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INTRODUCTION

Kabuki syndrome (KS; OMIM 147920) is a rare genetic syndrome with an estimated incidence of 1/32000 live births [START_REF] Niikawa | Kabuki make-up (Niikawa-Kuroki) syndrome: A study of 62 patients[END_REF] . KS was first described in 1981 [START_REF] Kuroki | A new malformation syndrome of long palpebral fissures, large ears, depressed nasal tip, and skeletal anomalies associated with postnatal dwarfism and mental retardation[END_REF][START_REF] Niikawa | Kabuki make-up syndrome: a syndrome of mental retardation, unusual facies, large and protruding ears, and postnatal growth deficiency[END_REF] and is characterized by the combination of five major clinical features, namely, visceral malformations, preand post-natal short stature, characteristic facial features, abnormal dermatoglyphic pattern including fetal finger pads and intellectual disability. Additional features observed are seizure, deafness, microcephaly or vision impairment. Mutations in two genes have been reported to be responsible for KS: lysine-specific methyltransferase 2D (KMT2D; OMIM 602113), the major gene involved in about 70% of patients [START_REF] Ng | Exome sequencing identifies MLL2 mutations as a cause of Kabuki syndrome[END_REF][START_REF] Banka | How genetically heterogeneous is Kabuki Syndrome? MLL2 testing in 116 patients, review and analyses of mutation and phenotypic spectrum[END_REF] , and lysine-specific demethylase 6A (KDM6A; OMIM 159555), occurring in less than 5% of patients [START_REF] Lederer | Deletion of KDM6A, a histone demethylase interacting with MLL2, in three patients with Kabuki syndrome[END_REF][START_REF] Banka | Novel KDM6A (UTX) mutations and a clinical and molecular review of the X-linked Kabuki syndrome (KS2): Novel KDM6A mutations and review of X-linked KS[END_REF] .

Since the first observation of KS, mild intellectual disability has been described in these patients, and large series emphasizing clinical features as well as molecular screening have been reported [START_REF] Bögershausen | Unmasking Kabuki syndrome: Unmasking Kabuki Syndrome[END_REF][START_REF] Matsumoto | Kabuki make-up syndrome: a review[END_REF][START_REF] Vaux | Developmental outcome in Kabuki syndrome[END_REF] . However, we have few data on the characteristics of cognitive functioning in KS. According to Niikawa et al. (1988), up to 90% of diagnosed patients have a Full Scale Intelligence Quotient (FSIQ) less than 80 [START_REF] Niikawa | Kabuki make-up (Niikawa-Kuroki) syndrome: A study of 62 patients[END_REF] . Oral motor, speech and language impairment has been investigated by Morgan et al. in a molecular heterogeneous cohort of 16 KS patients [START_REF] Morgan | Speech and language in a genotyped cohort of individuals with Kabuki syndrome[END_REF] . Other studies focusing on FSIQ have shown that most patients feature weak visuospatial construction but relative strengths in verbal reasoning abilities [START_REF] Mervis | Intellectual abilities and adaptive behavior of children and adolescents with Kabuki syndrome: a preliminary study[END_REF] . However, these studies involved a limited group of participants and used different tests, therefore revealing only a small part of the puzzle of the cognitive impairment in KS patients. Clinical correlates of ID remain unknown.

No research has specifically studied the cognitive profile of a significant number of patients by using a standardized battery for evaluating FSIQ. Here we aimed to improve Accepted Article knowledge of the intellectual profile of patients with KS. We performed an intellectual assessment of 31 KS patients with KMT2D mutation, examined a particular neuropsychological pattern and searched for genotype-phenotype correlations.

MATERIAL and METHODS

Patient recruitment, clinical and molecular study

Clinical data from 31 patients with KS and KMTD2 mutation were collected in the context of the French research program PHRC AOM-09-070 (ClinicalTrials.gov NCT01314534; Ethical approvals: Comité de protection des personnes île de France 2).

For the present study, we extracted data regarding age, gender, presence of seizure, microcephaly (occipitofrontal circumference < -3 SD), congenital heart malformation, ophthalmological anomaly (ranging from abnormal eye refraction or strabismus to retinitis coloboma), deafness (sensorineural or conductive), and cleft palate as well as cognitive ability measures. Table 1 summarizes the main data obtained from the PHRC.

Molecular screening of the KMT2D gene involved direct sequencing of exons and exon-intron junctions by using Sanger and next-generation sequencing methods.

Molecular results from this cohort are published in Bögershausen et al. (2016) [START_REF] Bögershausen | Mutation Update for Kabuki Syndrome Genes KMT2D and KDM6A and Further Delineation of X-Linked Kabuki Syndrome Subtype 2[END_REF] . To observe a genotype-phenotype correlation, we classified putatively truncating mutations (i.e., premature stop codon, frameshift, and splice-site mutation) or non-truncating mutations (i.e., missense).

Intellectual assessment

The Wechsler Intelligence Scale for Children, Fourth Edition 14 (WISC-IV) has been used to evaluate intellectual ability and cognitive processing. It contains 10 core tests
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and five supplemental subtests. The subtests are grouped as composite quotients into four indexes. One index evaluates the language: Verbal Comprehension Index (VCI).

The Perceptive Reasoning Index (PRI) measures the ability to interpret and organize visual material. The Working Memory Index (WMI) measures immediate memory and the ability to concentrate. The Processing Speed Index (PSI) measures the ability to process visually perceived material quickly, with concentration, and eye-hand coordination [START_REF] Wechsler | WISC-IV technical and interpretive manual[END_REF] . The combination of these indexes allows for calculating a Full Scale Intellectual Quotient (FSIQ) [START_REF] Wechsler | WISC-IV technical and interpretive manual[END_REF] .

For each child, we compared the indexes of the WISC-IV, namely, the VCI, PRI, WMI and PSI, two by two. To determine the significance of the difference between the indexes, we referred to the WISC-IV manual [START_REF] Wechsler | WISC-IV technical and interpretive manual[END_REF] . In this manual, the significance of the difference is defined by p<0.05.

Statistical analysis

Baseline characteristics are described with frequency (percentage) for categorical variables and mean (SD) or median (interquartile range) for continuous variables after assessment for normal distribution by Shapiro-Wilk test. Quantitative variables with a Gaussian distribution were compared by Student t test and Mann-Whitney test otherwise. For categorical variables, chi-square or Fisher exact test was used. P<0.05 was considered statistically significant. Statistical analyses involved use of SAS v11 (SAS Inst., Cary, NC).

RESULTS

Participants and features
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FSIQ was evaluated in 31 children with KS syndrome and mutation in KMT2D (16 boys; mean age 11.63; range 6 to 15 years and 15 girls; mean age 11,33 range 6 to 16 ).

The mean FSIQ was 57.4 (range 40-103). The features considered to alter the FSIQ as well as the type and localization of mutations are in Table 1 (Fig. 1 represents a schematic location of mutations at the molecular level). WISC-IV results are in Table 2.

Detailed data obtained from our serie are in Table S1.

Association between FSIQ and clinical features (Table 3)

Mean FSIQ was significantly lower with than without ophthalmologic anomalies. It did not differ by presence of cleft palate, microcephaly, heart malformation, hearing impairment, or epilepsy.

In addition, mean VCI and PRI was reduced with an ophthalmologic anomaly. Mean PSI was lower for male than female patients and mean PRI was higher for patients less than 10 years old than older patients.

Genotype-phenotype correlation

Mean FSIQ was lower with a putative truncating mutation than a mutation leading to a substitution (p=0.05) (Table 3) and VCI was lower with a truncating than substitution mutation (p=0.049). Exon 48 was the most frequently mutated exon in KS patients from this series (table S1). Mean PRI was higher with the mutation localized in exon 48 versus other exons (p=0.020). The frequency of ophthalmic abnormality did not differ between patients with than without a truncating mutation or with than without a mutation in the exon 48. In addition, there is no difference in IQ or indexes when Accepted Article mutations are non-truncating and are localized in exon 48, compared to non-truncating mutations located in other exons.

Heterogeneous Intellectual Profile (HIP) in KS patients with KMT2D mutations

We observed a discrepancy between the indexes of the WISC IV in our cohort. Scores were higher for VCI and WMI than PRI and PSI (Fig. 2).The most important difference was between WMI and PRI. The WMI was significantly higher than the PRI for 42% (13/31) of children (p<0.05). We propose that this particular neuropsychological phenomenon, WMI>PRI, be called HIP.

In addition, mean (SD) FSIQ was significantly higher for KS patients with than without HIP (67 [16] vs 51 [9], p<.001). We found no significant link between HIP and clinical features or types of mutation.

Mean VCI and WMI scores were significantly higher for HIP KS patients than KS patients with homogenous FSIQ scores (81 [17] vs 93 [12] and 64 [13] vs 61 [10], p<.05 and p<.001, respectively. Scores were higher for KS patients with HIP than other patients for the following subtests: similarities, digit span, vocabulary, letter number, comprehension, information, and arithmetic (Table 4).

Association between subtest scores and clinical features (Table 4)

Ophthalmologic anomaly was the only clinical feature associated with a difference in subtest scores. Indeed, scores for picture concept, comprehension, and picture completion tests were reduced with an ophthalmologic anomaly.
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DISCUSSION

KS is a rare genetic disease, and characteristics of its cognitive profile are still little known. A good knowledge of the cognitive profile may be helpful to develop tailored learning and is essential in the care of children with intellectual disability. In this study, we aimed to improve knowledge of the cognitive profile of children with KS, taking into account several features observed in KS (i.e., epilepsy, microcephaly, congenital heart malformation as well as visual or hearing impairment) that may affect IQ. We also investigated the type and localization of the mutation in the KMT2D gene to examine any genotype-phenotype correlation. Mean FSIQ and VCI scores were lower for patients with a truncating mutation than other types of mutations. In addition, mean FSIQ, VCI and PRI scores were lower with visual impairment than normal vision. We identified a discrepancy in indexes characterized by high WMI and VCI and low PRI and PSI. We emphasize the importance of early identification and intensive care of visual disorders in KS.

IQ profile in KS patients

In accordance with the literature, we found an important heterogeneity of global cognitive functioning in KS patients [START_REF] Vaux | Developmental outcome in Kabuki syndrome[END_REF] , with intellectual ability ranging from normal to severe disability. However, most children showed moderately impaired IQ. Surprisingly, we observed a recurrent discordance between the index scores of the WISC-IV tests in our KS patients. Indeed, patients had strengths in VCI and WMI and weaknesses in PRI and PSI. We defined HIP based on a significantly better performance in the WMI than PRI. We chose these two indexes because their discrepancies were the greatest among all indexes. After evaluating the significance of the WMI-PRI difference, about 40% of our KS patients showed HIP.

Neither the features studied nor the type of mutations we evaluated seemed linked to HIP. However, FSIQ was higher for patients with than without HIP. A discrepancy in IQ indexes
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was shown for patients with William syndrome. Indeed, the authors highlighted a relative verbal strength in comparison to significant visuo-spatial weakness [START_REF] Martens | Research Review: Williams syndrome: a critical review of the cognitive, behavioral, and neuroanatomical phenotype[END_REF] . In our series, some of our patients may have had a too-low score for observing a difference between the indexes.

Conversely, when results of the IQ test are too low, children graduate with a homogeneous score, which reflects a floor effect. This floor effect may hide the HIP profile in KS patients with severe intellectual disability.

Nevertheless, many children with KS have better abilities in working memory and vocabulary comprehension than in speed processing and perceptive reasoning. For these children, we suggest emphasizing learning at the auditivo verbal channel rather than the visual channel.

Scores were high on the similarities and digit span subtests for KS patients but were low on the block design and coding subtests. In addition, working memory seems to a strength of KS patients, which might be also an important point to promote during learning. Nevertheless, the heterogeneity in our sample highlights the importance of considering the cognitive profile of each child with KS.

Features modifying IQ in KS patients

We observed a link between demographic data (gender, and age) and some primary index scores of IQ. Indeed, the PSI was 10 points higher in girls than boys. The variability in IQ due to gender differences in genetic syndromes was suspected in children with 22q11.2 deletion.

However, these data are still controversial [START_REF] Antshel | Sex Differences in Cognitive Functioning in Velocardiofacial Syndrome (VCFS)[END_REF] .

In addition, the PRI was lower for children older than 10 years than younger children. This result raises the question of whether a change in schooling might explain a decrease in PRI score after age 10. Indeed, in France, young children with KS share the same schooling as other children. Usually at age 6 to 8 years, they might be educated in a special school.
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Another hypothesis could be the acquisition of skills plateaus with age for KS patients, which therefore increases the gap compared to the reference population. The evolution of IQ in KS children could be studied in a longitudinal study to observe any IQ decline with increasing age and if this decline is linked to schooling.

Microcephaly, congenital heart malformation, and hearing impairment did not seem to affect IQ and the indexes for our cohort. In addition, mean FSIQ did not differ between KS patients with or without seizures, unlike the results from Tsai et al. in 2015 [START_REF] Tsai | Long-term neurocognitive outcome and auditory event-related potentials after complex febrile seizures in children[END_REF] .

Among the clinical features we studied, only ophthalmologic anomaly seemed linked to altered IQ. All visual impairments, namely strabismus or refractive disorders (i.e., myopia and strabismus), have been corrected, except for retinal malformation (i.e., coloboma). In our population, IQ was significantly lower (10 points) for children with than without ophthalmologic anomalies.

Only the VCI and PRI seemed to be affected by visual impairment. Some tasks administered in the WISC-IV depend on the visual channel. Indeed, the use of the visual channel is significant in the PRI subtest but not the VCI subtest. When investigating the different subtests used to calculate the VCI and PRI, we found that patients with an ophthalmologic anomaly had low scores for picture concept and picture completion, tests known to use the visual channel. However, these patients also had low scores on the comprehension test, which does not require the visual channel. The presence of ophthalmologic anomalies might also affect intellectual functioning in KS patients with KMT2D mutation, even in a field that does not seem directly linked to vision. Visual impairment in KS children is frequently undetected [START_REF] Turner | Kabuki syndrome: new ocular findings but no[END_REF] . We strongly recommend early screening and intensive care of ophthalmological anomalies in KS patients. Because only ophtalmological abnormalities seemed to modulate IQ, further research could explore the type of anomaly and whether treatment of the defect affects outcome. Our study has some limitations. The memory assessed in the WISC-IV study Accepted Article is only working memory. It would be useful to assess memory in depth with specific memory tests. It would be interesting to observe the evolution of the results of these children as they age in a longitudinal study with an in-depth evaluation of the education and medical interventions offered to them, especially for schoolage children.

Genotype-phenotype correlation

We found IQ 10 points lower for KS patients with than without truncating mutations, with VCI the most affected index. It has been previously observed that truncating mutations might be responsible for a more severe phenotype than non-truncating mutation. Indeed, a prediction of the effect of mutation on TSC1 and TSC2 proteins and intellectual ability was reported in tuberous sclerosis complex 19 . Truncating mutation in TSC1 leading to a nonsense-mediated decay was associated with more severe intellectual disability as compared with other mutations. It is tempting to speculate that absence or a short form of the protein encoded by KMT2D leads to a more severe loss of function. Truncated KMT2D protein would lead to major modifications of the methylation marks on targeted histones and therefore to more difficulties regarding intellectual functioning.

As well, the PRI was higher for patients with than without mutation in exon 48. Mutations in the exon 48 did not affect a specific domain of the protein (Figure 1). In addition, we found no link between ophthalmic anomalies and mutation in exon 48 or truncating mutation.

To conclude, our study contributed to improve our knowledge regarding the cognitive profile The VCI-WMI scores were higher than PRI-PSI scores. The comparison between the WMI-VCI scores and between PRI-PSI scores showed only small differences.

TITLES AND LEGENDS TO FIGURES
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Table S1: Detailed data for this study: WISC-IV, clinical data and molecular data. 10) 62(20) 55( 10) 61( 12) 51( 10) 56( 12) 55( 13) 57( 11) 50( 15) 56( 13) 57( 11) 56( 13) 56( 10) 55( 10) 58(20) 54 ( 13) 65 (16) 63( 20 16) 76(20) 68( 15) 79( 13) 65( 14) 72( 16) 69( 14) 73( 18) 62( 4) 72( 17) 70( 13) 73( 18) 69( 11) 72( 13) 70( 23) 67( 16) 80( 17 8) 63( 11) 54( 9) 61( 10) 52( 8) 60( 11) 54( 8) 59( 11) 60( 9) 59( 12) 60( 9) 58( 9) 61( 17) 58 (12) 
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  of children with KS. Approximately half of our KS patients showed a discrepancy in indexes we call HIP. HIP is characterized by strengths in WMI and weaknesses in PRI. The heterogeneity of the intellectual profiles highlights the necessity of neuropsychological assessment for each child. In addition, we highlighted a correlation between visual deficiency evidence of 8p22-p23.1 duplications in a clinically defined cohort. European Journal of Human Genetics 2005: 13: 716-720 19. Wong HT, McCartney DL, Lewis JC, Sampson JR, Howe CJ, de Vries PJ. Intellectual ability in tuberous sclerosis complex correlates with predicted effects of mutations on TSC1 and TSC2 proteins. Journal of Medical Genetics 2015: 52: 815-822.

Fig. 1 :

 1 Fig. 1: Close-up view on the exon 48 and schematic representation of the related protein

Fig. 2 :

 2 Fig. 2: Comparison of indexes of the WISC-IV.
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Table 1 :

 1 Clinical and molecular features of Kabuki syndrome (KS) children.

Table 2 :

 2 IQ scores, indexes and subtest scores obtained by the Weschler Intelligence Scale for Children, fourth edition (WISC-IV) in KS patients.

Table 3 :

 3 WISC-IV scores by clinical and molecular data for KS patients.

Table 4 :

 4 Scores for subtests of the WISC-IV by clinical features and presence of heterogeneous intellectual profile (HIP; i.e., WMI>PRI) in KS patients.

Table 1 .

 1 Values are mean (SD) or number of patients/total number of patients (%).

		Patients with KS (n=31)
	Demographic data	
	Age	11.48 (2.77)
	Gender (male)	16/31 (51,6)
	Clinical data	
	Cleft Palate	5/26 (19.23)
	Epilepsy	4/26 (15.38)
	Microcephaly	7/26 (26.92)
	Heart anomaly	10/26 (38.46)
	Ophtalmic anomaly	10/21 (47.62)
	Hearing impairment	5/22 (22.73)
	Molecular data	
	Truncating mutation	21/31 (67.74)
	Non-truncating mutation	10/31 (32.26)

Table 3 .

 3 

	Gender	Age	Ophtalmological anomaly	CleftPalate	Epilepsy	Microcephaly	Heart malformation	Hearing loss	Mutation Type	Location of the mutation

  Full Scale Intellectual Quotient; VCI: verbal comprehension index; PRI: Perceptual Reasoning index; WMI: Working Memory Index; PSI: Processing Speed Index

										65(17)	69(21) 56(8)
		p = 0.091	p=0.02*	p =0.035*	p=0.085	p=0.303	p=0.761	p=0.759	p=0.578	p=0.217	p=0.020*
	WMI 80(23) 72(16) 75(21) 75(18) 78(17) 71(16) 71(16) 78(21) 74(15) 63(23) 73(17) 72(18) 73(18) 72(16) 73(17) 73(21) 71(17) 83(22)	75(23) 75(21)
		p=0.348	p=0.952	p=0.396	p=0.394	p=0.158	p=0.943	p=0.881	p=0.996	p=0.110	p=0.924
	PSI	67(11) 58(9)	65(8) 61(12) 65(10) 60(13) 62(23) 63(23) 63(23) 58(7)	60(9) 69(12) 61(9) 65(13) 62(12) 62(9)	61(11) 66(10)	66(11) 61(11)
		p=0.029*	p=0.344	p=0.276	p=0.847	p=0.504	p=0.077	p=0.36	p=0.938	p=0.104	p=0.231
		Values are mean (standard deviation)						
		FSIQ:								
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and reduced IQ. We emphasize the need for early identification and intensive care of visual disorders in KS patients. We have reported for the first time that truncating versus nontruncating mutation leads to reduced IQ in KS patients, which points to some clues regarding the molecular basis underlying intellectual disability in KS.
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