, 31–36]
PFO 9 [18, 22, 25, 26, 34, 37–39]
PDA 8 [18, 22–24, 26, 27, 31, 40]
Coarctation of aorta 5 [12, 18]
Aortic arch hypoplasia 3 [23, 29]
TOF 2 [23, 25]
Double outlet right ventricle 2 [18, 22]
Pulmonary artery dilation 2 [19, 29]
Absent right superior vena cava 1 [41]
Endocardial cushion defect 1 [36]
Right ventricular hypertrophy 1 [19]
Conotruncal heart defects 1 [13]
Coronary sinus dilatation 1 [29]
Hypoplastic left heart syndrome 1 [29]
Shone’s complex 1 [27]
Not detailed 8 [9]

Arrhythmia
(N = 7)
(5.7%)

Perinatal arrhythmias 1 [32]
Atrial arrhythmias 3 [9, 27, 42]
Bradycardia 2 [4, 43]
Supraventricular tachycardia 1 [44]

Valve abnormalities
(N = 12)
(9.8%)

Pulmonary stenosis 4 [1, 23, 25, 37]
Mitral stenosis 2 [22, 27]
Tricuspid valve dysplasia 1 [22]
Bicuspid aortic valve 2 [23, 25]
Aortic stenosis 3 [12, 22]

Coronary artery abnormality
(N = 1)
(0.8%)

Coronary artery fistula and dilation 1 [26]

Cardiomyopathy
(N = 3)
(2.5%)

Dilated cardiomyopathy 1 [17]
Hypertrophic cardiomyopathy 1 [45]
Left ventricular muscle bundle abnormality 1 [9]

Cardiac dysfunction
(N = 16)
(13.1%)

Pulmonary hypertension 8 [18, 19, 21, 23]
Ventricular dysfunction 3 [17, 23, 27]
Heart failure 5 [17, 19, 23, 27, 41]

Undescribed cardiac defect 8  [3, 11]
*N: the count of occurrences of each specific cardiac defect among the included reported cases. Some of these reported cases involved multiple patients with 
various cardiac defects, whereas a patient might also have various cardiac defects. VSD, ventricular septal defect; ASD, atrial septal defect; PDA, patent ductus 
arteriosus; PFO, patent foramen ovale; TOF, tetralogy of Fallot

Table 4 Reported Kleefstra syndrome cases classified by 
congenital heart defects complexity

Simple CHD Complex CHD Unclassified*

9q34.3 deletion 19 20 12
 ≥ 1 Mb 3 12 3
 < 1 Mb 12 2 5
 Unknown 4 6 4
EHMT1 mutation 6 0 9
Not described 0 0 1
*Unclassified: reported cases that did not provide detailed information on 
cardiac defects or only had arrhythmias or cardiomyopathy, thus making it 
impossible to classify them based on the CHD complexity. CHD, congenital 
heart defects
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cases in EHMT1 mutation carriers demonstrated simple 
defects. This finding aligns with previous studies that 
have reported more severe clinical problems in indi-
viduals with larger 9q34.3 deletions (≥ 1 Mb) [9]. How-
ever, it is important to note that this does not imply that 
patients with smaller deletions or EHMT1 mutations are 
exempt from complex cardiac defects. For instance, the 
case reported by Vargiami E et al. [26] involved a patient 
with a deletion of just 0.55 Mb who experienced complex 
CHD including multiple coronary artery microfistulas, 
mild dilatation of the left coronary artery, VSD, ASD and 
PDA, despite not exhibiting any current cardiac-related 
symptoms. Another case reported by Kleefstra T et al. 
[25] also involved a patient with a sub-1  Mb deletion 
diagnosed with TOF, but no further details were pro-
vided. Furthermore, we also found that due to severe car-
diac problems, these patients with large 9q34.3 deletions 
(≥ 1 Mb) tend to be recognized in the neonatal or infan-
tile period and have a relatively poor prognosis. There-
fore, it cannot be determined whether EHMT1 is the 
sole or primary gene influencing the prevalence of heart 
defects in KLEFS1. EHMT1 mutation is the primary 
driver of KLEFS1, while potential modifiers may contrib-
ute to phenotypic variability. Further research is required 
to determine whether additional genes within the 9q34.3 
region contribute to the phenotypic severity, particularly 
in driving complex cardiac malformations. Figure 2 pres-
ents the EHMT1 gene and other nearby genes located in 
the chromosome 9q34.3 region. It is worth noting that 
genetic risk plays a significant role in CHD, with over 400 
genes estimated to contribute to its development [46]. As 
the definitive pathogenic gene responsible for KLEFS1, 
EHMT1 is strongly implicated in heart defect pathogene-
sis through its critical involvement in this phenotype [7]. 
However, there is currently no conclusive evidence iden-
tifying EHMT1 as a causative gene for CHD [46]. In addi-
tion, many previously reported cases did not specify the 
type of heart defect, which to some extent affected the 
exploration of the specific cardiac phenotype of KLEFS1 
related to 9q34.3 deletion and EHMT1 mutation. There-
fore, future research is necessary to delve deeper into this 
topic.

Arrhythmia
The occurrence of preexisting arrhythmias in KLEFS1 
patients is relatively rare, with only 7 reported cases so 
far, accounting for approximately 5% of the total cases. 
Among these cases, two were reported to have presented 
with arrhythmias during the neonatal period [32, 43], but 
specific details were not provided. The earliest reported 
case of a KLEFS1 patient with an arrhythmia was by 
Schimmenti LA et al. [44]. They described a 5-month-
old infant who presented with paroxysmal supraven-
tricular tachycardia. The cardiac ultrasound showed no 
abnormalities, and no delta waves were detected on the 
ECG. However, esophageal electrophysiology revealed 
the presence of an insidious accessory connection lead-
ing to a positively tuned reciprocating tachycardia. The 
report did not provide information regarding the treat-
ment of the supraventricular tachycardia, only mention-
ing that the patient was eventually discharged from the 
hospital. Another case reported by Rump A et al. [4] 
involved a 3-year-old KLEFS1 patient who exhibited bra-
dycardia. However, their echocardiography results were 
normal, indicating no structural abnormalities in the 
heart. Verhoeven WMA et al. [42] described a 59-year-
old KLEFS1 patient with paroxysmal AF who underwent 
pacemaker implantation. However, the report did not 
provide detailed information about the cardiac aspects 
of the patient, as their main focus was on the behavioral 
and neuropsychiatric characteristics of KLEFS1. Another 
report by Willemsen MH et al. [9] mentioned a 41-year-
old KLEFS1 patient with atrial flutter, but no specific 
details were provided. Regrettably, the aforementioned 
cases hardly mention family history related to arrhyth-
mias and other predisposing factors.

Recently, a sizable study by Vasireddi et al. [5] have 
probed the cardiovascular manifestations of KLEFS1 by 
examining patients from the two largest KLEFS1 reg-
istries. Notably, their findings revealed a substantial 
prevalence of cardiac arrhythmias, with 8% of patients 
affected, and atrial tachyarrhythmias specifically, occur-
ring in 6 out of 213 patients (3%), including atrial fibrilla-
tion (AF). Moreover, at least 4 cases of atrial fibrillation/
atrial tachycardia were found to occur in the absence of 

Fig. 2 The EHMT1 gene and its neighboring genes in the chromosome 9q34.3 region. Genes listed (e.g., CACNA1B, ZMYND19) are co-localized with 
EHMT1 in the chromosome 9q34.3 critical region (coordinates chr9:137,300,000-138,200,000, GRCh38/hg38)
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structural heart disease. Our own study, employing a 
systematic case review approach, yielded similar results, 
implicating supraventricular arrhythmias as a significant 
and hitherto underappreciated phenotype of KLEFS1.

However, arrhythmias may have various underlying 
causes, and thus currently it is still uncertain whether 
arrhythmias are part of the KLEFS1 phenotype or sec-
ondary to heart defects. While heart defects are a well-
known phenotype in KLEFS1 patients, the initial focus 
during evaluations often lies on neurologic and neuropsy-
chiatric issues, potentially leading to the underdiagnosis 
or oversight of cardiovascular problems such as arrhyth-
mias. It is crucial for clinicians to be more attentive to the 
cardiac rhythm problems of KLEFS1 patients in order 
to provide comprehensive care. This includes actively 
investigating whether the arrhythmia is due to secondary 
factors or if it is directly related to KLEFS1. This evalu-
ation should ideally be conducted by a cardiologist who 
can perform a thorough assessment, including electro-
cardiograms, echocardiograms, and other cardiac tests 
as needed. If necessary, specialized treatment options, 
such as medication, pacemaker implantation, or radiofre-
quency ablation, should be considered and implemented 
based on the individual patient’s needs. To improve our 
understanding of arrhythmias in KLEFS1 patients, it is 
important for more reports and studies to be conducted 
on this subject. This will help increase awareness among 
healthcare providers and contribute to the development 
of appropriate management strategies.

Valve abnormalities
There have been several case reports documenting the 
presence of congenital valve abnormalities in patients 
with KLEFS1, accounting for approximately 8% of total 
cases. These abnormalities encompass a range of valve 
malformations, including pulmonary stenosis, mitral ste-
nosis, tricuspid dysplasia, bilobed aortic valve, and aortic 
valve stenosis. In current reports, it has been observed 
that some KLEFS1 patients with valvular abnormalities 
exhibit only mild problems detected on imaging, without 
experiencing clinical symptoms including mild periph-
eral pulmonary artery stenosis [1, 37] and mild aortic 
valve stenosis [12, 22]. However, a subset of patients may 
require hospitalization due to severe cardiac problems, 
which are primarily attributed to concomitant combined 
structural abnormalities rather than valvular issues [22, 
23, 27].

Additionally, there have been cases of asymptomatic 
bicuspid aortic valve detected on imaging in KLEFS1 
patients [23, 25]. Bicuspid aortic valve is a complex and 
heterogeneous disorder with a prevalence ranging from 
approximately 0.5–1.4% [47]. Only two cases of KLEFS1 
patients with bicuspid aortic valve have been reported 
so far, and therefore, the evidence supporting bicuspid 

aortic valve as a phenotype of KLEFS1 is insufficient. 
Notably, bicuspid aortic valve is highly heritable, with 
up to 89% of cases having a genetic basis [48]. Mutations 
in genes such as NOTCH1, the GATA gene family, and 
GATA5 have been identified as possible causes of bicus-
pid aortic valve [49]. It is worth mentioning that the two 
reported cases of KLEFS1 patients with bicuspid aortic 
valve had 9q34.3 deletion rather than EHMT1 gene muta-
tion. This raises the question of whether other genes on 
9q34.3 may be associated with bicuspid aortic valve, and 
further investigation is needed to determine this. Simi-
larly, more studies, including animal models and clini-
cal research, are necessary to elucidate the relationship 
between the EHMT1 gene and other genes in the 9q34.3 
region, specifically regarding congenital valve abnormali-
ties and valve development. These efforts will contribute 
to a better understanding of congenital valve disease and 
the cardiovascular phenotype specific to KLEFS1.

Cardiomyopathy
Indeed, there have been several rare cases reported 
of myocardial abnormalities in patients with KLEFS1. 
Okayasu et al. [17] reported on an 18-year-old male 
patient with a 9q34.3 microdeletion who had dilated 
cardiomyopathy with ventricular systolic dysfunction, 
ultimately resulting in heart failure and death. Harada et 
al. [45] described a case of a patient with KLEFS1 who 
had hypertrophic obstructive cardiomyopathy, a condi-
tion characterized by abnormal thickening of the heart 
muscle. Willemsen et al. [9]reported on a patient with 
KLEFS1 who had left ventricular muscle bundle abnor-
malities, a common feature in hypertrophic cardiomy-
opathy and a risk factor for left ventricular outflow tract 
obstruction [50]. Although the types and severity of 
myocardial abnormalities in these cases vary, these find-
ings still highlight the importance of assessing myocar-
dial abnormalities in KLEFS1 patients. It is also worth 
noting that all these three cases were caused by 9q34.4 
deletion, not by EHMT1 mutation. This seems to sug-
gest that it is not the EHMT1 gene, but other genes in 
the 9q34.4 region that play an important role in cardio-
myopathy. However, due to the limited number of related 
cases, more cases and research are still needed to fur-
ther explore the relationship between the chromosomal 
9q34.3 region and myocardial diseases.

Coronary artery abnormalities
Only one case of coronary abnormalities has been 
reported so far, involving a 20-month-old female patient 
with KLEFS1 which was caused by a 9q34.3 microdele-
tion (0.55 Mb) [26]. The patient was found to have mul-
tiple coronary microfistulas and mild dilatation of the left 
coronary artery, along with ventricular and atrial septal 
defects, during a routine pediatric follow-up examination 
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at the age of 3 months. While it is not possible to defini-
tively establish coronary abnormalities as phenotypes 
of KLEFS1 based solely on this report, it does highlight 
the importance of conducting coronary-related investi-
gations in patients with KLEFS1. Ancillary assessments 
for coronary abnormalities may be included in the car-
diac evaluations of affected individuals. Further research 
is needed to better understand the relationship between 
the 9q34.3 chromosomal region and coronary artery 
development.

Cardiac dysfunction
Any of the aforementioned structural cardiac abnor-
malities or arrhythmias can lead to abnormal cardiac 
function. Previously reported cases of KLEFS1 have 
documented cardiac functional abnormalities, including 
pulmonary hypertension (PH), ventricular dysfunction, 
and heart failure [17–19, 23, 27, 41]. Okur et al. identi-
fied three KLEFS1 patients with PH and systematically 
reviewed previously reported PH cases in this popula-
tion [18]. All cases were caused by 9q34.3 deletions and 
exhibited CHD, irrespective of its structural complexity. 
No new PH patients have been identified in subsequently 
reported cases. Further research is still needed to clarify 
whether the 9q34.3 deletion or EHMT1 mutation affects 
pulmonary vascular development and leads to congenital 
PH, or whether PH arises secondary to CHD. Heart fail-
ure, a complex clinical syndrome that commonly occurs 
in various heart diseases, arises from structural or func-
tional impairments in ventricular filling or blood ejection 
[51]. There have been some reports of KLEFS1 patients 
with heart failure, which often occurs in patients with 
complex CHD or cardiomyopathy [17, 19, 23, 27, 41]. 
Consequently, assessing cardiac function in individuals 
with KLEFS1 is crucial. It is noteworthy that a significant 
number of patients have been reported without any men-
tion of their cardiac function, highlighting the impor-
tance of addressing this aspect in future studies.

EHMT1 gene expression and its role in the circulatory 
system
EHMT1 is located within the chromosomal region 9q34.3 
and encodes a histone methyltransferase that specifi-
cally adds methyl groups to the lysine-9 position of his-
tone H3 (H3K9me1 and H3K9me2) in hyperchromatin, 
leading to transcriptional repression of MYC- and E2F-
responsive genes involved in the G0/G1 transition of the 
cell cycle [52]. Additionally, EHMT1 is a key component 
of the PRDM16 transcriptional complex, which stabilizes 
PRDM16 proteins and regulates the thermogenesis pro-
gram in brown adipocytes [53].

EHMT1+/- mouse models that have been discovered 
so far recapitulate the developmental characteristics of 
core KLEFS1 phenotypes [54]. However, there is limited 

research on the role of EHMT1 in the cardiovascular 
system. Some studies have suggested that Ehmt1/2 may 
protect cardiomyocytes and prevent pathological cardiac 
hypertrophy. Chatzieleftheriadis K et al. [55] conducted 
in vitro and in vivo experiments on rats found that inhib-
iting Ehmt1/2 promoted proliferation of neonatal rat 
cardiomyocytes, while also resulting in a decrease of 
the repressive histone mark H3K9me2. Thienpont B et 
al. [56] conducted in vitro and in vivo experiments on 
mice found that the downregulation of miR-217 leading 
to the suppression of Ehmt1/2 has been implicated in 
pathological cardiac hypertrophy, with similar findings 
observed in humans. In another mouse study, Prdm16 
and Ehmt1/2 were found to interact and inhibit the func-
tion of the pro-hypertrophic transcription factor Myc, 
thereby reducing the expression of reactivated fetal genes 
in hypertrophic hearts [57]. A study on genetic analysis 
of CHD found that EHMT1 mutations may be related 
to the pathogenesis of atrioventricular septal defect, but 
the underlying pathophysiological mechanisms remain 
unclear [58]. A recent cohort study provided a compre-
hensive clinical and molecular spectrum of KLEFS1 dis-
ease, finding that the SET domain of the EHMT1 gene 
may play a key role in cardiac development [7]. Mutations 
in this domain are associated with a significant preva-
lence of congenital heart defects, even in the absence of 
the typical KLEFS1 phenotype. Further experiments are 
needed to investigate the specific associations between 
the SET domain of EHMT1 and the different cardiac 
defects observed in KLEFS1, as well as their underlying 
mechanisms.

Currently, research on the association of EHMT1 with 
congenital cardiac structural abnormalities and cardiac 
electrophysiology is still limited, and there have yet to 
be experimental animal models specifically targeting the 
cardiovascular manifestations of KLEFS1. While there is 
growing recognition of the cardiovascular phenotypes in 
KLEFS1 patients, the role of EHMT1 in the cardiovascu-
lar system has not been adequately explored.

Conclusion
Cardiovascular abnormalities are a significant pheno-
type in individuals with KLEFS1, especially congenital 
structural heart defects. Earlier case reports primarily 
focused on the neurological system, but it is encouraging 
that defects in the cardiovascular system are now gradu-
ally receiving more attention. Therefore, we recommend 
that all KLEFS1 patients undergoing genetic testing for 
diagnosis, regardless of their predominant clinical fea-
tures, undergo routine cardiovascular screening, includ-
ing electrocardiography and echocardiography. Further 
evaluation, such as cardiac magnetic resonance imaging, 
may be warranted to assess any potential cardiac issues. 
Understanding the spectrum of cardiac abnormalities in 
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KLEFS1 is crucial for appropriate management and treat-
ment. This will help ensure timely detection and man-
agement of any cardiac abnormalities, which can have 
significant implications for the patient’s overall health 
and well-being. Similarly, for individuals with either 
common or rare cardiac phenotypes with extracardiac 
anomalies suggesting a genomic disorder, genetic test-
ing should be conducted to exclude KLEFS1. Moreover, 
future studies should encompass additional animal and 
clinical trials to elucidate the role of the EHMT1 gene 
and the 9q34.3 region in the occurrence and progression 
of cardiovascular diseases. These endeavors will contrib-
ute to a better understanding of the relationship between 
cardiovascular abnormalities and genomic disorders, 
particularly KLEFS1.

Abbreviations
AF  Atrial fibrillation
ASD  Atrial septal defect
CHD  Congenital heart defects
CNVs  Copy number variations
EHMT1  Euchromatin histone methyltransferase 1
KLEFS1  Kleefstra syndrome
PDA  Patent ductus arteriosus
PH  Pulmonary hypertension
PFO  Patent foramen ovale
TOF  Tetralogy of fallot
VSD  Ventricular septal defect
9qSTDS  9q subtelomeric deletion syndrome
9q34.3  Subtelomeric region 34.3 of the long arm of chromosome 9

Acknowledgements
We thank a patient with Kleefstra syndrome who was hospitalized in the 
Department of Cardiology at Peking University First Hospital, as his case has 
drawn our attention to the cardiovascular manifestations of this rare disease.

Author contributions
The conceptualization of the study was led by H.X and L.Q. The investigation 
was carried out by H.X., and resources were provided by W.M. Data curation 
was handled by H.X. The original draft preparation was undertaken by H.X., 
and the writing—review and editing was completed by L.Q. Visualization 
efforts were led by P.K and Q.S. Supervision of the project was conducted by 
Y.G, Y.Z and L.Q, while project administration was managed by L.Q.

Funding
no funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 12 December 2024 / Accepted: 26 February 2025

References
1. Kleefstra T, Brunner HG, Amiel J, Oudakker AR, Nillesen WM, Magee A, 

Geneviève D, Cormier-Daire V, van Esch H, Fryns JP, et al. Loss-of-function 
mutations in euchromatin histone Methyl transferase 1 (EHMT1) cause the 
9q34 subtelomeric deletion syndrome. Am J Hum Genet. 2006;79(2):370–7.

2. Yatsenko SA, Brundage EK, Roney EK, Cheung SW, Chinault AC, Lupski JR. 
Molecular mechanisms for subtelomeric rearrangements associated with the 
9q34.3 microdeletion syndrome. Hum Mol Genet. 2009;18(11):1924–36.

3. Huang Q, Xiong H, Tao Z, Yue F, Xiao N. Clinical phenotypes and molecular 
findings in ten Chinese patients with Kleefstra syndrome type 1 due to 
EHMT1 defects. Eur J Med Genet. 2021;64(9):104289.

4. Rump A, Hildebrand L, Tzschach A, Ullmann R, Schrock E, Mitter D. A mosaic 
maternal splice donor mutation in the EHMT1 gene leads to aberrant 
transcripts and to Kleefstra syndrome in the offspring. Eur J Hum Genet. 
2013;21(8):887–90.

5. Vasireddi SK, Draksler TZ, Bouman A, Kummeling J, Wheeler M, Reuter C, 
Srivastava S, Harris J, Fisher PG, Narayan SM et al. Arrhythmias including atrial 
fibrillation and congenital heart disease in Kleefstra syndrome: a possible 
epigenetic link. Europace 2023;26(1).

6. Zdolšek Draksler T, Bouman A, Guček A, Novak E, Burger P, Colin F, Kleef-
stra T. Exploring Kleefstra syndrome cohort phenotype characteristics: 
prevalence insights from caregiver-reported outcomes. Eur J Med Genet. 
2024;72:104974.

7. Rots D, Bouman A, Yamada A, Levy M, Dingemans AJM, de Vries BBA, 
Ruiterkamp-Versteeg M, de Leeuw N, Ockeloen CW, Pfundt R, et al. Compre-
hensive EHMT1 variants analysis broadens genotype-phenotype associa-
tions and molecular mechanisms in Kleefstra syndrome. Am J Hum Genet. 
2024;111(8):1605–25.

8. Kleefstra T, de Leeuw N. Kleefstra Syndrome. In: GeneReviews(®). edn. Edited by 
Adam MP, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, Gripp KW, Amemiya 
A. Seattle (WA): University of Washington, Seattle Copyright © 1993–2023, 
University of Washington, Seattle. GeneReviews is a registered trademark of 
the University of Washington, Seattle. All rights reserved. 1993.

9. Willemsen MH, Vulto-van Silfhout AT, Nillesen WM, Wissink-Lindhout WM, 
van Bokhoven H, Philip N, Berry-Kravis EM, Kini U, van Ravenswaaij-Arts 
CM, Delle Chiaie B, et al. Update on Kleefstra syndrome. Mol Syndromol. 
2012;2(3–5):202–12.

10. Yatsenko SA, Hixson P, Roney EK, Scott DA, Schaaf CP, Ng YT, Palmer R, Fisher 
RB, Patel A, Cheung SW, et al. Human subtelomeric copy number gains sug-
gest a DNA replication mechanism for formation: beyond breakage-fusion-
bridge for telomere stabilization. Hum Genet. 2012;131(12):1895–910.

11. Schmidt S, Nag HE, Hunn BS, Houge G, Hoxmark LB. A structured assessment 
of motor function and behavior in patients with Kleefstra syndrome. Eur J 
Med Genet. 2016;59(4):240–8.

12. Hadzsiev K, Komlosi K, Czako M, Duga B, Szalai R, Szabo A, Postyeni E, Szabo T, 
Kosztolanyi G, Melegh B. Kleefstra syndrome in Hungarian patients: additional 
symptoms besides the classic phenotype. Mol Cytogenet. 2016;9:22.

13. Noruzinia M, Ahmadvand M, Bashti O, Salehi Chaleshtori AR. Kleefstra syn-
drome: the first case report from Iran. Acta Med Iran. 2017;55(10):650–4.

14. Bonati MT, Castronovo C, Sironi A, Zimbalatti D, Bestetti I, Crippa M, Novelli 
A, Loddo S, Dentici ML, Taylor J, et al. 9q34.3 microduplications lead to neu-
rodevelopmental disorders through EHMT1 overexpression. Neurogenetics. 
2019;20(3):145–54.

15. de Boer A, Vermeulen K, Egger JIM, Janzing JGE, de Leeuw N, Veenstra-Knol 
HE, den Hollander NS, van Bokhoven H, Staal W, Kleefstra T. EHMT1 mosaicism 
in apparently unaffected parents is associated with autism spectrum disorder 
and neurocognitive dysfunction. Mol Autism. 2018;9:5.

16. Colijn MA, Lakusta CM, Marcadier JL. Psychosis and autism without func-
tional regression in a patient with Kleefstra syndrome. Psychiatr Genet. 
2023;33(1):34–6.

17. Okayasu T, Quesnel AM, Reinshagen KL, Nadol JB Jr. Otopathology in Kleefstra 
syndrome: A case report. Laryngoscope. 2020;130(8):2028–33.

18. Okur V, Nees S, Chung WK, Krishnan U. Pulmonary hypertension in patients 
with 9q34.3 microdeletion-associated Kleefstra syndrome. Am J Med Genet 
A. 2018;176(8):1773–7.

19. Ayyash H, Mueller R, Maltby E, Horsfield P, Telford N, Tyler R. A report of a 
child with a deletion (9)(q34.3): a recognisable phenotype? J Med Genet. 
1997;34(7):610–2.

20. Dawson AJ, Putnam S, Schultz J, Riordan D, Prasad C, Greenberg CR, 
Chodirker BN, Mhanni AA, Chudley AE. Cryptic chromosome rearrangements 
detected by subtelomere assay in patients with mental retardation and 
dysmorphic features. Clin Genet. 2002;62(6):488–94.



Page 9 of 9Xie et al. BMC Cardiovascular Disorders          (2025) 25:175 

21. Iwakoshi M, Okamoto N, Harada N, Nakamura T, Yamamori S, Fujita H, Niikawa 
N, Matsumoto N. 9q34.3 deletion syndrome in three unrelated children. Am J 
Med Genet A. 2004;126a(3):278–83.

22. Stewart DR, Huang A, Faravelli F, Anderlid BM, Medne L, Ciprero K, Kaur 
M, Rossi E, Tenconi R, Nordenskjöld M, et al. Subtelomeric deletions of 
chromosome 9q: a novel microdeletion syndrome. Am J Med Genet A. 
2004;128a(4):340–51.

23. Neas KR, Smith JM, Chia N, Huseyin S, St Heaps L, Peters G, Sholler G, 
Tzioumi D, Sillence DO, Mowat D. Three patients with terminal deletions 
within the subtelomeric region of chromosome 9q. Am J Med Genet A. 
2005;132a(4):425–30.

24. Yatsenko SA, Cheung SW, Scott DA, Nowaczyk MJ, Tarnopolsky M, Naidu 
S, Bibat G, Patel A, Leroy JG, Scaglia F, et al. Deletion 9q34.3 syndrome: 
genotype-phenotype correlations and an extended deletion in a patient 
with features of Opitz C Trigonocephaly. J Med Genet. 2005;42(4):328–35.

25. Kleefstra T, van Zelst-Stams WA, Nillesen WM, Cormier-Daire V, Houge G, 
Foulds N, van Dooren M, Willemsen MH, Pfundt R, Turner A, et al. Further 
clinical and molecular delineation of the 9q subtelomeric deletion syndrome 
supports a major contribution of EHMT1 haploinsufficiency to the core 
phenotype. J Med Genet. 2009;46(9):598–606.

26. Vargiami E, Ververi A, Al-Mutawa H, Gioula G, Gerou S, Rouvalis F, Kambouris 
M, Zafeiriou DI. Multiple Coronary Artery Microfistulas in a Girl with Kleefstra 
Syndrome. Case Rep Genet 2016;2016:3056053.

27. Kohli U. Shone’s complex in a patient with chromosome 9q34.3 deletion 
(Kleefstra syndrome). Cardiol Young. 2019;29(2):249–51.

28. Li Y, Li X, Wang K, Ho M. [Kleefstra syndrome: one case report]. Zhonghua Er 
Ke Za Zhi. 2014;52(9):710–1.

29. Campbell CL, Collins RT 2nd, Zarate YA. Severe neonatal presentation of 
Kleefstra syndrome in a patient with hypoplastic left heart syndrome and 
9q34.3 microdeletion. Birth Defects Res Clin Mol Teratol. 2014;100(12):985–90.

30. Marchese G, Rizzo F, Guacci A, Weisz A, Coppola G. Kleefstra-variant syndrome 
with heterozygous mutations in EHMT1 and KCNQ2 genes: a case report. 
Neurol Sci. 2016;37(5):829–31.

31. Cormier-Daire V, Molinari F, Rio M, Raoul O, de Blois MC, Romana S, Veke-
mans M, Munnich A, Colleaux L. Cryptic terminal deletion of chromosome 
9q34: a novel cause of syndromic obesity in childhood? J Med Genet. 
2003;40(4):300–3.

32. Font-Montgomery E, Weaver DD, Walsh L, Christensen C, Thurston VC. Clinical 
and cytogenetic manifestations of subtelomeric aberrations: report of six 
cases. Birth Defects Res Clin Mol Teratol. 2004;70(6):408–15.

33. Hervé B, Roume J, Cognard S, Fauvert D, Molina-Gomes D, Vialard F. Low-level 
mosaicism of a de Novo derivative chromosome 9 from a t(5;9)(q35.1;q34.3) 
has a major phenotypic impact. Eur J Med Genet. 2015;58(6–7):346–50.

34. Zhou T, Tong G, Zhu L, Li S, Li H, Dong W. [Clinical and genetic analysis of 
three children patients with Kleefstra syndrome]. Zhonghua Yi Xue Yi Chuan 
Xue Za Zhi. 2022;39(2):148–51.

35. Blackburn PR, Tischer A, Zimmermann MT, Kemppainen JL, Sastry S, Knight 
Johnson AE, Cousin MA, Boczek NJ, Oliver G, Misra VK, et al. A novel Kleefstra 
Syndrome-associated variant that affects the conserved TPLX motif within 
the Ankyrin repeat of EHMT1 leads to abnormal protein folding. J Biol Chem. 
2017;292(9):3866–76.

36. Atik T, Karaca E, Ozkinay E, Cogulu O. TWINS WITH KLEEFSTRA SYN-
DROME DUE TO CHROMOSOME 9q34.3 MICRODELETION. Genet Couns. 
2015;26(4):431–5.

37. Schwaibold EM, Smogavec M, Hobbiebrunken E, Winter L, Zoll B, Burfeind 
P, Brockmann K, Pauli S. Intragenic duplication of EHMT1 gene results in Kleef-
stra syndrome. Mol Cytogenet. 2014;7(1):74.

38. Lyu N, Li D, Li J, Shang Q, Ma C. [Kleefstra syndrome 1 and ring chromosome 
9 in a case]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 2019;36(8):837–40.

39. Perna A, Bocchi MB, Proietti L. Posterior thoracolumbar fusion in a patient 
with Kleefstra syndrome related scoliosis: the first case reported. J Clin 
Orthop Trauma. 2020;11(5):956–60.

40. Ciaccio C, Scuvera G, Tucci A, Gentilin B, Baccarin M, Marchisio P, Avignone 
S, Milani D. New insights into Kleefstra syndrome: report of two novel 
cases with previously unreported features and literature review. Cytogenet 
Genome Res. 2018;156(3):127–33.

41. Martín-De Saro MD, Valdés-Miranda JM, Plaza-Benhumea L, Pérez-Cabrera 
A, Gonzalez-Huerta LM, Guevara-Yañez R, Cuevas-Covarrubias SA. 

Characterization of a complex chromosomal rearrangement involving a de 
Novo duplication of 9p and 9q and a deletion of 9q. Cytogenet Genome Res. 
2015;147(2–3):124–9.

42. Verhoeven WMA, Kleefstra T, Egger JIM. Behavioral phenotype in the 9q 
subtelomeric deletion syndrome: a report about two adult patients. Am J 
Med Genet B Neuropsychiatr Genet. 2010;153b(2):536–41.

43. Yamaguchi Y, D’Mello A, Willer BL, Argote-Romero G, Tobias JD. Anesthetic 
management of an infant with Kleefstra syndrome during direct laryngos-
copy and rigid bronchoscopy: A case report. Pract. 2020;14(7):e01222.

44. Schimmenti LA, Berry SA, Tuchman M, Hirsch B. Infant with multiple congeni-
tal anomalies and deletion (9)(q34.3). Am J Med Genet. 1994;51(2):140–2.

45. Harada N, Visser R, Dawson A, Fukamachi M, Iwakoshi M, Okamoto N, Kishino 
T, Niikawa N, Matsumoto N. A 1-Mb critical region in six patients with 9q34.3 
terminal deletion syndrome. J Hum Genet. 2004;49(8):440–4.

46. Morton SU, Quiat D, Seidman JG, Seidman CE. Genomic frontiers in congeni-
tal heart disease. Nat Rev Cardiol. 2022;19(1):26–42.

47. Masri A, Svensson LG, Griffin BP, Desai MY. Contemporary natural his-
tory of bicuspid aortic valve disease: a systematic review. Heart. 
2017;103(17):1323–30.

48. Cripe L, Andelfinger G, Martin LJ, Shooner K, Benson DW. Bicuspid aortic 
valve is heritable. J Am Coll Cardiol. 2004;44(1):138–43.

49. Dutta P, James JF, Kazik H, Lincoln J. Genetic and developmental contributors 
to aortic stenosis. Circ Res. 2021;128(9):1330–43.

50. Xiao M, Nie C, Wang J, Zhu C, Sun X, Zhu Z, Wang H, Wang S. Left ventricular 
basal muscle bundle in hypertrophic cardiomyopathy: insights into the 
mechanism of left ventricular outflow tract obstruction. Eur Heart J Cardio-
vasc Imaging. 2022;23(8):1018–26.

51. Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Colvin MM, Deswal 
A, Drazner MH, Dunlay SM, Evers LR, et al. 2022 AHA/ACC/HFSA guideline 
for the management of heart failure: A report of the American college of 
cardiology/american heart association joint committee on clinical practice 
guidelines. Circulation. 2022;145(18):e895–1032.

52. Ogawa H, Ishiguro K, Gaubatz S, Livingston DM, Nakatani Y. A complex with 
chromatin modifiers that occupies E2F- and Myc-responsive genes in G0 
cells. Science. 2002;296(5570):1132–6.

53. Ohno H, Shinoda K, Ohyama K, Sharp LZ, Kajimura S. EHMT1 controls brown 
adipose cell fate and thermogenesis through the PRDM16 complex. Nature. 
2013;504(7478):163–7.

54. Balemans MC, Ansar M, Oudakker AR, van Caam AP, Bakker B, Vitters EL, van 
der Kraan PM, de Bruijn DR, Janssen SM, Kuipers AJ, et al. Reduced euchro-
matin histone methyltransferase 1 causes developmental delay, hypotonia, 
and cranial abnormalities associated with increased bone gene expression in 
Kleefstra syndrome mice. Dev Biol. 2014;386(2):395–407.

55. Chatzieleftheriadis K, Sadredini M, Donate Puertas R, Sjaastad I, Roderick L. 
The euchromatic histone-lysine N-methyltransferases EHMT1/2 suppress 
post-natal cardiomyocyte proliferation via histone 3 lysine 9 (H3K9) dimethyl-
ation. Cardiovascular Res 2022;118(Supplement_1).

56. Thienpont B, Aronsen JM, Robinson EL, Okkenhaug H, Loche E, Ferrini A, 
Brien P, Alkass K, Tomasso A, Agrawal A, et al. The H3K9 dimethyltransferases 
EHMT1/2 protect against pathological cardiac hypertrophy. J Clin Invest. 
2017;127(1):335–48.

57. Cibi DM, Bi-Lin KW, Shekeran SG, Sandireddy R, Tee N, Singh A, Wu Y, Sriniva-
san DK, Kovalik JP, Ghosh S, et al. Prdm16 deficiency leads to Age-Dependent 
cardiac hypertrophy, adverse remodeling, mitochondrial dysfunction, and 
heart failure. Cell Rep. 2020;33(3):108288.

58. Priest JR, Osoegawa K, Mohammed N, Nanda V, Kundu R, Schultz K, Lammer 
EJ, Girirajan S, Scheetz T, Waggott D, et al. De Novo and rare variants at 
multiple loci support the oligogenic origins of atrioventricular septal heart 
defects. PLoS Genet. 2016;12(4):e1005963.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Highlighting cardiovascular manifestations of kleefstra syndrome: literature review and clinical insights
	Abstract
	Introduction
	Methods
	Literature review
	Overview of clinical findings and mutations of KLEFS1
	Cardiovascular manifestations of KLEFS1
	Abnormal cardiac structure
	Arrhythmia
	Valve abnormalities
	Cardiomyopathy
	Coronary artery abnormalities
	Cardiac dysfunction


	EHMT1 gene expression and its role in the circulatory system
	Conclusion
	References


