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Supp. Figure S1: X chromosome inactivation (XCI) results from 288 female ID patients. Number 

of female patients in each XCI ratio interval are depicted on top of each bar.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supp. Figure S2: Pictures of patient 2. Patient 2 has a de novo stop variant in DDX3X 

(NM_001193417.2:c.529G>T:p.G177X). Dysmorphic features include triangular facies with 

arched and hairy eyebrows, hypertelorism, downslanting palpebral fissures, large dysmorphic 

ears, convergent strabismus, a long philtrum and micrognathism. She also has slender fingers. 
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Supp. Figure S3: Pictures of patient 3. Patient 3 has a de novo nonsynonymous variant in SMC1A 

(NM_006306.3:c.2351T>C:p.I178T). Phenotypic features are described in Supp. Table S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supp. Figure S4: Pictures of patient 8. Patient 8 has a nonsynonymous de novo variant in HDAC8 

(NM_018486.2:c.958G>A:p.G320R). The patient does not have facial features consistent with 

Cornelia De Lange syndrome, instead a shortened philtrum that shows large protruding teeth. 
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Supp. Table S1: Sequences of primers (5’ to 3’) and their position in the genome 

             
X-inactivation analysis primers 

Primer ID Forward primer  Reverse primer  Position start
a 

Size (bp) 
AR TCCAGAATCTGTTCCAGAGCGTGC CTGGGACGCAACCTCTCTC X:66765056 330 
PCSK1N ATGCGAAGACCATTCCCTCT GTGCGTGTGATGTGAGGAGA X:48693154 340 
PGK1 TGTTCCGCATTCTGCAAGCC TATCCTTTTGTGCAGGAACC X:77359744 622 

 

Mutation screening of a 3 kb region of XIST by PCR and Sanger sequencing 

Primer ID Forward primer  Reverse primer  Position
 

Size (bp) 
XIST1 CTTTCTGGTATGTCTTTGCT CAGAGGGGAAGGGAATCA X:73072043 686 
XIST2 CGTGGATACCTGCCTTTT CTGCACCTTAGTCTTTCCT X:73071403 761 
XIST3 ATTTGGGGCTTGTTAGGA GGGGACAAATAAGAGGGGA X:73070712 807 
XIST4 GGGTGAATTAGCATGGCACT GCAAACCACAAAATCAGACTGT X:73070274 598 
XIST5 TGGGGTCGGATTTTGATTTA TGAAGATCAGCAATGCCAAG X:73069528 813 

 

Confirmation of whole exome sequencing data by PCR and Sanger sequencing 

Primer ID Forward primer  Reverse primer  Position Size (bp) 
DDX3X CAAACAATACCCAATCTCC TTCCTCTTTCCATCATATCC X:41203306 325 
DDX3X GCTGTTGGTTGGTTGTTT TTGAGCTTACCTGTTTGGG X:41202385 230 
SMC1A CGAGAGAGGGAAATGAAAGA AAGGCCTAGCTACATAAAC X:53430368 383 
WDR45 ACACACAATCCAAGGAGAAA GGTATGGTAAATGGGCAG X:48932966 302 
NHS CACAACTTAAAGCCACTGA GAGTTGTCTCCCGCAAAA X:17705814 243 
MECP2 TCCTTTCCCGCTCTTCTC GCCTTTTCAAACTTCGCC X:153296274 334 
MED12 ACTCATTTCTTTGTCCCC CTCTTCTCTACTTTCGCCT X:70342887 365 
HDAC8 TCTTTCCTTACCCCCCTTC ACTCAGCTCTTCCCCTTA X:71681804 222 
EP300 CCAACTCTAATCCACAACC CCATATTTCCTTGTTGCATC 22:41573993 441 
SYNGAP1 GGCATTCAACTCACATCT CCCATCGTACCCTATCCA 6:33412059 346 
TAF9B GAGAGAACAAAAACAGGAC AGCTTTACTAGAGGATGAG X:77392266 349 
TTN GTGATACAACTGGGGAGA GGAAAAAAGAGGAGAATGG 2:179466698 350 
TTN GTGATGTTTGTACCCTTGA GATGAACAAAAGGATGGGA 2:179542275 405 

 

cDNA analysis by PCR and Sanger sequencing 
 
Primer ID Forward primer  Reverse primer  Position Size (bp) 
SMC1A (cDNA) AGAACAGACCAAGACACGA TCTCAAACTCCAAACGCT X:53430498 278 
WDR45 (cDNA) TACCCTTATTCGCCTCTTT TACGCAGATGGCAATGAC X:48932561 343 
MED12 (cDNA) GATGATGATGCTGTGGTGT GAAAATGGGAGCACTGGG X:70342954 204 
HDAC8 (cDNA) TGACACAATAGCTGGGGA GATGTAGTTGAGGATTTGTTGG X:71571587 310 
DDX3X (cDNA) CAAAACCACTCCCACCAA CCATACCTTCCATTTTCCTTCA X:41201873 373 

__________________________________________________________________________________________ 
a
positions based on Hg19 
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Supp. Table S2: Summary of the XCI, Sanger sequencing confirmation and expression analysis 

data of the variants detected by WES in patients 1-10  

Sample XCI pattern (% inactive) GOI + variant gDNA (Sanger 
confirmation) 

cDNA 
(expression 
analysis) 

Patient 1  
 
 
 1   99  

DDX3X 
 
NM_001193417.2
:c.856G>A:p.G286
S  

 

 
            G/A 
 

/ 

Mother 1  
 
 
78   22  

              G 
 

/ 

Patient 2  
 

 
92   8 

DDX3X 
 
NM_001193417.2
:c.529G>T:p.G177
X             G/T                G  

Mother 2  
 
 
48  52 

              G  

/ 

Father 2 / 

              G  

/ 

Patient 3                  AR: heterozygous 
 
 

93   7 
 
 
                PGK1: homozygous A/A 

SMC1A 
 
NM_006306.3:c.2
351T>C:p.I784T 

           T/C                T/c 

Mother 3                 AR: homozygous    
                PGK1: heterozygous A/G 
 
76  24 

 
 

 

              T 

/ 
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Sample XCI pattern (% inactive) GOI + variant gDNA (Sanger 
confirmation) 

cDNA 
(expression 
analysis) 

Father 3 /  

              T  

/ 

Patient 4  
 

7   93 
 

WDR45 
 
NM_001029896.1
:c.777delT:p.T260
Lfs*27 

         GTACT… 
         GACTG… 

        G t a c t… 
        GACTG… 

Mother 4  
 

 
81  19 

         GTACT… 

/ 

Father 4  

         GTACT… 

/ 

Patient 5  
 

 
5   95 

NHS 
 
NM_001136024.3
:c.163C>T:p.Q55X 

             C/T  

/ 

Mother 5  
 

 
72  28 

             C  

/ 

Father 5  

             C  

/ 

Patient 6  
 

 
6    94 

MECP2 
 
NM_004992.3:c.8
80C>T:p.R294X 

            A/G 

/ 
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Sample XCI pattern (% inactive) GOI + variant gDNA (Sanger 
confirmation) 

cDNA 
(expression 
analysis) 

Patient 7                AR: homozygous 
               PGK1: heterozygous G/A 
 
 

 2   98 

MED12 
 
NM_005120.2:c.1
562G>A:p.R521H 

            A/G                G  

Mother 7                AR: heterozygous 
               PGK1: homozygous A/A 
 
 

21  79       
 
                

              G  

/ 

Father 7 / 
 
 
 
 

 
              G 

/ 

Patient 8  
 

 
7   93 

HDAC8 
 
NM_018486.2:c.9
58G>A:p.G320R  

            A/G  
             G  

Mother 8  
 

 
 87 13 

             G  

/ 

Father 8  
 

             G  

/ 

Patient 9  
 

 
4  96 

EP300 
 
NM_001429.3:c.6
567_6578del:p.21
89_2193del 

 

/ 

Patient 10  
 

 
7    93 

TAF9B 
 
NG_012570.1:g.7
766_7770delinsA
A 

 

/ 
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Sample XCI pattern (% inactive) GOI + variant gDNA (Sanger 
confirmation) 

cDNA 
(expression 
analysis) 

SYNGAP1 
 
NM_006772.2:c.3
494C>T:p.S1165L 

            C/T  

/ 

 

The bars depicted in the XCI pattern column represent the two X chromosomes. The percentage of 

inactivity is written under each X chromosome bar. The X chromosome that is inherited from the 

mother is depicted in red and the X chromosome that is inherited from the father is depicted in blue. 

This data is based on the AR and/or PGK1 XCI assays. Electropherograms were obtained via the AR 

assay unless otherwise specified. GOI: gene of interest; /: unavailable. 
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Supp. Table S3: Comparison of clinical manifestations in three patients with identical 

(NM_006306.3:c.2351T>C:p.I784T) SMC1A variants 

[Limongelli et al., 2010] [Gervasini et al., 2013] Patient 3 of this study 

Intrauterine growth restriction 
(from 3

rd
 month of pregnancy) 

Growth delay in prenatal stage Intrauterine growth restriction 
(from 33 weeks of pregnancy) 

At 6 years weight, height and head 
circumference <3

rd
 centile 

Weight, height and head 
circumference 50th–95th centile 

At 10 months weight, height and 
head circumference <3

rd
 centile 

At 7 years, microcephaly and 
weight <<3

rd
 centile 

Frequent respiratory infections  Not reported 

Severe gross motor delay 
(wheelchair at 4 years) 
Absent speech 

Milestones in motor development 
delayed 
Absent speech 

Severe gross motor delay: 
dystonic-hypotonic infantile 
cerebral palsy 
Hypertonia (since birth) 
Absent speech 

Hypertrophic cardiomyopathy Not reported Atrial septal defect (fossa oval) 
Pulmonary stenosis 
Mild aortic coarctation 

Synophrys Arched eyebrows Synophrys 
Hirsutism (from birth) 

Downslanting palpebral fissures  Short palpebral fissures 

Long curly eyelashes  Long eyelashes 

Thin vermilion (upper lip) Thin vermillion (upper lip) Thin lips 

Hand and feet length <3
rd

 centile  Hallux valgus (bilateral) 
Feet with talus valgus reducible 
Dysplastic nails (some) 
Fifth finger clinodactyly 

Ptosis Cleft palate 
Neurosensory hearing loss 
Astigmatism 
Corneal ulcers 
Facial dysmorphism (like CdLS) 
Needed assisted feeding 

Gastroesophageal reflux 
High arched palate 
Mild retrognatia 
Hearing loss (50-60%) 
Precocious pubarche 
Cerebral NMR: no findings 

   
 Patient 
at 6 
years 

 
Patient at 
12 months   
    
 
 
 
 
 
 
Patient at 
8 years and 
7 months 
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Supp. Table S4: Overview of the known WDR45 mutations and summary of the reported XCI 

data 

 Publication gDNA/cDNA Protein level XCI data 

Reported male patients 

1  [Haack et al., 2012] 

 
c.228_229del p.Glu76Aspfs*38 / 

2 [Haack et al., 2012] c.19dup p.Arg7Profs*64 / 

3 [Haack et al., 2012] c.1025_1034delinsAC

ATATTT 

p.Gly342Aspfs*12 / 

4 [Abidi et al., 2015] chrX:g.(48 802 381_4

8 809 279)_(48 829 26

5_48 854 335)del 

Deletion of WDR45 (and CCDC120 and 

PRAF2) 

/ 

Reported female patients 

5 [Haack et al., 2012] c.1007_1008del p.Tyr336Cysfs*5 

(reported in 2 different individuals) 

 

 

 

 

 

 

 

 

 

 

random in 2/12 

>75:25 in 6/12 

>90:10 in 4/12 

6 [Haack et al., 2012] c.38G>C p.Arg13Pro 

*predicted to cause skipping of exon 3 

and an alternate start methionine at 

position 25 

7 [Haack et al., 2012] c.-1_5del p.Met1? 

8 [Haack et al., 2012] c.293T>C p.Leu98Pro 

9 [Haack et al., 2012] c.476del p.Leu159Argfs*2 

10  [Haack et al., 2012] c.19C>T p.Arg7X 

11 [Haack et al., 2012] c.56-1G>A Splicing defect 

12 [Haack et al., 2012] c.700C>T p.Arg234X 

13 [Haack et al., 2012] c.400C>T p.Arg134X 

14  [Haack et al., 2012] c.405_409del p.Lys135Asnfs*2 

15 [Haack et al., 2012] c.359dup p.Lys121Glufs*18 

16 [Haack et al., 2012] c.830+1G>A Splicing defect 

17 [Haack et al., 2012] c.235+1G>A Splicing defect 

18 [Haack et al., 2012] c.694_703del p.Leu232Alafs*53 

19  [Haack et al., 2012] c.183C>A p.Asn61Lys 

20 [Haack et al., 2012] c.55+1G>C Splicing defect 

21  [Saitsu et al., 2013] c.439+1G>T p.[Gly147Val; Val147_Leu148ins8] NI 

22  [Saitsu et al., 2013] c.516G>C p.Asp174Valfs*29 98:2 

23   [Saitsu et al., 2013] c.437dupA p.Leu148Alafs*3 78:22 

24  [Saitsu et al., 2013] c.637C>T p.Gln213X 85:15 

25  [Saitsu et al., 2013] c.1033_1034dupAA p.Asn345Lysfs*67 97:3 

26  [Hayflick et al., 2013] c.830 + 2T>C Splicing defect / 

27  [Hayflick et al., 2013] c.1A>G Start codon abolished / 

28  [Hayflick et al., 2013] c.186delT p.Leu63Trp fs*19 / 
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 Publication gDNA/cDNA Protein level XCI data 

29  [Verhoeven et al., 2014] c.662_663del p.Phe221X / 

30  [Verhoeven et al., 2014] c.752_754del p.Ser251del / 

31  [Verhoeven et al., 2014] c.1030del p.Cys344fs / 

32  [Rathore et al., 2014] c.342-2A>C Splicing defect / 

33  [Ichinose et al., 2014] c.519+1_519+3del Splicing defect / 

34  [Ozawa et al., 2014] c.322del p.Ser108Leufs*10 / 

35  [Okamoto et al., 2014] c.C868T p.Gln290X 96:4 

36 [Van Goethem et al., 

2014] 

c.488del C  p.Pro163Argfs*34  / 

37  [Tschentscher et al., 

2015] 

c.626C > A 

 

p.Ala209Asp / 

38  [Nishioka et al., 2015] c.969_970insT p.Val324CysfsX18 / 

39  [Nishioka et al., 2015] c.587_588delTA p.Ile196SerfsX26 

(reported in 2 different individuals) 

/ 

40  [Nishioka et al., 2015] c.414_419delGTTGA p.Glu138_Phe139del / 

41  [Nishioka et al., 2015] c.628T>C p.Ser210Pro / 

42  [Ryu et al., 2015]  c.345-1G>A Splicing defect (r.345_439del) / 

43  [Long et al., 2015]  c.251A.G  p.Asp84Gly / 

44 [Takano et al., 2016] c. 831-1G>C Splicing defect / 

45 [Ohba et al., 2014] c.830+1G>A p.Leu278X 

(also reported by Haack et al. 2012) 

/ 

46 [Hamdan et al., 2014] c.C19T  p.Arg7X (also reported by Haack et al. 

2012) 

/ 

47 [Nishioka et al., 2015] c.400C>T p.Arg134X (also reported by Haack et al. 

2012) 

/ 

48 [Nishioka et al., 2015] c.293T>C p.Leu98Pro (also reported by Haack et al. 

2012) 

/ 

49 [Khalifa and Naffaa 

2015] 

c.587-588del p.196fs 

* + 3 missense variants in POLR3A 

(also reported in Nishioka et al. 2015) 

/ 

50 [Gilissen et al., 2014] c.1030del p.Cys344Alafs*67 

(also reported by Verhoeven et al. 2014) 

/ 

 

NI: non-informative; /: not reported. Variants 1-44 are unique and variants 45-50 were reported 

previously. 
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Supp. Table S5: MED12 mutations in female carriers 

Publication MED12 variant ID phenotype female carriers XCI data (skewing >90%) 

[Tzschach et al., 2015] p.Arg815Gln Carrier mother had learning 

difficulties 

/ 

[Lesca et al., 2013] p.Ser1967GlnfsX84 Variable cognitive impairment 

1 severely affected female 

1/6 female carriers skew 

0/7 female non-carriers skew 

[Callier et al., 2013] p.Arg1295His Carrier mother had mild ID No XCI data 

 [Vulto-van Silfhout et al., 2013] p.Arg1148His / 1/1 Carrier mother skews 

Xi to affected son 

[Vulto-van Silfhout et al., 2013] p.Ser1165Pro / 1/1 Carrier mother skews 

Xi to affected son 

[Vulto-van Silfhout et al., 2013]  p.His1729Asn / / 

[Rump et al., 2011] p.Gly958Glu 1 mother mild learning problems 

(also in non-carrier sister) 

/ 

[Lyons et al., 2009] p.Arg961Trp / / 

[Graham, Jr. et al., 2008] P.Arg961Trp / / 

[Schwartz et al., 2007] p.Asp1007Ser Carriers unaffected 0/4 female carriers skew 

0/4 female non-carriers skew 

[Risheg et al., 2007] p.Arg961Trp / 4/9 female carriers skew 

0/4 female non-carriers skew  

 

/: not reported or investigated. 
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Supp. Table S6: Overview of the reported HDAC8 variants, their residual enzyme activity, 

phenotype severity and summary of reported XCI data 

 
Residual 
activity 
enzyme 
compared to 
wild-type  

Reference Variant Phenotype XCI data 

(0) [Deardorff et al., 2012] c.490C>T; p.R164X Female: severe  

0% [Deardorff et al., 2012] c.539A>G; p.H180R Female: moderate Skewing with expression 
of the p.H180R mutant 
allele 

10–50%  [Deardorff et al., 2012] c.932C>T; p.T311M Female: mild-severe  

10–50%  [Deardorff et al., 2012] c.958G>A; p.G320R Male: severe  

>50% [Deardorff et al., 2012] c.1001A>G; 
p.H334R 

Female (de novo): severe 
Familial: mild-Severe in 
females, severe in male 

Unaffected mother 
inactivates mutant allele. 

0% [Kaiser et al., 2014] 
[Ansari et al., 2014] 

c.910G>A; p.G304R Female: moderate 26 heterozygous females 
were tested for skewing: 
20/26 skewed >95:5, 2/26 
skewed >80:20, 1/26 had 
random XCI and 3/26 
were non-informative. 
Interestingly the 3 
samples that were not 
skewed >95:5 were from 
girls aged <4 years, which 
supports the theory that 
selection against the 
mutant allele in blood 
does not occur at an early 
embryonic stage.  
 

0%  [Kaiser et al., 2014] 
[Ansari et al., 2014] 

c.211C>T; p.H71Y Female: mild 

0% [Kaiser et al., 2014] 
 

c.717_719del 
p.ΔK239-Y240N 

Female: mild 

(0) [Kaiser et al., 2014] c.706C>T; p.Q236X Female: mild 

(0) [Kaiser et al., 2014] c.881G>A; p.W294X Female: severe 

<10%  [Kaiser et al., 2014] c.350G>A; p.G117E Female: moderate 

<10%  [Kaiser et al., 2014] c.458G>T; p.C153F Female: moderate 

10–50%  [Kaiser et al., 2014] c.56T>G; p.I19S Male: severe 

10–50%  [Kaiser et al., 2014] 
[Ansari et al., 2014] 

c.562G>A; p.A188T Female: mild-moderate 

10–50%  [Kaiser et al., 2014] c.698A>G; p.D233G Male: mild 

10–50%  [Kaiser et al., 2014] c.709G>T; p.D237Y Female: moderate 

10–50%  [Kaiser et al., 2014] c.728T>A; p.I243N Male: severe 

>50% [Kaiser et al., 2014] c.272C>T; p.P91L Male: mild 

/ 1. [Kaiser et al., 2014] c.125A>C; p.H42P Male: severe 

/ 2. [Kaiser et al., 2014] c.1006-2A>G Female: mild 

/ 3. [Harakalova et al., 2012] c.164+5G>A (exon2 
skipping) 

 7 females in family: 
learning difficulties and 
facial characteristics, 
males more severely 
affected 

Affected female carriers 
showed extreme skewing 
in lymphocytes in which 
the mutated X-
chromosome was 
completely inactivated. 

/ [Feng et al., 2015] c.587 A>T; p.M196K Female: CdLS for ocular 
anomalies 

 

Deletions and duplications reported in HDAC8 

(0) [Kaiser et al., 2014] deletion, chrX:71746981-72258405 (hg19) /  

(0) [Kaiser et al., 2014] 1827nt exon 11 deletion, chrX:71,549,304-
71,551,130 (hg19) 

Female: moderate  

(0) [Kaiser et al., 2014] deletion, chrX:71,549,304-71,551,130 (hg19) Male: severe  

(0) [Kaiser et al., 2014] deletion, chrX:71570090-71755449 (hg19) 
p.Asp147Glufs*17 

Female: moderate  

(0) [Kaiser et al., 2014] deletion chrX:71681853-72434328 by exome, 
chrX:71632632-72449647 by array, (hg19) 

Female: mild  

(0) [Kaiser et al., 2014] deletion, chrX:71792872-71887236 (hg19) Female: moderate  

(0) [Kaiser et al., 2014] deletion, chrX:71,732,033-71,951,158 (hg19) Female: mild  

(0) [Kaiser et al., 2014] duplication chrX:71,591,275-71,712,275 (hg19) 
p.Phe336Leufs*1 

Female: moderate  

All patients had features typical of CdLS or an overlapping phenotype unless otherwise mentioned 

(Adapted from [Kaiser et al., 2014]). 
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Supp. Table S7: De novo SYNGAP1 variants reported in individuals with ID 

Reference Gender gDNA/cDNA change Protein level 

[Parker et al., 2015] Female chr6 g.33406569 CTGTATG>CTG p.LYE517-519LX 

[Parker et al., 2015] Female chr6 g.33400583G>A p.R170Q 

[Parker et al., 2015] Female chr6 g.33411111C>T p.Q928X 

[Parker et al., 2015] Female chr6 g.33411093C>T p.R922X 

[Parker et al., 2015] Male chr6 g.33400498 AAACGAACGAA> 
AAACGAA 

p.KRTK142-145KRX 

[Parker et al., 2015] Female chr6 g.33411102CT>C p.L925X 

[Parker et al., 2015] Female Deletion chr6:33201710- 33595089 multi-gene deletion; SYNGAP1 plus 
18 others 

[Parker et al., 2015] Female chr6 g.33411606C>T p.Q1079X 

[Parker et al., 2015] Male chr6 g.33405662T>C p.L327P 

[Parker et al., 2015] Male chr6 g.33405662T>C p.L327P 

[Redin et al., 2014] Male chr6:g.33414346G>A; c.3583-6G>A;  p.V1195Afs*27 

[Berryer et al., 2013] Female c.283dupC p.H95PfsX5     (inherited from mosaic 
father) 

[Berryer et al., 2013] Male c.1084T>C p.W362R 

[Berryer et al., 2013] Female c.1685C>T p.P562L 

[Berryer et al., 2013] Male c.2212_2213del p.S738X 

[Berryer et al., 2013] Female c.2184de p.N729TfsX31 

[Carvill et al., 2013] Female / p.W267X 

[Carvill et al., 2013] Male / p.Q702X 

[Carvill et al., 2013] Male / K108Vfs*25 

[Carvill et al., 2013] Male c.389-2A>T p.? Splicing 

[Carvill et al., 2013] Female NR p.R143X 

[Writzl and Knegt 
2013] 

Male Deletion Chr6:33356364–33406339 multi-gene deletion; SYNGAP1 plus 3 
others 

[de Ligt et al., 2012] Male Chr6(GRCh37):g.33402928G>A ; 
c.510-1G>A 

p.? Exon skipping 

[Rauch et al., 2012] Female Chromosome 6: 
g.33410958_33410959insT 

p.T878Dfs*60 

[Rauch et al., 2012] Male Chromosome 6: 
g.33405934_33405935delAA 

p.K418Rfs*54 

[Hamdan et al., 2011] Female c.2677delC p.Q893Rfs 

[Hamdan et al., 2011] Male c.321_324delGAAG  p.K108Vfs 

[Hamdan et al., 2011] Male c.2294+1G>A p.? Splicing 

[Klitten et al., 2011] Male Balanced translocation: 
t(6;22)(p21.32;q11.21) 

Breakpoint in SYNGAP1 

[Zollino et al., 2011] Female 300-kb deletion chr6p21.3 (33.4-33.7 
Mb from telomere) 

multi-gene deletion; SYNGAP1 plus 6 
others 

[Krepischi et al., 
2010] 

Male Deletion chr6:33273955–34086729 multi-gene deletion; SYNGAP1 plus 
18 others 

[Pinto et al., 2010] Female Deletion chr6: 33399849‐ 33512042  multi-gene deletion; SYNGAP1 plus 4 
others 

[Vissers et al., 2010] Female c.998_999del p.V333AfsX 

[Hamdan et al., 2009] Female C.412AT p.K138X 

[Hamdan et al., 2009] Female c.1735CT p.R579X 

[Hamdan et al., 2009] Female c.2438delT p.L813RfsX22 

 

/:not reported. 

 

  

http://www.sciencedirect.com/science/article/pii/S0140673612614809#tbl3fn1
http://www.sciencedirect.com/science/article/pii/S0140673612614809#tbl3fn1
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SUPP. DISCUSSION 

Exome sequencing of 19 female patients with a syndromic form of ID and >90% skewing 

revealed variants in ten ID genes that could play a role in their clinical features. Of these, 

eight were located on the X chromosome. We have firm evidence that six X-linked and both 

autosomal variants are responsible for their phenotypes, while the evidence is less strong for 

the remaining two X-linked variants. Interestingly, at least six variants could be demonstrated 

to be de novo events. 

 

Variants that likely cause XLID and skewing 

DDX3X variants in patient 1 and patient 2 

Recently mutations in DDX3X (MIM# 300160) have been identified as a common cause of ID 

(MIM# 300958) in female patients, in whom they are predicted to be responsible for 1-3% of 

unexplained ID [Snijders Blok et al., 2015]. This group further demonstrated that the DDX3X 

gene is in the top 2% of intolerant genes, meaning that normal variation in DDX3X is 

extremely rare.  

To date, 35 unique deleterious de novo mutations in DDX3X have been identified in female 

patients with ID. Three male ID patients harboring inherited missense variants were also 

reported [Snijders Blok et al., 2015]. Besides ID, other clinical features reported were 

hypotonia, movement disorders, behavioral problems, corpus callosum hypoplasia, and 

epilepsy. In our cohort of 19 female patients with ID and skewing of X-inactivation we 

identified novel variants in DDX3X in 2 patients. The first patient (patient 1) carries a 

nonsynonymous variant (p.G286S). Similar to other patients, she also had ID and ataxic gait. 

This variant likely occurred de novo as it was not present in the mother and the father was 

reported to be healthy. It was located in the helicase ATP-binding domain similar to other 

pathogenic missense variants described in the literature [Snijders Blok et al., 2015]. The 

second patient (patient 2) has a de novo stop variant (p.G177X). She presented with hypotonia 

and ID, which is in line with other reported females with mutations in this gene. At cDNA 

level only the reference G-allele was present despite escape of X-inactivation. This may point 

to nonsense-mediated mRNA decay of the mutant T-allele. Haploinsufficiency of DDX3X 

was proposed by Snijders Blok and colleagues as the pathological mechanism behind ID in 

female patients. Interestingly, 7/15 females reported by this group had almost complete 

skewing of X-inactivation (>95%) which is higher than would be expected by chance 
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[Snijders Blok et al., 2015]. In 1/2 carrier mothers tested, extreme skewing was observed as 

well. This data shows that mutations in DDX3X likely contribute to skewing, as has been 

observed for other escape genes in the past [Lederer et al., 2012]. Overall, our data suggests 

that mutation of the escape gene DDX3X causes ID in female patients and can contribute to 

skewing of X-inactivation as well. However, the way that this is achieved remains to be 

identified.  

SMC1A variant in patient 3 

Mutations in SMC1A (MIM# 300040) are reported to be responsible for 5% of Cornelia de 

Lange syndrome (CdLS; MIM# 300590) although often with a milder presentation and 

without major structural anomalies. CdLS is characterized by facial dysmorphia, upper 

extremity malformations, hirsutism, cardiac defects, growth and cognitive retardation, 

gastrointestinal abnormalities and other systemic involvement.  SMC1A partially escapes X-

inactivation with 15-30% of the allele on the inactive X chromosome still being expressed 

[Carrel and Willard 2005]. This is corroborated by a 50% higher expression level of SMC1A 

in healthy females than in healthy males [Parenti et al., 2014]. Interestingly, SMC1A protein 

is expressed at similar levels in healthy females and females with SMC1A mutations 

suggesting a dominant negative effect of SMC1A mutations [Parenti et al., 2014]. In patient 3 

we detected a nonsynonymous de novo variant (p.I784T) in SMC1A. All three patients with 

the same mutation had skewed X-inactivation and very similar clinical features (Supp. Table 

S3). . Variant SMC1A allelic expression was roughly 50% lower than wild type allele 

expression in all 6 patients tested by Parenti and colleagues, including the two patients with 

identical SMC1A variants as found in patient 3. cDNA analysis of patient 3 also indicates that 

the wild-type allele is preferentially expressed (Supp. Table S2). This finding suggests that the 

p.I784T variant accounts for preferential skewing of X-inactivation. On the other hand, 3/7 

patients studied by Parenti and colleagues had random XCI despite preferential expression of 

the wild-type allele. Altogether, we believe that the SMC1A variant is responsible for the mild 

CdLS phenotype observed in patient 3 as well as for skewing of X-inactivation.   

WDR45 variant in patient 4 

De novo mutations in WDR45 (MIM# 300526) cause a distinct phenotype referred to as beta-

propeller protein-associated neurodegeneration (MIM# 300894), which includes early-onset 

global developmental delay and neurological deterioration [Haack et al., 2012]. WDR45 is 

located on the X chromosome and germline mutations exclusively affect females although 

one male was reported with a 19.9 kb deletion in Xp11.23 containing WDR45 [Abidi et al., 
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2015]. WDR45 was reported not to escape X-inactivation [Carrel and Willard 2005]. So far, 

44 different variants in WDR45 have been described (Supp. Table S4). Of the 17 females 

tested for skewing in peripheral blood, 7/17 had XCI patterns above 90:10 (Supp. Table S4). 

In patient 4, a novel de novo frameshift variant (p.T260Lfs*27) was detected in WDR45. At 

cDNA level, taking into account that this frameshift resulted in nonsense-mediated mRNA 

decay of the mutant transcript, the variant allele was shown to be almost exclusively used in 

our female patient. In lymphoblastoid cell lines derived from the females described in the 

literature, 4/5 subjects also exclusively expressed the mutant transcripts [Saitsu et al., 2013]. 

This observation is in contradiction to other X-linked mutations where skewing of X-

inactivation occured against the mutant X chromosome, leading to a milder phenotype in the 

affected female. However, care must be taken since cell line data might not be representative 

for the in vivo situation and the XCI pattern in the brain remains undetermined. This WDR45 

variant could be a good example of one “hit” in a non-escape gene causing both ID and 

skewing in a female patient. However, the involvement of WDR45 mutations in skewing 

remains to be studied.  

 

Variants that likely cause XLID and not skewing 

NHS variant in patient 5 

Mutations in NHS (MIM# 300457) are known to cause Nance-Horan syndrome (MIM# 

302350), which is characterized by congenital cataracts, dental anomalies, dysmorphic 

features, and, in some cases, ID [Burdon et al., 2003]. Patient 5 has a de novo stop variant 

(p.Q55X) in NHS. To date 29 pathogenic mutations in the NHS gene have been reported 

[Hong et al., 2014; Li et al., 2015]  and although both genders are affected, manifestations in 

heterozygous carrier females have been less severe than in affected hemizygous males 

[Walpole et al., 1990]. . Nance-Horan syndrome patients have high phenotypic heterogeneity 

and no obvious genotype-phenotype correlations have been found [Florijn et al., 2006; Tug et 

al., 2013]. To our knowledge, this is the first report of a variant in NHS to cause ID in a 

female patient. NHS partially escapes X-inactivation. X-inactivation data has not been 

reported previously and therefore, we do not know if carrier females tend to skew against 

mutations in NHS. However, we can speculate that in this patient the NHS variant may be 

located on the active X chromosome and can therefore account for the more pronounced 
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phenotype. To conclude, this is the first report of a de novo NHS variant manifesting in a 

female patient causing ID, possibly due to unfavorable skewing of X-inactivation. 

MECP2 variant (rs61751362) in patient 6 

Mutations and rearrangements in MECP2 (MIM# 300005) are a major cause of 

neurodevelopmental disorders, including Rett syndrome (MIM# 312750) in females. In 

patient 6, we detected the polymorphic stop variant (, p.R294X; rs61751362) in MECP2. This 

variant has been reported 216 times in RettBASE [Christodoulou et al., 2003]. It is 

responsible for Rett syndrome in female carriers although it generally causes less growth and 

nutritional problems and allows for a better preserved mobility in girls [Lundvall et al., 2006]. 

Patient 6 had severe ID, spastic quadriplegia, microcephaly and motor regression. We 

hypothesize that the variant may be located on the active X chromosome in patient 6 and 

thereby cause her severe phenotype. We then also expect, but were unable to identify, a 

second mutation responsible for skewing in this patient. On the other hand if the variant is 

located on the inactive X it may contribute to skewing in blood lymphocytes, as an increased 

frequency of preferential X-inactivation has been described previously in patients with this 

variant [Colvin et al., 2004]. With the threshold for skewing set at >75:25, 4/8 female patients 

tested had skewed XCI patterns in blood [Colvin et al., 2004]. This example clearly shows the 

severe difficulty to attribute causality to X-linked variants in female patients. 

 

Variants that likely cause skewing and possibly ID 

MED12 variant in patient 7 

Mutations in MED12 (MIM# 300188) have been reported to cause Lujan-Fryns syndrome 

(MIM# 309520), X-linked Ohdo syndrome (Maat–Kievit–Brunner type; MIM# 300895), and 

Opitz-Kaveggia syndrome (MIM# 305450) in males [Graham, Jr. and Schwartz 2013]. 

Interestingly all of these syndromes are characterized by ID among other features. Carrier 

females are usually unaffected although learning difficulties and mild ID in carrier mothers 

have been reported (Supp. Table S5). In patient 7, we detected a novel de novo missense 

variant (p.R521H) in MED12. At cDNA level only the wild-type allele was identified 

showing that the variant is located on the inactive X chromosome (Supp. Table S2). Since 

MED12 does not escape X-inactivation we hypothesize that it is very likely responsible for 

skewing in blood lymphocytes in this patient. Skewing was observed in 7/21 (30%) female 

carriers described in the literature while 0/15 non-carrier family members skewed (Supp. 
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Table S5). These data strongly suggest that MED12 mutations can lead to preferential X-

inactivation in blood. However, the mechanism behind this phenomenon is ambiguous since 

identical MED12 mutations have been reported to result in large differences in X-inactivation 

ratios [Lesca et al., 2013; Risheg et al., 2007]. This observation could mean that the X-

inactivation pattern observed in blood does not necessarily correlate with that in brain and that 

the MED12 variant detected in patient 7 could therefore be responsible for her ID phenotype 

despite preferential inactivation of the mutated allele in blood cells.  Nevertheless it is more 

likely that the MED12 variant of patient 7 is only responsible for skewing.  

HDAC8 variant in patient 8 

Like mutations in other genes of the cohensin complex, mutations in HDAC8 (MIM# 300269) 

cause CdLS or CdLS-like phenotypes (MIM# 300882). So far, 22 different mutations, and 8 

intragenic insertions/deletions in HDAC8 have been reported (Supp. Table S6). All missense 

mutations have led to reduced or abolished activity of the enzyme [Boyle et al., 2015; Kaiser 

et al., 2014]. Hemizygous males are generally more severely affected than heterozygous 

females. Furthermore, HDAC8 mutations in females are associated with severe skewing. 

Kaiser and his team reported skewing in 20/23 female patients for whom DNA from 

peripheral blood or cell lines was available. A further two patients had XCI patterns >80% 

and only one had random XCI (<80%). Interestingly, the mutant X chromosome was 

preferentially inactivated in 9/13 female patients, as was tested by analysing the allele 

expressed at cDNA level. Conversely, in 4/13 patients the mutation was located on the active 

X chromosome [Kaiser et al., 2014]. It is unknown whether HDAC8 escapes X-inactivation or 

if XCI patterns of HDAC8 in blood are similar in other tissues. In patient 8, we observed a 

nonsynonymous variant (p.G320R) in HDAC8 located on her preferentially inactivated X 

chromosome. Interestingly, this exact variant was reported previously in a more severely 

affected male patient [Deardorff et al., 2012]. Both this male patient and our female patient 

had ID and growth delay. However, unlike the male patient, patient 8 does not have facial 

features present in classical CdLS, except for synophrys and micrognathism. Other features in 

common with patients bearing mutations in this gene include postnatal growth retardation, 

gastroesophageal reflux and hirsutism. So far, two familial HDAC8 mutations have been 

described in whom both males and females are affected [Deardorff et al., 2012; Harakalova et 

al., 2012]. In both families, preferential X-inactivation occurred against the HDAC8 mutated 

allele. Phenotypes in female carriers ranged from unaffected to severely affected. 

Consequently, the clinical features of patients 8 could be attributed to the de novo HDAC8 
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variant. On the other hand, we believe that it is more likely that the HDAC8 variant is only 

responsible for skewing in this female patient. 

 

Autosomal variants that likely cause ID 

EP300 variant in patient 9 

Mutations in EP300 (MIM# 602700) are responsible for roughly 8% of patients with 

Rubinstein–Taybi syndrome (RSTS; MIM# 613684), although the clinical presentation is 

generally milder and typical diagnostic signs may be absent [Negri et al., 2016]. RSTS is 

characterized by postnatal growth retardation, microcephaly, facial dysmorphism and ID 

[Rusconi et al., 2015]. So far, 34 different EP300 alterations have been identified [Negri et al., 

2016]. RSTS is autosomal dominant and therefore, almost all reported mutations occurred de 

novo [Roelfsema and Peters 2007]. Patient 9 presented with a RSTS-like phenotype, for 

which CREBBP mutations were excluded previously. We detected an in-frame deletion of 12 

nucleotides in EP300, which was not reported in either the NGS-Logistics or the EVS 

databases. We therefore believe this novel EP300 variant on chromosome 22 is responsible 

for her ID phenotype and not a mutation on the X chromosome. We did not detect any 

potential cause for skewing.  

 SYNGAP1 variant in patient 10 

Heterozygous loss-of-function de novo mutations in SYNGAP1 (MIM# 603384) have been 

reported to cause ID (MIM# 612621). So far, 36 individuals have been described (Supp. Table 

S7). SYNGAP1 mutations were initially described to be nonsyndromic but Parker and his team 

speculate that a clinically recognizable syndrome may be emerging [Parker et al., 2015]. 

Besides moderate-severe ID, other features common in SYNGAP1 mutation carriers are 

language impairment, characteristic facial features, generalized hyperexcitability, sleep 

disturbance and an inclination to aggression [Parker et al., 2015]. In patient 10, we detected a 

nonsynonymous variant (p.S1165L) in SYNGAP1 on chromosome 6.  We also identified an 

indel over the exon-intron boundary of exon 5 in TAF9B (MIM# 300754), which is located on 

the X chromosome. TAF9B is a core promoter factor and regulates neuronal gene expression 

[Herrera et al., 2014]. This is the first report of a TAF9B variant  in human. Taf9b KO mice 

were both viable and fertile although the number of pups and their birth weights were reduced 

in Taf9b KO matings, compared to WT controls [Herrera et al., 2014]. No behavioral studies 

were performed. Therefore, the role of the TAF9B variant in our patient remains unclear. To 
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sum up, based on the available literature we hypothesize that the SYNGAP1 variant is 

responsible for ID in patient 10 and we propose that the TAF9B variant might be responsible 

for skewing. 
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