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Abstract

Cornelia de Lange Syndrome (CdLS) is a rare, dominantly inherited multisystem developmental 

disorder characterized by highly variable manifestations of growth and developmental delays, 

upper limb involvement, hypertrichosis, cardiac, gastrointestinal, craniofacial and other systemic 

features. Pathogenic variants in genes encoding cohesin complex structural subunits and regulatory 

proteins (NIPBL, SMC1A, SMC3, HDAC8, and RAD21) are the major pathogenic contributors to 

CdLS. Heterozygous or hemizygous variants in the genes encoding these five proteins have been 

found to be contributory to CdLS, with variants in NIPBL accounting for the majority (>60%) of 

cases, and the only gene identified to date that results in the severe or classic form of CdLS when 

mutated. Pathogenic variants in cohesin genes other than NIPBL tend to result in a less severe 

phenotype. Causative variants in additional genes, such as ANKRD11, EP300, AFF4, TAF1 and 

BRD4, can cause a CdLS-like phenotype. The common role that these genes, and others, play 

as critical regulators of developmental transcriptional control has led to the conditions they cause 

being referred to as disorders of transcriptional regulation (or “DTRs”). Here, we report the results 

of a comprehensive molecular analysis in a cohort of 716 probands with typical and atypical 

CdLS in order to delineate the genetic contribution of causative variants in cohesin complex 

genes as well as novel candidate genes, genotype-phenotype correlations and the utility of genome 

sequencing in understanding the mutational landscape in this population.

Introduction:

Cornelia de Lange syndrome (CdLS, OMIM# 122470; 300590; 300882; 610759; 614701), 

also called Brachmann-de Lange syndrome, is a rare dominant multisystem developmental 

disorder with variable expression that affects approximately 1 in 10,000 to 1 in 30,000 live 

births (Krantz et al., 2004; Mannini, Cucco, Quarantotti, Krantz, & Musio, 2013). The first 

reports of CdLS were made by the Dutch anatomist and pathologist Willem Vrolik in 1849 

and subsequently by Dr. Winfried Robert Clemens Brachmann in 1916, who both described 

single cases. However, the diagnosis was formally characterized by the Dutch physician 

Dr. Cornelia de Lange who described three unrelated cases in 1933 (Brachmann, 1916; De 

Lange, 1933; Oostra, Baljet, & Hennekam, 1994; Vrolik, 1849). The clinical hallmarks of 

CdLS include a distinct facial appearance and variable growth delay, intellectual disability, 

upper limb abnormalities, hypertrichosis, gastroesophageal dysfunction, cardiac, ocular, 

diaphragmatic, genitourinary and other systemic involvement (Jackson, Kline, Barr, & Koch, 

1993; Kline et al., 2007). Craniofacial features can include microcephaly, synophrys, arched 

eyebrows, long and thick eyelashes, long philtrum, thin vermilion of the upper lip, depressed 

corners of the mouth, a high arched (and sometimes cleft) palate, and low-set/posteriorly 

rotated ears (Jackson et al., 1993; Kline et al., 2007; Kline et al., 2018) (Figure 1A). 

Upper limb differences may range in severity from small hands, single palmar creases 

and 5th finger clinodactyly to various forms of oligodactyly and/or syndactyly with almost 

complete absence of the upper extremities being the most severe manifestation (Marino, 

Wheeler, Simpson, Craigo, & Bianchi, 2002; Mehta et al., 2016) (Figure 1B). Affected 

individuals may also present with intestinal malrotation, congenital diaphragmatic hernia 

(CDH), hearing loss, myopia, hypoplastic genitalia, autism, and self-injurious behavior 

(Ajmone et al., 2014; Grados, Alvi, & Srivastava, 2017; Jackson et al., 1993; Kline et al., 
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2007; Kline et al., 2018; Levin, Seidman, Nelson, & Jackson, 1990; Marino et al., 2002; 

Sataloff, Spiegel, Hawkshaw, Epstein, & Jackson, 1990).

The classic CdLS phenotype—characterized by the craniofacial gestalt, growth and 

developmental delay, and limb differences—is striking and easily recognized. However, the 

broader CdLS phenotype is a spectrum that ranges from this classic presentation to milder 

or ‘non-classic’ forms of CdLS (Kline et al., 2018) (Figure 1A). Individuals with non-classic 

CdLS may retain some of the cardinal features but may lack other clinical manifestations or 

manifest differing degrees of severity.

CdLS can be diagnosed clinically or by molecular confirmation of a pathogenic variant 

in one of five genes (NIPBL, SMC1A, SMC3, RAD21, and HDAC8) associated with the 

cohesin pathway and rarely in two additional genes (BRD4, and ANKRD11) (Figure 1C). 

Cohesin plays a pivotal role in chromatid cohesion, gene expression, and DNA repair. 

The main cohesin genes that result in CdLS when mutated fall into two main categories: 

genes encoding cohesin regulatory proteins (e.g. NIPBL, HDAC8) and genes encoding 

cohesin structural proteins (e.g. SMC1A, SMC3, RAD21). SMC1A, SMC3, and RAD21 
encode core components of the cohesin complex, while HDAC8 encodes a key regulator 

of cohesin that functions as a deacetylator of the SMC3 protein involved in regulating the 

dissociation of cohesin from chromatin (Deardorff, Bando, et al., 2012). The majority of 

affected individuals (>60%) have a pathogenic variant in NIPBL, a gene whose protein 

product is required for loading cohesin onto chromatin (Kline et al., 2018; Krantz et al., 

2004). NIPBL’s cohesin loading function is conserved across evolution, as demonstrated 

from experimental evidence obtained from model organisms (Ciosk et al., 2000; Gillespie 

& Hirano, 2004; Rollins, Korom, Aulner, Martens, & Dorsett, 2004; Takahashi, Yiu, Chou, 

Gygi, & Walter, 2004). NIPBL is located on chromosome 5p13.2, spans more than 190 

kb and consists of 47 exons that encodes two isoforms of delangin; A and B consisting 

of 2,804 and 2,697 amino acids, respectively (Krantz et al., 2004; Tonkin et al., 2004). 

SMC1A and SMC3 are structural maintenance of chromosomes (SMCs) proteins that are 

components of a large family of ring complexes that participate in DNA regulatory and 

repair functions. SMC1A encodes a subunit of the cohesin-core complex that tethers sister 

chromatids together to ensure correct chromosome segregation in both mitosis and meiosis. 

As a member of the cohesin ring, SMC1A takes part in gene transcription regulation and 

genome organization; and it participates in the DNA Damage Repair (DDR) pathway, being 

phosphorylated by Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia and 

Rad3 Related (ATR) threonine/serine kinases. It is also a component of the Recombination 

protein complex (RC-1) involved in DNA repair by recombination (Musio, 2020). SMC1A 
is located on the X chromosome, in a region that partially escapes X inactivation (Brown et 

al., 1995); both hemizygous male and heterozygous female individuals with CdLS have been 

identified with SMC1A pathogenic variants (Mannini, Liu, Krantz, & Musio, 2010). As one 

of the key components of the cohesion complex, SMC1A forms a tripartite ring structure 

with SMC3, RAD21, and stromal antigens (STAGs) that secure sister chromatids together 

by trapping them inside the ring (Haering, Farcas, Arumugam, Metson, & Nasmyth, 2008). 

SMC3 forms a V-shaped SMC1A/SMC3 heterodimer in the tripartite ring structure via the 

interaction between the hinge domains (Deardorff et al., 2007). The structural and functional 
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similarities between the gene products of SMC1A and SMC3 imply that genetic variation in 

the 2 genes may result in similar phenotypes.

The vast majority of cohesin-related CdLS cases result from de novo causative variants 

with rare familial recurrences being due to germ line mosaicism or transmission from a 

mildly affected parent (Russell et al., 2001). Genotype–phenotype correlations have shown 

that NIPBL variants usually result in a classic and more severe CdLS phenotype than 

variants in other genes (Kaur et al., 2016; Mannini et al., 2013). A smaller number of 

affected individuals (totaling 5–7%) have pathogenic variants in SMC1A, SMC3, RAD21, 
and HDAC8. Individuals with pathogenic variants in these 4 genes tend to have milder 

or “non-classic” CdLS phenotypes (Deardorff, Bando, et al., 2012; Deardorff et al., 2007; 

Deardorff, Wilde, et al., 2012; Gil-Rodriguez et al., 2015; Kaur et al., 2016; Kline et al., 

2018; Mannini et al., 2013; Musio et al., 2006).

BRD4 and ANKRD11 have only recently been added to the list of known CdLS-causing 

genes. BRD4 encodes a chromatin-associated protein that cooperates with NIPBL in 

transcriptional regulation and variants have been identified in a few individuals with CdLS 

(Olley et al., 2018; Stefan Rentas et al., 2020). ANKRD11 is involved in regulating gene 

expression via chromatin remodeling (F. Cucco et al., 2020). Variants in ANRKD11 have 

been reported in a few individuals with non-classic CdLs and overlapping features with 

KBG syndrome (Ansari et al., 2014; Parenti et al., 2016).

Alterations in cohesin and associated pathways caused by variants in genes encoding 

components of the transcriptional machinery as well as proteins involved in epigenetic 

modification, are causative of CdLS and related diagnoses when disrupted and have 

more broadly been termed “transcriptomopathies” or “disorders of transcriptional 

regulation”(Izumi, 2016; Yuan et al., 2015). Similarities between the clinical phenotypes 

of diverse syndromic diagnoses caused by disruption of developmental transcriptional 

regulation suggests that some commonalities exist in subsets of critical developmental 

genes that are misexpressed at key time points in organogenesis resulting in developmental 

diagnoses with overlapping phenotypes.

The high degree of clinical and genetic heterogeneity, especially among individuals with 

mild or ‘atypical’ CdLS can often impede the diagnosis (Kline et al., 2018). Overlap 

between clinical features of CdLS and other diagnoses provides an additional challenge 

to confirming a diagnosis of CdLS (Ansari et al., 2014; Francesco Cucco et al., 2020; 

Gil-Rodriguez et al., 2015; Parenti et al., 2016). The presence of somatic mosaicism in some 

individuals with CdLS can also hinder establishing a molecular diagnosis with testing of 

tissue other than blood being needed in those with a negative result from blood (Ansari et 

al., 2014; Kline et al., 2018).

Although great progress has been made in identifying the genetic causes of CdLS, there 

remains a significant subset of affected individuals without an identifiable pathogenic 

variant, suggesting that there are additional mutational mechanisms likely not captured on 

standard targeted gene sequencing, panels or exome sequencing (e.g. non-coding variants 

in regulatory regions, deep intronic variants, complex structural rearrangements, undetected 
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mosaicism) as well as additional CdLS related genes yet to be discovered. In this study, 

we provide a comprehensive overview of all pathogenic genetic variants identified in our 

cohort of 716 molecularly screened CdLS probands and family members as well as assess 

the utility of genome sequencing in the subset of 178 probands who were not found to 

have an identifiable mutation through standard genetic screening. This paper represents a 

comprehensive review of genetic variation in CdLS and related diagnoses and offers insights 

into the diagnostic yield and contribution of the many genes involved, genotype-phenotype 

correlations, and potential novel candidate genes.

Materials/Methods

Patients:

All patients and family members were enrolled in the study under an institutional review 

board–approved protocol of informed consent at The Children’s Hospital of Philadelphia 

(CHOP). All subjects were evaluated by clinical dysmorphologists with experience in the 

diagnosis of CdLS. Patients were either seen at CHOP or were referred by experienced 

clinical geneticists or pediatricians. Clinical history and photographs were obtained for 

enrolled individuals All individuals, for whom sufficiently detailed phenotypic data were 

available, were assessed for diagnostic severity and classified into one of the five clinical 

diagnostic groups: definite, possible, atypical/overlapping (CdLS-like), unlikely or not 

CdLS and unknown (for probands with limited clinical information) (based on prior study 

by Gillis et al., 2004). For the purposes of the phenotype classification, the following 

criteria were applied: 1) definite: characteristic facial features, typical limb involvement, 

small stature, microcephaly, cognitive impairment consistent with a clinical diagnosis 

of CdLS, 2) possible: meeting criteria for definite but some non-characteristic features 

(e.g. normocephalic, no limb involvement), 3) atypical/overlapping (CdLS-like): many 

overlapping features with CdLS, however, the overall impression was not consistent with 

a definitive diagnosis of CdLS, and 4) unlikely or not CdLS: clinical features demonstrated 

overlap with CdLS however upon review features were not felt to be consistent with CdLS. 

Many of the probands who were referred and enrolled in this study who fell into group 

3 and 4 classifications and subsequently found to have variations in genes associated with 

other diagnoses (most of which were unknown/undescribed at the time of initial enrollment) 

were enrolled due to their phenotypic overlap with CdLS and are now recognized as either 

having genetically distinct diagnoses that phenocopy CdLS or are more typical of CdLS 

even though they were subsequently found to have variants in genes related to a different 

diagnosis. Severity was assessed based on criteria outlined in Gillis et al., 2004.

Sample Cohort:

We enrolled 2861 subjects including 2016 probands with suspected CdLS and 845 parents 

and siblings of the probands. A sample (DNA from blood, skin, or saliva) was received for 

797 probands. Variant screening (see details below) was performed on 716 probands. Of the 

probands tested: both parents were available for 309 (43%), one parent was available for 

81 (11%) and 326 (46%) were tested as probands only. In 45 probands clinical information 

was very limited and their diagnostic severity was listed as “unknown”. The cohort was 

composed of 672 sporadic (94%) and 44 familial (6%) cases.
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Analytical Methods:

As this cohort has been enrolled and samples collected and tested over a 25-year period, 

various testing modalities have been employed to screen for pathogenic causative variants 

including: 1) targeted gene screening by conformation-sensitive gel electrophoresis (CSGE) 

with intronic exon flanking primers along the whole coding sequence, followed by direct 

Sanger sequencing, 2) multiplex ligation-dependent probe amplification (MLPA), 3) cDNA 

sequencing, 4) sequencing of conserved noncoding sequences (CNCs), 5) direct sanger 

sequencing using intronic exon flanking primers, 6) Whole-genome SNP genotyping was 

performed with Illumina (San Diego, CA) Infinium HumanHap550 Beadchip or Affymetrix 

(Fremont, CA) Genome-Wide Human SNP 6.0 arrays according to the manufacturer’s 

protocols. Copy-number calling was performed with custom algorithms and PennCNV. 

(Shaikh et al., 2009; Wang et al., 2007), 7) exome sequencing, and, most recently 8) 

genome sequencing. 9) Deletion/duplication analysis of the NIPBL gene was performed 

using Illumina HapMap 550K and Multiplex ligation-dependent probe amplification 

(MLPA) analysis was performed using the SALSA P141/P142 MLPA kit (MRC-Holland, 

Amsterdam, the Netherlands). All findings were validated/confirmed by direct sequencing of 

a second independently amplified PCR product in both forward and reverse directions from 

the patient’s DNA from the respective tissue source. Genome sequencing was performed at 

the Broad Institute using Illumina NovaSeq with an average read depth of 30X. Alignment 

and variant calling were carried out using GATK Best Practices workflows (Broad Institute), 

de novo mutation discovery using GEMINI, variant annotation using Annovar and SnpEff, 

CNV and SV analysis conducted using CNVnator and Manta, visualizations done using 

Interactive Genomics Viewer. The nomenclature of the alterations was based on the mRNA 

sequence according to the recommendations of the Human Genome Variety Society. 

Variants were classified based on the American College of Medical Genetics (ACMG) 

recommendations. Detected pathogenic or potentially pathogenic variants were confirmed 

by independent PCR reactions followed by bidirectional Sanger sequencing.

Mutation Analysis Methods:

All variant nomenclature follows the HGVS nomenclature guidelines (http://www.hgvs.org/

mutnomen). The GenBank reference sequences mentioned in this study use version 

GRCh38/hg38 of the Genome Reference Consortium Human Build. All results were 

compared with the reference sequences and variants were queried in the gnomAD (https://

gnomad.broadinstitute.org), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and Human 

Gene Mutation (http://www.hgmd.cf.ac.uk/ac/index.php) databases.

Ontologic classification:

Biological process, molecular function, and cellular component determinations were made 

using the Gene Ontology (GO) database and visualized with gProfiler. Protein families and 

domains were assigned using the Pfam database and visualized using the trackViewer library 

for R in R Studio.
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Results:

Overall distribution of variants (Figure 2):

Of the 716 probands tested, pathogenic and likely pathogenic causative variants were 

identified in 422 (59%). The breakdown of genes in which suspected causative variants 

were identified is as follows: NIPBL: 271 (64%), (158 male:113 female); SMC1A: 40 (9%), 

(11 male: 29 female); HDAC8: 25 (6%), (8 male:17 female); SMC3: 16 (4%), (10 male: 

6 female); RAD21: 6 (1%), (3 male: 3 females); other causative genes: 64 (15%) (see 

Supplementary Table S1). Of the identified variants, DNA was available from both parents 

in 210 families and of these, 207 (99%) variants were de novo.

NIPBL variants:

271 heterozygous pathogenic variants distributed across the NIPBL gene were identified 

in CdLS probands (Figure 3A): 209 (77%) falling in coding sequences, 50 (18%) in 

noncoding regions, and 12 (4%) involving gross genomic alterations (Supplementary Table 

S1). GenBank NM_133433.4 was used as the NIPBL sequence reference. The majority of 

identified variants are nonsense, splice site, or frameshifts that result in a predicted truncated 

protein that presumably results in haploinsufficiency. A total of 222 different variants were 

identified. Causative variants include: 126 (46%) truncating [81 frameshifts (30%) and 45 

nonsense (17%)], 76 (28%) missense; 47 (17%) splicing variants; and 7 (3%) in-frame 

deletions affecting the coding and consensus sequence; 1 mutation (0.4%) in the 5′UTR; 

1 (0.4%) deep intronic mutation; 12 (4%) large intragenic deletions; and one balanced 

translocation.

Variants were identified in all exons with the exception of exons 5, 13, 14, and 25. This 

finding may suggest that variants within these regions are not tolerated indicating that these 

exons, and the protein domains they code for, could have critical functional roles that have 

yet to be determined or variants in these exons do not produce disease. Several exons had 

multiple variants, including exons 2, 3, 4, 7, 9, 10, 17, 22, 28, 29, 34, 37, 40, 42, 43, 44, 

45, and 47. The largest single exon cluster of variants, 37(14%) [11 nonsense, 25 frameshift, 

and 1 missense], were seen in exon 10 which encodes the coiled-coil region and for the 

undecapeptide repeat, however, this 1,625-bp exon is ~8 times the size of the average exon 

(~200 bp) in the NIPBL gene (Gillis et al., 2004). The majority, 195 (72%), of NIPBL 
variants are unique; however 27 (10%) recurrent variants were identified (Figures 3 and 4) in 

unrelated probands.

NIPBL Point variants (Missense):

The 76 identified missense pathogenic variants (46 previously reported by our group and 

30 reported in this paper), were located along the entire coding sequence (Figure 3A). 

Additional NIPBL hot spots are suggested by recurrent variants at the same amino acid 

residue, which affect C1311, R1789, G2381, G2115, A18953, A2338, A2390, and R2298 

respectively, and have been previously reported to be mutated in other CdLS probands 

(Figure 4A). Pathogenic missense substitutions at the highly conserved amino acid residue 

2298 in exon 40 were mutated in 14 unrelated probands– six with R2298C, six with 

R2298H, one with R2298G, and one with R2298P. While most unrelated probands with 
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identical variants in NIPBL have similar phenotypes there are exceptions suggesting that 

other modifying genetic or environmental factors likely impact the CdLS phenotype. While 

all 6 individuals identified to have the R2298C mutation were significantly affected and 

had the more “classic” CdLS phenotype, only two had structural limb-reduction defects 

and more severe phenotypes, while 4 had no limb defects and growth and developmental 

phenotypes ranging from mild to moderate (Figure 4B).

In-frame deletions:

In-frame deletion variants were identified in seven probands. Recurrent in-frame mutation 

6653_6655delATA; N2218delN resulting in deletion of amino acid asparagine in exon 39 

was identified in 4 unrelated probands (3 males, 1 female) with varying degrees of definite 

mild to moderate phenotypes (Figure 4A). This suggests that, in the case of CdLS, the same 

genetic change does not always lead to the same degree of disease severity, a phenomenon 

which is probably influenced by additional, not yet specified, modifying factors (Gillis et al., 

2004; Kuzniacka et al., 2013).

NIPBL Splicing variants:

47 splicing pathogenic variants were identified in noncoding regions of NIPBL affecting 

donor (36%) and acceptor (64%) splice sites. To our knowledge, the most common effect of 

splicing site changes is skipping of the downstream exon. Seven recurrent splice site changes 

that led to the formation of alternative transcripts by aberrant splicing were identified 

in our cohort: splice donor site variants c.64+1G>A (P6) and c.64+2_3insT (P2) lead to 

skipping of translation initiation codon carrying exon 2; c.7410+4A>G (P2), c.65–5A>G 

(P2), c.3855+1G>A (P2) and c.7686–1G>C (P2) were identified in unrelated probands with 

mild to moderate phenotype. We identified a previously reported mutation in intron 27 of 

NIPBL (c.5329–15A>G) in 3 unrelated probands with consistent mild phenotypes (Figure 

4). This mutation does not affect the conserved splice-donor or acceptor site but results in 

aberrant mRNA splicing. The resulting aberrantly spliced NIPBL transcript excludes a 99 bp 

fragment representing exon 28, but otherwise preserves the protein reading frame resulting 

in a slightly shortened, and presumably partially functional, protein (Teresa-Rodrigo et al., 

2016). Three synonymous variants (de novo c.4920G>A, p.Gln1640=; de novo c.5427G>A, 

p.Arg1809=; c.7410G>A, p.Glu2470=) in the last nucleotide of exon 24, 28 and 43, 

respectively, that affect normal splicing and result in LOF and are predicted to be likely 

pathogenic were identified in 3 unrelated probands.

NIPBL Truncating/Nonsense Variants:

Truncating variants were the most common type of variants 126 (46%). This subgroup 

included 54 (43%) deletions, 24 (19%) duplications, 3(2%) insertions/deletions leading 

to frameshifts, and 45 (36%) nonsense variants, all resulting in premature protein 

truncation. Truncating variants in NIPBL result in a reduced level of functional NIPBL 

(haploinsufficiency) and typically results in a severe (“classic”) CdLS phenotype. 

Exceptions to this were several probands with distal truncating variants involving the 

terminal 3’ exons of NIPBL resulting in a milder phenotype. Most of the variants are unique, 

but 12 (7 nonsense and 5 frameshift) recurrent variants were identified in unrelated probands 

(Figure 4).
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NIPBL Regulatory Variants:

A de novo alteration in the 5′ untranslated region of the NIPBL gene c. −79–2A>G was 

found in a patient with a definite moderate phenotype. This nucleotide change close to 

the transcription start site presumably results in an alternative transcript or reduction of 

mRNA level producing haploinsufficiency. The small number of reported regulatory variants 

suggest that variants in the 5’UTR of the NIPBL gene are rare events and likely not a 

significant contributor to the ~30% of mutation-negative CdLS probands.

NIPBL Intragenic Copy Number Variations (CNVs):

Intragenic deletions in NIPBL are present in ~2–5% of patients with CdLS (Bhuiyan, 

Stewart, Redeker, Mannens, & Hennekam, 2007; Pehlivan et al., 2012; Russo et al., 2012). 

Genomic alterations ranging from single to multiple exons, including portions of the non-

translated regulatory regions were detected in 12 (4%) probands. The CNVs ranged in 

size from 0.8 to 832 kb with the smallest encompassing one exon to those encompassing 

the entire NIPBL gene. Regardless of the size or location of their deletion/duplication, 

all 12 patients had typical phenotypes consistent with CdLS although some phenotypic 

variability was observed, with more severe phenotypes correlating with larger deletions. 

A relatively small deletion of exon 11 (4.2 kb) and exon 2 (4.5 kb) were identified in 

probands CDL266P, and CDL340P respectively both with definite mild phenotypes. A large 

deletion of ~832 kb involving almost the entire NIPBL gene was identified in CDL341P 

with a definite severe phenotype. The deletions observed in probands CDL283 (possible 

moderate phenotype) and CDL454P (definite severe phenotype) both encompassed exons 

2–9; although the deletion in each patient is different in size: 32 and 85 kb, respectively. 

These cases are summarized in Figure 5.

SMC1A and SMC3 Variants:

GenBank NM_006306.4 was used as the SMC1A gene reference sequence and GenBank 

NM_005445.4 was used as the SMC3 gene reference sequence. Forty (9%) pathogenic 

variants in SMC1A and 16 (4%) pathogenic variants in SMC3 were identified in this cohort. 

Parental samples were unavailable for 22 probands, 1 parental sample was unavailable for 

3 probands and both parents were available for 15 probands. In all probands in whom both 

parental samples were available, all variants were confirmed to have arisen de novo. The 

amino acid residue (R496) was mutated in 4 unrelated probands, 2 of which are familial 

cases (Deardorff et al., 2007); residue R1049Q was mutated in 3 unrelated probands; and the 

in-frame deletion c.802_804del3; K268del was observed in 2 unrelated probands (Figure 4), 

all other variants were unique (4 in-frame deletions, 4 frameshifts, 1 nonsense, 1 splice site, 

and 24 missense variants (Supplementary Table S1). Although variants were seen in more 

female probands (29) compared to male probands (11) the level of severity between male 

and female probands is equal (Liu et al., 2009). All mutated residues affect evolutionarily 

conserved amino acids (Deardorff, et al.2007). Notably, the SMC3- and SMC1A-mutation–

positive probands demonstrated a milder phenotype overall than probands with NIPBL 
pathogenic variants with an absence of major structural limb differences, although other 

organ anomalies were observed this including in SMC1A: CDH 6/40 (15%), cleft, GI, 

renal, brain malformation 1/40 (3%) and in SMC3: CDH 3/16 (19%), cleft and GI 1/16 
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(6%). A total of fourteen different SMC3 pathogenic variants in 16 unrelated probands with 

mild to moderate phenotypes were identified. Of the unique variants, 10 were missense, 

3 were in-frame deletion, and 1 was del/ins frameshift. One recurrent in-frame deletion 

c.1453_1455del3 resulting in the deletion of a single amino acid (p.Ala485del) was found in 

2 unrelated probands ( Figure 4).

HDAC8 Variants:

GenBank NM 018486.3 was used as HDAC8 sequence reference. HDAC8, located on 

chromosome Xq13.1, encodes for a histone deacetylase that deacetylates SMC3 during 

S-phase to establish the cohesiveness of chromatin-loaded cohesin. We have identified 

25 individuals (6%) with causative variants in HDAC8, ranging from copy number 

abnormalities through single nucleotide missense substitutions.

Variants in HDAC8 account for ~6% of variants in patients in our cohort (8 males, 17 

females). De novo pathogenic variants include 16 missense, 3 nonsense, 1 splice site, 1 in-

frame deletion leading to the deletion of an amino acid, and 4 microdeletions. Hemizygous 

males are more severely affected; in females the severity is strongly influenced by the 

level of X inactivation of the mutation. The c.1001A>G variant has been identified in 

a family with an affected boy, his mildly affected sister, and his unaffected mother, in 

which the mutant allele was inactivated in her blood. Functional studies showing complete 

skewing toward the normal allele in the blood of affected females suggests a strong 

selection against the HDAC8 mutant allele. The missense variants c.539A>G;p.H180R 

and c.958G>A;p.G320R seen in patients with definite moderate phenotypes both led to a 

reduced level of HDCA8 protein in fibroblasts and lymphoblastoid cells suggesting these 

HDAC8 variants can cause protein instability (Manini et al 2013).

RAD21 Variants:

GenBank NM 006265.3 was used as RAD21 sequence reference. RAD21 (also known 

as KIAA0078, NXP1, HR21, Mcd1, Scc1, and hereafter called RAD21) encodes a DNA 

double-strand break repair protein that is evolutionarily conserved in all eukaryotes from 

budding yeast to humans (Cheng, Zhang, & Pati, 2020). RAD21 (ENSG00000164754; 

OMIM *606462) is a key structural component of the cohesin complex, it forms a tri-partite 

ring together with SMC1A and SMC3.

RAD21 variants are found in a minority of CdLS individuals. To date, 9 missense variants 

and 5 microdeletions have been reported in CdLS individuals (Kline et al. 2018). We 

identified 2 missense pathogenic variants, (p.Pro376Arg and p.Ala622Glu), 1 frameshift 

pathogenic variant (p.Ser1286Leufs*84), and 3 de novo deletions including RAD21 in our 

cohort. RAD21 interacts with the other cohesin subunits, SMC1A, SMC3, and STAG, 

to maintain the ring-like structure of the cohesin complex. It has been suggested that 

p.Pro376Arg variant might interfere with cohesin activity by increasing the binding of STAG 

to RAD21 (Deardorff, Bando, et al., 2012).
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Copy number variations (CNVs) not encompassing known CdLS Loci:

Rare CNVs not encompassing known CdLS Loci were identified in 15 probands (4%). 

These likely pathogenic variants (calls based on absence of CNV in unaffected parents when 

available, size of the CNV (generally greater than 1 Mb, and absence of CNV in control 

databases (e.g. Database of Genomic Variations (DGV) http://dgv.tcag.ca/dgv/app/home)) 

include single heterozygous microdeletions: de novo 1q25.3-q32.1del, 15.7Mb; de novo 
9q34.3 del, 1.49Mb; de novo 11q24.3ter del, 115.8Mb; unknown 2q23.1q23.3del, 5.14Mb; 

de novo 4q21.1-q21.22 del, 5.32Mb and microduplications: de novo 22q11.22dup, 2.6Kb; 

de novo 19p13.2p13.13dup, 0.51Mb; unknown 4p11dup, 49.5Mb (Figure 8). More than 

one CNV was identified in 4 probands. 2.5Mb and 12.8Mb deletions of 3q24–26.1 were 

identified in CDL091P; the mother was negative for both deletions and father’s sample 

was unavailable. Deletion of chromosome 1q43q44del and Xq22.3del along with 3.92Mb 

duplication at 4q35.1q35.2 were found in CDL516P, parental samples were unavailable. A 

3.23Mb duplication of 12p13.33p13.32 and 9.6Mb deletion of 3p26.3-p26.1 that includes 

possible contributing gene SETD5, were identified in CDL142P and his affected sibling; 

both CNVs were absent in the mother, and father was not tested. Multiple de novo 
duplications at 1q23.3, 1q24.1-q24.2, 1q24.3, 1q32.2-q41, 1q41–43 ranging in size from 

0.2–15.9Mb along with 15.9Mb deletion of chromosome 1q24.3-q32.1 were found in 

CDL219P. The 4.8Mb 1q32.2-q41 duplication includes a likely contributory gene KCNH1 
(Supplementary tables S1 and S2).

Genome sequencing in mutational negative CdLS probands:

Genome sequencing was performed on 178 CdLS probands for whom targeted CdLS gene 

mutational analyses failed to identify a cause. In 60 probands (34%), causative variants 

were identified. In 23 probands (13%), genome sequencing identified variants in known 

cohesin genes, that were not screened or missed on earlier panels or were present in deep 

intronic regions not captured on gene panels or exomes. In 37 probands (21%), causative 

variants were identified in known disease-causing genes that were typically associated 

with other diagnoses that either overlap or resemble the CdLs phenotype (ANKRD11, 

ARCN1, ARID1B, ASXL2, ASXL3, BRD4, CERT1, CHD2, EP300, IQSEC2, KCNH1, 

KMT2A, PACS1, PHF6, SETD5, SMARCA2. SMARCA4, SOX11, STAG2, TAF1, USP7). 

In 4 probands (2%), a strong novel CdLS candidate gene was identified (NAALADL2, 

ITGB8, and RASAL3 on genome sequencing) (summarized in Figure 6). The clinical 

overlap between these syndromes suggests dysregulation of common genes and pathways 

(Izumi, 2016; Sarogni, Pallotta, & Musio, 2020). Variants in these genes were identified in 

a single proband except for ARID1B in 3 probands, SETD5 in 4 probands, ANKRD11 in 6 

probands, EP300, KCNH1, KMT2A, SMARCA4, NAALADL2 in 2 probands.

Discussion/ Conclusion:

Cornelia de Lange syndrome (CdLS) is a genetically heterogeneous diagnosis that 

presents with extensive phenotypic variability, including facial dysmorphism, developmental 

delay/intellectual disability, behavioral differences, hypertrichosis and variable structural 

abnormalities of the limbs, heart, palate, intestines, diaphragm, genitourinary system and 

others. Features vary widely among affected patients and range from relatively mild 
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involvement to severe manifestations. This study examined the genetic contributors to CdLS 

in a cohort of 716 probands with a diagnosis of CdLS referred to the CdLS Center at 

CHOP over a 25-year period. Through variable molecular diagnostic approaches (driven 

by technology changes over the years of enrollment), a molecular etiology was able to be 

identified in 423/716 (59%). Of the identified causative variants 85% were in the previously 

known CdLS genes (NIPBL, SMC1A, SMC3, HDAC8, and RAD21) with NIPBL variants 

representing the vast majority (64% of variants overall). Causative variants in other genes 

(AFF4, ANKRD11, ARCN1, ARID1B, ASXL2, ASXL3, BRD4, CERT1, CHD2, EP300, 

IQSEC2, ITGB8, KCNH1, KMT2A, NAALADL2, PACS1, PHF6, RASAL3, SETD5, 

SMARCA2, SMARCA4, SOX11, TAF1, USP7) accounted for a small but significant 

number (15%) of etiologies. These additional genes fall into the following categories: genes 

that cause other well-recognized syndromes with phenotypes that overlap with CdLS (e.g. 

EP300, ANKRD11, ASXL2 and 3, SMARCA2), CdLS phenocopy diagnoses caused by 

genes that have a role in cohesin function (e.g. BRD4, AFF4), CdLS phenocopy diagnoses 

caused by genes not known to have a direct role in cohesin function (e.g. IQSEC2, SETD5, 

PACS1) and potentially novel CdLS genes (e.g. NAALADL2, ITGB8, RASAL3). The 

probands with NAALADL2 variants (one de novo missense c.511A>C, p.Thr171Pro and a 

nonsense mutation of unknown inheritance, c.2098A>T, p.Arg700*) are of particular interest 

as this gene lies at the chromosome 3q26.3 breakpoint in a CdLS patient with an apparently 

balanced translocation [t(3;17)(q26.3;q23.1)] (Ireland, English, Cross, Houlsby, & Burn, 

1991; Tonkin et al., 2004), although screening for variants in this gene in other CdLS 

probands was negative. These 2 probands have significant clinical overlap with the CdLS 

phenotype and were classified as “possible mild” and possible moderate” respectively.

All genes identified to date are either autosomal or X-linked dominant, with 99% of variants 

for which a sample was available from both parents being de novo. In this cohort, 27 

familial recurrent variants were identified. There is a bias in the number of recurrent 

familial cases in our cohort as these families were specifically recruited to the study due 

to their importance in gene mapping/identification studies and are therefore overrepresented. 

Familial recurrences are due to three reported mechanisms: dominant transmission directly 

from a mildly affected parent (Russell et al., 2001), X-linked transmission from an 

unaffected carrier mother (this is extremely rare, with most X-linked gene (SMC1A, 

HDAC8) variants occurring as de novo events) (Musio et al., 2006), and transmission 

through germline mosaicism (Russell et al., 2001; Slavin et al., 2012). Germline mosaicism 

was proposed as the pathogenic mechanism for families in which parents were mutation 

negative in their blood but who had multiple affected children carrying the same NIPBL 
mutation (Slavin et al., 2012), and proven in a father with multiple affected offspring who 

carried a pathogenic NIPBL missense mutation c.7298A>G in his semen but not in his 

peripheral blood (Niu et al., 2006). In 20 familial cases in which a NIPBL mutation has been 

identified, all of the variants were identified in the probands and affected family members 

only, and no unaffected family members carried the mutation, with paternity confirmed in 

all cases (Krantz et al., 2004). In our cohort, all familial recurrences were due to presumed 

germline mosaicism.

The identification of causative variants in genes encoding components of chromosome 

remodeling, chromatin regulators, and transcription regulation machineries, suggests that 
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common pathways involving developmental transcriptional control (Figure 7A and B) result 

in developmental diagnoses that have overlapping phenotypes, likely due to disruption of 

common downstream pathways. Critical downstream developmental genes could either be 

disrupted through different chromatin/transcriptional pathways or roles yet to be identified 

in the regulation of the complex. This concept of a common molecular etiopathogenesis 

has been suggested by several authors who argue that this group of diagnoses be termed 

“transcriptomopathies” or “disorders of transcriptional regulation (DTRs)” (F. Cucco et al., 

2020; Izumi, 2016; Parenti et al., 2016; Parenti et al., 2017; Sarogni et al., 2020; Yuan 

et al., 2015). Figure 7C hierarchically represents the statistically significant HPO terms 

seen in common among probands with variants in the causative genes identified in this 

study. Some of these features include microcephaly, facial dysmorphism (long eyelashes, 

abnormal eyebrow morphology/synophrys, anteverted nares, differences of the philtrum and 

thin vermilion of the upper lip), limb differences, hypertrichosis, and structural differences 

that are commonly associated with CdLS such as volvulus and CDH.

It is important to note that in 41% of our cohort, we were unable to find a convincing 

molecular etiology. Given the striking clinical involvement of all enrolled probands with 

a CdLS or CdLS-like phenotype, we feel certain that this cohort is extremely strongly 

enriched for underlying genetic causes for their clinical presentations, and for likely 

dominantly acting de novo pathogenic variants. There are multiple possible explanations 

for this relatively high mutation negative rate including: 1) Yet to be identified novel CdLS 

genes, 2) Cryptic non-coding mutational events such as regulatory or deep intronic variants 

in known or novel CdLS genes that were not identified on DNA-based screening. These 

types of mutational mechanisms have been documented in CdLS with cryptic deep intronic 

variants affecting splicing being identified by RNA sequencing in the NIPBL gene (S. 

Rentas et al., 2020), or 3) The known presence of tissue-specific mosaicism documented 

in CdLS, that has been predicted to be as high as 15–20% (Ansari et al., 2014; Gonzalez 

Garcia, Malone, & Li, 2020; Krawczynska, Wierzba, & Wasag, 2019; Latorre-Pellicer et al., 

2021). In our cohort the vast majority of collected samples on which mutational analyses 

were performed were from blood samples. We are in the process of collecting buccal swabs 

from the mutation-negative probands to assess for the potential of tissue-specific mosaicism. 

To date, we have identified only 0.9% of probands with a mosaic contribution for any of the 

known CdLS genes.

Genotype-phenotype correlation:

There is a wide range of severity of clinical characteristics observed in patients with CdLS, 

including typical facial features, growth retardation, intellectual disability, limb defects, 

and involvement of other systems. These features vary widely among affected patients 

and range from relatively mild to severe. In the majority of unrelated probands sharing 

the same mutation (and in the vast majority of familial recurrences), the phenotypes are 

generally consistent. However some differences in phenotype are observed, suggesting that 

other genetic, or environmental, factors may modify expression of the CdLS phenotype. 

Analysis of the mutational spectrum reveals a genotype–phenotype correlation. Patients with 

NIPBL variants are likely to present with more severe “classic” clinical features and to 

have more impaired cognitive function than those with other causal variants. A presumably 
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nonfunctional NIPBL protein caused by truncating variants (nonsense, splice site, and 

frameshift variants) usually produces a more severe cognitive and structural phenotype. 

Frame-preserving variants (splice variants and small deletions) of NIPBL, are generally 

associated with a milder phenotype. Missense variants produce a variable effect depending 

on the involved protein region, e.g. missense variants in the HEAT domain of NIPBL result 

in severe clinical phenotypes (Mannini et al., 2013) while most other missense variants 

produce milder phenotypes. Limb reduction defects are almost exclusively seen in NIPBL-

mutated individuals, in agreement with a previous study (Gillis et al., 2004). The association 

of splice-site variants with a moderate phenotype is interesting and deserves further study.

The clinical picture of patients with CdLS carrying SMC1A, SMC3, and RAD21 pathogenic 

variants is more uniform, characterized by a mild to moderate phenotype. Individuals with 

SMC1A and SMC3 pathogenic variants are very similar in their phenotypic presentations 

and have minimal structural involvement beyond the craniofacial dysmorphism, impaired 

growth, and malrotations, however, cardiac defects were found in a small percent of 

individuals with variants in SMC1A (15%) and SMC3 (19%), and a small percent of 

individuals (3–8%) had cleft palates. Individuals with RAD21 causative variants tend to 

have characteristic facial dysmorphism and growth delays but milder cognitive involvement. 

Finally, individuals harboring pathogenic variants in the HDAC8 gene show typical facial 

dysmorphism and severe cognitive delay with additional features (e.g. delayed closure of the 

anterior fontanelle, hooded eyelids, widely spaced eyes, and a wide nose) that are specific to 

individuals with variants in this gene (Boyle, Jespersgaard, Brondum-Nielsen, Bisgaard, & 

Tumer, 2015; F. Cucco et al., 2020; Deardorff, Bando, et al., 2012; Deardorff et al., 2007; 

Deardorff, Wilde, et al., 2012; Gil-Rodriguez et al., 2015; Gillis et al., 2004; Mannini et al., 

2013; Sarogni et al., 2020).

SMC1A pathogenic variants can result in two different phenotypes depending on the 

underlying mutational mechanism. Individuals with missense and frame-preserving del/dup 

variants present with a typical CdLS phenotype, with males and females similarly affected. 

Truncating variants in SMC1A result in a severe neurocognitive seizure phenotype termed 

“SMC1A-related neurocognitive disorder” or “Developmental and epileptic encephalopathy 

85 with or without midline brain defects (DEE85)”, a severe disorder with epilepsy 

and the often profound neurocognitive impact that can mimic Rett syndrome. While 

affected individuals can be small and microcephalic they do not typically have the other 

characteristic phenotypic findings seen in CdLS. Truncating variants in SMC1A are almost 

exclusively seen in females and presumably are non-viable in males (Huisman et al., 2017). 

Rarely, we have observed some affected females with truncating variants that appear to have 

an intermediate phenotype between CdLS and DEE85.

These studies underscore the broad phenotypic variability of CdLS and the significant 

overlap of this diagnosis with many other diagnoses caused by genes that encode proteins 

involved in chromatin and transcriptional regulation. The significant number of individuals 

diagnosed with CdLS for which an underlying genetic etiology has not been identified to 

date suggests that additional mutational mechanisms (e.g. mosaicism, non-coding variations) 

need to be more thoroughly investigated in this cohort and that additional CdLS-related 

genes and mechanisms remain to be identified. The growing recognition of phenotypic 
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and molecular overlap among DTRs suggests common developmental pathways/downstream 

genes, which could be targeted for therapies that could benefit many disorders in addition to 

CdLS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of CdLS. A) Typical facial features in CdLS with the classic features seen in 

the two individuals on the left with NIPBL pathogenic variants and more subtle/milder 

manifestations in the two individuals on the right with HDAC8 and SMC1A pathogenic 

variants. B. Variable upper limb differences seen in CdLS ranging from severe oligodactyly 

on the left to small hands with single palmar creases and hypoplasia of the 5th finger. C. 

Simplified representation of the cohesin complex and core structural and regulatory proteins 

involved in CdLS that disrupt cohesin’s non-canonical role in regulating developmental gene 

expression.
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Figure 2. 
A. Summary of all probands screened and distribution of causative variants and B. List of 

genes with causative variants and prevalence within this population.
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Figure 3. 
Schematic representation of pathogenic variants in A. NIPBL variants, B. SMC1A, C. 

HDAC8, D. SMC3, and E. RAD21 identified in this cohort.
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Figure 4. 
Recurrent pathogenic variants in CdLS genes and resultant phenotypes. A. List of recurrent 

variants found in the known CdLS genes, † variants affecting same amino residues. B. 

Phenotypic representations of a subset of probands listed in A with recurrent variants at 

the same amino acid residue. While most probands with recurrent variants had consistent 

phenotypic severities there were some exceptions (e.g., for the p.R2298C recurrent variants 

only 2/5 had severe limb reduction differences as seen in the proband on the right) indicating 

that while genotype is a strong driver of phenotype there are likely other genetic and 

environmental modifiers at play.
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Figure 5. 
NIPBL intragenic copy number variations (CNVs) in CdLS probands. A. List of NIPBL 
CNVs identified in this cohort with diagnostic certainty and severity scores. B. Phenotypic 

representation of a subset of these probands with characteristic but variable involvement of 

facial features and upper limbs.
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Figure 6. 
A. Novel and atypical genes identified to have causative variants in this CdLS cohort with B. 

representative photos of affected individuals.
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Figure 7. 
A. Protein-protein interactions amongst genes with identified variants. Core CdLS genes are 

indicated by diamond shapes, the prevalence of variants indicated by the size of shapes, and 

the strength of interactions between proteins indicated by the width of lines. B. HPO terms 

associated with mutated genes identified in this study. C. Gene ontologies by molecular 

function and biological processes.
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Figure 8. 
Chromosomal position and boundaries of rare CNVs not encompassing known CdLS Loci. 

A. Chromosomal coordinate and phenotypes of 15 probands with CNVs. B. Representative 

facial features of 6 of these probands.
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Figure 9. 
Genotype-phenotype correlations in CdLS and related diagnoses. The genetic contributors 

to the various phenotypic subclassifications of CdLS include a predominance of NIPBL 
truncating variants contributing to the “classic/severe” CdLS phenotype with rare NIPBL 
missense variants in critical domains as well as possible other mutational mechanisms/novel 

genes contributing to the small percent classic/severe CdLS probands in which a mutation 

has not been identified. The moderate phenotype is caused predominantly by missense 

and more terminal truncating variants in NIPBL as well as by variants in most of the 

other cohesin-related CdLS genes (SMC1A, SMC3, HDAC8, RAD21) with some variants 

in non-cohesin related genes and additional mechanisms/genes still to be identified. The 

mild CdLS phenotype demonstrates a similar distribution with a greater representation of 

non-NIPBL-related variants. The “atypical” phenotypes are primarily caused by variants in 

non-cohesin related genes, however, there is a smaller contribution of cohesin gene mutation 

as well (e.g. truncating variants in SMC1A, HDAC8, RAD21, and the STAG genes).
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