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Abstract (128 words)

Consistent with the diverse roles of the cohesin complex in chromosome biology, mutations in genes
encoding cohesin and its regulators are found in different types of cancer and in developmental
disorders such as Cornelia de Lange Syndrome. It is so far considered that the defects caused by these
mutations result from altered function of cohesin in regulating gene expression during development.
Chromatin conformation analyses have established the importance of cohesin for the architecture of
developmental gene clusters and in-vivo studies in mouse and zebrafish demonstrated how cohesin
defects lead to gene misregulation and to malformations similar to the related human syndromes.

Here we present our current knowledge on cohesin’s involvement in gene expression, highlighting

molecular and mechanistic consequences of pathogenic mutations in the Cornelia de Lange syndrome.



Introduction

The cohesin complex (Figure 1) was originally discovered as protein complex required for sister
chromatid cohesion (SCC), a function which is conserved in all eukaryotes [1e]. Within the past eight
years cohesin has emerged as an essential actor in virtually all aspects of chromosome biology, including
chromosome segregation, maintenance of genome stability, regulation of gene expression, chromatin
structure and 3D genome organisation.

Cohesin’s ability to take part in these distinct pathways arises from its unique ability to create
topological links between two segments of the chromatin fibre. The topological link between two sister
chromatids confers sister chromatid cohesion (Figure 2A). The same interaction is established at DNA
double strand break sites and hold the sister strand in place as repair template (Figure 2B). Interactions
between two regions of the same chromatid forms chromatin loops that built up the overall 3D topology
of the chromatin fibre and mediate communication between genes and their regulatory elements
through highly organised chromatin structure (Figures 2C-D).

Although the underlying molecular mechanisms may appear similar, these distinct functions of cohesin
differ in important aspects, and the regulation of cohesin’s “looping function” is not understood at all.
Mutations in genes encoding cohesin subunits or its regulators (sometimes collectively referred to as the
cohesion apparatus) have been shown to cause various human disorders, in particular cancers (for
review [2]) and developmental syndromes that are discussed below.

Recent developments in chromatin conformation capture techniques have allowed describing chromatin
folding at different scales, mapping binding sites of important factors (including cohesin) and correlating
site occupancy by cognate factors to chromatin organisation and gene activity.

In this review we will summarize the current mechanistic insights as to how defects in cohesin and its
regulators relate to pathology, with a particular focus on how altered chromatin architecture may

participate in developmental disorders.

Cohesin and cohesion-related functions

Cohesin mediates sister chromatid cohesion from DNA replication in S-phase until chromosomes
segregate during mitosis (reviewed in [3])(Figure 3). In interphase SCC participates in maintaining
genome stability by assisting recombinational repair of DNA double strand-breaks [2,4]. In mitosis and
meiosis cohesion ensures correct distribution of chromosomes and, therefore faithful transmission of

genome from one generation of cells or individual to the next (reviewed in [5]). The last twenty years of



research have uncovered numerous cohesin functional partners and regulators that act all along the cell
cycle (Figures 1 and 3) and include cohesin modifying (Escol and Esco2, Aurora B and Plk1) and de-
modifying (PP2A, HDAC8) enzymes, chromatin loader (NIPBL-MAU2 complex) as well as cohesive and
anti-cohesive factors (SA1 and 2, Sororin, Pds5A and B, Wapl, SgolL) that regulate and directly bind to
cohesin complexes in a cell cycle regulated manner (Figure 3, for a detailed review on cohesin regulation
see [6]).

Beside roles related to its cohesive property, cohesin is also essential for proper functioning of the DNA
damage checkpoint pathway [4], a surveillance mechanism that halts cell cycle progression until all DNA
damage has been repaired. More recently, cohesin and its regulators have been involved in centrosome
biology. Recent findings suggested that cohesin hold mother and daughter centrioles and pericentriolar
material through mechanisms and regulations that resemble that of chromatid cohesion [7,8] although
underlying molecular details are still elusive [9,10].

In addition to processes ensuring genome distribution and stability, cohesin also participates in other

aspects of chromosome biology, which strikingly all impact on gene expression.

Cohesin’s role for the regulation of gene expression

Along the vertebrate genome cohesin localizes in interphase to pericentric heterochromatin [11] and to
discrete sites at chromosome arms [12-14]. The number of sites varies from about 10,000 to 60,000
depending on cell type, antibodies, technology platform and analysis pipeline [12,15-17]. In all studies
however, about 50 % of the cohesin sites localize in intergenic region, 37% in introns and exons and
about 7% within 5kb upstream of promoters [12]. Notably, around 60 % to 80 % of the cohesin binding
sites are co-occupied by the chromatin insulator CTCF [12-14,16,17].

Cohesin sites without CTCF (cohesin/no CTCF) tend to be enriched at transcription start sites and are
found to colocalize with cell-type specific transcription factors like estrogen receptor in MCF7 cells, or
HNFA4 and CEBPA in HepG2 cells [16]. In mouse ES cells cohesin/no CTCF sites correlate with binding
sites of the cohesin loader NIPBL and the mediator complex [17]. Also the transcription factor KIF4A was
shown to be necessary to recruit cohesin to interacting regions [18].

Cohesin/CTCF sites are involved in long-range interactions (Figure 2 and 4) of the chromatin fibre,
thereby mediating contacts between promoter and distal enhancers and gene activation at a number of
developmentally important loci, for example the apolipoprotein gene cluster [19], the imprinted gene

cluster H19/IFG2 that controls embryonic growth [20], the IFNG locus [21], the B-globin locus [22][23]



and the protocadherin locus [24]. Overall, cohesin/CTCF sites appear to mediate constitutive chromatin
interactions [25¢].

Cohesin/no CTCF sites also mediate long range interactions and transcriptional activation, likely
depending on the co-binding of specific additional transcription factors. In mouse ES cells cohesin and
the mediator complex mediate promoter-enhancer interactions of important pluripotency genes (OCT4,
NANOG) [17,26,27] and are, therefore, important for reprogramming and maintenance of the
pluripotency state.

Cohesin-mediated looping between promoter and enhancer mostly occurs in a tissue-specific fashion,
although interactions between promoters and distal regions can also be conserved between tissues, the
tissue-specific gene activity being then regulated by different mechanism [28]. Besides promoter-
enhancer interactions, cohesin is also involved in larger scale chromosomal rearrangements, like T-cell
receptor rearrangement [29], V(D)J recombination and the genomic architecture of the IgH locus [30].
Genome-wide chromatin interaction maps of the fly, mouse and human genomes [31,32¢¢] provided by
the Hi-C technique [33¢¢] show an organisation of the chromatin fibre into discrete domains, termed
topological domains (TADs) [32ee]. Noteworthy, both cohesin and CTCF are enriched at boundaries
between TADs, suggesting a role of these proteins for defining the TAD. Subsequent cohesin inactivation
studies in cycling cells and postmitotic cells have established the importance of cohesin [15,34,35] and
CTCF [15e] for the chromatin interactions forming the TADs, possibly by assembling clusters of
chromatin loops (Figure 2E). Interestingly, the TAD boundaries seem not to depend on cohesin since
only the depletion of CTCF but not cohesin depletion leads to increased interactions between
neighbouring domains that indicates weakening of the TAD boundaries, [15¢]. Genes misregulated after
cohesin depletion were correlated with cohesin binding sites and long-range interactions, revealing that
these genes are more likely to have lost the contact to their respective enhancer than other genes [15¢].
These studies have also stressed how essential cohesin-mediated chromatin conformations are for
developmental gene clusters to allow timely access to cell-type specific enhancers to drive
development-specific gene expression patterns. Examples are the HOX genes that encode master
transcription factors responsible for patterning the anterior-posterior body axis during development.
The best studied HOX clusters, HOXA and HOXD, are expressed in the developing limb and reside in a
different TAD than their respective enhancer and the TAD boundary changes during development to
provide the characteristic “proximo-distal patterning” of HOX gene expression [36]. Inactivation of

cohesin in HEK293T cells disturbs this 3D-organization and leads to HOX gene misregulation [15,37]. The



relevance of these regulatory connections in vivo has been addressed in vertebrate models. Depletion of
the cohesin loading complex NIPBL in the zebrafish pectoral fin (forelimb) and in the mouse limb buds
gives rise to limb defects, a common condition in individuals with CdLS. In the zebrafish model
dysregulated expression of early limb development genes, including multiple hox genes, was observed
and a change of chromatin interactions at the HOXD cluster confirmed by DNA-FISH. Similar genes are
affected in the NIPBL-haploinsufficient mice [38]. A detailed description of the phenotypes observed in
the different available mouse models is provided by Sing and Gerton [39].

Cohesin-related pathologies

In increasing numbers of cancer types mutations in the cohesin complex or its regulators are found. For
example, mutations in the cohesin complex subunits STAG2, RAD21, SMC1 and SMC3 were observed in
different types of leukaemia [40,41] and mutations of the cohesin subunit STAG2 have been linked to
bladder cancer [42,43] and colorectal cancer [44]. In addition, changes in protein levels of cohesion
apparatus components were linked to cancer, for instance increased RAD21 levels have been associated
with poor prognosis in breast cancers [45]. Only very recently also individual genomic cohesin binding
sites came into focus since they were found to be frequently mutated in cancers [46]. It is still very
unclear how the cohesin complex might be implicated in the different cancers. Defects in the cohesin
complex might mainly lead to genome instability caused by defective DNA repair, as well as to
chromosome instability and aneuploidy though chromosome missegregation. However, patients
suffering from CdLS carry mutations in several cohesin subunits and regulators but do not show
increased genomic instability. It was also noted that cancers with cohesin complex mutations do not
necessarily present aberrant karyotypes [40,47].

Defects directly related to cohesin’s sister chromatid cohesion function occur in germ cells, which relies
on a meiosis-specific cohesin complex for homologous recombination and synapsis (reviewed in [48]).
Human oocytes have a prolonged arrest in meiosis| (up to 50 years) but not spermatocytes. Of
importance, women fertility decreases with age and observations in mouse models and human oocytes
allowed to correlate reduction of cohesin complexes bound to meiotic chromosomes, and consequent
cohesion loss, with infertility [49] (see review [50]). The current model proposes that gradual loss of
cohesion during the prolonged oocyte arrest results in chromosome missegregation, aneuploidy and
ultimately oocyte death. One syndrome that was suggested to be linked to this mechanism is Down
syndrome (DS), also named Trisomy 21, characterized by a triploid chromosome 21. A number of

syndromic genetic disorders also originate from mutations in cohesion apparatus genes. The most



prominent member of this group of developmental disorders, termed cohesinopathies, is the Cornelia
de Lange syndrome (CdLS). Mutations in genes encoding structural components or associated regulators
of cohesin were identified as the genetic cause of CdLS (see table 1). CdLS is a multi-system
malformation syndrome with a broad spectrum of clinical involvement including characteristic facial
features, malformations of the upper-extremities, small stature, growth and cognitive delay as well as
musculoskeletal, cardiac and gastrointestinal abnormalities. Interestingly, cell lines derived from CdLS
patients do not show obvious cohesion defects [51] but an increased sensitivity for DNA damage [52].
However, CdLS patients do not have an increased risk for cancer. Expression profiling of lymphoblastoid
cells obtained from CdLS patients with different mutations revealed differential expression of about
1501 non-redundant genes and allowed identifying a panel of marker genes that also correlate with the
severity of the phenotype [53 e]. For a part of the genes a direct correlation with cohesin binding was
shown, for the other genes it is unclear whether the promoter-enhancer communication is disturbed or
whether they are downstream targets.

Studies using zebrafish and mouse as models revealed several pathways crucial for embryonic
development, besides the aforementioned HOX genes, that might be affected by cohesin insufficiency.
In NIPBL heterozygous knockout mice the protocadherin genes (PCDH), clusters of genes that are
expressed in an exclusive manner to provide neuronal identity, were found to be misregulated [54 e].
Subsequent studies showed that cohesin-mediated DNA looping is involved in PCDH promoter choice
[24,55,56], indicating how cohesin insufficiencies might affect the developing brain.

Nipbl depletion in zebrafish produces a spectrum of specific heart and gut/visceral organ defects,
reminiscent to the defects observed in CdLS. Analysis of gene expression changes revealed the
misregulation of genes that are involved in gene regulatory networks controlling endodermal
differentiation and left-right patterning [57 e].

Altogether, these studies demonstrate that the effects of cohesin deficiencies in the developing embryo
are highly complex. Multiple pathways are affected, either by a direct involvement of cohesin in the
regulation of the gene or as downstream target.

Quite unexpectedly, and although all CdLS patient-derived cells reported so far display hypersensitivity
to genotoxic stress, CdLS patients do not exhibit any cancer susceptibility caused by an altered response
to DNA damage. This intriguing observation may be accounted for, at least partly, by a very protective

patient environment, but has no satisfactory molecular explanation so far. Rare cases of cancer in CdLS



patients have been attributed to the consequences of malformations, like gastroesophageal reflux, but
not to the genetic defect [60].

An important issue concerns how mutations causative for tumorigenesis and for CdLS differ in their
physiopathological outputs. Cohesin mutations found in either disease do not cluster in distinct,
functionally relevant protein domains that would allow correlating particular mutations with given
altered cohesin functions and thus with CdLS or tumorigenesis. This observation first suggests that
cellular and developmental context, i.e. adult and terminally differentiated versus developing embryonic
tissues, plays a key role in cellular consequences of given mutations. Second, it also indicates that
acquisition of cohesin mutations might not initiate but contribute to tumorigenesis. Obviously much
work will be required to decipher how individual cohesin mutations affect its many functions and how

these alterations can account for human diseases.

Conclusion
Our concept of how cohesin regulates genes, in particular in context with disease, needs to evolve from
single genes to gene regulatory networks and include the fact that cohesin insufficiency can affect

individual genes via multiple mechanisms.

The challenge in the field will be to evaluate observations made under drastic knockdown conditions in
the respective model systems for the relevance in the patient with a much milder depletion of the

respective proteins.
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Table 1

Gene Symbol Locus Protein Name CdLS cases
NIPBL 5p13.2 Nipped-B-like protein 65 %
SMCI1A Xpl11 Structural maintenance of chromosomes 1A 5%

SMC3 10g25.2 Structural maintenance of chromosomes 1A <1%
HDAC8 Xq13.1 Histone deacetylase 8 ~5%
RAD21 8g24.11 Double-strand break repair protein Rad21 homolog <1%

Table 1. List of genes whose mutations cause Cornelia de Lange syndrome.
Gene symbol, genomic localisation, gene product name and proportion of CdLS patients are given for

the five known CdLS genes.

Figure legends

Figure 1. Cohesin complex structure.

Cohesin core complex subunit SMC1A, SMC3 and SCC1/RAD21 form a tripartite molecular ring that
embraces DNA fibres (here indicated as cross section of two 11 nm fibres), thereby ensuring SCC in a
topological manner. Additional regulatory proteins, i.e. SA1/2 and Pds5A/B, sororin and Wapl bind to

cohesin core complex in various combinations.

Figure 2. Models of cohesin’s involvement in chromatin related processes.

(A) Cohesin embraces and holds sister chromatid together to ensure SCC.

(B) Cohesive property of cohesin assists recombinational repair of DNA double strand breaks by
tethering the break site to the intact sister strand.

(C-D) Cohesin also acts as chromatin loop structural basis that serves different processes: interaction
between distal enhancer and gene promoter to trigger expression (C) or physical separation (insulation)
of gene regulatory elements (D).

(E) Cohesin-mediated chromatin loops cluster together, as seen in TADs, and provide the spatial

organization of gene clusters.
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Figure 3. Cohesin complex and sister chromatid cohesion during cell cycle.

In vertebrates, cohesin complexes are loaded onto chromatin at mitotic exit in a NIPBL/MAU2 complex
(also called Kollerin) dependent manner. SMC3 acetylation by ESCO1/ESCO2 acetyltransferases during
DNA replication recruits sororin that counteracts anti-establishment activity of WAPL, thereby triggering
cohesion establishment. SCC is dissolved during mitosis by the complete removal of cohesin complexes
from chromosomes in a two-step process: dissociation from chromosome arms in early mitosis and

proteolytic cleavage of SCC1/RAD21 by separase at metaphase-to-anaphase transition.

Figure 4. Long-range interactions shaping the chromatin loops around the human HOXA genes

Hi-C interaction matrices of IMR90 cells at 10kb resolution by Rao and co-workers [58 ee] were
displayed using http://promoter.bx.psu.edu/hi-c/index.html. Below, the Refseq genes are annotated
and the CHIP-sequencing profiles for cohesin (RAD21) and CTCF from IMR90 cells (available from
ENCODE/SYDH [59]) are shown.

Below the Hi-C profile two grey bars indicate major chromatin loops/TADs in this region. The left loop
comprises most of the HoxA genes and the right loop contains the region where the limb-specific
enhancers localize. Both loops/TADs are flanked by cohesin/CTCF binding sites with a most striking

clustering of sites in the HoxA gene region.
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