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Nucleolus
A subnuclear region in  
which components of the 
translational machinery are 
synthesized. It is a site of 
abundant transcription by  
RNA polymerase I and III.

Transvection
The ability of a gene on one 
chromosome to influence  
the activity of an allele on the 
opposite chromosome when 
the chromosomes are paired.

variation in the efficiency of RNAi knockdown in dif-
ferent cell types. CTCF depletion does not obviously 
affect SCC or the total quantity of chromosomally 
bound cohesin but rather disrupts cohesin accumula-
tion at known insulator sites and other CTCF-bound 
sites genome-wide5,6. Therefore, CTCF may serve pri-
marily to position cohesin complexes once loaded2. The 
links among CTCF, cohesin and interphase chromosome 
structure have been extensively reviewed2,11,16.

Although the majority of CTCF-binding sites in 
mammalian cells are also occupied by cohesin5–7, a sub-
stantial fraction of cohesin binding occurs independently 
of CTCF in differentiated human cells17. Analysis of two 
human cell lines found that many such sites occurred at 
tissue-specific genes and colocalized with binding sites 
for known master regulators of tissue-specific expression, 
such as the oestrogen receptor (ER)-α17. The established 
role of the ER in chromosome looping18, combined with 
correlative evidence that cohesin preferentially binds to 
the base of ER-mediated loop anchors17, supports the 
existence of CTCF-independent roles for cohesin in  
the formation of intrachromosomal loops.

Suggestions of SCC-independent roles for cohesin 
also arose from genetic screens in budding yeast that 
identified mutant alleles of SMC1 and SMC3. These 
mutations caused chromatin silencing to spread beyond 
heterochromatin barrier elements (BOX 3) flanking the 
silent mating-type locus HMR19. 3C experiments sug-
gested that these barrier elements interact to form the 
stem of a chromosomal loop that contains the silent 
mating-type locus20. Whether cohesin stabilizes this loop 
structure is 
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Polytene chromosomes
DNA structures containing 
many paired sister chromatids, 
which are produced by 
multiple rounds of DNA 
replication without cell division.

Supercoils
Twists applied to DNA that can 
occur in the same (positive) or 
opposite (negative) orientation 
to the double helix.

programmed disassembly of polytene chromosomes into 
unpaired chromatids, which occurs in interphase during 
ovarian nurse-cell development31. It is unknown whether 
condensin I acts similarly.

Collectively, these data show that during interphase, 
condensin both promotes clustering of dispersed loci 
into subnuclear domains and inhibits associations 
between homologues. In the latter case, parallels can be 
drawn with the mitotic role of condensin in preventing  
DNA entanglements between segregating chromo-
somes. This mitotic role is thought to involve the 
introduction of positive supercoils to compact chromo-
somes, which raises the possibility that the inhibition of 
trans interactions during interphase could occur by a  
related mechanism.

SMC complexes in gene expression
The findings outlined above demonstrate the roles 
of condensin and cohesin in establishing the proper 
architecture of interphase chromosomes. The impact of 
chromosome topology has been most extensively stud-
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Position effect variegation
Variegated expression patterns 
that arise owing to intercellular 
differences in epigenetic gene 
silencing, typically observed 
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b  Allele-specific chromatin looping at the imprinted IGF2–H19 locus



Axon pruning
The selective loss of  
neuronal outgrowths to  
refine synaptic connectivity 
during development.

Genetic mosaics
Animals in which homozygous 
mutations are carried by  
only a small clone of cells.

Axial elements
Linear structures that 
assemble along the length  
of meiotic chromosomes.  
Axial elements become the 
lateral elements of the mature 
synaptonemal complex.

Cohesin in immune-cell differentiation. Mechanistic 
insights into the developmental roles of cohesin and 
CTCF came from studies of helper T (TH) cell differ-
entiation, an ex vivo model of development. Upon dif-
ferentiation of naive, non-polarized CD4 T cells into 
C-C chemokine receptor type 5 (CCR5)-positive TH1 
cells, the interferon-γ (IFNG) 
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Synaptonemal complex
A proteinaceous structure  
that forms between pairs of 
homologous chromosomes 
during synapsis and facilitates 
crossover recombination.
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Condensin loading. Metazoans possess at least two 
condensin complexes (BOX 1). With the exception of the  
C. elegans DCC, which is loaded by proteins under  
the control of a sex-specific developmental switch (FIG. 1), 
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	Abstract | Condensin and cohesin complexes act in diverse nuclear processes in addition to their widely known roles in chromosome compaction and sister chromatid cohesion. Recent work has elucidated the contribution of condensin and cohesin to interphase genome organization, control of gene expression, metazoan development and meiosis. Despite these wide-ranging functions, several themes have come to light: both complexes establish higher-order chromosome structure by inhibiting or promoting interactions between distant genomic regions, both complexes influence the chromosomal association of other proteins, and both complexes achieve functional specialization by swapping homologous subunits. Emerging data are expanding the range of processes in which condensin and cohesin are known to participate and are enhancing our knowledge of how chromosome architecture is regulated to influence numerous cellular functions.
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	Figure 1 | Dosage compensation in Caenorhabditis elegans. a | In Caenorhabditis elegans, a regulatory hierarchy controls both dosage compensation and sex determination in response to the primary sex determination signal, the X:A (autosome) ratio33. Low ratios (for example, 1X:2A) activate the master switch gene XO lethal 1 (xol‑1), which promotes male sexual development and inhibits dosage compensation123,124. High ratios (for example, 2X:2A) silence xol‑1, thereby promoting hermaphrodite sexual development and the activation of dosage compensation. xol‑1 repression permits the XX‑specific gene sex and dosage compensation 2 (sdc‑2) to be active. SDC‑2 acts with SDC‑3 and DPY‑30 to trigger assembly of a dosage compensation complex (DCC) onto multiple sites along X chromosomes to bring about a 50% reduction in gene expression125. SDC‑2 acts with SDC‑1 and SDC‑3 to induce hermaphrodite development by binding to the autosomal male-fate-promoting gene hermaphrodization 1 (her‑1) to repress its expression ~20-fold126. b | The DCC (shown in the figure as condensin IDC) consists of five condensin-like components and at least five additional factors, which confer X‑ and sex-specificity33,104. c | DCC-binding sites have been mapped by chromatin immunoprecipitation followed by microarray analysis (ChIP–chip), as shown here for mapping of SDC-3 binding on the X chromosome, and have been classified into two categories by functional analysis35: recruitment elements on X (rex) sites and dependent on X (dox) sites. d | Confocal images of intestinal cell nuclei stained with the DNA dye 4,6-diamidino-2-phenylindole (DAPI) (blue), antibodies to the DCC subunit DPY-27 (red) and a fluorescence in situ hybridization probe that labels extrachromosomal arrays, which contain multiple copies of rex or dox sites (green). The rex sites robustly bind the complex when they are detached from X and are present in multiple copies on extrachromosomal arrays or integrated onto autosomes at low copy numbers. dox sites fail to bind the DCC when detached and must therefore depend on a broader X chromosomal context for their ability to associate with the DCC. e | A 12-bp consensus motif (motif enriched on X (MEX)) is enriched in rex sites relative to dox sites and on X chromosomes relative to autosomes35. Mutations in the motif disrupt the ability of rex sites to recruit the DCC. Panels c and e are modified, with permission, from REF. 25 © (2008) Cold Spring Harbor Press.
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	Figure 2 | Cohesin function in gene expression. a | Cell-cycle-dependent control of 3′-end processing in fission yeast. During the G1 phase of the cell cycle, read-through transcription from convergently transcribed gene pairs generates overlapping transcripts, which are cleaved to small interfering RNAs (siRNAs) by Dicer to induce localized transient heterochromatin formation (represented in the figure by nucleosomes marked with histone 3 lysine 9 methylation (H3K9me)) specifically during G1/S phase. Cohesin is then recruited to these sites through an interaction with the heterochromatin-associated protein Swi6. During G2, cohesin promotes the use of upstream transcriptional termination sites, preventing read-through transcription and further dsRNA formation. Cohesin removal during mitosis re-establishes read-through transcription and the cycle is repeated46. b | Allele-specific chromatin looping at a human imprinted locus. H19 and insulin-like growth factor 2 (IGF2) are linked imprinted genes that are expressed from only the maternal (above chromosome) and paternal (below chromosome) alleles, respectively. The imprinting control region (ICR) situated between the two genes coordinates allele-specific expression patterns and acquires allele-specific CpG methylation during male and female gametogenesis, a pattern that is maintained in somatic tissues following fertilization. Allele-specific chromatin immunoprecipitation (ChIP) assays identified biallelic (maternal and paternal) binding of CCCTC-binding factor (CTCF) and cohesin to a region (CTCF AD) adjacent to the IGF2 promoters, to the central conserved domain (CCD) and to a region (CTCF DS) downstream of the IGF2 enhancers. Chromosome conformation capture (3C) experiments identified maternal-specific and paternal-specific physical interactions among these sites. On the maternal allele, CTCF and cohesin bind to the unmethylated ICR, coincident with the establishment of a DNA loop containing the H19 gene and downstream IGF2 enhancers. This loop is thought to sequester the enhancers from activating IGF2. On the paternal allele, CpG methylation at the ICR prevents CTCF and cohesin binding, leading to a distinct loop structure that allows IGF2 to interact with the enhancers, thereby activating expression. For clarity, interactions between CTCF/cohesin-binding sites that occur at comparable levels on both alleles are not shown in the left panel. The right panel depicts a schematic model for allele-specific chromosome conformation at this locus, based on 3C data from Ref. 15. For simplicity, a single cohesin complex represents all cohesin and CTCF binding in the right panel, although the number of distinct complexes bound to these sites is not known.
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