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Abstract
Cornelia de Lange syndrome (CdLS) is a rare multisystem disorder with specific dysmorphic features. Pathogenic genetic
variants encoding cohesion complex subunits and interacting proteins (e.g., NIPBL, SMC1A, SMC3, HDAC8, and RAD21)
are the major causes of CdLS. However, there are many clinically diagnosed cases of CdLS without pathogenic variants in
these genes. To identify further genetic causes of CdLS, we performed whole-exome sequencing in 57 CdLS families,
systematically evaluating both single nucleotides variants (SNVs) and copy number variations (CNVs). We identified
pathogenic genetic changes in 36 out of 57 (63.2 %) families, including 32 SNVs and four CNVs. Two known CdLS genes,
NIPBL and SMC1A, were mutated in 23 and two cases, respectively. Among the remaining 32 individuals, four genes
(ANKRD11, EP300, KMT2A, and SETD5) each harbored a pathogenic variant in a single individual. These variants are
known to be involved in CdLS-like. Furthermore, pathogenic CNVs were detected in NIPBL, MED13L, and EHMT1, along
with pathogenic SNVs in ZMYND11, MED13L, and PHIP. These three latter genes were involved in diseases other than
CdLS and CdLS-like. Systematic clinical evaluation of all patients using a recently proposed clinical scoring system showed
that ZMYND11, MED13L, and PHIP abnormality may cause CdLS or CdLS-like.

Introduction

Cornelia de Lange syndrome (CdLS, MIM #122470,
#300590, #610759, #614701, #300882) is a rare neurode-
velopmental disorder characterized by dysmorphic features,
prenatal onset growth restriction, hirsutism, upper limb
reduction defects (which range from subtle phalangeal
abnormalities to oligodactyly), developmental delay, and
intellectual disability [1]. Prevalence of CdLS has been
estimated at 1/10,000–1/30,000 of live births [2]. In addi-
tion to these cardinal phenotypes, patients show cardiac
anomalies, gastroesophageal reflux, seizures, and behavioral
problems [3]. A combination of signs and symptoms define
the classic CdLS phenotype, which is easily recognized
from birth by experienced pediatricians and clinical
geneticists. However, CdLS is a genetically heterogeneous
disorder presenting with extensive phenotypic variability
from mild to severe, and with different degrees of facial and
limb abnormalities. In addition, CdLS clinically overlaps
with several other diseases, including Bohring-Optiz

These authors contributed equally: Chong Ae Kim, Naomichi
Matsumoto

* Naomichi Matsumoto
naomat@yokohama-cu.ac.jp

1 Department of Human Genetics, Yokohama City University
Graduate School of Medicine, Yokohama, Japan

2 Department of Obstetrics and Gynecology, Juntendo University,
Tokyo, Japan

3 Clinical Genetics Unit, Instituto da Crianca, Hospital das Clinicas
HCFMUSP, Faculdade de Medicina, Universidade de Sao Paulo,
Sao Paulo, Brazil

4 Department of Pediatrics, University Hospital, Faculty of
Medicine, Kagawa University, Kagawa, Japan

5 Department of Oncology, Yokohama City University Graduate
School of Medicine, Yokohama, Japan

6 Clinical Genetics Department, Yokohama City University
Hospital, Yokohama, Japan

Supplementary information The online version of this article (https://
doi.org/10.1038/s10038-019-0643-z) contains supplementary material,
which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-019-0643-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-019-0643-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-019-0643-z&domain=pdf
http://orcid.org/0000-0002-3518-6269
http://orcid.org/0000-0002-3518-6269
http://orcid.org/0000-0002-3518-6269
http://orcid.org/0000-0002-3518-6269
http://orcid.org/0000-0002-3518-6269
http://orcid.org/0000-0002-4540-5277
http://orcid.org/0000-0002-4540-5277
http://orcid.org/0000-0002-4540-5277
http://orcid.org/0000-0002-4540-5277
http://orcid.org/0000-0002-4540-5277
http://orcid.org/0000-0001-9846-6500
http://orcid.org/0000-0001-9846-6500
http://orcid.org/0000-0001-9846-6500
http://orcid.org/0000-0001-9846-6500
http://orcid.org/0000-0001-9846-6500
mailto:naomat@yokohama-cu.ac.jp
https://doi.org/10.1038/s10038-019-0643-z
https://doi.org/10.1038/s10038-019-0643-z


syndrome, CHOPS syndrome, and Fryns syndrome [4, 5].
Such heterogeneity makes it difficult to clearly distinguish
CdLS from other clinically overlapping diseases. Recently,
an international consensus group provided clinical criteria
for CdLS [6]. This criteria uses a scoring system comprised
of cardinal and suggestive features.

To date, pathogenic variants in at least 15 genes are
known to cause CdLS [7–10]. In this regard, cohesin
complex or its functionally related genes (e.g., nipped
B-like protein [NIPBL], structural maintenance of chromo-
some 1A [SMC1A], SMC3, histone deacetylase 8 [HDAC8],
and RAD21 cohesin complex component [RAD21]) have
been implicated. Approximately 60% of CdLS patients
harbor various NIPBL variants [1]. Cohesin is a multi-
subunit protein complex consisting of four core proteins:
SMC1, SMC3, RAD21, and stromal antigen (STAG) [6].
Chromatin loading of cohesion is regulated by NIPBL [11].
The cohesin complex plays a significant role in mediating
sister chromatid cohesion, DNA double-strand break repair,
transcriptional regulation, and chromatin organization.
Abnormalities of cohesion complex and its related genes in
humans are known as cohesinopathy [12]. In addition,
variants in AFF4, ANKRD11, ARID1B, BRD4, EP300,
ESPL1, KMT2A, PDGFRB, SETD5, and TAF6 also cause a
CdLS-like phenotype. [7–9, 13–15]

In this study, we investigated 57 clinically suspected
CdLS individuals by whole-exome sequencing (WES).
Genetic findings, including single nucleotide variants
(SNVs) and copy number variations (CNVs), together with
clinical features obtained using recent clinical criteria are
presented and discussed.

Methods

Subjects

In this study, 57 patients were recruited from 57 families,
consisting of 56 Brazilian and one Japanese patients. Most
of the Brazilian patients were referred by the Brazilian
Association of Cornelia de Lange Syndrome (CdLS Brazil)
and had the clinical diagnosis suspected by pediatricians
and/or geneticists from all over the country based on dis-
tinctive features, such as synophrys, arched eyebrows, long
philtrum, upper limb abnormalities, and hirsutism. For
comparison of clinical manifestations within our cohort and
genotype–phenotype correlations, clinical details (including
atypical symptoms) were retrospectively reviewed based on
recent clinical criteria reported by Kline et al. [6]. Clinical
information was obtained from all 57 patients (Table S1).
Peripheral blood leukocytes were collected from patients
and their parents after obtaining informed consent. Parental
samples were available except for five families (Families 6,

7, 10, 22, and 30). This study was approved by the
Institutional Review Boards of Yokohama City University,
Faculty of Medicine, and University of Sao Paulo, Faculty
of Medicine.

Whole-exome sequencing

Genomic DNA was extracted from whole-blood sample
using QuickGene-610L (Fujifilm, Tokyo, Japan) according
to the manufacturer’s protocol. Genomic DNA was sheared
using a S220 Focused-ultrasonicator (Covaris, Woburn,
MA, USA) and captured using the SureSelect Human All
Exon V6 Kit (Agilent Technologies, Santa Clara, CA,
USA). Paired-end libraries were sequenced on an Illumina
HiSeq 2500 platform (Illumina, San Diego, CA, USA) with
101-bp paired-end reads. Quality-controlled reads were
aligned to the human reference genome (UCSC hg19, NCBI
build 37.1) using NOVOALIGN (http://www.novocraft.
com/products/novoalign/). After removal of polymerase
chain reaction (PCR) duplications using Picard (http://broa
dinstitute.github.io/picard/), variants were called using
Genome Analysis Tool Kit (GATK) (https://software.broa
dinstitute.org/gatk/index.php). Called variants were anno-
tated using ANNOVAR (http://annovar.openbioinformatics.
org/en/latest/). Exonic and intronic variants within 30 bp
from exon–intron boundaries were examined. Synonymous
variants and variants with minor allele frequencies ≧0.01 in
our in-house exome database of 575 Japanese individuals or
control population databases (including the Exome Aggre-
gation Consortium Browser population (ExAC) [http://exac.
broadinstitute.org/] and National Heart, Lung, and Blood
Institute (NHLBI) exome variant server [http://evs.gs.wa
shington.edu/EVS/]) were removed. Missense variants
were evaluated using Sorting Intolerant From Tolerant
(SIFT) (http://sift.jcvi.org/), Polymorphism Phenotyping v2
(Polyphen-2) (http://genetics.bwh.harvard.edu/pph2./), and
MutationTaster (http://MutationTaster.org/).

In particular, the focus was on five CdLS genes (NIPBL,
SMC1A, SMC3, HDAC8, and RAD21) and 10 CdLS-like
genes (AFF4, ANKRD11, ARID1B, BRD4, EP300, ESPL1,
KMT2A, PDGFRB, SETD5, and TAF6). Candidate variants
were validated by Sanger sequencing. Additionally, de novo
occurrences were validated when parental samples were
available. Parentage was confirmed by analyzing 12
microsatellite markers with Gene Mapper software v4.1.1
(Life Technologies Inc., Carlsbad, CA, USA). The WES
performance is summarized in Supplementary Information
(Table S2).

Real-time reverse transcription PCR

To detect aberrant transcripts caused by splice site muta-
tions, reverse transcription PCR (RT-PCR) was performed
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using total RNA extracted from patient derived lympho-
blastoid cell lines. Total RNA was extracted using the
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and
reverse-transcribed into cDNA using the Super Script First
Strand Synthesis System (Takara, Kyoto, Japan). Resultant
cDNA was used as a template for PCR. PCR amplicons
were subjected to Sanger sequencing and aberrant tran-
scripts were characterized. For RT-PCR analysis of NIPBL,
the forward and reverse primers were: 5′-GAACACT
TCAGTTGCTGCAAA-3′ and 5′-CGTTTCCTAGAGGA
TTCAAAAGC-3′ in Patient 15 with c.3121+ 1G>A, and
5′-TCATCCAGTTCAGTGTGTGC-3′ and 5′-TCTCAA
TGACCCTGAAGTGC-3′ in Patient 28 with c.7410+
4A>G.

WES-based CNV analysis

Using WES data, CNVs were analyzed by two algorithms:
the eXome Hidden Markov Model (XHMM), and a pro-
gram based on relative depth of coverage ratio, developed
by Nord et al. (Nord program) [16, 17]. For genome-wide
screening, XHMM data were first examined in each patient.
If causative CNVs were detected using XHMM, altered
copy numbers of such regions were further verified using
the Nord program. In addition, CNVs at five CdLS genes
and 10 CdLS-like genes (see WES section above) were
tested by the Nord program.

Quantitative polymerase chain reaction

Candidate CNVs were validated by quantitative polymerase
chain reaction (qPCR). Real-time qPCR was performed to
examine genomic DNA copy number at NIPBL, C5orf42,
MED13L, SMARCA2, FREM1, and EHMT1 target loci.
QuantiFast SYBER Green PCR kit (Qiagen) was used for
real-time quantification with amplification monitored on a
Rotor-Gene Q real-time PCR cycler (Qiagen). Relative
ratios of genomic DNA copy number were calculated using
the standard curve method with Rotor-Gene 6000 Series
Software 1.7 (Qiagen) by normalizing with autosomal
internal control loci (STXBP1 and/or FBN1) and also
compared to an unrelated control individual. Information of
all primers is available on request.

Results

Flowchart of this study

A flowchart of this study is shown in Fig. 1. Because of the
genetic and clinical heterogeneity of CdLS, we directly
employed WES to effectively screen pathogenic variants in
patients with clinically suspected CdLS. To detect variants

in CdLS, CdLS-like, or other possible genes, all 57 patients
were analyzed based on autosomal dominant (de novo),
autosomal recessive, and X-linked modes of inheritance.
Based on American College of Medical Genetics and
Genomics (ACMG) guidelines [18], we identified 29
pathogenic or likely pathogenic SNVs in two CdLS genes
(NIPBL and SMC1A) and four CdLS-like genes
(ANKRD11, EP300, KMT2A, and SETD5) (Fig. 1). WES-
based CNV analysis in 28 SNV-negative patients detected
pathogenic CNVs in four patients (4/57 [7.0%]), involving
NIPBL, MED13L, EHMT1, and 9q deletion (Fig. 1).
The remaining 24 cases had neither pathogenic SNVs nor
CNVs. Consequently, these cases were subjected to trio-
based analysis, except for two cases whose parental samples
were unavailable. We detected three pathogenic variants in
genes associated with diseases other than CdLS and CdLS-
like: ZMYND11, MED13L, and PHIP. Altogether, if all
abnormalities were included, we identified pathogenic or
likely pathogenic variants in 36 out of 57 cases (63.2%)
(Fig. 1). Thirty-one of 36 variants occurred de novo, unless
biological parental samples were unavailable. One variant
was inherited from a mosaic mother (Patient 53). Twenty-
three of 32 pathogenic SNVs were novel (Table 1).

Pathogenic SNVs in CdLS genes

We detected 22 pathogenic SNVs in NIPBL (22/57
[38.6%]) and two in SMC1A (2/57 [3.5%]) (Table 1 and
Fig. 1). Among 22 NIPBL SNVs, 14 were novel. Mean-
while, NM_0133433.3:c.6893G>A, p.Arg2298His was
repeatedly detected (Patients 2 and 50). Three splice site
variants in NIPBL (NM_0133433.3:c.3121+ 1G>A,
c.7410+ 4A>G, and c.5329-15A>G) were detected in
Patients 15, 28, and 54, respectively. These variants were
previously described, and only c.5329-15A>G was shown
to result in abnormal splicing [19–21]. The other c.3121+
1G>A and c.7410+ 4A>G mutations were never examined
at cDNA level [19–21]. Therefore, by RT-PCR using cDNA
derived from lymphoblastoid cells, we confirmed aberrant
splicing in both Patient 15, with c.3121+ 1G>A, and
Patient 28, with c.7410+ 4A>G (Fig. S1). Regarding the
two missense variants in SMC1A, NM_006306.3:
c.1152C>G, p.Lys362Asn was novel.

Pathogenic SNVs in CdLS-like genes

We also detected pathogenic variants in four CdLS-like
genes: ANKRD11 (2/57 [3.5%]), EP300 (1/57 [1.8%]),
KMT2A (1/57 [1.8%]), and SETD5 (1/57 [1.8%]) (Table 1
and Fig. 1), whose pathogenic variants are known to cause
KBG syndrome (MIM #148050), Rubinstein–Taybi syn-
drome 2 (MIM #613684), Wiedemann–Steiner syndrome
(MIM #605130), and mental retardation autosomal

Comprehensive genetic analysis of 57 families with clinically suspected Cornelia de Lange syndrome 969



dominant 23 (MIM #615761), respectively. These disorders
all share overlapping clinical features with CdLS. All five
variants were novel, occurring de novo except for an EP300
variant, which was due to unavailable parental samples.
According to the ACMG guideline, the EP300 variant can
be classified as likely pathogenic since it is protein length
changing mutation due to in-frame deletion (PM4), it is
absent from control (including the ExAC, NHLBI, and
gnomAD [https://gnomad.broadinstitute.org/]) (PM2), it is
predicted to be deleterious by PROVEAN [http://provean.
jcvi.org/seq_submit.php] and CADD [https://cadd.gs.wa
shington.edu/] with a score of 23.6 and 21.1, respectively

(PP3), and the phenotype of patient is considered reasonable
as Cornelia de Lange syndrome-like (PP4).

Pathogenic CNVs

Using the XHMM and Nord program, we detected four
pathogenic CNVs in four patients (Table 1 and Fig. 1).
These were confirmed by qPCR. Patient 9 has a 94-kb
deletion at 5p13.2, encompassing exons 22–47 of NIPBL
and the last exon of C5orf42 (Fig. S2,a). Partial deletions of
NIPBL have been reported in patients with CdLS, and
NIPBL haploinsufficiency is apparently deleterious [22].
Patient 34 has a 4.2-Mb deletion at 12q24.1-q24.23, which

Parental samples were not available with 2 cases.

Undetermined
21 Families

Trio analysis

WES-based
CNV analysis

WES

57 pa�ents 
with clinically suspected CdLS

Undetermined
24 Families

Not trio analysis

Undetermined
28 Families

NIPBL
22

SMC1A

ANKRD11
EP300

KMT2A SETD5

2

2
1

11

93.9-kb dele�on 
NIPBL)(

4.2-Mb dele�on  
(MED13L)

9p dele�on

9q dele�on 
(EHMT1) 1

11

1

ZMYND11
1

MED13L
1

PHIP
1

Pathogenic SNVs
29 Families

Pathogenic CNVs
4 Families

Pathogenic SNVs
3 Families

Diagnos�c yield
63.2% (36/57)

Candidate variant
1 Family
NAA50

Fig. 1 Flowchart of this study. All the 57 patients with clinically
suspected CdLS were analyzed by whole-exome sequencing (WES).
Twenty-nine patients had pathogenic single nucleotide variants
(SNVs) in two CdLS genes (NIPBL and SMC1A) and four CdLS-like
genes (ANKRD11, EP300, KMT2A, and SETD5). WES-based
copy number variation (CNV) analysis in patients with no causa-
tive SNVs identified pathogenic CNVs in four patients.

The remaining 24 patients with neither pathogenic SNVs nor
CNVs were subjected to trio-based analysis, except for two cases
whose parental samples were unavailable. Three causative variants
were identified in ZMYND11, MED13L, and PHIP. Diagnostic yield
was 63.2 % (36/57) when all 32 SNVs (32/57 [56.1%]) and four
CNVs (4/57 [7.0%]) were included. A novel candidate variant was
detected in NAA50
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contains 40 genes including the entire MED13L gene
(Figure S2,b). Patient 51 has a 14.1-Mb deletion at 9p24.3-
p22.3, involving 44 genes and an adjacent 571-kb dupli-
cation at 9p22.3, altogether encompassing four genes
(Fig. S2,c). Patient 52 has a 774-kb deletion at 9q34.3,
containing 14 genes including the entire EHMT1 gene
(Fig. S2,d).

Variants in genes associated with diseases other
than CdLS and CdLS-like

By trio-based analysis, we identified pathogenic or likely
pathogenic variants in ZMYND11, MED13L, and PHIP.
These variants are involved in other diseases, but never
CdLS or CdLS-like.

A novel ZMYND 11 frameshift variant (NM_006624.5:
c.1438delG, p.Asp480Thrfs*3) was detected in Patient 53,
who had typical CdLS features including left hand oligo-
dactyly (Table 1 and S1, and Fig. 2a–e). Based on apparent
double sequences implying low mutant allele peaks in the
electropherogram of the mother, maternal mosaicism of this
variant was examined (Fig. S3). Deep sequencing of PCR
products encompassing the maternal variant confirmed
mosaicism (mutant/mutant+wild-type reads= 2835/27596
[10.3%)]), while Patient 53 showed heterozygosity
(mutant/mutant+wild-type reads= 12514/27211 [46.0%])
(Table S3). By TA cloning of PCR products spanning the
maternal variant, wild-type and mutant alleles were clearly
recognized by Sanger sequencing (Fig. S3), yet the mother
had no CdLS-like features. ZMYND11 has been reported as
a critical gene for 10p15.3 microdeletion syndrome,
including neurodevelopmental disorder, characteristic
dysmorphic features, and other more frequent symptoms,
such as behavioral disturbances, hypotonia, seizures, low
birth weight, short stature, genitourinary malformations, and
recurrent infections [23].

A novel MED13L missense mutation, NM_015335.4:
c.6485C>A, p.Thr2162Lys was detected in Patient 5
(Table S4). MED13L variants cause distinctive dysmorphic
features and mental retardation with or without cardiac defects
(MIM #608771), known as MED13L haploinsufficiency
syndrome [24]. The missense variant identified here is novel,
but another variant at the same nucleotide position was pre-
viously identified, which leads to a different amino acid
substitution (NM_015335.4:c.6485C>T, p.Thr2162Met) [25].
Of note, we also detected a 4.2-Mb deletion involving
MED13L in Patient 34 (Table S4 and Fig. S2b). Further, a
novel PHIP missense mutation (NM_017934.7:c.1156G>A,
p.Asp386Asn) was detected in Patient 56. PHIP hap-
loinsufficiency causes dysmorphic CdLS-like features,
developmental delay, intellectual disability, and obesity [26].

In the remaining 21 undetermined families,
NM_025146.4:c.93C>G, p.Tyr31* in NAA50 (encoding N-

alpha-acetyltransferase 50) attracted our attention, because
it encodes a cohesin complex component (see Discussion).
NAA50 variants have not previously been described.

Clinical evaluation of CdLS patients using a new
scoring system

Of the 57 patients with CdLS, their clinical features were re-
evaluated based on the clinical scoring system reported by
Kline et al. [6]. With this scoring system, clinical features of
clinically suspected CdLS are classified as cardinal (2 points
each if presented) and suggestive (1 point each if pre-
sented). Clinical scores ≥ 11, 10 or 9, 8–4, and <4 points,
are classified as: classic CdLS, non-classic CdLS, suffi-
ciently suspected to warrant molecular testing for CdLS,
and insufficient indication for CdLS molecular testing,
respectively. All 57 patients were classified using the above
clinical scoring system (Table S1 and Fig. 3). Twenty-five
patients were categorized as classic CdLS, 17 patients as
non-classic CdLS, and 15 patients as sufficiently suspected
to warrant molecular testing for CdLS. No patients were
insufficient to indicate molecular testing. The proportion of
NIPBL variants was 60% (15/25), 35.3% (6/17), and 13.3%
(2/15) in each class, respectively. Ratios of NIPBL variants
were compared between two of three classes, with a sig-
nificant difference recognized only between classic CdLS
and sufficiently suspected to warrant molecular testing for
CdLS (χ2 test, p < 0.05) (Fig. 3). NIPBL variants in classic
CdLS were more frequent than sufficiently suspected to
warrant molecular testing for CdLS.

Interestingly, Patient 53 with a ZMYND11 frameshift
variant showed classic CdLS (15 points) with oligodactyly
(Fig. 2a–e). Therefore ZMYND11 could be included as a
CdLS or CdLS-like genes, although ZMYND11 variants
have not been reported in CdLS. Patients 5 (SNV) and 34
(CNV) with MED13L abnormality showed clinical scores of
8 and 9 points, respectively, and were consequently classi-
fied as sufficiently suspected to warrant molecular testing for
CdLS and non-classic CdLS (Fig. 2f–h, i–l). Patient 56 with
a missense variant in PHIP showed CdLS-like features
(6 points), including synophrys, long curly eyelashes, ante-
verted nostrilis, and depressed nasal bridge, although obesity
was retrospectively inconsistent with CdLS (Fig. 2m–p).
This clinical information is summarized in Table S1.

Discussion

Using WES, we identified pathogenic variants in 36 out
of 57 (63.2%) patients with clinically suspected CdLS.
The diagnostic yield was comparatively higher than pre-
vious studies (40–60%) as previous studies used panel or

Comprehensive genetic analysis of 57 families with clinically suspected Cornelia de Lange syndrome 973



Sanger sequencing of only major CdLS genes [27–30].
Advantages of WES are clearly indicated here as CdLS and
CdLS-like patients are genetically and clinically

heterogeneous. Using a large clinical exome sequencing
cohort, a recent genotype-driven approach of cohesinopathy
also emphasized the utility of clinical exome sequencing to
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provide molecular diagnoses for cohesinopathies with
extensive genetic and phenotypic heterogeneity, as well as
to detecting mosaic variants in patients [12]. We detected no
mosaicism variants in our patients, although it may be dif-
ficult to detect extremely low prevalence mosaic variants
by WES.

Based on recent clinical scores [6], NIPBL variants are
more likely to be found in classic CdLS. Moreover, we
detected a ZMYND11 frameshift variant, NM_006624.5:
c.1438delG, p.Asp480Thrfs*3 in Patient 53 with classic
CdLS. ZMYND11 (also known as BS69) contains a tandem
“reader” module of histone modifications, which recognizes
and binds histone H3.3 trimethylated at Lys-36
(H3.3K36me3). Subsequently, this recruits histone deme-
thylases, histone deacetylases, and the SWI/SNF chromatin-
remodeling complex to reset chromatin to a relatively
repressive state and prevent further transcription [31, 32].
Except for ZMYND11, all pathogenic variants in genes for
diseases other than CdLS and CdLS-like (MED13L and
PHIP) were detected in patients with scores <9.

We found two patients with MED13L abnormality and
one patient with a PHIP variant. MED13 is a subunit of the
cyclin-dependent kinase 8 (CDK8) module comprised of
reversible association of four subunits: cyclin C, CDK8,
mediator complex subunit (MED)12/MED12L, and
MED13/MED13L. The module binds the mediator complex
to regulate its activity. The mediator complex bridges
between gene-specific activators bound to regulatory ele-
ments and general transcription machinery comprising RNA
polymerase II and general transcription factors [33, 34].
PHIP is a H3K4 methylation-binding protein that interacts
with chromatin modifications associated with promoters and
transcriptional cis-regulatory elements [35]. Interestingly,
ZMYND11, MED13L, and PHIP are all core components
of transcriptional regulatory pathways. Recently, CdLS and
CdLS-like disorders were reported not only as cohesino-
pathies but also as “transcriptomopathies” [15]. Actually,
AFF4, ANKRD11, ARID1B, BRD4, EP300, KMT2A,
SETD5, and TAF6 have been found in patients with several
clinical features overlapping with CdLS, and are related to
epigenetic modification, chromatin remodeling, and tran-
scriptional regulation pathway [8, 15, 36, 37] (Table S5).
Interactive networks of 18 genes associated with CdLS and
CdLS-like features were analyzed using GeneMANIA
(https://genemania.org/), which covers physical interac-
tions, pathways, and shared protein domains (Fig. 4). As
expected, genes encoding cohesion complex and its reg-
ulatory factors (NIBPL, SMC1A, SMC3, HDAC8, RAD21,
and ESPL1) strongly interact with each other. ZMYND11
and PHIP share protein domains with other genes encoding
histone modification factors and transcriptional regulation
factors. MED13L shares a common pathway with EP300,
and is involved in regulation of RNA polymerase II. HIF1A

Fig. 2 Clinical photographs of individuals with ZMYND11, MED13L,
and PHIP abnormalities. a–e Photos of Patient 53 with a ZMYND11
frameshift mutation. a, b Facial features include microcephaly,
synophrys, highly arched eyebrows, long curly eyelashes, low set ears,
anteverted nasal nostrilis, long philtrum, thin upper lip, downturned
corners of the mouth, and micrognathia. c Note left hand oligodactyly
(only one finger). d, e Right hand and bilateral feet. Right hand shows
abnormal palmer crease. Feet show no abnormalities. f–h Facial
photos of Patient 5 with a MED13L missense mutation at f 3 months
and g 18 years. h Broad forehead, synophrys, long curly eyelashes,
low set ears, anteverted nasal bridge, and full cheeks are seen at 23
years. i–l Clinical features of Patient 34 with a 4.2-Mb deletion
involving MED13L. i Note synophrys, arched eyebrows, upslanting
palpebral fissures, long curly eyelashes, low set ears, anteverted nasal
bridge, and bulbous nasal tip. j Hirsutism in the back. k, l Bilateral
hands and feet. Hands show clinodactyly of the fifth finger. Feet show
no abnormalities. m–p Photos of Patient 56 with a PHIP missense
mutation. m Facial features include macrocephaly, synophrys, long
curly eyelashes, anteverted nasal nostrilis, depressed nasal bridge, and
short neck. n Full whole body view with obesity at 11 years (weight,
82.5 kg [>95 percentile]; height, 157.5 cm [>95 percentile]; occipital
frontal circumference, 58 cm [>98 percentile]). o, p Hands and feet
were normal. q–t Photos of Patient 51 with a 4.1-Mb deletion at
9p24.3-p22.3 adjacent to a 571-kb duplication at 9p22.3. q, r Facial
features include synophrys, upslanting palpebral fissures, anteverted
nostrilis, and long philtrum. s, t Hands were normal. u–w Phenotype
of Patient 52 with a 773.8-kb deletion at 9q34.3. u Facial features
include synophrys, long curly eyelashes, and depressed nasal bridge. v,
w Hands and feet were normal
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Classic CdLS
( Score 11 )

Non-classic CdLS
( Score 10 or 9 ) 

Molecular test
( Score 8-4 ) 

NIPBL 14 (SNV) 1 (CNV) 6 2
SMC1A 1 0 1

ANKRD11 0 1 1
EP300 0 1 0
KMT2A 0 0 1
SETD5 0 1 0

ZMYND11 1 0 0
MED13L 0 1 (CNV) 1

PHIP 0 0 1
CNV 0 0 2

Undetermined 8 7 6
Total 25 17 15

Not NIPBL

NIPBL

0%

50%

100%

*
NS NS

* : p< 0.05
NS : Not significant

Fig. 3 Classification of 57 CdLS patients by clinical score. All patients
were classified based on clinical score. Scores of ≥11, 10 or 9, 8–4, and
<4 enabled categorization of four classes: classic CdLS, non-classic
CdLS, sufficiently suspected to warrant molecular testing for CdLS
indicated, and insufficient to indicate molecular testing for CdLS. The
57 patients were classified to classic CdLS (N= 25), non-classic CdLS
(N= 17), and sufficiently suspected to warrant molecular testing for
CdLS indicated (N= 15). The number of individuals with variants are
indicated in rows of genes
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is a hypoxia inducible factor subunit that induces recruit-
ment of CDK8-mediator complex and p300 (encoding
EP300) for histone acetyltransferase to stimulate RNA
polymerase II elongation [38]. These functional links in
three genes (ZMYND11, PHIP, and MED13L) may be
related to CdLS-like features.

Patient 51 has a 14.1-Mb deletion at 9p24.3-p22.3
(involving 44 RefSeq genes) adjacent to a 571-kb dupli-
cation at 9p22.3, containing four genes (Fig. S2c). Critical
genes of 9p deletion syndrome include DMRT (DMRT1,
DMRT2, and DMRT3 cluster) for gonadal dysgenesis from
complete sex reversal to milder phenotypes in 46,XY
patients [39], FREM1 for craniosynostosis including trigo-
nocephaly [40], and DOCK8, KANK1, SLC1A1, and GLDC
for developmental delay and neurological disorders [41].
Trigonocephaly is one of the major features of 9p deletion
syndrome, but absent in our patient. Trigonocephaly was
previously mapped to a critical 4.7-Mb region at 9p22.2-
p23, including FREM1 and CER1 [42]. Interestingly, our
patient has a duplication of this critical region, and instead
of trigonocephaly, exhibited delayed closure of the anterior
fontanelle at 3 years of age Thus, it is conceivable that

FREM1 and/or CER1 are potentially dosage sensitive
genes related to cranial bone development and closure.
In addition, SMARCA2 was included in the deletion
region. SMARCA2 is a known causative gene for
Nicolaides–Baraitser syndrome (MIM #601358), which
shares several CdLS features [43]. To date, 78 variants are
registered in the Human Gene Mutation Database (HGMD)
V.2019.1, but no truncating variants. SMARCA2 variants
are predicted to act in a dominant-negative or gain-of-
function manner rather than haploinsufficiency. Indeed, it
has been suggested that SMARCA2 might not be a critical
gene for 9p deletion syndrome.

Patient 52 has a 773.8-kb deletion at 9q34.3, which
contains 14 genes including EHMT1. Intragenic EHMT1
variants or submicroscopic 9q34.3 deletion causes Kleefstra
syndrome with distinct facial features, hypotonia, develop-
mental delay, and intellectual disability [44]. EHMT1
encodes a histone H3 Lys-9 methyltransferase and is con-
sequently involved in chromatin remodeling [45]. Similar to
patients with CdLS, our patient showed dysmorphic fea-
tures, including synophrys, long curly eyelashes, and
depressed nasal bridge, but no limb abnormalities

SMC1A

SMC3

HDAC8

ESPL1

RAD21

NIBPL

STAG2

EP300

KMT2A

ZMYND11

PHIP

ANKRD11

ARID1B

SETD5

AFF4MED13L

TAF6

BRD4

CdLS genes

CdLS-like genes

Genes associated with diseases 
other than CdLS and CdLS-like

Physical interac�ons
Pathways
Shared domains

Cohesin complex and its regulatory factors

Transcrip�onal regula�on factorsHistone modifica�on factors

Fig. 4 Schematic presentation of
interacting networks of mutated
genes in CdLS and CdLS-like.
Interactive gene networks of
mutated genes with CdLS and
CdLS-like features. Three
networks are highlighted using
GeneMANIA (https://genema
nia.org/), based on physical
interactions (red line),
connecting pathways (blue line),
and shared protein domains
(green line)
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(Fig. 2u–w). Clinical score was 5 points, suggesting that the
patient is likely compatible with Kleefstra syndrome rather
than CdLS. Nonetheless, it is sometimes difficult to clearly
differentiate these two disorders.

In 21 undetermined families, a de novo nonsense variant
(NM_025146.4:c.93C>G, p.Tyr319*) was detected in
NAA50 in Patient 19 with classic CdLS features (12 points).
The variant was confirmed by Sanger sequencing. This
variant was not registered in control population databases
(ExAC and gnomAD). According to ExAC, probability of
loss-of-function intolerance (pLI) score of 0.88 suggest
intolerance to loss-of-function variant. To date, no variants
are registered in HGMD V.2019.1. NAA50 encodes a N-
terminal acetyltransferase required for chromosome segre-
gation during mitosis. It has been reported that NAA50 is
required for sister chromatid cohesion during Drosophila
wing development, and most likely regulates correct inter-
action between the cohesin subunits, RAD21 and SMC3
[46]. These findings support that NAA50 truncation variants
may cause the candidate variants of CdLS. Further studies
of NAA50 variants in patients with CdLS are necessary.

In conclusion, we have achieved a high genetic diagnosis
rate of 63.2% by WES in patients with clinically diagnosed
CdLS. Moreover, we have newly detected ZMYND11,
MED13L, and PHIP variants potentially linked to CdLS or
CdLS-like through abnormality of transcriptional regulation
together with NAA50 variant.
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