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The many roles of cohesin in Drosophila gene transcription

Dale Dorsett
Edward A. Doisy Department of Biochemistry and Molecular Biology Saint Louis University
School of Medicine

Abstract

The cohesin protein complex mediates sister chromatid cohesion to ensure accurate chromosome
segregation, and also influences gene transcription in higher eukaryotes. Modest deficits in
cohesin function that do not alter chromosome segregation cause significant birth defects. The
mechanisms by which cohesin participates in gene regulation have been studied in Drosophila,
revealing that it is involved in gene activation by transcriptional enhancers and epigenetic gene
silencing by Polycomb group proteins. Recent studies reveal that early DNA replication origins are
important for determining which genes associate with cohesin and suggest that cohesin at
replication origins is important for establishing both sister chromatid cohesion and enhancer-
promoter communication.
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Cohesin Has Multiple Functions

The roles of the cohesin protein complex increase with organismal complexity. Cohesin
mediates sister chromatid cohesion (see Glossary) to ensure accurate chromosome
segregation, and also facilitates DNA repair in all eukaryotes [1-3]. In metazoans, cohesin
influences gene transcription and development, and minor cohesin deficiencies cause birth
defects, such as those displayed in Cornelia de Lange Syndrome (CdLS) [4]. In
vertebrates, cohesin interacts with the CTCF (CCCTC-binding factor) protein at the borders
of higher-order chromosomal structures called Topologically Associating Domains (TADs)
and is crucial for their formation [5].

This article focuses on how cohesin influences gene transcription in the invertebrate
Drosophila, in which the relatively small genome simplifies many experiments. TADs occur
in Drosophila, but cohesin does not play a key role in their formation [6-10] reducing the
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likelihood that cohesin’s transcriptional roles involve multiple effects on higher order
chromosome structure. Drosophila studies reveal that cohesin supports transcriptional
enhancer function and the activities of the PRC1 Polycomb group (PcG) repressive
complex at both silenced and active genes. They uncovered a role for DNA replication
origins in determining which genes are occupied by cohesin and raise the intriguing
possibility that origins may facilitate both sister chromatid cohesion and enhancer-promoter
communication, functionally linking genome stability and gene regulation.

Cohesin Structure and Chromosome Binding

Cohesin is a structural maintenance of chromosome (SMC) complex (Figure 1A). It’s ring
structure can topologically encircle DNA and take on multiple conformations. Cohesin
contains the Smcl and Smc3 proteins that fold back on themselves at a hinge, forming rod-
like anti-parallel coiled-coils that hold the N and C termini together. The N and C termini
form head domains with ABC-type ATPase activity. Smcl and Smc3 heterodimerize at their
hinges. Rad21 interacts with the Smc1 head domain and the Smc3 arm near the head
domain. ATP holds the Smc1 and Smc3 head domains together, and without ATP the Smcl
and Smc3 head domains separate but are bridged by Rad21, forming a tripartite ring with a
lumen of some 35 by 50 nm (Figure 1A). The SA cohesin subunit interacts with Rad21. The
SMC subunit coiled-coil arms are flexible and can interact with each other forming a rod-
like structure and can also fold so that the hinge contacts the head domains [11-15].

Cohesin is loaded topologically onto chromosomes by the Nipped-B (Scc2, Mis4, NIPBL) -
Mauz2 (Scc4) complex, and removed by the Pds5 - Wapl (Rad61) complex. Nipped-B and
Pds5 have similar hook-like HEAT repeat structures and compete for binding to Rad21
(Figure 1A). Loading and removal of cohesin from chromosomes involve ATP binding and
hydrolysis. Several studies provide mechanistic insights into the cohesin loading and
removal, although there is controversy regarding whether the ring opens at the Smc1-Smc3
hinge or the Rad21-Smc3 interface during loading [16-23]. In metazoans, cohesin is loaded
immediately after cell division in late telophase-early G1 and is removed from chromosome
arms by the Pds5-Wapl complex in prometaphase, and from centromeric regions by the
Separase protease at anaphase.

It is unresolved how cohesin mediates sister chromatid cohesion [24, 25]. An embrace
model envisions that one cohesin ring encircles both sister chromatids [26] and handcuff
models suggest that two cohesin rings, one around each sister, interact with each other [27].
It is also unclear how sister chromatid cohesion is established during S phase. One idea is
that the replisome passes through cohesin during DNA replication leaving the two sisters
within a cohesin ring, and other models suggest that cohesin is chaperoned from the front of
the fork to behind, or that new cohesin is loaded behind the fork.

Cohesin and Transcriptional Elongation

Gene transcription has multiple steps that could be influenced by cohesin. An early idea was
that topologically-bound cohesin could alter movement of RNA polymerase 11 (Pol I1) along
a gene. The open form of cohesin (Figure 1A) can theoretically accommodate the Pol Il
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holoenzyme, which is on the order of 22 nm in diameter. However, in yeast, cohesin
occupies intergenic regions between convergently transcribed genes, suggesting that RNA
polymerase pushes cohesin [28, 29]. In contrast, Drosophila cohesin occupies many active
genes, with peaks near the transcription start sites and little accumulation between genes,
suggesting that Pol 11 movement does not position cohesin [30]. Although cohesin associates
with the full length of the ecdysone receptor gene in Drosophila, cohesin depletion does not
alter the rate of transcriptional elongation as measured by nascent RNA synthesis, indicating
that cohesin does not hinder Pol Il movement [31].

The Drosophila findings contradict /n vitro single molecule studies. Transcription causes
mammalian cohesin translocation along DNA in vitro, although this translocation is not
constrained by nucleosomes or other protein complexes [32]. In contrast, yeast cohesin
cannot pass over objects 20 nm in size or larger, and nucleosomes hinder translocation /in
vitro [33]. A potential explanation for the differences in how Pol 11 influences cohesin
localization and movement in the various systems is that cohesin has different
conformations. It may be largely in the open conformation in Drosophila cells, allowing Poll
Il to pass, while conformations with smaller lumens predominate /n vitroand in yeast cells.

Nipped-B and Cohesin Modulate Transition of Paused Pol Il into Elongation

Drosophila cohesin associates with genes that have high levels of promoter-proximal
paused Pol 11 [31, 34] (Figure 1B). Pausing requires the NELF (negative elongation factor)
and DSIF (DRB sensitivity inducing factor) complexes that interact with Pol Il and the
nascent RNA transcript (Figure 1B). Paused Pol 11 is phosphorylated on the serine 5 residues
of heptad repeats in the C terminal domain of the Rpb1 Pol Il subunit (Figure 1B).
Phosphorylation of the serine 2 residues of the heptad repeats and DSIF by the Super
Elongation Complex (SEC) and release of NELF is associated with transition into
transcriptional elongation (Figure 1B). Despite the strong correlation between cohesin levels
and polymerase pausing, cohesin is not required for pausing, and pausing factors are not
required for cohesin association [31]. However, depending on the gene, cohesin can inhibit
or promote transition of paused Pol Il into elongation as measured by total RNA levels and
genome-wide PRO-seq (precision run-on sequencing of nascent transcripts) [31, 34].

Nipped-B and cohesin do not significantly influence Pol Il recruitment or transcriptional
initiation as measured by Pol Il ChIP-seq and PRO-seq [34]. Conversely, blocking
transcriptional initiation with triptolide, an inhibitor of the TFIIH initiation factor, does not
reduce Nipped-B association with promoters [35]. Combined, these studies indicate that
cohesin primarily influences gene transcription by facilitating the actions of factors that
either promote or inhibit transition of paused Pol Il into elongation.

Nipped-B and Cohesin Have Multiple Functions at Transcriptional

Enhancers

Transcriptional enhancers bind activator proteins that recruit SEC, Mediator, and the
COMPASS histone methylation complex to control transition of paused Pol |1 into
elongation (Figure 1B). Enhancers activate transcription even when they are many kilobases
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away from a gene, and genetic evidence first indicated that cohesin influences long-range
enhancer function [36]. NVijpped-B mutations were isolated in a genetic screen for factors that
control enhancer-mediated activation of the Drosophila cutand Abdominal-B genes in a
dosage-sensitive manner. Subsequent experiments revealed that Nipped-B and cohesin
occupy essentially all transcriptional enhancers and many gene promoters in Drosophila
cells [30, 34, 37, 38].

Association of cohesin with enhancers and promoters supports the idea that cohesin directly
facilitates enhancer-promoter looping (Figure 1B). An early model was that cohesin holds
enhancers and promoters together by a mechanism similar to how sister chromatids together,
such as the embrace model. It is also now proposed that loop extrusion through the lumen of
cohesin can form enhancer-promoter loops in addition to higher order structures such as
TADs [39, 40]. However, there are other possible mechanisms, involving protein-protein
interactions (Figure 1B) and it remains unsettled how cohesin supports looping.

One potential alternative involves interactions between the Mediator complex and Nipped-B
or cohesin subunits (Figure 1B). Mediator occupies all active enhancers and promoters and
controls multiple steps in transcription [41]. Substantial evidence indicates that the Nipped-
B interacts with Mediator. Nipped-B (NIPBL) and cohesin colocalize with Mediator at
enhancers in mouse embryonic stem cells and co-immunoprecipitate from nuclear extracts
[42]. MED30 was the only Mediator subunit to interact with Nipped-B in a screen of some
5,000 proteins in Drosophila [43]. MED30 depletion in cultured fly cells reduces Nipped-B
occupancy of promoters, consistent with the possibility that MED30 facilitates enhancer-
promoter communication through interaction with Nipped-B [38].

Nipped-B might also promote enhancer function by influencing the activity of a COMPASS
histone methylation complex (Figure 1B). The Trr COMPASS complex and the mammalian
orthologs (MLL/4) monomethylate histone H3 lysine 4 (H3K4mel) at enhancers [44].
Although Trr is an essential protein, the catalytic activity is dispensable for viability and
development [45, 46]. In contrast, a hyperactive Trr mutant that increases histone
methylation causes adult segmentation defects reminiscent of those caused by Nipped-B
overexpression [46, 47]. Nipped-B overexpression stabilizes cohesin chromosome binding,
presumably by competitively reducing cohesin interaction with the Pds5 removal factor [37,
47, 48]. Combining the Trr hyperactive mutant with Nipped-B overexpression
synergistically increases segmentation defects, indicating that enhancer hypermethylation
and cohesin stabilization have similar effects on gene expression and development.

Additional studies will determine if developmental defects with increased Trr and Nipped-B
function reflect increased or decreased enhancer activity. For instance, Nipped-B and Pds5
have similar genome-wide effects on mMRNA levels, although they have opposing roles in
cohesin chromosome binding [37]. The similar effects of proteins with opposing effects on
cohesin binding on gene expression suggest that cohesin chromosome-binding dynamics are
critical in defining transcription levels.

Many questions remain about how Nipped-B and cohesin facilitate enhancer activity.
However, based on the molecular and genetic interactions of Nipped-B with Mediator and
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COMPASS, it is likely that they influence facets of enhancer function beyond enhancer-
promoter looping.

DNA Replication Origins Influence Cohesin Localization

Early DNA replication origins that fire at the start of S phase were mapped genome-wide in
multiple Drosophila cell lines [38, 49, 50]. Origins are licensed by binding of ORC (origin
recognition complex) to chromosomes, which then recruits Cdc6, Cdtl and two copies of
the MCM2-7 helicase that unwinds DNA to start DNA synthesis at the beginning of S phase
[51]. Transcription pushes MCM2-7 away from the loading site before S phase [52].
Cohesin is present at replication origins in both Drosgphila and human cells [38, 49, 53].

Recent studies imply that early DNA replication origins dictate which active genes bind
Nipped-B and cohesin in Drosophila. Early origins typically occur in transcribed regions of
the genome, but meta-origin analysis of Drosophila ChlP-seq data reveals that Nipped-B and
cohesin occupancy are more origin-centric than RNA polymerase 11 [37, 38]. Active genes
that are within several kilobases of an origin are more likely to bind cohesin than are genes
located farther away.

Strikingly, depletion of the Pds5 or Wapl cohesin removal factors expands the domains of
cohesin-occupied genes surrounding origins by several kilobases [37]. Origin-distal genes
that normally bind little cohesin bind substantially more. Pds5 depletion causes defects in
sister chromatid cohesion, but Wapl depletion does not, indicating that cohesin domain
expansion is not caused by a change in sister cohesion. Single molecule DNA fiber assays
show that domain expansion also does not reflect a change in the rate of replication fork
movement [37].

The current theory is that DNA replication pushes cohesin along the chromosome to be
captured by proteins at active genes, and the extent of cohesin spreading is determined by
the rate of cohesin removal by the Pds5-Wapl complex in front of the advancing fork. Pds5
or Wapl depletion reduces the rate of cohesin removal, increasing the size of the cohesin
domains. Single molecule experiments in Xenopus extracts show that replisomes push
cohesin along DNA, and that Pds5 inhibits this movement, although it is unknown if the
cohesin conformation is the same in Drosophila cells and Xenopus extracts [54].

Potential Roles of SA and DNA Replication Origins in Sister Chromatid
Cohesion and Enhancer-Promoter Communication

Pds5 depletion experiments indicate that Pds5 and the SA cohesin subunit function at origins
to establish sister chromatid cohesion. Pds5 depletion does not substantially alter Rad21
cohesin subunit levels at replication origins, but strongly reduces SA, opposite to what is
expected for depletion of a cohesin removal factor [37].

A long-standing paradox is that Pds5 is required for both cohesin removal and sister
chromatid cohesion. The finding that Pds5 facilitates SA origin association may resolve this
paradox. Pds5 forms an alternative stoichiometric complex with the Brca2 DNA repair
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protein that lacks Wapl [55, 56]. Brca2 depletion increases SA at origins, opposite to the
effect of Pds5 depletion [37]. Co-depletion of Pds5 and Brca2 restores origin SA and
partially reverses the loss of sister chromatid cohesion caused by depletion of Pds5 alone.
Thus, Brca2 antagonizes the roles of Pds5 in both sister chromatid cohesion and SA binding
at replication origins, suggesting that Pds5 and SA function at origins to establish sister
chromatid cohesion.

SA is present at all enhancers, but not at most active gene promoters [38]. Only 12% of
promoters in the Drosophila cells examined are occupied by SA [38]. SA levels are highest
at replication origins, implying that the SA-occupied promoters and enhancers are
positioned close to origins. Indeed, all SA-occupied promoters and enhancers are replicated
at the start of S phase [38].

Enhancers located outside of transcribed regions show higher levels of early DNA synthesis
than most, and early origins typically occur within clusters of enhancers [38]. It is theorized
that proteins at enhancers trap MCM2-7 being pushed by transcription [52] thereby
positioning origins at enhancers (Figure 1C). The enhancer-origin overlap and origin
proximity of promoters that bind complete cohesin complexes raise the possibility that DNA
replication forks push SA-containing cohesin from enhancers to flanking genes to establish
enhancer-promoter communication [38] (Figure 1D).

SA recruits cohesin to origins and enhancers [38] (Figure 1C). SA depletion in cultured cells
reduces Nipped-B, Rad21 and Smc1 at origins, enhancers and origin-proximal promoters
and increases their levels at origin-distal promoters. This might explain why SA is needed at
origins for sister chromatid cohesion. By recruiting cohesin to origins, SA ensures that DNA
replication starts where there is a high cohesin density. This could allow the two sister
chromatid templates to be trapped within cohesin rings that are behind the fork when
MCM2-7 unwinds DNA to initiate replication (Figure 1D). This passive mechanism is
consistent with the finding that human NIPBL interacts directly with MCM2-7 [57] and the
ability of cohesin to remain bound to chromosomes during replication in the complete
absence of the Wapl cohesin removal factor [58]. Distinguishing between a passive
mechanism and mechanisms that involve cohesin removal and reloading may be possible by
coupling /n vitro cohesin loading and DNA replication systems.

The Fs(1)h Protein Facilitates Nipped-B and Cohesin Chromosome

Association and Function

The idea that DNA replication facilitates cohesin association with enhancer-targeted genes
raises the question of how Nipped-B and cohesin are directed to their targets before
replication. Cohesin is removed from chromosomes during mitosis and loaded again in late
telophase. One idea is that proteins that remain bound to chromosomes during mitosis act as
bookmarks to direct cohesin to the proper genes in G1. A candidate is the Fs(1)h (female
sterile homeotic on chromosome 1) protein, which is the sole Drosophila homolog of
mammalian BET domain proteins, including BRD4. Mammalian BRD4 binds acetylated
histones, remains bound to mitotic chromosomes, and speeds reactivation of gene
transcription after cell division, suggesting that it is mitotic bookmark for active genes [59,
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60]. ChlP-seq revealed that Fs(1)h associates with chromosomes in a highly origin-centric
pattern similar to Nipped-B and cohesin, occupying all enhancers and origin-proximal
promoters [38]. The JQ1 small molecule inhibitor globally reduces binding of Fs(1)h to
chromosomes and also substantially reduces Nipped-B and Rad21 association with
replication origins, enhancers and origin-proximal promoters, with minor effects at origin-
distal promoters [38]. This supports the notion that Fs(1)h could direct cohesin association
with enhancers and the correct promoters after cell division and before DNA replication.

In vivo evidence from humans and Drosophila further support the idea that BRD4 and
Fs(1)h direct NIPBL and Nipped-B function. Individuals with heterozygous BRD4 loss-of-
function mutations display growth, physical and intellectual birth defects overlapping those
of Cornelia de Lange syndrome (CdLS) caused by heterozygous NV/PBL mutations [61].
There are strong genetic interactions between 75(2)h and Nijpped-B mutations in Drosophila
development [38]. The fs(Z)# hypomorphic allele permits survival of some 60% of the
expected hemizygous 75(Z)#* | Y males. Although heterozygous Nipped-B mutations have
no measurable effect on viability [36, 62] they reduce fs(Z)#!/ Y male viability several-fold
[38]. Nipped-B mutations and 7s(Z)# both suppress segment identity transformations caused
by Polycomb (Pc) mutations, and together they synergistically reduce foreleg sex combs [38,
63]. These findings support the idea that Fs(1)h and Nipped-B function closely together in
developmental gene regulation /n vivo.

Cohesin Influences PRC1 Polycomb Group (PcG) Repressive Complex

Activity at Both Silenced and Active Genes

In addition to its roles in enhancer function, cohesin influences gene silencing by Polycomb
group (PcG) proteins, and facilitates Polycomb protein association with active genes. The
PRC2 complex contains the Enhancer of zeste [E(z)] enzyme that trimethylates histone H3
lysine 27. The H3K27me3 modification covers silenced genes and helps recruit the PRC1
complex with the Sce (Ringl) protein that mono-ubiquitinylates histone H2A. Rad?1
(verthandi, vtd) mutations were first isolated as dominant suppressors of haploinsufficient
Polycomb (Pc) PRC1 subunit mutant segmental transformations [64] and Nijpped-B and
other cohesin mutations have similar effects [63, 65]. Genetic antagonism between cohesin
and Pc might indicate a dosage-sensitive balance between gene activation by cohesin and
silencing by PcG proteins, but further studies revealed that the cohesin-PRC1 relationship is
more complex (Figure 2).

Cohesin is excluded from silenced genes but occupies all the Polycomb Response Elements
(PREs) that recruit PcG complexes to silence genes [63, 66]. The role of cohesin at PRES
remains unknown, although chromosome conformation capture experiments show that it can
support PRE-PRE looping [63] and PRE-PRE interactions can facilitate silencing [67].

In special cases, cohesin cooperates with the PRC1 PcG complex to restrain but not fully
silence transcription [6, 68] (Figure 2). These genes have hallmarks associated with silenced
genes including H3K27me3 and PRC1 occupancy but are transcribed at low to moderate
levels. At these genes, cohesin is not restricted to the PREs, but is present at the promoters
and in the gene bodies. These genes also have histone modifications associated with active
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genes such as H3K4me3, and thus are comparable to bivalent genes in mammalian stem
cells. All genes with this pattern encode transcription factors important for development,
such as the Enhancer of splitand invected-engrailed gene complexes. Strikingly, depletion of
either PRC1 or cohesin subunits strongly elevates their expression [6, 68]. Co-depletion of
PRC1 and cohesin subunits does not give additive or synergistic increases, indicating that
cohesin and PRC1 work together to restrain transcription. It is unclear if these genes are
transitioning between silenced and active states, or if this is a stable state that maintains a
critical expression level to support development. It is notable, however, that the Psc-Su(z)2
locus encoding PRC1 subunits has this unique state in all cell lines and tissues examined,
suggesting that it can be a stable chromatin state [68, 69].

Conhesin directly interacts with PRC1 and recruits PRCL1 to active genes, where it influences
Pol Il activity [63, 66, 70] (Figure 2). Cohesin depletion reduces PRC1 association with
active genes with a concomitant increase at silenced genes [63]. This provides an alternative
explanation for the dosage-sensitive genetic antagonism between cohesin and PRC1. The
idea is that heterozygous Pc mutations cause segmental transformations because of
inadequate silencing of genes such as the Abdominal-B and Sex combs reduced HOX genes.
The silencing deficiency is alleviated by reducing cohesin because this releases PRC1 from
active genes, making more available for silencing. This idea is supported by a dominant-
negative Wap/truncation mutant that causes segmental transformations similar to Pc mutants
[71]. The mutant Wapl protein stabilizes cohesin binding as measured by /7 vivo FRAP
(fluorescence recovery after photobleaching). The simple interpretation is that stabilizing
cohesin at active genes causes more PRCL1 to be sequestered, decreasing the amount
available for silencing.

PRC1 recruited by cohesin directly impacts transcription of active genes [66]. Depletion of
different PRC1 subunits alters phosphorylation of the heptad repeats in Pol Il Rpb1 subunit
C terminal domain (Figure 2). These include the serine 5 phosphorylation mediated by the
TFIIH initiation factor, and the serine 2 phosphorylation mediated by SEC that accompanies
transition from pausing to elongation. Different PRC1 subunits have opposite effects on Pol
Il phosphorylation. Polyhomeotic (Ph) inhibits both serine 5 and serine 2 phosphorylation,
and Pc and Sce promote the same modifications. Combined, these activities are predicted to
enhance Pol 1l pausing. Consistent with this idea, PRC1 promotes association of the Spt5
subunit of the DSIF pausing factor with active genes [66]. Many active genes also display
changes in elongation and RNA processing detected by 3’ end nascent RNA-seq upon PRC1
subunit depletion [66]. Thus, cohesin influences the transition from pausing to elongation by
recruiting PRCL1 in addition to supporting enhancer-promoter looping.

The studies on how PRC1 influences transcription of active genes unexpectedly revealed
that PRC1 also promotes association of the Spt5 subunit of the DSIF pausing factor with
enhancers and PREs, and that depletion of PRC1 subunits increases Pol Il phosphorylation
and transcription initiation at these regulatory sequences. It is therefore also hypothesized
that PRC1 suppresses transcription of cohesin-occupied regulatory sequences in addition to
silencing genes.
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Concluding Remarks and Future Perspectives

As described above, studies in Drosophila indicate that DNA replication origins are
instrumental in determining which active genes are occupied by cohesin, raising new
possibilities for how sister chromatid cohesion is established, and the mechanisms by which
cohesin supports enhancer-promoter communication. They reveal that cohesin influences
transcription of these genes by multiple mechanisms beyond enhancer-promoter looping,
including functional interactions with the PRC1 repressive complex at active genes, and in
epigenetic gene silencing. Several questions remain open (Outstanding Questions Box).
Outside of the roles of cohesin in enhancer-promoter looping, many of the cohesin functions
in transcription, and the linkage of these roles to early DNA replication origins discovered in
Drosophila have yet to be investigated in mammals, where they could be important for
understanding the birth defects associated with mild cohesin deficiencies, and cohesin
dysfunction in cancer. The models for establishing sister chromatid cohesion and enhancer—
promoter communication suggested by the Drosophila data also remain to be tested and
compared to alternative models, including loop extrusion, in Drosophilaand mammalian
cells.
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Sister chromatid cohesion

The sister chromatids formed by DNA replication in S phase are held together by the
cohesin protein complex. The mechanism is currently debated, but requires topological
binding of cohesin to DNA.

Cornelia de Lange syndrome (CdLS)

A genetic birth defect syndrome that displays poor growth, impaired intellectual
development and multiple physical abnormalities. It is most frequently caused by dominant
loss-of-function mutations in Nipped-B-Like (NIPBL) the human Nipped-B ortholog.
Milder forms can be caused by dominant missense or reading frame-preserving mutations
affecting cohesin subunits.

Topologically associating domain (TAD)

higher order chromosomal structure in which sequences within the domain shows high
contact frequency with each other and limited contacts with sequences outside the domain.
Enhancer-promoter loops typically occur inside TADs.

Polycomb group (PcG) repressive complex

Protein complexes that mediate epigenetic gene silencing. The main complexes are PRC2,
which makes the histone H3 lysine 27 trimethylation (H3K27me3) modification, and PRC1
which makes the histone H2A mono-ubiquitination (H2Aub) mark.

Replisome

Trends Genet. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dorsett Page 10
The protein complex containing the DNA polymerase that replicates DNA during S phase.
Promoter-proximal paused Pol 11
RNA polymerase Il that initiates transcription and stops several nucleotides downstream of
the transcription start site but remains transcriptionally engaged. Pausing requires the NELF
(negative elongation factor) and DSIF (DRB-sensitivity inducing factor) protein complexes
that interact with Pol Il and the nascent RNA transcript.

Super Elongation Complex (SEC)

A protein complex containing multiple transcriptional elongation factors, including the P-

TEFb subcomplex that phosphorylates the serine 2 residues of the heptad repeats in the C

terminal domain of the Rpb1 subunit of RNA polymerase II.

Mediator

A protein complex that interacts with transcriptional activator proteins at enhancers and Pol

Il at promoters to influence Pol Il activity and gene transcription by multiple mechanisms.

COMPASS

A class of protein complexes that influence gene activation and silencing and have histone

methylation activity.

ORC (origin recognition complex)

The protein complex that binds chromatin to license DNA replication origins in the early G1

phase of the cell cycle.

MCM2-7

The protein complex with DNA helicase activity that is recruited by ORC and activated to

initiate DNA unwinding and replication at the start of the S phase of the cell cycle.

BET domain proteins

A class of chromatin-binding proteins. BET domains bind to acetylated histone residues.
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Outstanding Questions

1. How many of the cohesin positioning and gene regulation mechanisms observed in
Drosophila are conserved in mammals?

A role for cohesin in enhancer-promoter looping is firmly established in mammalian
cells, but the potential roles for cohesin in directly influencing the activities of enhancer-
binding and Polycomb complexes remain untested. It also remains unknown if cohesin
chromosome occupancy is linked to early DNA replication origins.

2. How does cohesin support enhancer-promoter looping?

Drosophila data suggest that DNA replication may facilitate enhancer-promoter
communication by pushing cohesin from enhancers to promoters, while the leading
current thought is that cohesin brings them together by loop extrusion. There is also the
possibility that direct interactions between cohesin and enhancer-binding complexes such
as Mediator supports looping.

3. How is sister chromatid cohesion established?

Restriction of SA to origin proximal regions, its recruitment of cohesin to origins, and a
correlation between SA levels at origins and sister chromatid cohesion suggest a model in
which sister chromatid cohesion is passively established by topological trapping of
nascent sister chromatids upon initiation of DNA replication. However, more complex
mechanisms such as chaperoning of cohesin around advancing replication forks are
possible.
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Highlights

Cohesin participates in gene activation and Polycomb repressive complex function via
multiple mechanisms.

Cohesin association with transcriptional enhancers and gene promoters is linked to their
proximity to early DNA replication origins.

Conhesin association with early replication origins may be important for establishing both
sister chromatid cohesion and enhancer-promoter communication.
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Figure 1. Models for Cohesin and DNA Replication Origin Roles in Enhancer-Promoter Looping
and Sister Chromatid Cohesion

(A) Schematic of cohesin in the open conformation. (B) Diagram of an enhancer — promoter
loop. Activator proteins (ACT) bound to the enhancer recruit the Trr COMPASS histone
methylation complex, Mediator, and the SEC (super elongation complex). The Fs(1)h BET
domain protein recruits Nipped-B and cohesin to enhancers and linked promoters, and the
MED30 subunit of Mediator recruits Nipped-B and cohesin to promoters [38]. Different
models for how cohesin facilitates looping have been proposed. In the simplest, a cohesin
ring encircles both the enhancer and promoter, similar to the embrace model for sister
chromatid cohesion. The diagram depicts alternative ideas, in which cohesin interacts with
Mediator and other enhancer and promoter-bound proteins to stabilize looping. Cohesin
associates with genes with promoter-proximal paused Pol 11 [31, 34] which is
phosphorylated on the serine 5 residues in the C terminal domain of Rpb1 (pink circles). The
NELF and DSIF complexes are required for pausing. The P-TEFb subcomplex of SEC
phosphorylates DSIF, NELF and the serine 2 residues in the Rpb1 heptad repeats to induce
transition from pausing to transcriptional elongation. (C) Model for recruitment of the
MCM2-7 helicase and cohesin to transcriptional enhancers by Fs(1)h and SA [38]. It is
envisioned that proteins at enhancers, potentially Fs(1)h, trap MCM2-7 that slides away
from the loading sites during origin licensing. This positions origins at enhancers. SA
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recruits cohesin, allowing Nipped-B to load cohesin topologically at enhancers. (D) Model
for establishing sister chromatid cohesion and enhancer-promoter communication [38]. It is
theorized that when MCM2-7 unwinds DNA to start replication the new sister chromatids
are topologically trapped in cohesin positioned behind the replication fork, passively
establishing sister cohesion. Cohesin in front of the fork is pushed to be trapped by proteins
present at active promoters, where it participates in stabilizing enhancer-promoter loops.
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Figure 2. Functional Interactions Between Cohesin and the PRC1 Polycomb Complex in
Transcriptional Regulation of Silenced and Active Genes

The upper left shows a Polycomb silenced gene, where the PRC2 Polycomb complex
trimethylates histone H3 (H3K27me3) and PRC1 mono-ubiquitinylates histone H2A
(H2Aub). H2Aub is not observed at all silenced genes, as indicated by the gray text. The
upper right illustrates an active gene promoter where cohesin recruits PRC1 [63]. The
Polyhomeotic (Ph) PRC1 subunit inhibits phosphorylation of the C terminal domain of the
Pol 1l Rpb1 subunit, while the Polycomb (Pc) and Sex combs extra (Sce) subunits promote
phosphorylation [66]. The opposing effects on serine 5 and serine 2 phosphorylation
influences transcriptional elongation and may aid promoter-proximal pausing. The dashed
arrow between the silenced and active genes indicates that the PRC1 distribution between
active and silenced genes is sensitive to cohesin dosage. Depletion of cohesin increases the
PRC1 level at silent genes, which can explain reversal of Pc mutant phenotypes by Nijpped-
B and cohesin subunit mutations [63] and reduction of H3K27me3 increases PRC1 levels at
active genes (unpublished). The bottom diagram illustrates genes that are repressed, but not
fully silenced by cohesin and PRC1 [6, 68]. These genes are transcribed at low to moderate
levels and marked by H3K27me3 and histone modifications associated with active genes,
such as H3K4me3. H2Aub is typically at high levels on these genes. Although rare, these
genes encode proteins that regulate transcription, and include the genes encoding the Psc and
Su(z)2 PRC1 subunits.
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