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Abstract

Cornelia de Lange syndrome (CdLS) is a clinically and genetically heterogeneous developmental
disorder. Clinical features include growth retardation, intellectual disability, limb defects, typical
facial dysmorphism, and other systemic involvement. The increased understanding of the genetic
basis of CdLS has led to diagnostic improvement and expansion of the phenotype. Mutations in
five genes (NIPBL, SMIC1A, SMC3, RAD21, and HDACS), all regulators or structural components
of cohesin, have been identified. Approximately 60% of CdLS cases are due to NIPBL mutations,
5% caused by mutations in SIC1A, RAD21, and HDACS and one proband was found to carry a
mutation in SMC3. To date, 311 CdLS-causing mutations are known including missense,
nonsense, small deletions and insertions, splice site mutations, and genomic rearrangements.
Phenotypic variability is seen both intra- and intergenically. This article reviews the spectrum of
CdLS mutations with a particular emphasis on their correlation to the clinical phenotype.
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Introduction

Cornelia de Lange syndrome (CdLS; MIM #122470, 300590, 610759, 300882, 614701) is a
genetically heterogeneous congenital multisystemic disorder with an incidence of between
1:10,000 and 1:30,000 live births. Common characteristics of CdLS include pre- and
postnatal growth retardation, microcephaly, developmental delay, cognitive impairment with
behavior and neurological problems, facial dysmorphia, hirsutism, and upper extremity
defects ranging from small hands to severe reduction defects of the forearms. Additional
systemic involvement includes cardiac, gastrointestinal, and musculoskeletal as well as
hearing loss and genitourinary anomalies. The typical facial features include fine arched
eyebrows, synophrys, long eyelashes, low-set posteriorly rotated ears, long philtrum, thin
upper lip, depressed nasal bridge with anteverted nares (Fig. 1) [see specific review for a
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detailed description Kline et al., 2007; Liu and Krantz, 2008]. Since the first case reported
by the Dutch anatomists Gerardus and Willem Vrolik in 1849 and subsequently by the
German physician Brachmann in 1916, and two unrelated cases reported by the Dutch
pediatrician, Cornelia de Lange, in 1933, who formally described the constellation of
clinical findings as a recognizable entity and after whom the disorder has been named
[Brachmann, 1916; de Lange, 1933; Oostra et al., 1994; Vrolick, 1849] great progress has
been made in our ability to recognize and diagnose what we understand today to be the full
clinical spectrum of CdLS. It is now known that there is broad variability in phenotypic
expression of CdLS. In addition to the classical more severe clinical phenotype, milder
probands have been consistently reported. While diagnostic criteria have been proposed by
Kline et al. (2007), our understanding of what “CdLS” is clinically is evolving and being
driven in part by the development of diagnostic molecular markers. CdLS is a genetically
heterogeneous diagnosis with mutation in NIPBL (MIM #608667), localized to chromosome
5p13, being the first, and most common, genetic cause of CdLS [Krantz et al., 2004; Tonkin
et al., 2004]. Heterozygous mutations in NIPBL are found in at least 60% of CdLS probands.
In addition, 5% of individuals with CdLS have missense mutations and small in frame
deletions in the X-linked SVIC1A gene (MIM #300040) and one proband has been identified
with an in frame 3 bp deletion in the SMC3 gene (MIM #606062), located on chromosome
10g25 [Deardorff et al., 2007; Musio et al., 2006]. SMC mutations, which maintain the
frame of their encoded proteins and do not alter protein expression, are generally associated
with milder CdLS phenotypes with moderate neurocognitive impairment and a paucity of
major structural defects. Recently, mutations have been found in the HDAC8 gene (MIM
#300269) that is also X-linked and encodes a histone, and co-hesin, deacetylase. Mutations
in HDACS are found in approximately 5% of individuals with CdLS [Deardorff et al.,
2012a]. The identified mutations, four missense and one nonsense leading to protein
instability, are present in probands with typical clinical features of CdLS but without
significant limb involvement and with some additional clinical characteristics that may help
in differentiating this group from individuals with CdLS caused by mutations in other genes
[Deardorff et al., 2012a]. Finally, mutations in RAD21 (MIM #606462) cause a human
cohesinopathy characterized by growth retardation, minor skeletal anomalies, and facial
features that overlap findings of individuals with CdLS but can have milder cognitive
involvement [Deardorff et al., 2012b].

The purpose of this review is to review the spectrum of mutations that occur in the five
genes that underlie CdLS with emphasis on genotype—phenotype correlations.

NIPBL Overview

NIPBL consists of 47 exons that encodes two isoforms of delangin, A and B with 2,804 and
2,697 amino acids, respectively [Krantz et al., 2004; Tonkin et al., 2004]. NIPBL contains
specific domains including a N-terminal MAU interaction domain, a glutamine-rich domain,
a predicted nuclear-localization signal (NLS), an undecapeptide repeat, and a conserved
domain with five HEAT repeats that are important for its interaction with other proteins
[Neuwald and Hirano, 2000; Yan et al., 2006] (Fig. 2).

NIPBL and its orthologues, Nipped-B in Drosophila, Scc2 in Sac-charomyces cerevisae and
Xsce2 in Xenopus, act as regulators of the cohesin complex, composed of SMC1A, SMC3,
RAD?21, and STAG protein subunits and mediates the sister chromatid cohesion during
mitosis. NIPBL is required for loading of cohesin on chromatin, a function that is conserved
across evolution, as demonstrated from experimental evidence obtained from model
organisms [Ciosk et al., 2000; Gillespie and Hirano, 2004; Rollins et al., 2004; Takahashi et
al., 2004]. NIPBL depletion in both Xenopus and Hela cells reduce cohesin association with
chromatin and cause defects in sister chromatid pairing, arguing that its function is essential
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to sister chromatid cohesion [Gillespie and Hirano, 2004; Watrin et al., 2006]. However,
analysis performed in lymphoblastoid cell lines derived from CdLS patients with NIPBL
mutations revealed that the frequency of sister chromatid defects were not significantly
different from healthy controls [Castronovo et al., 2009; Revenkova et al., 2009].

NIPBL is able to interact with the cohesin complex in different ways. It cooperates with
MAU?2, the human orthologue of S cerevisae Scc4, through its N-terminal region to form a
heterodimeric complex essential to cohesin binding to chromatin [Bermudez et al., 2012;
Braunholz et al., 2012; Seitan et al., 2006; Watrin et al., 2006]. In addition, it has been
demonstrated that NIPBL interacts directly with cohesin, specifically with the SMCI1A-
SMC3heterodimer [Bermudez et al., 2012].

NIPBL Mutations in CdLS

Information on NIPBL, SMC1A, SMC3, RAD?21, and HDAC8 mutations has been derived
from public databases (dbSNP; www.ncbi.nlm.nih.gov and LOVD; www.LOVD.nl) and
published reports. To date, 278 NIPBL heterozygous mutations have been identified in
CdLS probands: 216 falling in coding sequences, 45 in noncoding regions, and 17 involving
gross genomic alterations (Table 1). GenBank NM_133433.3 was used as NIPBL sequence
reference. Among coding sequence mutations, 67 are missense, 43 nonsense, 71 small
deletions, 33 small insertions, and two small indels. It is worthy to note that exon 10,
encoding for the coiled-coil region and for the undecapeptide repeat, has the greatest cluster
of mutations with 49 including two missense, 11 nonsense, 24 deletions, and 12 insertions
(Fig. 2). Most of the mutations are unique, but recurrent mutations have also been identified
in unrelated probands: six missense (c.535G>T in two unrelated probands, c.4013A>G in
three unrelated probands, ¢.6697G>Aintwo unrelated probands, ¢.6892C>T in two unrelated
probands, c.6893G>A, in two unrelated probands, ¢.7168G>A in two unrelated probands),
four nonsense (¢.2389C>T in four unrelated probands, c.2494C>T, in two unrelated
probands, c.4606C>T in three unrelated probands, c.5167C>T in one unrelated proband and
in two siblings), six deletions (c.1445_1448del GAGA in two unrelated probands, c.
2479delAG in seven unrelated probands, c.3049delATTA in two unrelated probands, c.
3060_3063delAGAG in three unrelated probands, ¢.6653_6655delATA in two unrelated
probands, c.7438_7439delAG, in two unrelated probands) (Supp. Table S1).

Mutations in noncoding regions of NIPBL include: 43 splicing mutations involving both
donor and acceptor splice sites. Four recurrent splice site changes have been reported (c.65—
SA>G, in three unrelated probands, ¢.611-6T>C in two unrelated patients, ¢.358+3G>T in
two unrelated patients, c.4321G>T in four unrelated patients, c.6109-3T>C in three
unrelated probands), and two different splice changes produced a variant in frame deletion
(p.V1414_A1440del) with skipping of exon 19. Alterations in the 5" untranslated region of
the gene have been detected. In particular, the nucleotide change (c.—94C>T) close to the
transcription start site that presumably results in an alternative transcript [Selicorni et al.,
2007] and the indel, c.—321-320delCCinsA resulting in a reduction of mRNA level [Borck
et al., 2006;].

Larger scale genomic alterations have also been reported, including 16 deletions ranging
from single to multiple exons, including portions of the nontranslated regulatory regions, or
the entire gene as occurs for the del(5)(p13.1p14.2). The de novo balanced translocation
t(5;13)(p13.1;q12.1) was the rearrangement which facilitated the identification of NIPBL as
a CdLS disease gene [Krantz et al., 2004; Tonkin et al., 2004].

Most of mutations are nonsense, splice site, or frame shifts that result in a predicted
truncated protein that presumably leads to the partial reduction in NIPBL production
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resulting in haploinsufficiency. This notion is supported by the identification of gross
deletions leading to the loss of the entire NIPBL region [Hulinsky et al., 2005; Russo et al.,
2012].

Though most NIPBL mutations are de hovo, 13 familial cases are reported as demonstrated
by the observation of two cases where the identified mutations were also seen in mildly
affected parents [Borck et al., 2006; Gillis et al., 2004]. Furthermore, in several cases where
no mutation was identified in the blood of both parents with multiple affected children
carrying the same NIPBL mutation, germline mosaicism was proposed as the pathogenic
mechanism [Slavin et al., 2012]. This hypothesis is further supported by the observation that
the heterozygous pathogenic NIPBL missense mutation ¢.7298 A>G was found in the sperm
of a father with multiple affected offspring and not in his peripheral blood [Niu et al., 2006].
In addition, recently it has been shown that 23% of CdLS probands without detectable
mutation in lymphocytes a NIPBL mutation could be detected in buccal cells [Huisman et
al., 2013].

SMC1A-SMC3 Mutations in CdLS

To date, mutations in the SMIC1A and SMC3 genes that encode core cohesin complex
structural components have been identified in about 5% of CdLS probands though only a
single proband harbors an SMC3 mutation. The twenty-four SVIC1A mutations, all falling
within the coding region of the gene, consist of nineteen missense and five small-in frame
deletions. GenBank NM_006306.2 was used as SMC1A sequence reference. Common
missense mutations among unrelated patients have been found, namely: c.587G>A in the
three unrelated probands, c¢.1193G> A, in three unrelated probands, c.1487G>A, in two
unrelated probands and in two different familial cases (Supp. Table S2). The observation
that frameshift and nonsense mutations have not been reported suggests that they are likely
not tolerated or lead to a different phenotype.

SMC1A mutations do not affect its expression as probands show equals levels of mRNA and
proteins when compared with controls [Liu and Krantz, 2009; Revenkova et al., 2009]. In
addition, SMC mutations do not prevent the incorporation of mutated proteins into the
cohesin complex [Gimigliano et al., 2012], though SMC-mutated hinge dimers appear to
have increased affinity for chromatin than the normal proteins [Revenkova et al., 2009].
These findings argue for a dominant negative effect as the pathogenetic mechanism for SMIC
mutations. SMC1A maps to the X chromosome, in a region which escapes X inactivation
[Brown et al., 1995], both hemizygous male and heterozygous female individuals have been
identified [Mannini et al., 2010] suggesting that mutated proteins are functional and
dominantly interfere with biological processes. The presence of a single-mutated protein
would be able to affect ATPase activity or cohesin loading/unloading. This notion is
supported by several observations. In fact, data obtained in Bacillus subtilis showed that a
mutation in the Walker B domain allowed ATP binding but blocked head—head engagement
and ATP hydrolysis, whereas a mutation in the Walker A domain abolished ATP binding
[Hirano et al., 2001].

The only mutation identified in SMIC3 is a small in-frame deletion of 3 bp in a male proband
(Supp. Table S2). GenBank NM_005445.3 was used as SMC3 sequence reference. The low
frequency of mutation identification in SMC3 in CdLS suggests that this gene may play
important roles beyond cohesion. This is supported by the finding that SMC3 acetylation
controls fork processivity in human cells and slow moving forks were found in cells lacking
acetyltransferase activity [Terret et al., 2009; Zhang et al., 2008]. In addition, SMC3
deacetylation is involved in cohesin recycling during cell cycle as increased SMC3
acetylation leads to inefficient dissolution of cohesin from chromatin in both prophase and
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anaphase [Deardorff et al., 2012a]. As SVIC3 is a central determinant of these processes, it is
likely that its mutations are negatively selected and that only a subset of mutations in
specific regions will result in a CdLS phenotype.

SMC proteins contain five domains:P-loopNTPase binding globular domains at both N and
C-terminal ends, two coiled coil domains separated by a hinge domain positioned in the
middle of the protein. Most of the mutations (12 missense and five in-frame deletions) fall in
the coiled-coil domain, whereas no mutations have been identified in the functional hinge
domain, with the exception of codon 496 that is located in the hinge-coiled coil transition
region [Mannini et al., 2012] suggesting that mutations therein are not tolerated in male cells
that have only a single copy and are negatively selected against because no cohesin complex
could be formed. However, as SMMIC1A is in a region that escapes X-inactivation, a hinge
mutation that blocks dimerization would likely be equivalent to a null mutation, which is not
necessarily lethal in females.

RAD21 Mutations in CdLS

A genome-wide-array-based copy number analysis of 290 probands with typical CdLS
phenotype or overlapping features, negative for mutations in NIPBL, SMC1A, and SMCS3,
led to the identification of a boy with a 8q24.1 microdeletion which included RAD21 gene.
The cell line carrying the microdeletion expressed approximately half the normal level of
RAD21 RNA suggesting that RAD21 deletion results in haploinsufficiency. In addition,
mutational screening of RAD21 exons allowed for the identification of two heterozygous de
novo missense mutations, c.1127C>G (leading to p.Pro376Arg) and c.1753T>C (leading to
p-Cys585Arg; Supp. Table S3). GenBank NM 006265.2 was used as RAD21 sequence
reference. 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 mutation might interfere with cohesin activity by increasing the binding of
STAG to RAD21, whereas the p.Cys585Arg mutation may alter the interactions at the
RAD21-SMCI1A interface [Deardorff et al., 2012b].

HDCAS8 Mutations in CdLS

Finally, mutations in the HDACS gene have recently been identified in six CdLS probands
[Deardorff et al., 2012a]. GenBank NM 018486.2 was used as HDACS8 sequence reference.
HDACS, located on chromosome Xq13.1, encodes for a histone deacetylase that
deacetylates SMC3 during S-phase to establish cohesiveness of chromatin-loaded cohesin.
Four missense and one nonsense, all de novo, have been identified (Supp. Table S4). In
addition, the mutation c¢.1001 A>G has been identified in a familial case with an affected
boy, his mildly affected sister and his unaffected mother, in which the mutant allele was
inactivated in her blood. Functional studies showed the complete skewing toward the normal
allele in the blood of affected females arguing a strong selection against HDAC8 mutation.
Furthermore, both missense mutations ¢.539A>G and ¢.958G>A led to reduced level of
HDCAS protein in fibroblasts and lymphoblastoid cells suggesting that HDACS8 mutations
can cause protein instability.

Genotype—Phenotype Correlation

Mutational data analysis demonstrates an NIPBL genotype— phenotype correlation.
Mutations in NIPBL are found along the entire gene, with the exceptions of exons 13 and 16
within which no point mutation have been found to our knowledge. This finding may
suggest that mutations within these regions are not tolerated indicating that these exons, and
the protein domains they code for, could have an important functional role that has yet to be
determined. As they are the smallest exons in the NIPBL gene, it is also possible that their
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mutation rate is very low, if any. Nonsense, splice site and frame shift mutations leading to a
truncated and presumably nonfunctional NIPBL protein are associated with a more severe
phenotype (Fig. 3) characterized by typical facial features, severe-to-profound
developmental and cognitive delay with lack of meaningful communication, severe growth
retardation, and structural abnormalities of the limbs and other organs (Supp. Table S1).
Missense mutations are, in general, associated with a milder phenotype characterized by
absent limb abnormalities and with less severe developmental and growth involvement.
Furthermore, some splice site mutations have been identified in probands with a moderate
phenotype with typical characteristics but with reduced developmental and cognitive
abilities. However, there are a few exceptions of note. Two splice site mutations (c.
4320+5G>A, ¢.4320+2T>A) predicted to yield p.Val1414 Ala1440del with the loss of exon
19 have been identified in probands with a severe phenotype characterized by severe limb
anomalies and growth retardation [Pie et al., 2010; Schoumans et al., 2007].

The clinical phenotype of probands with gross genomic rearrangements correlates to the size
of the rearrangements and the number of exons involved. In general, probands carrying a
deletion of one or a few exons show a mild phenotype with the exception of exon 32. The
deletion of exon 32 results in a more severe phenotype presumably because the loss of this
exon, encoding a portion of the H3 repeat of HEAT domain, affects NIPBL ability to
interact with other proteins. Probands harboring deletions involving large portions of the
NIPBL coding sequence or spanning beyond NIPBL sequence show severe cognitive and
growth delay and upper limb reduction defects. However, the deletion of the last exons
(from 35 to 47), results in a mild phenotype, presumably because the truncated protein
maintains some residual function. Together, these data suggest that the loss of specific and
larger coding sequences in NIPBL, could have a specific and additive effect on phenotypic
severity.

Among unrelated probands sharing the same mutation, differences in clinical phenotype
have been observed. For example, only two probands out of three carrying the
p-Arg1536Term mutation showed severe limb reduction defects. Similarly probands with
the deletion ¢.2479delAG showed limb defects ranging from small hands to limb reduction.
Again, mutations affecting p.Arg2298 codon, namely Arg2298Cys, Arg2298Ser, and
Arg2298His were associated with a mild phenotype, with the exception of Arg2298Leu that
was identified in a proband with a more severe phenotype. These observations argue that
other genetic, or environmental, factors are likely involved in modifying the CdLS
phenotype, beyond the effects of the NIPBL mutations themselves.

Experimental evidences in heterozygous Drosophila Nipped-B mutants, Nipbl +/— mouse
and CdLS cell lines indicate that NIPBL is tightly regulated. Although NIPBL mutations
result in haploinsufficiency, there still remains approximately 70% residual expression and
protein levels [Dorsett and Krantz, 2009; Kawauchi et al., 2009; Liu et al., 2009] suggesting
that a further reduction is likely lethal to the organism. This notion is supported by the
observation that the reduction to 50% Nipped-B mRNA levels by RNAi experiments in
Drosophila was lethal to the organism [Rollins et al., 2004]. Therefore, any small
environmental or genetic modifying influence that either reduces this expression level (or
increases it) will potentially have a profound effect on the phenotypic outcome.

Missense mutations and in-frame deletions involving the HEAT domain, in particular H2—
H4 repeats, have been identified in probands with phenotypes ranging from moderate to
severe, with limb reduction, severe cognitive impairment and growth retardation. This
suggests that mutations affecting the HEAT domains are critical for protein function, likely
affecting NIPBL’s interaction with other proteins and/or chromatin. This notion is supported
by work demonstrating that HEAT domains play a role in the interaction with histone
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deacetylases 1 and 3 and mutations involving the HEAT domain lead to a reduced functional
interaction between NIPBL and the histone deacetylases [Jahnke et al., 2008].

The clinical picture of CdLS probands harboring SMC mutations is more homogenous and is
characterized by a mild to moderate phenotype more similar to NIPBL-mutated probands
who carry missense changes (Fig. 4). In fact, probands show mild to moderate cognitive
impairment, facial features with differences from classical forms of CdLS, with a tendency
toward normal birth weight and head circumference and a lack of gross structural anomalies
of the limbs.

Mutations in RAD21 cause a human cohesinopathy overlapping with the CdLS phenotype.
Common features include short stature, synophrys, micrognathia, brachydactyly. The with
facial features resemble CdLS but with some divergence and there is remarkably mild
cognitive involvement. The finding that SVIC1A and RAD21 mutation positive probands
display a mild phenotype may be consistent with the observation that all identified mutations
do not result in reduced mRNA expression (with the exception of the proband carrying
RADZ21 deletion) and preserve the protein product, ensuring the formation of the cohesin
complex likely with a slightly altered function.

HDACS plays a critical role in deacetylating SMC3 that has been removed from chromatin
during both prophase and anaphase. This removal allows cohesin to be refreshed and
recycled for subsequent cell cycles where it acts in gene transcription and to establish
cohesiveness. Failure ofdeacetylation does not cause a defect in unloading of cohesin but
appears to cause cohesin to be less stably attached to chromatin. Although the amount of
cohesin binding to chromosomes is reduced, the chromosomal residence time has not been
measured. Therefore, it cannot be excluded that there is less cohesin available that is fully
competent to be loaded onto chromosomes. Similarly to NIPBL haploinsufficiency, HDAC8
mutations result in a modest reduction of transcription [Deardorff et al., 2012a]. Mutations
in HDACS result in individuals who display clinical features that overlap to some extent
with classical forms of CdLS characterized by severe cognitive and growth delay and typical
facial dysmorphia, however, like their SMC mutant counterparts they do not display gross
limb anomalies, but may have other skeletal findings. The severity of the phenotypes seem
to be correlated with the effects of the mutations (missense and nonsense), as they lead to
protein instability and a reduced deacetylase activity.

Cohesin Mutations and Gene Expression

The cohesin complex, known to be the key player in sister chromatid cohesion, also plays an
evolutionary conserved critical role in gene regulation. Genome-wide data show that cohesin
and NIPBL (or Nipped-B in Drosophila) colocalize and bind preferentially to active genes
with peaks near the transcription start sites in mammalian cells and Drosophila [Liu et al.,
2009; Misulovin et al., 2008]. In addition, cohesin colocalizes with CCCTC-binding factor
(CTCF) binding sites [Parelho et al., 2008; Rubio et al., 2008; Stedman et al., 2008; Wendt
et al., 2008], which has multiple functions in gene regulation including its insulator role in
blocking enhancer—promoter interaction [Ohlsson et al., 2010]. NIPBL is widely expressed
with significant accumulations in limb bud, branchial arch and craniofacial mesenchyme
[Krantz et al., 2004]. NIPBL heterozygous mutations result in the partial reduction of its
expression as is recapitulated in NIPBL animal and cellular models [Kawauchi et al., 2009;
Rollins et al., 2004]. A 30% reduction in expression is sufficient to cause strong effects gene
expression and resultant developmental anomalies of organs and tissue where NIPBL
accumulates. Increasing experimental evidence suggests that the developmental deficits seen
in CdLS are the result of alterations in gene expression. It has been shown that cohesin and
NIPBL cooperate in transcriptional regulation. In particular, Nipped-B facilitates the
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activation of both cut and Ultrabithorax homebox genes by interaction with distant
enhancers [Rollins et al., 2004]. Conversely, cohesin subunit reduction increased cut
expression, suggesting that cohesin has an inhibitory effect on enhancer—promoter
communication and Nipped-B reduces these negative effects by cohesin removal or
relocation [Dorsett, 2007]. Subsequently, it has been proposed that the opposing dominant
effects of heterozygous Nipped-B and cohesin mutations on gene expression reflect a
complex overlay of multiple positive and negative roles of cohesin in transcription [Schaaf
et al., 2009]. It is worthy to note that cohesin binds and regulates the expression of the c-
Myc gene, a key regulator of cell proliferation, in human, mouse, Drosophila and zebrafish
[Kawauchi et al., 2009; Liu et al., 2009; Rhodes et al., 2010; Schaaf et al., 2009; Stedman et
al., 2008]. Recently, we showed that c-Myc is the hub of dysregulated pathways and is
downregulated in SMC-mutated probands suggesting that its dysregulation might the first
event during CdLS phenotype development [Gimigliano et al., 2012]. NIPBL, SMC1A, and
HDACS mutant CdLS cell lines showed an extremely conserved pattern of gene
dysregulation (both up and down-regulated genes) [Deardorff et al., 2012a; Liu and Krantz,
2009]. Similarly, the Nipbl +/— mouse showed dysregulation of multiple genes with changes
of twofold or less [Kawauchi et al., 2009]. Altogether these findings suggest that modest but
cumulative changes in gene expression could be the underlying pathogenetic mechanism of
CdLS. Partial reduction of NIPBL expression levels in CdLS could interfere with cohesin
loading at regulatory binding sites affecting cohesin distribution and long range enhancer—
promoter interactions.

Recent data from model organisms and human cells suggest that the manner in which
cohesin regulates gene expression is more complex. In fact, it has been proposed that
cohesin directly regulates transcription by multiple mechanisms, including supporting
enhancer—promoter looping [Chien et al., 2011; Kagey et al., 2010; Seitan et al., 2011], and
both negative and positive direct effects on transition of paused RNA polymerase to
elongation [Fay et al., 2011; Schaaf et al., 2013a; Schaaf et al., 2013b]. In addition, cohesin
seems to have a direct physical and functional interactions with Polycomb gene silencing
complexes in Drosophila cells [Hallson et al., 2008; Schaaf et al., 2013b; Schaaf et al.,
2009; Strubbe et al., 2011], which could be highly relevant to the regulation of homeotic
genes that control development. Although these interactions remain to be confirmed in
humans, it is possible to speculate that cohesin mutations could directly affect these
interactions without affect cohesin chromosome binding and sister chromatid cohesion.

Conclusions

To date, mutations in three core cohesin subunits (SMIC1A,SMC3, RAD21) and in two
cohesin-regulatory proteins (NIPBL, HDACS) have been identified in CdLS probands.
Analysis of the inter- and intragenic mutational spectrum seen in CdLS probands reveals an
evolving picture of genotype—phenotype correlations. NIPBL truncating mutations result in a
more severe phenotype. On the contrary, NIPBL and SMC1A/SMC3 missense mutations and
in-frame deletions are associated with a milder phenotype, with the exception of mutations
mapped at the HEAT domain of NIPBL that have been identified in probands with a severe
phenotype. Therefore, both the type of mutation and protein domain are important factors to
define the clinical picture of CdLS. Although the reduction in the level of both NIPBL and
HDACS transcripts and proteins are modest, it is sufficient to cause the developmental
deficits present in CdLS. NIPBL mutant cell lines show dysregulated gene transcription and
a significant reduction in cohesin binding to regulatory regions of expressed genes. This
argues that mutated NIPBL affects cohesin distribution at specific loci causing their
dysregulation. NIPBL acts together with cohesin. Experimental evidence shows that the
downregulation of Nipped-B and cohesin alters expression of the same several hundred
genes in Drosophila [Schaaf et al., 2009]. The finding that 30% reduction in NIPBL
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transcription and dysregulation in cohesin activity affects gene expression and leads to
human disease without chromosome missegregation and defects in sister chromatid cohesion
indicates that cohesin plays different roles. It is possible that low cohesin binding is
necessary for correct segregation, whereas higher level for transcription regulation [Dorsett,
2011]. In this context, the acetylation/deacetylation cycle of cohesin could mark cohesin
involved only in gene regulation. Further studies will be necessary to elucidate the
molecular mechanisms of gene expression mediated by cohesin and associated regulatory
factors and how alterations in their functions contribute to CdLS pathogenesis.
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Figure 1.

Phenotypic characteristics of CALS caused by mutations in different cohesin regulatory and
structural components. A—D: 28-year-old girl with truncating mutation in NIPBL. E—H: 7-
year-old boy with missense mutations in NIPBL; [-L: 3-year-old girl with in frame
insertion/deletion mutation of HDAC8. M and N: 15-year-old girl with missense mutation in
SMCI1A. O and P: 3-year-old boy with deletion of RAD21. Q—U: 57-year-old man with in
frame deletion of SMIC3 (shown as a teenager in “Q”).
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Figure 2.

Overview of NIPBL mutations. The 47 exons of NIPBL are indicated with black bars. The
different domains of NIPBL are indicated: MAU interaction domain (1-300), glutamine rich

domain (Gln-rich, 418—462, predicted coiled coil (637-657), undecapeptide repeat

PETPKQK(G/S)(E/D)(G/S)R (699-764), nuclear localization signal (NLS, 1,108-1,124),
HEAT domain (1,767-2,350) consisting of five repeats (H1: 1,767-1,805, H2: 1,843-1,881,
H3: 1,945-1,984, H4: 2,227-2,267, H5: 2,313-2,351).

Hum Mutat. Author manuscript; available in PMC 2014 January 03.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Mannini et al.

NIPBL mutations

Figure 3.

Genotype—phenotype correlations in CdLS due to NIPBL mutations.
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Figure4.
Diagram representing the correlation genotype—phenotype of the five CdLS causative genes.
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Table 1

Type and Number of NIPBL Mutations Identified in CdLS Probands

Mutation type

Number of mutations

Coding sequence mutations
Missense
Non sense
Deletions
Insertions

Indels

67
43
71
33

Noncoding sequence mutations

Splicing
Regulatory

Genomic rearrangements
Gross deletions

Translocation

43

16
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