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Mendelian neurodevelopmental disorders caused by variants in genes encoding chro-
matin modification can be categorized as Mendelian disorders of the epigenetic
machinery (MDEMs). These disorders have significant overlap in molecular pathways
and phenotypes including intellectual disability, short stature, and obesity. Among
the MDEMs is Kleefstra syndrome (KLFS), which is caused by haploinsufficiency of
EHMT1. Preclinical studies have identified metabolic dysregulation and obesity in
KLFS models, but proper clinical translation lacks. In this study, we aim to delineate
growth, body composition, and endocrine-metabolic characteristics in a total of
62 individuals with KLFS. Our results revealed a high prevalence of childhood-onset
overweight/obesity (60%; 28/47) with disproportionately high body fat percentage,
which aligns perfectly with previous preclinical studies. Short stature was common
(33%), likely due to advanced skeletal maturation. Endocrine-metabolic investigations
showed thyroid dysregulation (22%; 9/41), elevated triglycerides, and decreased
blood ammonia levels. Moreover, hand radiographs identified decreased bone miner-
alization (57%; 8/14) and negative ulnar variance (71%; 10/14). Our findings indicate
a high (cardio)metabolic risk in KLFS. Therefore, we recommend monitoring of weight
and endocrine-metabolic profile. Supporting a healthy lifestyle and screening of bone
mineralization is advised. Our comprehensive results support translational research

and contribute to a better understanding of MDEM-associated phenotypes.
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1 | INTRODUCTION

The understanding of genetic variants underlying neurodevelopmental
disorders (NDDs) has improved tremendously over the past decade
and the number of diagnosed patients still increases. Over 1500 genes
have been identified as related to Mendelian NDDs (Kochinke
et al, 2016; Maia et al, 2021). Among these are two prominent
groups based on pathophysiology: those involved in gene expression
regulation (such as chromatin remodelers and transcription factors)
and those involved in neuronal communication (Satterstrom
et al., 2020). To the first class belong the Mendelian disorders of the
epigenetic machinery (MDEMSs), caused by gene variants that affect
chromatin modification. These disorders share phenotypic characteris-
tics with each other and with some of the classical imprinting disor-
ders, including intellectual disability, developmental delay, autism
spectrum disorder, short stature, and obesity (Fahrner &
Bjornsson, 2014; Kochinke et al., 2016).

Clinical data collection in MDEMs so far has been primarily
focused on neurodevelopmental features and somatic malformations.
However, features that are less clinically evident and require dedi-
cated and specialized measurements (e.g., biochemical assays to diag-
nose insulin resistance) are still largely uncharacterized.
Comprehensive and longitudinal examinations are rarely done due to
the fragmented follow up of individuals with such rare disorders,
resulting in limited systematic longitudinal data.

Kleefstra syndrome (KLFS; OMIM #610253) is among the
MDEMs (Fahrner & Bjornsson, 2014) and is caused by haploinsuffi-
ciency of the gene euchromatin histone methyltransferase 1 (EHMT1),
resulting from either 9934.3 microdeletions or intragenic variants
(Kleefstra et al., 2006). Key characteristics of KLFS include intellectual
disability, developmental delay, and autism spectrum disorder. Short
stature and obesity are commonly observed in KLFS (Kleefstra & de
Leeuw, 2010; Willemsen et al., 2012) as well as in other MDEMs, such
as Kabuki syndrome and Wiedemann-Steiner syndrome (Fahrner &
Bjornsson, 2014). However, the exact prevalence of these features in
KLFS and how they progress over time remain uncertain, as no signifi-
cantly representative cohort has been studied.

In preclinical models of KLFS including mouse and Drosophila,
both the EHMT1 ortholog termed G9a-like protein (GLP) and the
EHMT2 ortholog G9a, play a crucial role in fat homeostasis
(Kramer, 2016; Ohno et al., 2013). Studies in mouse have shown that
targeted knockout of GLP in differentiating brown adipocytes impairs
brown fat differentiation and leads to obesity and insulin resistance
(Ohno et al., 2013). Drosophila G9a mutants also have increased fat
tissue and triglyceride levels, illustrating that metabolic regulation by
the evolutionary conserved EHMT1/GLP/G9a protein family is not
limited to brown fat (Riahi et al., 2019). G9a mutants also have
increased glycogen stores, however, upon stress such as oxidative
stress of infection, the Kleefstra fly model experiences an exaggerated
metabolic shift that quickly exhausts sugar stores while fat stores can-
not be assessed efficiently, causing reduced stress tolerance (Riahi
et al, 2019). Whereas the metabolic dysregulation in response to

stressors appears to be conserved in mammalian systems (Riahi

et al., 2021), the clinical relevance of these findings remains unclear
since no corresponding studies in a representative patient cohort have
been performed to date.

Our aim therefore was to provide comprehensive insights into
growth, body composition, and endocrine-metabolic profiles in KLFS.
This systematic data collection is crucial for guiding patient manage-
ment and studying potential clinical biomarkers. These biomarkers can
also serve as outcome measures contributing to better diagnoses and
as readouts for clinical trials. Ultimately, our study could guide both
preclinical and clinical work into other MDEMs and contributes to the
understanding of common phenotypes and underlying pathophysio-
logical mechanisms in other MDEMs.

2 | METHODS

Prospective and retrospective data on growth, body composition, and
biochemical investigations were collected from individuals with a
molecular confirmed diagnosis of KLFS, known in the Radboud Uni-
versity Medical Center (Radboudumc) expert center for rare genetic
NDDs. Individuals born before 32 weeks of gestational age were
excluded. The project was approved by the Medical Ethics Committee
of the Radboudumc, Nijmegen, The Netherlands (#2021-13018;
#2021-13114; #2023-16406). Retrospective data were extracted
from the Radboudumc biobank Genetics and Rare disease
(#2018-4985).

21 | Growth parameters

Growth parameters were measured during individuals' Radboudumc
outpatient clinic visit and were retrospectively assessed by review of
medical records and growth booklets of the Dutch municipal health
service, known as GGD. Included parameters were height, weight,
head circumference (HC), mid-upper arm circumference (MUAC),
waist circumference (WC), and hip circumference (HipC). During par-
ticipants' outpatient visit, a comprehensive medical history and physi-
cal examination was conducted.

Only individuals of Dutch, Moroccan, Turkish, and Hindustani
descent were included in the analyses to allow for comparison with
sex-, age-, and ethnicity-matched references. The references include
the outcomes from the latest Fifth Dutch Growth study: height for
Dutch descent (Schonbeck et al., 2013), height for Moroccan and
Turkish descent (Schonbeck et al, 2015), height for Hindustani
descent (de Wilde et al., 2015), weight and body mass index (BMlI,
kg/m?) (Schonbeck et al., 2011), HC (Fredriks et al., 2000), MUAC,
WC, and HipC (Gerver & Bruin, 2001). Z-scores of measurements
taken before 24 months of age were corrected for gestational age if
born before 37 weeks (Bocca-Tjeertes et al., 2012). We collected
parental height information anamnestically through our survey (Sup-
plementary File 1). Target height was calculated, accounting for sex
and ethnicity, when the height of both parents was known (van
Zoonen, 2019).
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Data on clinical conditions that can affect growth, such as prena-
tal stressors, congenital disorders, food-related behavior, sports, and
familial factors, were collected through a parent survey. This survey
also included the request and explanation for performing body cir-
cumference measurements (HC, MUAC, WC, and HipC) (Supplemen-
tary File 1). HC was measured at the broadest point of the head, just
above the eyebrows and ears. MUAC was measured with the arm in
relaxed state, at the midpoint between the shoulder and elbow. WC
was measured in an upright standing position, taken between the
lower rib and the top of the iliac crest following a normal exhalation.
HipC was determined as the widest circumference at the hip level.
Body circumference measurements provided by parents were
included only when measurements performed by medical profes-
sionals were not available. Overall, growth measurements were con-
ducted by medical professionals at 89% (448/503) of the time points.

Up to one growth measure per month was included from birth
until the age of 1 year. From age 1 until 21 years, a maximum of one
measure per 6 months was included. If multiple measurements were
available per defined period, the first one was included. For individuals
above 21 years of age, only the most recent measurement was
included. Measurements taken while using antipsychotic drugs were
excluded for weight and BMI calculations. The following definitions
were used: short stature = height Z < —2, microcephaly = HC Z < -2,
overweight = BMI Z 2 1, obesity = BMI Z > 2.

2.2 | Body composition

Body composition was evaluated using bioelectrical impedance analysis
(BIA; InBody 770 Body Composition Analyzer). BIA measurement was
performed while lightly dressed, after at least 3 h of fasting, and after
toileting. BIA measurement and/or dual-energy X-ray absorptiometry
scan results from routine clinical care (DEXA; Hologic Discovery A, soft-
ware Horizon A 13.6.1.2) were used to evaluate body fat percentage
(BF%), skeletal muscle mass (SMM), bone mineral density, and basal
metabolic rate. BF% was considered to be in the normal range when
body fat (kg) was above the 15%-23% of body weight (kg) (-
Malina, 1988; Tahara et al., 2002; Wohlfahrt-Veje et al., 2014). Appen-
dicular SMM of our individuals were compared to sex- and age-
matched controls (McCarthy et al., 2014). Basal metabolic rate was esti-
mated by use of the Schofield equation (Schofield, 1985).

2.3 | Radiological characteristics

As our findings showed striking trends in growth and body composi-
tion, we decided to conduct additional posteroanterior hand radio-
graphs. This was done to enhance the interpretation and
understanding of growth patterns and bone metabolism. Hand radio-
graphs were made during patients' regular outpatient visit and retro-
spectively collected from medical records. Skeletal age and bone
health index (BHI) were evaluated using the software BoneXpert 3.2.2
which includes sex- and age-matched reference data (BoneXpert, n.d.;

medical genetics B-WILEY-L_2

Thodberg et al., 2016). Radiologist WK measured ulnar variance using
the Hafner DIDI method below age 14 years and the adapted perpen-
dicular method above age 14 years (Kox et al., 2020) and evaluated if

any further ossal abnormalities were present.

24 | Endocrine-metabolic investigations
Biochemical investigations were performed during routine clinical
care, or retrospective data were collected from medical records if
blood sampling was not done at the Radboudumc in years
2021/2022. Only individuals' most recent measure was included,
excluding measurements taken while using vitamin D, B12, or folic
acid supplementation. All measurements were compared to sex- and
age-matched controls (Supplementary File 2) (de Vries, 2015).

The analyzed biochemical markers were selected for their associ-
ation with endocrine-metabolic dysregulation or their potential to
affect endocrine-metabolic function. Sampling was performed through
venipuncture. Investigations included hemoglobin (mmol/L), ALAT
(U/L), thyroid function (free thyroxine 4 [fT4] pmol/L, thyroid-
stimulating hormone [TSH] mlIU/L), lipid profile (triglycerides mmol/L,
cholesterol mmol/L, high-density lipoprotein cholesterol [HDL] mmol/
L, low-density lipoprotein cholesterol [LDL] mmol/L), glucose (mmol/
L), HbAlc (mmol/mol), lactate (mmol/L), pyruvate (umol/L), LDH
(U/L), 25-hydroxy vitamin D (25(OH)D, nmol/L), vitamin B12 (pmol/L),
folic acid (nmol/L), ammonia (umol/L), and creatinine (umol/L). Sam-
ples of lactate, pyruvate, and ammonia were stored on ice until pro-
cessing. Supplementary File 2 shows the used biochemical equipment.

Biochemical results of individuals with KLFS were compared to
sex- and age-matched healthy controls who received a blood sampling
in the Radboudumc in the past. The controls were anonymously iden-
tified and their biochemical results were collected using the software
CTcue and Cliniquest.

Statistical analyses were performed using SPSS version 25 and
GraphPad Prism 9, including unpaired T-tests, one-way ANOVA, and
regression analyses. A p-value <0.05 was considered as significant.

3 | RESULTS

In this study, we included 62 individuals (23 males, 39 females) with
KLFS. The mean age at inclusion was 18.96 years (range 2.0-
57.0 years). KLFS was caused by a pathogenic variant in the EHMT1
gene in 38 individuals and by a 9q34.3 deletion in 24 individuals. Patient

characteristics and genotypes are included in Supplementary File 3.

3.1 | Growth parameters

Gestational age was known for 51 individuals, with a median gesta-
tional age of 40.0 weeks (IQR 3.57). Premature birth (<37 weeks)
occurred in 10% of individuals (5/51), while 16% were born post-term
(242 weeks, 8/51).
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To optimize comparability with national growth charts, growth
parameters were analyzed in Dutch individuals with a EHMT1 patho-
genic variant or 9q34.3 deletion smaller than 1.3 Mb. A cut-off of
1.3 Mb was chosen since no individuals in this study had a deletion
between 1.3 and 2 Mb.

Subsequently, a cohort of 48 individuals (17 males, 31 females)
was established, with a mean age of 20.5 years (range 2.3-57.0 years)
at inclusion. At birth, mean weight Z-score of this cohort was —0.35
+ 1.01, corrected for gestational age. At the time of inclusion, mean
height Z-score was —0.69 + 1.37 (N = 48), mean BMI Z-score was
1.22+1.35 (N=47), and mean HC Z-score was —1.34+1.29
(N = 42). Growth parameters at birth and throughout life are shown
in Table 1, Figure 1, and Figure S1.

Mean height at inclusion of the cohort was smaller than average.
This is also observed by comparison with the individuals' target
height. Parental height was available in 37 individuals, showing that
68% of KLFS individuals had a height below their expected target
height (25/37) at their last measure. Additionally, height was below
the target height range in 11% of individuals (4/37). Height measure-
ments in individuals above 21 years old indicated a short stature in
33% (6/18).

BMI gradually increased during childhood and adolescence. At inclu-
sion, 38% of individuals had a normal weight (18/47), 32% were over-
weight (15/47), and 28% were obese (13/47); one individual was
underweight (2%, age 21.9 years). The mean BMI Z-score of males and
females was 1.11 and 1.27, respectively (p = 0.70). In the age category of
2-12 years, 33% were overweight (10/30) and 23% were obese (7/30).
Three individuals below 21 years were using antipsychotic drugs at the
time of one measurement, at which point they all had a normal BMI.

Head circumference was generally decreased compared to sex-
and age-matched controls. Above the age of 21 years, 56% of individ-
uals (9/16) had a microcephaly.

In correlation analyses, no significant differences were found for
birthweight, height, BMI, and HC between males and females or between
individuals with EHMT1 variants and deletions smaller than 1.3 Mb.
However, when this cohort was compared to individuals with deletions
over 2 Mb (N = 6, range 2.1-3.2 Mb), the results indicated smaller height
(mean Z-score —2.04 + 1.62) and lower BMI (mean Z-score 0.39 + 1.72)
within the larger deletion group (height p = 0.03; BMI p = 0.17).

Several clinical conditions that might affect growth were identi-
fied (all results are included in Supplementary File 4). A congenital
heart defect was present in 34% (13/38) of the individuals. Hyperpha-
gia (50%; 16/32) and appetite for non-food substances (31%; 10/32)
were common. Only a minority of the individuals exercised at least
1 h a day (33%; 12/36). Interestingly, none of the individuals' siblings
were overweight or obese. Hypertension, diabetes, or menstruation

occurring before the age of 10 years were not reported.

3.2 | Body composition

Body circumference measurements were performed in 36 individuals

and compared to sex- and age-matched controls. As shown in Table 1

Overview of longitudinal growth data of Dutch participants with a EHMT1 pathogenic variant or 9q34.3 deletion <1.3 Mb.

TABLE 1

Waist

BMI Z-

Head
circumference Z-

score + SD

Hip circumference

Z-score * SD

% circumference Z-
score = SD

%

score
+SD

Weight Z-

Height Z-

Age

N

obesity N

overweight

N

score = SD

score = SD N

(years)

37
167

-0.19+1.11
-0.20+1.26

11
119

-0.64 £ 1.51
—-1.11+124

24
173

-0.99 +£0.80
—0.27 £ 0.95

Birth
0-2

157

11

—0.03

+1.02

0.64

1.20 £ 0.57

6

1.54+0.70

34 68

0.34+1.11 70

21

—-0.85+1.16

76

—0.15+0.94

2-6

+1.08

1.17

0.91 + 1.89

5

1.60 +1.91

30

23

37

38

0.98 + 1.50

15

-0.18 + 1.27

35

—0.08 + 1.01

6-10

+1.23

1.35

1.39 £1.25

5

2.34 +1.49

26

31

38

27

0.88 + 1.59

14

—-0.66 + 1.03

31

-0.38+£1.33

10-14

+1.29

1.90

0.72+0.71

3

187 +1.24

21

52

19

21

1.30+1.75

4

-094+1.14

26

—0.65+1.32

14-18

+1.34

1.89

1.23+1.86

3

12 296 +1.81

58

14

1.60 +2.19

6

-1.95+0.81

13

-1.02+1.22

18-21

+1.71

0.83

14

0.59 + 1.25

14

18 1.61+1.64

17

39

18

—0.03 +1.58

16

—-214+141

18

-159+1.17

>21

+141
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Growth parameters throughout life
In Dutch participants with KLFS: mutations and deletions <1.3 Mb

(a) Correlation of growth parameters age 0—21 years
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FIGURE 1 Growth parameters in 48 Dutch participants with Kleefstra syndrome (KLFS) caused by a EHMT1 pathogenic variant or 9934.3
deletion <1.3Mb. Graphs A. and B. show decrease in height Z-scores throughout childhood and adolescence. Graphs A. and C. show that the
mean head circumference is lower than the population average, but remains stable over time. Graphs A., D., and E. show an increase in weight
and BMI throughout childhood and adolescence. Graph F. shows a significant increase in waist circumference (WC) compared to hip
circumference (HipC). Graph G. shows a large decrease in height Z-score in individuals who have a short stature above the age of 21 years.

and Figure 1, the results indicate significantly increased waist circum-
ference (WC, Z-score 1.84 + 1.49) compared to hip circumference
(HipC, Z-score 0.91 + 1.24), p = 0.006. The mean WC/height ratio
was increased (0.54 + 0.07). Mid-upper arm circumference (MUAC)

measurements compared to sex- and age-matched controls were

above the p90 in 72% of our individuals (26/36), while 6% (2/36) had
an MUAC below the p10.

A BIA and/or DEXA scan was performed in seven female individuals
to evaluate body fat percentage (BF%), skeletal muscle mass (SMM), and
basal metabolic rate (Table 2). The amount of body fat (kg) was above
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TABLE 2

Individual (study ID) 19
Baseline Age 15.4
Weight (kg) 55.7
BMI (kg/m?) 22.19
BMI Z-score 0.98
BIA BF% 33.5
Visceral fat area (cm?) 88.4
SMM total (kg) 20
SMMa (kg)* 14.15
SMMa (kg) in healthy individuals® 162 +2.6
SMMa (% SMMa of weight) 254
SMMa (%) in healthy individuals® ~ 29.6 + 3.8
Skeletal muscle index (kg/m?) 57

DEXA BF% -
Visceral fat area (cm?) -
Lean mass/height? Z-score -

Skeletal muscle index (kg/m?)

Results of body composition measurements, investigated by BIA and/or DEXA scan.

32 45 52 53 58 99
12.8 4.9 75 114 8.8 13.3
44.2 184 37 62.8 50.3 721
18.44 16.1 21.6 26.6 24.6 27.68
0.23 0.2 2.8 28 3.23 2.65
= = 35.5 38 427 35.6
= = 69.6 123.9 128.8 125.8
= = 12 20 151 25.6
= 7.71 11.97 13.77 18.79
= = 61+14 128 +3.0 9.1+£25 128 +3.0
= = 20.8 19.1 27.4 26.1
= = 271+24 283+43 271+42 283+43
4.5 6.1 5.8 7.2
37.6 39 - 44.2 - -
64.9 215 - 107 - -
-2.3 - - 0.4 - -
4.37 2.64 591

Abbreviations: BF%, body fat percentage; BIA, bioelectrical impedance analysis; DEXA, dual-energy X-ray absorptiometry; SMMa, appendicular skeletal

muscle mass.
#Appendicular skeletal muscle mass: skeletal muscle mass of arms and legs.

bSex- and age-matched healthy controls, based on results of McCarthy et al. (2014).

the 15%-23% of body weight (kg) in all these individuals, resulting in a
disproportionally high BF% for weight. Fat percentage was also above
average in the three (3/7) individuals with a normal BMI.

Moreover, appendicular skeletal muscle mass (SMMa) was
increased in 3/5 individuals with KLFS compared to matched controls.
However, when SMMa was calculated as a percentage of weight,
SMMa was as average in 2/5 individuals and below average in 3/5
individuals. One individual had a decreased lean mass (Z-score —2.3)
as identified by DEXA scan. In individuals who underwent BIA-
measurement, the basal metabolic rate (mean 1121 kcal, range 886-
1374 kcal/day) was below the estimations of the Schofield equation.

3.3 | Radiological characteristics

A radiograph of the left hand was performed in 14 individuals who all
had a height SDS in the normal range, with the aim to assess skeletal
age, BHI, and ulnar variance (Table 3). The mean calendar age of the
individuals was 9.2 years (range 3.0-20.0 years). Skeletal age was
increased compared to calendar age, with a mean standard deviation
score (SDS) of skeletal age of 0.5 + 1.2.

The BHI SDS was in 57% of individuals below —1 SDS (8/14;
mean —0.8 + 1.1 SDS). In a 4-year-old female with a BHI SDS of —1.2
and sclerotic bone lesions based on the X-hand, a DEXA scan was per-
formed which revealed osteoporosis.

Negative ulnar variance (shortness/hypoplastic aspect of the distal
ulna) was present in 71% of individuals (10/14). No other ossal abnor-

malities were observed in any of the individuals.

3.4 | Endocrine-metabolic investigations
Biochemical investigations were conducted in 44 individuals with
KLFS, including tests for hemoglobin, ALAT, thyroid function, lipid
profile, lactate, pyruvate, LDH, glucose, HbA1lc, 25(OH)D, vitamin
B12, folic acid, ammonia, and creatinine. Results are presented in
Table 4 and Figure 2.

Thyroid investigations were performed in 41 individuals (17 males,
24 females) with the mean age of 14.6 years (range 2.0-45.8 years).
Mean fT4 was 13.9 + 2.6 pmol/L (N = 39) and mean TSH was 3.81
+ 3.80 mIU/L (N = 41). Thyroid dysregulation was observed in 22%
(9/41) of individuals and classified as follows:

1. Subclinical hypothyroidism: Six individuals had (sub)normal fT4
levels (10.5-16.2 pmol/L) and elevated TSH levels (4.29-7.46
mlU/L). Four of the six individuals had a normal BMI, while two
had obesity. Levothyroxine treatment was initiated in two individ-
uals at ages 2.5 and 32.7 years.

2. Thyroiditis: One individual, aged 12.8 years, was diagnosed with
thyroiditis. TSH was elevated (17.7 mlU/L) while fT4 was in the
low-normal range (10 pmol/L). TPO and TSH-receptor antibodies
were absent. Thyroid ultrasound showed a pattern suggestive for
thyroiditis (granulomatous reflection pattern with lobulated con-
tours and some hyperemia). Levothyroxine treatment was started.

3. Auto-immune thyroiditis: One individual, aged 15.5 years, was
diagnosed with auto-immune thyroiditis with TPO (thyroid peroxi-
dase) antibodies. Levothyroxine treatment was prescribed, but the

individual showed persistent hypothyroidism at age 20 (fT4
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FIGURE 2 Results of biochemical endocrine-metabolic evaluations and its distribution per age in Kleefstra syndrome (KLFS). The white area
in the graphs shows the reference range for sex and age in the healthy population.

5.4 pmol/L, TSH 17.3 mlU/L, TPO antibodies 224 U/mL), likely
due to non-compliance with therapy.

4. Central hypothyroidism: One individual, aged 11.0 years, was diag-
nosed with isolated central hypothyroidism based on low fT4
(8.3 pmol/L) and elevated TSH (8.38 mIU/L). MRI ruled out pitui-
tary gland malformation. A subsequent measure showed compara-
ble values after which levothyroxine was prescribed and values
normalized (fT4 16.8 pmol/L, TSH 1.3 mIU/L).

We retrospectively analyzed MRI cerebrum results of 19 individ-
uals from prior clinical care. While a pituitary cyst was identified in
one individual, no pituitary gland abnormalities were found in the
remaining individuals.

Lipid spectrum analyses were performed in 33 individuals,
including 23 children. Triglycerides were significantly increased in
KLFS (mean 1.62 +0.93 mmol/L) compared to healthy controls
(mean 1.01 + 0.49 mmol/L), p < 0.005. Two children with a normal
BMI showed triglyceride levels above the reference range for age

and sex (6.81 and 3.59 mmol/L, respectively), which persisted dur-
ing follow-up.

Simultaneous measurements of fasting glucose and insulin levels
were obtained from three females (ages 26.6, 17.7, and 21.8 years).
All participants had normal glucose levels, but the last two individuals
showed elevated insulin levels (15.4 mIU/L with a glucose level of
4.6 mmol/L, and 24 mIU/L with a glucose level of 4.7 mmol/L). These
findings are indicative of insulin resistance, as revealed by HOMA-IR
values of 3.2 and 5.0, respectively.

Blood ammonia levels were found to be significantly lower in
KLFS compared to healthy (18 £ 6 umol/L  and
34 + 12 umol/L respectively, p < 0.0001), with 73% (11/15) of indi-
viduals with KLFS exhibiting results below the reference range.

controls

Ammonia levels were decreased independent of age (r = 0.005).
Vitamin D levels were evaluated in 12 individuals and 25% (3/12)

were found to have a vitamin D level <30 nmol/L (females, aged 4.2,

15.4, and 19.8 years) after which supplementation was started. Two

out of three individuals with vitamin D deficiency had a BMI within
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the normal range (BMI Z-score between —1 and 1). Five individuals
above the age of 4 years were excluded from analyses due to vitamin
D supplementation.

One participant had a folic acid deficiency (1/13; female,
aged 19.8years). In another participant (female, aged
26.6 years) the results of homocysteine and methylmalonic acid
indicated a folate deficiency, despite having normal folic acid

levels.

4 | DISCUSSION

In this first comprehensive study on growth, body composition, and
endocrine-metabolic status in Kleefstra syndrome (KLFS), we col-
lected data from a relatively large rare disease cohort comprising
62 individuals. Our obtained insights might be relevant to optimize
health surveillance, understand pathogenic mechanisms, support
translational ~ research, and determine treatment targets
(McPartland, 2016). We introduced comprehensive study methods
that can be performed within regular clinical care and applied to char-

acterize other MDEMs as well.

4.1 | BMIand body composition
We collected growth parameters of Dutch individuals with KLFS, which
allowed comparison with ethnicity-matched controls. Our results
showed a high prevalence of individuals who were overweight or obese
(overall 59%), consistent with previous reports on KLFS (Kleefstra & de
Leeuw, 2010; Willemsen et al., 2012) and other MDEMSs (Fahrner &
Bjornsson, 2014). Interestingly, we found gradual increase in BMI during
childhood and adolescence and 56% of individuals who were over-
weight or obese in the age category of 2-12 years. This 56% prevalence
greatly exceeds the 15% prevalence in the age-matched Dutch popula-
tion (Centraal Bureau voor de Statistiek, 2022). Furthermore, although a
previous Dutch study found increased risk and high rates of overweight
(23%-25%) and obesity (10%-15%) in children aged 2-18 years with
intellectual disability (Wouters et al., 2020), our study also shows signifi-
cantly higher rates in individuals with KLFS compared to this population.

Interestingly, hyperphagia was frequently present (50%), while
overweight in siblings was absent. Moreover, our results showed dis-
proportionally high body fat percentages (Wohlfahrt-Veje
et al.,, 2014), truncal fat distribution and a waist circumference/height
ratio above 0.5. Taken together, these results mark a high (cardio)met-
abolic risk in KLFS (Browning et al., 2010) and indicate that over-
weight/obesity in KLFS is a consequence of haploinsufficiency of the
chromatin regulator EHMT1.

The high body fat percentage perfectly matches previous preclini-
cal studies in mouse and Drosophila models of KLFS (Kramer, 2016;
Ohno et al., 2013; Riahi et al., 2019). In the latter, the authors demon-
strated normal food intake and limited access to lipid stores upon con-
ditions of increased energy demands (Riahi et al., 2019), strongly

suggesting that the high prevalence of obesity is a direct consequence

of evolutionary conserved transcriptional and metabolic dysregulation
that occurs upon deficiency of members of the EHMT protein family
(Riahi et al., 2019; Riahi et al., 2021).

Body composition analyses showed that appendicular skeletal
muscle mass (SMMa) in KLFS was either as average or below average
when compared to controls (McCarthy et al., 2014). Previous findings
in the Kleefstra mouse model (Ohno et al., 2013) have demonstrated
that the loss of EHMT1 in brown adipose tissue and its consequent
H3K9 demethylation of the muscle-selective gene promoters induce
muscle differentiation (Ohno et al., 2013). Whether this mechanism is
also present in brown adipose tissue derived from KLFS individuals
needs to be confirmed but our initial data does not support this obser-
vation. Our findings are in line with the typically observed correlation
between increased BMI and decreased SMM in healthy individuals,
Down syndrome, and Prader-Willi syndrome (Abramowitz
et al., 2018; Khan et al., 2018; Lin & Wuang, 2012). Therefore,
decreased muscle mass in KLFS could serve as an additional risk factor
for the development of overweight.

4.2 | Growth and radiological characteristics

At maturity, short stature and microcephaly were present in 33% and
56% of individuals, respectively. These findings are consistent with
previous reports on MDEMs, associating short stature and/or micro-
cephaly with 58% (41/70) of the MDEMs, including Kabuki syndrome
and Wiedemann-Steiner syndrome (Fahrner & Bjornsson, 2014,
2019). Although in some MDEMs the mechanisms underlying growth
retardation have been explored (e.g., altered balance between cellular
proliferation and differentiation), the exact mechanisms are unclear
(Fahrner & Bjornsson, 2019).

In KLFS, various mechanisms may contribute to short stature.
Our findings indicate that individuals with a higher BMI during child-
hood were more likely to have an advanced skeletal age, resulting in
adult height being reached at younger ages. Conversely, individuals
with a normal BMI could reach average height. Based on our growth
data, individual growth patterns, and skeletal ages, we conclude that
advanced skeletal maturation appears likely to be the primary cause
of short stature in KLFS.

In several MDEMs, short stature is associated with an insufficient
growth spurt (Schott, Blok, et al., 2016) and/or growth hormone defi-
ciency (Schott, Blok, et al., 2016; Schott, Gerver, & Stumpel, 2016;
Sheppard et al., 2021). However, we observed a sufficient growth
spurt in most individuals with KLFS. Based on the individual
growth charts of our participants, we consider IGF-1 deficiency
unlikely in KLFS. Further work is crucial to expand data collection on
growth parameters to validate if our results are internationally consis-
tent and to further explore underlying mechanisms of short stature.
Additionally, it is essential to develop syndrome-specific growth
charts to monitor health and disease in clinical practice.

Radiological investigations showed decreased BHI at all ages in
57% of individuals, suggestive of decreased bone mineral density

(Leijten et al., 2019). Anti-epileptic drugs (affecting calcium and bone
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metabolism) were not used in any of the participants. While most par-
ticipants were walking independently, the majority of them had daily
exercise times below the Dutch recommendations of at least 1 h a day
(Gezondheidsraad, 2017), which could potentially have a negative
impact their bone quality (Mergler et al., 2016). The decreased bone
mineralization in KLFS has not been observed before. However,
EHMT1 is expressed in osteocytes and osteoblasts (Balemans
et al., 2014), supporting a role for the chromatin remodeler in bone
mineralization. Since decreased bone mineral density is clinically rele-
vant and sufficient treatment is available, this clinical aspect required
further attention and investigation in KLFS.

Furthermore, negative ulnar variance was found in 71% of indi-
viduals. Although ulnar variance is rarely studied in NDDs, negative
variance has been reported in Rett syndrome with a prevalence of
41%-79% (Glasson et al., 1998; Leonard et al., 1995). The clinical rele-
vance and underlying mechanism of this finding is unclear but it

appears to be a clinical feature of KLFS as well.

4.3 | Endocrine-metabolic investigations

In endocrine biochemical studies, we observed thyroid dysregula-
tion in KLFS in 22% of individuals. This prevalence exceeds the pop-
ulation prevalence of 5% (Chiovato et al, 2019). We identified
various factors that can contribute to thyroid dysregulation,
highlighting the importance of comprehensive diagnostic screening.
One individual had isolated central hypothyroidism without pitui-
tary gland abnormalities. Central hypothyroidism has so far not
been associated with KLFS, however, some case reports have
described hypothalamic dysfunction (e.g., hypogonadotropic hypo-
gonadism) (Higuchi et al., 2018; Torga et al., 2018). Therefore, fur-
ther research is required to evaluate pituitary etiology and its
implications in KLFS.

Triglycerides were significantly increased in KLFS compared to
sex- and age-matched controls, while there were no differences in
cholesterol, HDL, and LDL. Triglycerides remain significantly increased
compared to an age- and BMI-matched Kabuki syndrome cohort (van
Montfort et al., 2021) (Supplementary File 5). With the inclusion of
individuals having a BMI Z-score within the range of —1 to 1, the
mean triglyceride levels in the KLFS group are 1.22 + 0.65 mmol/L,
whereas they are 0.61+0.19 mmol/L in the Kabuki syndrome
(p < 0.03). Interestingly, increased triglycerides in KLFS align with
findings obtained in the Drosophila KLFS model, which shows elevated
triglyceride levels at steady state and impaired triglyceride mobiliza-
tion under oxidative stress (Riahi et al., 2019). Impaired mobilization
of fat stores, together with altered expression of genes involved in
lipid metabolism, could contribute to obesity in KLFS (Riahi
etal, 2019).

Fasting insulin and glucose measurements were performed in
three individuals, of whom two individuals showed a high HOMA-IR,
indicating insulin resistance. These individuals had normal blood glu-
cose levels and no medical history of diabetes mellitus. In none of our

other participants diabetes mellitus was present. Insulin resistance has

medical genetics B-WILEY-_L_1

been previously observed in mouse models with EHMT1 deficiency in
brown adipose tissue (Ohno et al., 2013). Although this previous study
also associated EHMT1 haploinsufficiency with liver steatosis (Ohno
et al., 2013), we could not confirm this association with liver steatosis
based on normal ALAT levels in 94% of our participants.

A noteworthy finding from our biochemical evaluations is signifi-
cantly decreased ammonia in KLFS, which has not been previously
associated with the condition. The clinical relevance of hypoammonia
in general and in KLFS specific remains unknown, and we do not
expect a different dietary protein intake in these individuals. Addi-
tional studies on amino acid metabolism and urea cycle metabolism
are necessary to determine the significance of decreased ammonia.

To illustrate the clinical importance of endocrine-metabolic dysre-
gulation, we present the case of a 20-year-old female participant (BMI
Z-score 0.50 at last examination aged 15.5 years) who experienced
major depression and severe fatigue, commonly associated with KLFS
(Vermeulen et al, 2017). Results of biochemical investigations
revealed auto-immune thyroiditis (fT4 5.4 pmol/L), folate deficiency
(7.71 nmol/L), and vitamin D deficiency (26 nmol/L), which may
explain her symptoms. Considering our findings of a high prevalence
of thyroid dysregulation, folate deficiency, and vitamin D deficiency
independently of BMI, we recommend routine biochemical assess-
ments in these patients, as they might report their complaints differ-
ently due to cognitive impairment.

To what extent growth and endocrine-metabolic profiles contrib-
ute to neurodevelopmental and cognitive phenotypes associated with

KLFS remains an important question for future research.

5 | CONCLUSION AND
RECOMMENDATIONS

In conclusion, this study has shown that KLFS is associated with being
overweight/obese, a high body fat percentage, insulin resistance, and
increased triglycerides, resulting in a high risk for (cardio)metabolic
disease. Further biochemical investigations highlighted significantly
decreased ammonia levels, thyroid dysregulation, and vitamin defi-
ciencies. Based on hand radiographs and DEXA scans, the bone den-
sity was generally decreased. This research contributes to a detailed
phenotypic characterization of KLFS, provides novel biomarkers, and
emphasizes the potential of clinical biomarkers in the translation of
preclinical studies, both in KLFS and in the broader group of MDEMs.

Based on our findings, we have established five key recommenda-
tions: (1) We recommend lifelong surveillance of weight and waist cir-
cumference and the support of a healthy lifestyle. (2) We suggest to
evaluate bone mineralization through hand radiograph or DEXA scan at
the onset of puberty and when multiple or unexpected fractures occur,
with follow-up according to local protocols. (3) Moreover, we recom-
mend screening of thyroid function at puberty onset and awareness of
the potential central origin of hypothyroidism. Therefore, evaluate both
fT4 and TSH levels and consider an MRI of the pituitary gland when
central hypothyroidism is suspected. (4) In addition, based on our bio-

chemical findings, we advise screening for glucose metabolism (glucose,
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insulin), lipid spectrum, and vitamin status (vitamin D, B12, and folic acid)
at the onset of puberty. For individuals with obesity starting from age
8 to 10 years, regular monitoring of glucose metabolism (glucose, insu-
lin), lipid spectrum, and vitamin status (vitamin D, B12, and folic acid) is
advised, with a frequency set at once every 1-3 years. (5) Lastly, con-
sider the possible coexistence of somatic and psychiatric morbidity,
including screening on hypothyroidism, and vitamin status before pre-

scribing psychiatric drug treatment.
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