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Abstract: Intellectual development disorder (IDD) is characterized by a general deficit in intellectual
and adaptive functioning. In recent years, there has been a growing interest in studying the genetic
structure of IDD. Of particular difficulty are patients with non-specific IDD, for whom it is impossible
to establish a clinical diagnosis without complex genetic diagnostics. We examined 198 patients with
non-specific IDD from 171 families using whole-exome sequencing and chromosome microarray
analysis. Hereditary forms of IDD account for at least 35.7% of non-specific IDD, of which 26.9% are
monogenic forms. Variants in the genes associated with the BAF (SWI/SNF) complex were the most
frequently identified. We were unable to identify phenotypic features that would allow differential
diagnosis of monogenic and microstructural chromosomal rearrangements in non-specific IDD at
the stage of clinical examination, but due to its higher efficiency, exome sequencing should be the
diagnostic method of the highest priority study after the standard examination of patients with NIDD
in Russia.

Keywords: intellectual disability; IDD; WES; CMA; diagnostics; exome sequencing

1. Introduction

Intellectual developmental disorder (IDD) is one of the most common causes of
disability. According to estimates by various authors, IDD prevalence ranges from 1% to
3% [1,2] in different populations. ID disorders were defined as a group of multifactorial
diseases manifesting during development and characterized by a significant decrease in
intellectual functions and impaired adaptive behavior. Clinically, IDD is classified according
to its severity, but the nosological classification is still being improved [3]. It has been shown
that 25 to 50% of IDD cases are the result of genetic abnormalities at the chromosomal
or gene level [4,5]. Genetically determined IDD is sometimes subdivided into syndromic
and non-specific (NIDD). NIDD is an intellectual disability combined with non-specific
phenotypic features and diffuse neurological symptoms that do not allow to establish a
clinical diagnosis. Analysis of the OMIM and HGMD databases and literature data helped
to identify 1711 genes and mutations, which led to monogenic diseases with IDD as a
symptom. The list of genes is constantly growing due to the continual description of new
forms of IDD. Interestingly, pathogenic variants in the same gene can lead to syndromic
IDD and NIDD as allelic diseases [6].
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Given together the genetic heterogeneity and clinical polymorphism of NIDD together,
identification of the etiological factor causes significant difficulties. With the advent of
high-throughput technologies, such as next-generation sequencing (NGS) and chromoso-
mal microarray analysis (CMA), in clinical practice, it has become possible to effectively
diagnose individual genetic variants of syndromic and non-syndromic IDD, as well as
to identify new genes responsible for their occurrence. The development of methods of
molecular genetic analysis has led to a discussion about the appropriateness of using
certain genetic tests as the first-line diagnostic methods in patients with intellectual disabil-
ities [7]. In clinical practice in Russia and some other countries, karyotype analysis with
differentiated chromosome staining is traditionally used as the first-line test, while some
doctors suggest using CMA or NGS [8]. Carrying out this kind of research will optimize
the process of clarifying the diagnosis and will increase the effectiveness of medical and
genetic counseling.

2. Results
2.1. Patients

We examined 198 affected individuals with NIDD from 171 families. A total of 47%
of patients came from the Moscow area, the rest from all over Russia. A total of 14 out of
171 observations (8.2%) were familial, and the rest were isolated. The ratio of boys and
girls was 1.75:1 (126 and 72, respectively). The age of the patients ranged from 6 months to
65 years.

2.2. Range of Variants Identified by ES

As a result of NGS, we found 17 pathogenic (Pat), 16 probably pathogenic (PP) variants,
and 114 variants of unknown clinical significance (VUS) (Table S1). Furthermore, we found
two deletions during coverage analysis. No variants were found in 57 samples. After
checking the segregation of variants by Sanger sequencing, de novo status and information
on cis/trans phasing of the variants allowed to apply additional ACMG criteria [9] and
reevaluate part of the VUS: 3 (2.6%) of them were reclassified as pathogenic, 10 (8.8%)—as
likely pathogenic, 47 (41.2%) as benign, and 28 (24.5%) remained VUS. For 26 (22.8%)
variants, segregation was not assessed due to the unavailability of DNA from one or both
parents (Figure 1).
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sequencing.

Thus, assessment of the segregation of the identified variant in the family increases
the diagnostic efficiency of exome sequencing by 1.4 times from 19% (33 of 171) to 27%
(46 of 171).

Among the identified variants, missense substitutions comprised the largest share
(56%), while the variants with the formation of a premature stop codon, with a shift in the
reading frame, or with a change in the conservative splicing site were less common (20, 22
and 2%, respectively). More than 90% of the identified variants arose de novo, which is
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consistent with the literature data on exome sequencing during NIDD [10]. Tables 1 and 2
provide the final lists of pathogenic and likely pathogenic variants.

Table 1. Variants classified in HGMD as disease-causing.

DNA id Gene GRCh37 Zygosity References

1 D553 ADNP
NC_000020.10:g.49510461G > A
NM_015339.5:c.790C > T
NP_056154.1:p.(Arg264Ter)

het [11]

2 D467 AFF3
NC_000002.11:g.100623270C > T
NM_001025108.2:c.772G > A
NP_001020279.1:p.(Ala258Thr)

Het * [12]

3 D656 ALG13
NC_000023.10:g.110928268A > G
NM_001099922.3:c.320A > G
NP_001093392.1:p.(Asn107Ser)

het [13]

4 D232 GRIA1
NC_000005.9:g.153144076G > A
NM_001114183.2:c.1906G > A
NP_001107655.1:p.(Ala636Thr)

het [13]

5 D352 HGSNAT
NC_000008.10:g.43037306G > A
NM_152419.3:c.1031G > A
NP_689632.2:p.(Arg344His)

hom [14]

6 D475 KCNQ2
NC_000020.10:g.62073782C > T
NM_172107.4:c.793G > A
NP_742105.1:p.(Ala265Thr)

het [15]

7 D645 MED13
NC_000017.10:g.60108837G > A
NM_005121.3:c.977C > T
NP_005112.2:p.(Thr326Ile)

het [16]

8 D835 NDST1
NC_000005.9:g.149921213G > A
NM_001543.5:c.1831G > A
NP_001534.1:p.(Gly611Ser)

hom [17]

9 D1060 NHLRC2
NC_000010.10:g.115636390G > T
NM_198514.4:c.442G > T
NP_940916.2:p.(Asp148Tyr)

hom [18]

10 D923 POMGNT1
NC_000001.10:g.46661719G > A
NM_017739.4:c.385C > T
NP_060209.4:p.(Arg129Trp)

hom [19]

11 D542 PPP2R1A
NC_000019.9:g.52715968C > A
NM_014225.6:c.533C > A
NP_055040.2:p.(Thr178Asn)

het [20]

12 D428 PPP2R5D
NC_000006.11:g.42975009G > A
NM_006245.4:c.598G > A
NP_006236.1:p.(Glu200Lys)

het [21]

13 D189 PTEN
NC_000010.10:g.89717712C > T
NM_000314.8:c.737C > T
NP_000305.3:p.(Pro246Leu)

het [22]

14 D341 PTEN
NC_000010.10:g.89692904C > T
NM_000314.8:c.388C > T
NP_000305.3:p.(Arg130Ter)

het [23]

15 D957 SMARCA4
NC_000019.9:g.11132465C > T
NM_001128849.3:c.2681C > T
NP_001122321.1:p.(Thr894Met)

het [24]
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Table 1. Cont.

DNA id Gene GRCh37 Zygosity References

16 D293 STXBP1
NC_000009.11:g.130430439G > A
NM_003165.6:c.875G > A
NP_003156.1:p.(Arg292His)

het [25]

17 D808 TMEM222
NC_000001.10:g.27660774T > C
NM_032125.3:c.539 + 2T > C
NP_115501.2:p.?

hom * [26]

18 S3 VPS13B
NC_000008.10:g.100791008C > T
NM_017890.5:c.7603C > T
NP_060360.3:p.(Arg2535Ter)

het * [27]

* The articles that describe in detail the corresponding patients listed in the table. Other articles report pathogenicity
of the variants in other patients.

Table 2. Variants classified as pathogenic or likely pathogenic by ACMG classification.

DNA
id Gene GRCh37 Zygosity ACMG

Criteria
Gnomad
Frequency

Structural
Functional
Impact #

ACMG
Classi-
fication

1 D177 ACTL6B
NC_000007.13:g.100246360A > G
NM_016188.5:c.554T > C
NP_057272.1:p.(Leu185Pro)

hom
PM2,
PP1(M),
PP2, PP3.

n/d LoF? LP

2 D410 ADNP
NC_000020.10:g.49509097del
NM_015339.5:c.2155del
NP_056154.1:p.(Tyr719ThrfsTer9)

het
PVS1, PS2,
PM2, PP5
[28]

n/d LoF P

3 D594 AHDC1
NC_000001.10:g.27877448_27877449del
NM_001029882.3:c.1181_1182del
NP_001025053.1:p.(Cys394SerfsTer122)

het PVS1, PS2,
PM2 n/d LoF P

4 D473 BRD4
NC_000019.9:g.15349980_15349986dup
NM_058243.3:c.3666_3672dup
NP_490597.1:p.(Glu1225GlnfsTer16)

het PVS1, PM2 n/d LoF LP

5 D424 DDX3X
NC_000023.10:g.41198298A > G
NM_001193416.3:c.113A > G
NP_001180345.1:p.(Tyr38Cys)

het
PS2, PM2,
PP2, PP3 *
[29]

n/d
interacting
with EIF4E
region

LP

6 D659 DNMT3A
NC_000002.11:g.25468920G > T
NM_175629.2:c.1443C > A
NP_783328.1:p.(Tyr481Ter)

het

PVS1, PS2,
PM2, PP5
(Clin-
Var:872726)

n/d LoF P

7 D375 DYRK1A
NC_000021.8:g.38858824_38858827del
NM_001396.5:c.572_575del
NP_001387.2:p.(Lys191ThrfsTer6)

het
PVS1, PS2,
PM2, PP5
[30]

n/d LoF P

8 D843 FRMPD4
NC_000023.10:g.12725711G > T
NM_014728.3:c.1411G > T
NP_055543.2:p.(Glu471Ter)

hemi PVS1, PS2,
PM2 n/d LoF P

9 D289 GRIN1
NC_000009.11:g.140057096G > C
NM_007327.4:c.1918G > C
NP_015566.1:p.(Ala640Pro)

het PS2, PM2,
PP2, PP3 n/d

transmem-
brane
helix

LP

10 D971 HUWE1
NC_000023.10:g.53561589G > A
NM_031407.7:c.12719C > T
NP_113584.3:p.(Ser4240Phe)

hemi PS2, PM2,
PP2, PP3 n/d LoF LP

11 D682 MED13L
NC_000012.11:g.116403946del
NM_015335.5:c.6331del
NP_056150.1:p.(Gln2111SerfsTer18)

het PVS1, PS2,
PM2 * [31] n/L LoF P
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Table 2. Cont.

DNA
id Gene GRCh37 Zygosity ACMG

Criteria
Gnomad
Frequency

Structural
Functional
Impact #

ACMG
Classi-
fication

12 D332 NEXMIF
NC_000023.10:g.73961725C > T
NM_001008537.3:c.2667G > A
NP_001008537.1:p.(Trp889Ter)

hemi PVS1, PS2,
PM2 n/d LoF P

13 D1020 NFIX NC_000019.9:g.13183833_13264696del het PVS1, PS2,
PM2 n/d LoF P

14 D364 PGAP3
NC_000017.10:g.37829376G > A
NM_033419.5:c.827C > T
NP_219487.3:p.(Pro276Leu)

hom

PM2, PP1,
PP3, PP4,
PP5 (Clin-
Var:426134)

6.35 ×
10−5

transmem-
brane
helix

LP

15 D680 POGZ
NC_000001.10:g.151400859dup
NM_015100.4:c.600dup
NP_055915.2:p.(Gly201TrpfsTer114)

het PVS1, PS2,
PM2 n/d LoF P

16 D198 RAI1
NC_000017.10:g.17696891C > G
NM_030665.4:c.629C > G
NP_109590.3:p.(Pro210Arg)

het PS2, PM2,
PP3. n/d “region”

(Uniprot) LP

17 D837 RBFOX1
NC_000016.9:g.7760742T > G
NM_145891.3:c.1252T > G
NP_665898.1:p.(Tyr418Asp)

het PS2, PM2,
PP3. n/d

gaining of
acceptor
splice site

LP

18 D685 SATB2
NC_000002.11:g.200246475_200246476del
NM_015265.4:c.414_415del
NP_056080.1:p.(Val139GlyfsTer69)

het PVS1, PS2,
PM2 n/d LoF P

19 D886 SATB2
NC_000002.11:g.200233333dup
NM_015265.4:c.696dup
NP_056080.1:p.(Lys233Ter)

het PVS1, PS2,
PM2 n/d LoF P

20 D543 SCN2A
NC_000002.11:g.166172096_166172097del
NM_021007.3:c.1499_1500del
NP_066287.2:p.(Glu500AlafsTer21)

het PVS1, PS2,
PM2 n/d LoF P

21 D601 SCN2A
NC_000002.11:g.166188070G > A
NM_021007.3:c.2380G > A
NP_066287.2:p.(Gly794Arg)

het PS2, PM2,
PP2, PP3 n/d repeated

domain II LP

22 D171 SMARCA2
NC_000009.11:g.2056756C > T
NM_003070.5:c.1258C > T
NP_003061.3:p.(Arg420Cys)

het PS2, PM2,
PP2, PP3

3.98 ×
10−6

HSA
domain LP

23 D1059 SMARCA4
NC_000019.9:g.11134267G > A
NM_001128849.3:c.2933G > A
NP_001122321.1:p.(Arg978Gln)

het
PS2, PM2,
PM5, PP2,
PP3

n/d no P

24 D495 SON
NC_000021.8:g.34926178_34926179del
NM_032195.3:c.4641_4642del
NP_115571.3:p.(His1547GlnfsTer9)

het PVS1, PS2,
PM2 n/d LoF P

25 D965 SOX4
NC_000006.11:g.21595046G > A
NM_003107.3:c.281G > A
NP_003098.1:p.(Gly94Asp)

het PS2, PM2,
PP3 n/d

DNA-
binding
region

LP

26 D336 TRIP12
NC_000002.11:g.230657847_230657848del
NM_004238.3:c.3759_3760del
NP_004229.1:p.(Gly1254IlefsTer36)

het

PVS1, PS2,
PM2.PP5
(Clin-
Var:521198)

n/d LoF P

27 D737 TUBB
NC_000006.11:g.30691462_30691463del
NM_178014.4:c.623_624del
NP_821133.1:p.(Tyr208Ter)

het PVS1, PS2,
PM2 n/d LoF P
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Table 2. Cont.

DNA
id Gene GRCh37 Zygosity ACMG

Criteria
Gnomad
Frequency

Structural
Functional
Impact #

ACMG
Classi-
fication

28 D755 ZBTB18
NC_000001.10:g.244217659C > T
NM_205768.3:c.583C > T
NP_991331.1:p.(Arg195Ter)

het
PVS1, PS2,
PM2, PP5
[32]

n/d LoF P

* The articles that describe in detail the corresponding patients listed in the table. #-Functional effects and
phenotypes of patients with new SNVs are described in more details in the Supplementary Material S2.

The diagnosis of D1020 was confirmed by MLPA.

2.3. Candidate Variants

Among identified VUS, three were of particular interest (Table 3). Due to segregation
analysis, we could not confirm the pathogenicity of the variants. Depending on the
accumulation of segregation variants, the PP1 pathogenicity criteria can be classified
as supporting, moderate or strong. However, the recommendations for interpretation
guidelines do not provide clear indications when a certain criterion should be supporting
or strong, leaving this choice to the interpreter [9]. Despite this, we believe that these
variants are likely to be the cause of the disease, but further research is needed.

Table 3. Likely causative VUS.

DNA
id Gene Position (hg19) Zygosity ACMG

Criteria
Gnomad
Frequency

Structural
Functional
Impact #

ACMG
Classifi-
cation

S4 DYNC1H1

NC_000014.8:g.1024
46128_102446130del
NM_001376.5:c.591_593del
NP_001367.2:p.(Gln198del)

Het PM2, PM4,
PP1 n/d

coiled coil
structural
motif

VUS

D381 TRAPPC6B
NC_000014.8:g.39628717C > A
NM_177452.4:c.119G > T
NP_803235.1:p.(Gly40Val)

Hom
PM2, PP1
(moderate,
PP3

n/d cryptic donor
splice site VUS

D954 BCAP31
NC_000023.10:g.152966417C > T
NM_001139441.1:c.716G > A
NP_001132913.1:p.(Gly239Asp)

Hem
PM2, PP1
(moderate,
PP3

5.74 × 10−6 no VUS

# Functional effects and phenotypes of patients with new SNVs are described in more details in the Supplementary
Material S2.

2.4. Spectrum of Variants Identified by CMA

CMA was performed in 91 patients, 42 before NGS with a negative result, and 49
after NGS. In patient S3, heterozygous variant p.R2535X in VPS13B was identified by
NGS. Since VPS13B-associated IDD is an autosomal recessive disease and the patient’s
phenotype was partially overlapping with that described earlier, we decided to perform
exon-level CMA to search for the second variant in this gene. There were three such
patients in total, but we were able to identify the second variant in the gene only in one
of them. The rest of the patients underwent high-resolution CMA. Since we did not have
the opportunity to perform CMA for all patients, we selected them based on the number
of minor developmental anomalies and other clinically significant symptoms described
earlier [33].

We identified 22 pathogenic and likely-pathogenic CNV in 16 patients, including
13 deletions and nine duplications (Table 4). The most frequently affected chromosomes
were 5, 8, and 18.
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Table 4. Pathogenic and likely-pathogenic CNV.

DNA id Molecular Karyotype Size Mb IDD Genes

1 S3 46,XX,arr(hg19) 8q22.2(100286202_100287976)x3 0.002 VPS13B

2 D212 46,XX,arr(hg19) 1p21.2p13.3(101493397_111245231)x1 9.7 KCNA2

3 D254 46,XX,arr(hg19) 5q31.2q31.3(138736957_139616749)x1 0.88 PURA

4 D296 46,XX,arr(hg19) 17p11.2(16745570-20449778)x3 3.7 RAI1

5 D362 46,XX,arr(hg19) 16q23.1q24.3(78036006_90155062)x3,
18q23(77840421_78013728)x1

12.1
0.17 ANKRD11

6 D494 46,XY,arr(hg19) 5q14.3(88018426_88641953)x1 0.62 MEF2C

7 D600 arr(hg19)16q22.3-q21.3 (73919969_75197862)x1 1.2 GLG1

8 D801 46,XY,arr(hg19) 18p11.21 (12360754_12425280)x1 0.06 AFG3L2

9 D856 46,XX,arr(hg19) 10q26.3(133728056-135427143)x1
16p13.3(85881_5019217)x3

1.6;
4.9 TSC2, CREBBP

10 D872 46,XX,arr(hg19) 22q13.31q13.33(45676621_51177928)x1,
21q22.3(44879067_48097372)x3

5.5;
3.2 SHANK3

11 D898 46,XX,arr(hg19) 5p15.33p15.32(113577_5170554)x3,
18q22.3q23(70734990_78014123)x1

5
7.3

TERT, NDUFS6
ZNF407, CTDP1

12 D904 46,XY,arr(hg19) 17p12(14087934_15484858)x3,
22q13.32q13.33(48571448_51197838)x1

1.4
2.6 SHANK3

13 D928 46,XY,arr(hg19) 2q33.1q34(202909263_211154254)x1 8.2 MAP2

14 D948 46,XY,arr(hg19) Xq21.1q21.31(80848988_90921090)x1 10 ZNF711

15 D951 46,XY,arr(hg19) 7q36.1(151934936_151936775)x3 0.002 KMT2C

16 D1011 46,XY,arr(hg19) 8p23.3p23.1(158049_6999220)x1
8p22p23.1(11895232_39651909)x3

6.8
27.8

DLGAP2
KAT6A, NEFL

Three CNV involved only one gene (20%), and two deletions (13%) affected SHANK3,
which is often described in IDD and Phelan–McDermid syndrome. Deletion on chromo-
some 18 in D898 was suspected during the coverage analysis and was later confirmed by
CMA; the result is presented in Table 4.

2.5. Genotype–Phenotype Correlation

Exome sequencing identified 75% of all molecular diagnoses, 72% were autosomal
dominant IDD, 17% were autosomal recessive IDD, and 11% were X-linked IDD. Chromo-
somal microarray analysis identified 25% of diagnoses; it is interesting that 13% of the rear-
rangements affected only one gene or even part of it, 47% affected only one dose-sensitive
gene associated with IDD, and 40% were large rearrangements with the involvement of
more than one disease-causing dose-sensitive genes.

To identify differences in the group of patients with CNV, SNV, and undiagnosed, we
assessed the most common clinical and dysmorphic features found in patients. The results
are shown in Table 5.

Significant differences were identified in the group of patients with microcephaly; this
symptom was more common in the group of patients with SNV compared with the groups
of patients with CNV and undiagnosed (p = 0.0016). A patent with VPS13B-associated IDD
was assigned to the group diagnosed by exome sequencing.

Despite the absence of differences between the groups only in specific dysmorphisms
only, their number was significantly lower (p = 0.00001) in the group without an established
diagnosis compared with the groups of patients with established diagnoses by either CMA
or NGS. Given the absence of differences in the incidence of dysmorphisms in patients
diagnosed with CMA and NGS (p = 0.14), they were combined into one group (Figure 2).
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Table 5. Comparison of the most common clinical and dysmorphic features.

Features
Undiagnosed Diagnosed by ES Diagnosed by CMA

Amount Fraction Amount Fraction Amount Fraction

Motor developmental delay 34 31% 23 50% 9 60%

Malformations 31 28% 13 28% 8 53%

Dysplastic ears 20 18% 12 26% 2 13%

Microcephaly (p = 0.0016) 11 10% 16 35% 1 7%

Seizurs 26 24% 13 28% 2 13%

Low-set ears 12 11% 8 17% 2 13%

Hypotonia 9 8% 9 20% 2 13%

Macrotia 15 14% 4 9% 0 0%

Valgus feet 6 5% 9 20% 3 20%

Number of patients 110 46 15
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In the groups of patients with different numbers of clinical and dysmorphic features
(including dysmorphic features, epilepsy, macro/microcephaly, malformations, hypotonia,
and motor delay were included in the analysis)—significant differences in the diagnostic
efficiency were observed (Figure 3).
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This result suggests the low efficiency of molecular genetic diagnostics in patients
with isolated intellectual disabilities.

3. Discussion

Here we report the results of comprehensive diagnostics of 171 families with non-
specific IDD families. There were no variants that were registered in more than one family.
Most SNVs were not described by the time of establishing the diagnosis for the patient
(25 out of 46). A total of 22 variants were identified for the first time; two of them are de-
scribed in more detail in the case reports. Most CNVs were also identified for the first time.
Among the diagnosed cases, autosomal dominant forms of IDD predominated; their propor-
tion was 25% (42 out of 171), 92% of the detected mutations arose de novo, and two variants
were inherited from parents with the corresponding phenotype; one variant was presum-
ably due to maternal gonadal mosaicism. Recessive IDD comprised 5% (9 out of 171),
X-linked IDD—3.5% (6 out of 171), complex chromosomal rearrangement—3.5% (6 out of
171). Although the remaining 108 cases (63% of the total number of the patients) were undi-
agnosed, there were several patients with VUS, which can potentially explain the clinical
picture. In a similar work by Soden S.E. et al., the contribution of AR pathology was greater
due to the inclusion in the sample of severe patients with hereditary metabolic diseases
or lethal in the neonatal period [34]. Such patients were not included in the experimental
sample of the present study. Otherwise, the distributions by type of inheritance are similar.

We identified three variants in two genes associated with Coffin–Siris syndrome
(SMARCA4, SOX4), two variants in ADNP (Helsmoortel van der Aa syndrome), one variant
in SMARCA2 (Nicolaides–Baraitser syndrome), and one variant in ACTL6B (Intellectual
developmental disorder), all of which are associated with BAF (SWI/SNF) complex [35,36].
Thus, the variants associated with the BAF complex were the most common in our patients.
Notably, these patients lacked dysmorphic features or specific manifestations of any of the
above-mentioned syndromes and could not be suggested for targeted gene analysis. Our
findings support the idea of looking for the cause of undiagnosed non-specific IDD among
other genes associated with the BAF complex but not previously associated with IDD [37].

It is interesting to note that the phenotype of these and the other seven patients with
the identified variants in the genes associated with syndromic IDD (VPS13B, RAI1, SON,
POGZ, SATB2, NFIX) upon re-examination generally fit into the classical description of the
syndromes. However, the combination of phenotypic features recorded by the doctor at
the time of examination did not allow to suspect the proper diagnosis prior to molecular
diagnostics. Moreover, not all clinical and phenotypic manifestations of the syndrome
appear simultaneously, and with age, they may worsen or weaken [38], which makes
clinical differential diagnosis difficult, and in this regard, NGS is a universal diagnostic tool
that allows us to confirm diagnoses in complex cases.

Most of the variants reported in this study were found in the genes described in
patients demonstrating great phenotypic variability from severe syndromes with multiple
clinical signs to the isolated non-specific IDDs (Supplementary Material S2). Thus all our
patients with established molecular diagnoses match the corresponding syndromes or IDD
types except one patient (D473 BRD4 (NM_058243.3:c.3666_3672dup (p.Glu1225GlnfsTer16)).
Patients with pathogenic variants in BRD4 develop Cornelia de Lange-like syndrome
(Supplementary Material S2). The patient from our cohort had only poor posture, narrow
palpebral fissures, and small hands and feet. Mild phenotype can be explained by the
distal position of the frameshift variant in the 18th exon out of 20. The total number of
patients with BRD4-associated Cornelia de Lange syndrome is very small, which may
limit our understanding of the phenotypic heterogeneity. We had another case with an
extremely rare X-linked IDD caused by the pathogenic variants in FRMPD4, where the
clinical features are non-specific and cannot be combined in the “typical” set or syndrome
(Supplementary Material S2).

From the functional point of view we found several interesting cases including three
missense variants in the genes which were previously reported to have only LoF vari-
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ants in patients (D381 TRAPPC6B NM_177452.4:c.119G > T (p.Gly40Val); D837 RBFOX1
NM_145891.3:c.1252T > G; (p.Tyr418Asp) and D954 BCAP31 NM_001139441.1:c.716G >
A(p.Gly239Asp)). Variants in TRAPPC6B and RBFOX1 are predicted to affect splicing and
consequently disrupt gene function. BCAP31 variant seems to be a classic missense, and
we failed to classify it as (likely) pathogenic, keeping VUS annotation. Moreover, there was
one LoF variant (D737 TUBB NM_178014.4:c.623_624del (p.Tyr208Ter)) in the gene which
is characterized by high LoF intolerance (pLI = 0.98). HGMD reports only 14 variants, of
which there are 12 missense pathogenic variants and whole gene deletion and frameshift
deletion with supposed deleterious effects in patients with Hirschsprung disease [39].

Almost half of the CNV included a single gene that is currently associated with IDD
and is susceptible to either duplication or deletion. Such CNVs have been described for
epilepsy and intellectual disability [40]. At present, these diseases cannot be classified as
clearly monogenic since CNVs usually include one or more other genes that are not yet
associated with phenotypes; their role in the pathogenesis of IDD is to be determined in the
future. However, such a high incidence of small CNV allows us to recommend performing
exon-level or high-resolution CMA in patients with NIDD.

The efficiency of NGS strongly depends on the type of diagnosed pathology; for
example, osteogenesis imperfecta gives more than 50% efficiency [41,42], clinically diag-
nosed syndrome—32%, and autistic spectrum disorders—4% to 9% [43,44]. Similarly, for
another high throughput method, CMA, it has been shown that the presence of heart
defects significantly improves diagnostic efficiency [45]. In our patients with NIDD, the
overall efficiency of NGS and CMA reached 35.7% (26.3% for NGS, 8.8% for CMA, and 0.6%
detected by both methods). It is difficult to compare studies of non-specific IDD due to the
high heterogeneity of the patient cohorts and the diversity of the inclusion criteria. For
example, Taskiran et al. reported an efficiency of 49.2%, but 74.6% of patients were from
consanguineous unions, which increased the detection rate [46]. In our study, patients were
of different ages and ethnicities, so the data on diagnostic efficiency are more relevant for
the entire population. If we compare the effectiveness of NGS in syndromic IDD, then in
this case, even targeted sequencing is more efficient in this case, as almost 40% in work by
Martinez et al. [47]. The lower efficiency in our study can be explained by the non-specific
phenotype of patients, which can be easily confused with sporadic non-genetic IDD. The
efficiency of diagnosing using CMA in non-syndromic IDD is about 11% [48], which is
comparable to our indicators for the entire cohort. If we take into account only the tested
patients, then the efficiency will be higher (17.5%) due to enrichment in patients with
phenotypic features. Segregation analysis of the identified variants increases the diagnostic
efficiency of the exome sequencing by 1.3 times from 20% to 27%. It is important to pay
attention to this during genetic counseling and to suggest the family provide samples of the
proband and both parents. In the case of isolated intellectual disability, full trio sequencing
is the best diagnostic solution. Firstly, this is the most effective diagnostic method at the
moment [49], and secondly, such an analysis will allow the parents and the physician to
stop long exhausting diagnostic searches and to engage more thoroughly engage in the
rehabilitation of the child. In addition, trio analysis has proven to be an ideal method
for the detection of de novo variants, which constitute the majority of the cases reported
previously [10] and in our study.

There were no dysmorphic features that could help the physician choose between NGS
and CMA as the first diagnostic step. Only microcephaly appears to be the prognostic factor
of higher efficiency of exome analysis compared to CMA (p = 0.0016). However, the overall
efficiency of NGS efficiency is higher than that of CMA. We believe that NGS should be
the standard first-line diagnostic method after the standard examination (karyotype, TMS,
urinary organic acids, abnormal methylation of the FMR1 promoter region, point mutations,
and deletions/duplications in the MECP2 gene [50]) in patients with IDD in Russia.
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4. Materials and Methods
4.1. Patients

We selected 198 subjects with NIDD according to the formulated criteria from the
patients of the Research Centre for Medical Genetics consulted from 2017 to 2020. Criteria
included normal results of karyotyping or CMA, absence of abnormal methylation of the
FMR1 promoter region in boys, absence of data for the clinical diagnosis of any known
syndrome, absence of perinatal problems, intrauterine complications, and absence of
epileptic seizures before IDD manifestation. Written informed consent was obtained from
healthy parents. The study was approved by the Ethics Committee of the Research Centre
for Medical Genetics (protocol code 5/8 from 12 November 2018).

4.2. Isolation of Genomic DNA

DNA was isolated from 200 µL of whole blood using the Quick-gDNA MiniPrep Kit
(ZymoResearch, Irvine, CA, USA) according to the manufacturer’s instructions.

4.3. NGS

NGS was carried out for 1 individual per family. We performed either whole-exome
sequencing (WES) or clinical exome sequencing (CES). WES was performed by either using
the Ion AmpliSeq™ Exome DRY S5 Kit 1 × 8 (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol or using the TruSeq® ExomeKit (Illumina,
San Diego, CA, USA) according to the manufacturer’s protocol. CES was performed using
the SeqCap EZ HyperCap kit (Roche, Basel, Switzerland), targeting 6500 clinically relevant
genes [51]. DNA libraries were sequenced on the NextSeq 500 system (Illumina, San Diego,
CA, USA).

All pathogenic, likely pathogenic variants, and variants of unknown significance were
confirmed by Sanger sequencing, and segregation analysis was performed where possible.

4.4. Bioinformatic Analysis

The raw sequencing data were aligned to the human genome (GRCh37/hg19) using
the following standard automated algorithm provided by Illumina for data analysis at
https://basespace.illumina.com (accessed on 13 November 2021) or the Torrent Variant
Caller algorithm provided by ThermoFisher Scientific. The identified detected variants
were annotated with the ANNOVAR software. Splicing alteration prediction was carried
out using the SpliceAI (https://github.com/Illumina/SpliceAI (accessed on 13 November
2021)) software, NetGene2 (https://services.healthtech.dtu.dk/service.php?NetGene2-2.42
(accessed on 13 November 2021)), and Human Splicing Finder (http://www.umd.be/
HSF3/ (accessed on 13 November 2021)). Annotated variants were filtered and interpreted
according to ACMG recommendations [9]. All variants in the manuscript are named
according to the standard nomenclature: http://varnomen.hgvs.org/recommendations/
DNA v20.05 (accessed on 13 November 2021).

4.5. Chromosomal Microarray Analysis

CMA was performed according to the manufacturer’s protocol using the CytoScan ™
HD and CytoScan ™ XON microarrays (Affymetrix, Waltham, MA, USA).

4.6. Statistical Analysis

For statistical analysis, we used the nonparametric Chi-square test with Yates’s cor-
rection, the Student’s t-test with Bonferroni’s correction, and the Kruskal–Wallis and
Mann–Whitney tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23147764/s1. See [52–100].
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48. Oğuz, S.; Arslan, U.E.; Kiper, P.Ö.Ş.; Alikaşifoğlu, M.; Boduroğlu, K.; Utine, G.E. Diagnostic Yield of Microarrays in Individuals
with Non-Syndromic Developmental Delay and Intellectual Disability. J. Intellect. Disabil. Res. 2021, 65, 1033–1048. [CrossRef]

49. Kingsmore, S.F.; Cakici, J.A.; Clark, M.M.; Gaughran, M.; Feddock, M.; Batalov, S.; Bainbridge, M.N.; Carroll, J.; Caylor, S.A.;
Clarke, C.; et al. A Randomized, Controlled Trial of the Analytic and Diagnostic Performance of Singleton and Trio, Rapid
Genome and Exome Sequencing in Ill Infants. Am. J. Hum. Genet. 2019, 105, 719–733. [CrossRef]

50. Lavrov, A.V.; Bannikov, A.V.; Chausheva, A.I.; Dadali, E.L. Genetics of Mental Retardation. Ross. Vestn. Perinatol. Pediatr. 2016, 61,
13–20. [CrossRef]

51. Mironovich, O.; Dadali, E.; Malmberg, S.; Markova, T.; Ryzhkova, O.; Poliakov, A. Identification of a Novel de Novo Variant in
the Syt2 Gene Causing a Rare Type of Distal Hereditary Motor Neuropathy. Genes 2020, 11, 1238. [CrossRef]

52. Cappuccio, G.; Sayou, C.; Tanno, P.L.; Tisserant, E.; Bruel, A.L.; Kennani, S.E.; Sá, J.; Low, K.J.; Dias, C.; Havlovicová, M.; et al.
De Novo SMARCA2 Variants Clustered Outside the Helicase Domain Cause a New Recognizable Syndrome with Intellectual
Disability and Blepharophimosis Distinct from Nicolaides–Baraitser Syndrome. Genet. Med. 2020, 22, 1838–1850. [CrossRef]
[PubMed]

53. Sousa, S.B.; Abdul-Rahman, O.A.; Buttanu, A.; Cormier-Daire, V.; Frayer, A.; Gillessen-Kaesbach, G.; Horn, D.; Josifoa, D.;
Kuechler, A.; Lees, M.; et al. Nicolaides-Baraitser Syndrome: Delineation of the Phenotype. Am. J. Med. Genet. Part A 2009, 149,
1628–1640. [CrossRef] [PubMed]

54. Santen, G.W.E.; Aten, E.; Vulto-van Silfhout, A.T.; Pottinger, C.; van Bon, B.W.M.; van Minderhout, I.J.H.M.; Snowdowne, R.; van
der Lans, C.A.C.; Boogaard, M.; Linssen, M.M.L.; et al. Coffin-Siris Syndrome and the BAF Complex: Genotype-Phenotype Study
in 63 Patients. Hum. Mutat. 2013, 34, 1519–1528. [CrossRef] [PubMed]

55. Fichera, M.; Failla, P.; Saccuzzo, L.; Miceli, M.; Salvo, E.; Castiglia, L.; Galesi, O.; Grillo, L.; Calì, F.; Greco, D.; et al. Mutations
in ACTL6B, Coding for a Subunit of the Neuron-Specific Chromatin Remodeling Complex NBAF, Cause Early Onset Severe
Developmental and Epileptic Encephalopathy with Brain Hypomyelination and Cerebellar Atrophy. Hum. Genet. 2019, 138,
187–198. [CrossRef]

56. Bögershausen, N.; Wollnik, B. Mutational Landscapes and Phenotypic Spectrum of SWI/SNF-Related Intellectual Disability
Disorders. Front. Mol. Neurosci. 2018, 11, 252. [CrossRef]

57. Seranski, P.; Heiss, N.S.; Dhorne-Pollet, S.; Radelof, U.; Korn, B.; Hennig, S.; Backes, E.; Schmidt, S.; Wiemann, S.; Schwarz,
C.E.; et al. Transcription Mapping in a Medulloblastoma Breakpoint Interval and Smith-Magenis Syndrome Candidate Region:
Identification of 53 Transcriptional Units and New Candidate Genes. Genomics 1999, 56, 1–11. [CrossRef]

http://doi.org/10.1016/j.ajhg.2019.03.022
http://www.ncbi.nlm.nih.gov/pubmed/31031012
http://doi.org/10.1016/j.gim.2021.09.017
http://doi.org/10.1002/ajmg.a.32693
http://doi.org/10.1371/journal.pgen.1009698
http://doi.org/10.1001/jamaneurol.2017.1775
http://doi.org/10.1038/srep28417
http://doi.org/10.1007/s00198-013-2290-0
http://www.ncbi.nlm.nih.gov/pubmed/23443412
http://doi.org/10.1001/jama.2014.14604
http://www.ncbi.nlm.nih.gov/pubmed/25326637
http://doi.org/10.1111/cge.13102
http://doi.org/10.1186/s12920-018-0368-4
http://www.ncbi.nlm.nih.gov/pubmed/29793483
http://doi.org/10.1111/jir.12835
http://doi.org/10.1136/jmedgenet-2016-103964
http://doi.org/10.1111/jir.12892
http://doi.org/10.1016/j.ajhg.2019.08.009
http://doi.org/10.21508/1027-4065-2016-61-6-13-20
http://doi.org/10.3390/genes11111238
http://doi.org/10.1038/s41436-020-0898-y
http://www.ncbi.nlm.nih.gov/pubmed/32694869
http://doi.org/10.1002/ajmg.a.32956
http://www.ncbi.nlm.nih.gov/pubmed/19606471
http://doi.org/10.1002/humu.22394
http://www.ncbi.nlm.nih.gov/pubmed/23929686
http://doi.org/10.1007/s00439-019-01972-3
http://doi.org/10.3389/fnmol.2018.00252
http://doi.org/10.1006/geno.1998.5647


Int. J. Mol. Sci. 2022, 23, 7764 15 of 17

58. Bi, W.; Saifi, G.M.; Shaw, C.J.; Walz, K.; Fonseca, P.; Wilson, M.; Potocki, L.; Lupski, J.R. Mutations of RAI1, a PHD-Containing
Protein, in Nondeletion Patients with Smith-Magenis Syndrome. Hum. Genet. 2004, 115, 515–524. [CrossRef]

59. Gilissen, C.; Hehir-Kwa, J.Y.; Thung, D.T.; Van De Vorst, M.; Van Bon, B.W.M.; Willemsen, M.H.; Kwint, M.; Janssen, I.M.;
Hoischen, A.; Schenck, A.; et al. Genome Sequencing Identifies Major Causes of Severe Intellectual Disability. Nature 2014, 511,
344–347. [CrossRef]

60. Brusco, A.; Bybjerg-grauholm, J.; Carracedo, A.; Chan, M.C.Y.; Chioc-chetti, A.G.; Chung, B.H.Y.; Cuccaro, M.L.; Curró, A.;
Bernardina, B.D.; Doan, R.; et al. Large-Scale Exome Sequencing Study Implicates Both Developmental and Functional Changes
in the Neurobiology of Autism. Cell 2021, 180, 568–584. [CrossRef]

61. Xu, Y.; Chen, W.; Amin, J.B.; Perozo, E.; Kannan, V.; Keller, S.R.; Wilcox, W.R.; Lemke, J.R.; Myers, J.; Swanger, S.A.; et al. De Novo
GRIN Variants in NMDA Receptor M2 Channel Pore-Forming Loop Are Associated with Neurological Diseases. Hum. Mutat.
2020, 40, 2393–2413. [CrossRef]

62. Lemke, J.R.; Geider, K.; Helbig, K.L.; Heyne, H.O.; Schütz, H.; Hentschel, J.; Courage, C.; Depienne, C.; Nava, C.; Heron, D.;
et al. Delineating the GRIN1 Phenotypic Spectrum: A Distinct Genetic NMDA Receptor Encephalopathy. Neurology 2016, 86,
2171–2178. [CrossRef] [PubMed]

63. Stamberger, H.; Hammer, T.B.; Gardella, E.; Vlaskamp, D.R.M.; Bertelsen, B.; Mandelstam, S.; de Lange, I.; Zhang, J.; Myers, C.T.;
Fenger, C.; et al. NEXMIF Encephalopathy: An X-Linked Disorder with Male and Female Phenotypic Patterns. Genet. Med. 2021,
23, 363–373. [CrossRef] [PubMed]

64. Magome, T.; Hattori, T.; Taniguchi, M.; Ishikawa, T.; Miyata, S.; Yamada, K.; Takamura, H.; Matsuzaki, S.; Ito, A.; Tohyama, M.;
et al. XLMR Protein Related to Neurite Extension (Xpn/KIAA2022) Regulates Cell-Cell and Cell-Matrix Adhesion and Migration.
Neurochem. Int. 2013, 63, 561–569. [CrossRef] [PubMed]

65. Bramswig, N.C.; Lüdecke, H.J.; Pettersson, M.; Albrecht, B.; Bernier, R.A.; Cremer, K.; Eichler, E.E.; Falkenstein, D.; Gerdts, J.;
Jansen, S.; et al. Identification of New TRIP12 Variants and Detailed Clinical Evaluation of Individuals with Non-Syndromic
Intellectual Disability with or without Autism. Hum. Genet. 2017, 136, 179–192. [CrossRef]

66. Zhang, J.; Gambin, T.; Yuan, B.; Szafranski, P.; Rosenfeld, J.A.; Balwi, M.A.; Alswaid, A.; Al-Gazali, L.; Al Shamsi, A.; Komara, M.;
et al. Haploinsufficiency of the E3 Ubiquitin-Protein Ligase Gene TRIP12 Causes Intellectual Disability with or without Autism
Spectrum Disorders, Speech Delay, and Dysmorphic Features. Hum. Genet. 2017, 136, 377–386. [CrossRef]

67. Knaus, A.; Awaya, T.; Helbig, I.; Afawi, Z.; Pendziwiat, M.; Abu-Rachma, J.; Thompson, M.D.; Cole, D.E.; Skinner, S.; Annese, F.;
et al. Rare Noncoding Mutations Extend the Mutational Spectrum in the PGAP3 Subtype of Hyperphosphatasia with Mental
Retardation Syndrome. Hum. Mutat. 2016, 37, 737–744. [CrossRef]

68. Howard, M.F.; Murakami, Y.; Pagnamenta, A.T.; Daumer-Haas, C.; Fischer, B.; Hecht, J.; Keays, D.A.; Knight, S.J.L.; Kölsch, U.;
Krüger, U.; et al. Mutations in PGAP3 Impair GPI-Anchor Maturation, Causing a Subtype of Hyperphosphatasia with Mental
Retardation. Am. J. Hum. Genet. 2014, 94, 278–287. [CrossRef]

69. Courcet, J.B.; Faivre, L.; Malzac, P.; Masurel-Paulet, A.; Lopez, E.; Callier, P.; Lambert, L.; Lemesle, M.; Thevenon, J.; Gigot, N.;
et al. The DYRK1A Gene Is a Cause of Syndromic Intellectual Disability with Severe Microcephaly and Epilepsy. J. Med. Genet.
2012, 49, 731–736. [CrossRef]

70. Gozes, I.; Van Dijck, A.; Hacohen-Kleiman, G.; Grigg, I.; Karmon, G.; Giladi, E.; Eger, M.; Gabet, Y.; Pasmanik-Chor, M.; Cappuyns,
E.; et al. Premature Primary Tooth Eruption in Cognitive/Motor-Delayed ADNP-Mutated Children. Transl. Psychiatry 2017, 7,
e1043. [CrossRef]

71. Rentas, S.; Rathi, K.S.; Kaur, M.; Raman, P.; Krantz, I.D.; Sarmady, M.; Tayoun, A.A. Diagnosing Cornelia de Lange Syndrome and
Related Neurodevelopmental Disorders Using RNA Sequencing. Genet. Med. 2020, 22, 927–936. [CrossRef]

72. Olley, G.; Ansari, M.; Bengani, H.; Grimes, G.R.; Rhodes, J.; von Kriegsheim, A.; Blatnik, A.; Stewart, F.J.; Wakeling, E.; Carroll,
N.; et al. BRD4 Interacts with NIPBL and BRD4 Is Mutated in a Cornelia de Lange–like Syndrome. Nat. Genet. 2019, 51, 1192.
[CrossRef] [PubMed]

73. Jiang, Y.H.; Yuen, R.K.C.C.; Jin, X.; Wang, M.; Chen, N.; Wu, X.; Ju, J.; Mei, J.; Shi, Y.; He, M.; et al. Detection of Clinically Relevant
Genetic Variants in Autism Spectrum Disorder by Whole-Genome Sequencing. Am. J. Hum. Genet. 2013, 93, 249–263. [CrossRef]
[PubMed]

74. Nakamura, K.; Kato, M.; Osaka, H.; Yamashita, S.; Nakagawa, E.; Haginoya, K.; Tohyama, J.; Okuda, M.; Wada, T.; Shimakawa,
S.; et al. Clinical Spectrum of SCN2A Mutations Expanding to Ohtahara Syndrome. Neurology 2013, 81, 992–998. [CrossRef]
[PubMed]

75. Rauch, A.; Wieczorek, D.; Graf, E.; Wieland, T.; Endele, S.; Schwarzmayr, T.; Albrecht, B.; Bartholdi, D.; Beygo, J.; Di Donato, N.;
et al. Range of Genetic Mutations Associated with Severe Non-Syndromic Sporadic Intellectual Disability: An Exome Sequencing
Study. Lancet 2012, 380, 1674–1682. [CrossRef]

76. Reynolds, C.; King, M.D.; Gorman, K.M. The Phenotypic Spectrum of SCN2A-Related Epilepsy. Eur. J. Paediatr. Neurol. 2020, 24,
117–122. [CrossRef]

77. Xia, F.; Bainbridge, M.N.; Tan, T.Y.; Wangler, M.F.; Scheuerle, A.E.; Zackai, E.H.; Harr, M.H.; Sutton, V.R.; Nalam, R.L.; Zhu, W.;
et al. De Novo Truncating Mutations in AHDC1 in Individuals with Syndromic Expressive Language Delay, Hypotonia, and
Sleep Apnea. Am. J. Hum. Genet. 2014, 94, 784–789. [CrossRef]

http://doi.org/10.1007/s00439-004-1187-6
http://doi.org/10.1038/nature13394
http://doi.org/10.1016/j.cell.2019.12.036.Large-Scale
http://doi.org/10.1002/humu.23895.De
http://doi.org/10.1212/WNL.0000000000002740
http://www.ncbi.nlm.nih.gov/pubmed/27164704
http://doi.org/10.1038/s41436-020-00988-9
http://www.ncbi.nlm.nih.gov/pubmed/33144681
http://doi.org/10.1016/j.neuint.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24071057
http://doi.org/10.1007/s00439-016-1743-x
http://doi.org/10.1007/s00439-017-1763-1
http://doi.org/10.1002/humu.23006
http://doi.org/10.1016/j.ajhg.2013.12.012
http://doi.org/10.1136/jmedgenet-2012-101251
http://doi.org/10.1038/tp.2017.27
http://doi.org/10.1038/s41436-019-0741-5
http://doi.org/10.1038/s41588-019-0448-1
http://www.ncbi.nlm.nih.gov/pubmed/31168063
http://doi.org/10.1016/j.ajhg.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23849776
http://doi.org/10.1212/WNL.0b013e3182a43e57
http://www.ncbi.nlm.nih.gov/pubmed/23935176
http://doi.org/10.1016/S0140-6736(12)61480-9
http://doi.org/10.1016/j.ejpn.2019.12.016
http://doi.org/10.1016/j.ajhg.2014.04.006


Int. J. Mol. Sci. 2022, 23, 7764 16 of 17

78. Yang, H.; Douglas, G.; Monaghan, K.G.; Retterer, K.; Cho, M.T.; Escobar, L.F.; Tucker, M.E.; Stoler, J.; Rodan, L.H.; Stein, D.;
et al. De Novo Truncating Variants in the AHDC1 Gene Encoding the AT-Hook DNA-Binding Motif-Containing Protein 1 Are
Associated with Intellectual Disability and Developmental Delay. Mol. Case Stud. 2015, 1, a000562. [CrossRef]

79. Tatton-Brown, K.; Zachariou, A.; Loveday, C.; Renwick, A.; Mahamdallie, S.; Aksglaede, L.; Baralle, D.; Barge-Schaapveld, D.;
Blyth, M.; Bouma, M.; et al. The Tatton-Brown-Rahman Syndrome: A Clinical Study of 55 Individuals with de Novo Constitutive
DNMT3A Variants. Wellcome Open Res. 2018, 3, 1–17. [CrossRef]

80. White, J.; Beck, C.R.; Harel, T.; Posey, J.E.; Jhangiani, S.N.; Tang, S.; Farwell, K.D.; Powis, Z.; Mendelsohn, N.J.; Baker, J.A.; et al.
POGZ Truncating Alleles Cause Syndromic Intellectual Disability. Genome Med. 2016, 8, 1–11. [CrossRef]

81. Stessman, H.A.F.; Willemsen, M.H.; Fenckova, M.; Penn, O.; Hoischen, A.; Xiong, B.; Wang, T.; Hoekzema, K.; Vives, L.; Vogel, I.;
et al. Disruption of POGZ Is Associated with Intellectual Disability and Autism Spectrum Disorders. Am. J. Hum. Genet. 2016, 98,
541–552. [CrossRef]

82. Zarate, Y.A.; Fish, J.L. SATB2-Associated Syndrome: Mechanisms, Phenotype, and Practical Recommendations. Am. J. Med. Genet.
Part A 2017, 173, 327–337. [CrossRef] [PubMed]

83. Farwell, K.D.; Shahmirzadi, L.; El-Khechen, D.; Powis, Z.; Chao, E.C.; Tippin Davis, B.; Baxter, R.M.; Zeng, W.; Mroske, C.; Parra,
M.C.; et al. Enhanced Utility of Family-Centered Diagnostic Exome Sequencing with Inheritance Model-Based Analysis: Results
from 500 Unselected Families with Undiagnosed Genetic Conditions. Genet. Med. 2015, 17, 578–586. [CrossRef] [PubMed]

84. Lee, J.S.; Yoo, Y.; Lim, B.C.; Kim, K.J.; Choi, M.; Chae, J.H. SATB2-Associated Syndrome Presenting with Rett-like Phenotypes.
Clin. Genet. 2016, 89, 728–732. [CrossRef]

85. Breuss, M.; Heng, J.I.T.; Poirier, K.; Tian, G.; Jaglin, X.H.; Qu, Z.; Braun, A.; Gstrein, T.; Ngo, L.; Haas, M.; et al. Mutations in the
β-Tubulin Gene TUBB5 Cause Microcephaly with Structural Brain Abnormalities. Cell Rep. 2012, 2, 1554–1562. [CrossRef]

86. Dentici, M.L.; Terracciano, A.; Bellacchio, E.; Capolino, R.; Novelli, A.; Digilio, M.C.; Dallapiccola, B. Intrafamiliar Clinical
Variability of Circumferential Skin Creases Kunze Type Caused by a Novel Heterozygous Mutation of N-Terminal TUBB Gene.
Clin. Genet. 2018, 93, 1223–1228. [CrossRef]

87. Cohen, J.S.; Srivastava, S.; Farwell Hagman, K.D.; Shinde, D.N.; Huether, R.; Darcy, D.; Wallerstein, R.; Houge, G.; Berland, S.;
Monaghan, K.G.; et al. Further Evidence That de Novo Missense and Truncating Variants in ZBTB18 Cause Intellectual Disability
with Variable Features. Clin. Genet. 2017, 91, 697–707. [CrossRef]
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