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Summary

In eukaryotes, motifs such as silencers, enhancers and locus B-globin gene in the mouse. | hypothesize that the act of
control regions act over thousands of base pairs to transcription underlies the function of these regulators;
regulate adjacent genes; insulators limit such effects, and active polymerizing complexes tend to cluster into
barriers confine repressive heterochromatin to particular  ‘factories’ and this facilitates molecular contact between
chromosomal segments. Recent results show that many of the transcribed regulator and its distant (and transcribed)
these motifs are nongenic transcription units, and two of target.

them directly contact their targets lying further down the

chromosome to loop the intervening DNA: the barriersgcs

and scs) flanking the 87A7 heat-shock locus in the fly Key words: Barrier, Enhancer, Heterochromatin, Locus control
contact each other, and a locus control region touches the region, Position effect, Silencer

Introduction functional promoters. [Note that transcription of one

In bacteria, most regions regulating transcription lie within g°seudogene Makorinl-1p regulates the expression of its
few tens of base pairs of the transcriptional start site. The§oding counterpart (Hirotsune et al., 2003).] A larger fraction
generally bind repressors and activators, and the bourd probably made up of repeated sequences, because many of
regulators contact the transcription machinery to vary initiatiothe retrotransposons in those repeats also contain functional
rates up to 1000-fold. In higher eukaryotes, an additional bugromoters. However, most are probably just ‘junk’ and
ill-defined nuclear ‘context’ acts over thousands of base pai@estroyed rapidly by the nonsense-mediated decay pathway
to regulate transcription by another 10,000-fold or more (lvariélborra et al., 2001). | will argue that nature utilizes
et al., 1983). Although a histone ‘code’ forms part of thisneighbouring transcription units (whether they be genic or
context (Jenuwein and Allis, 2001; Kurdistani and Grunsteinpjongenic) in gene regulation.
2003), there must be additional layers of control; yeast mutants
lacking the N-terminal tails that carry the code are viable , .
(Grunstein, 1990), and depleting histone H4 has little effect oRl€t€rochromatin: a repressive context
the expression of most genes (Wyrick et al., 1999). Here, Heterochromatin was originally defined as the part of a mitotic
discuss recent evidence showing that many regulatory motighromosome like a centromere that remains condensed and
acting at a distance are transcription units, and that clusters @&rk-staining during interphase. It is characterized by the
such units organize the chromatin fibre into loops. | sugge#taccessibility of its DNA to nucleases, methylation of
that the act of transcription of the regulatory motifs underliesytosines in CpG doublets, methylation of lysine 9 in histone
the way they work and constitutes an under-recognized part3, a regular nucleosomal spacing, hypoacetylation of
of this context. | restrict discussion to a few of the besthucleosomes, and the presence of specific proteins, such as
characterized regulatory motifs, although many other exampld$P1 (Richards and Elgin, 2002). It contains few genes, and so
could be cited. was traditionally thought to be transcriptionally inert; however,
An important distinction is made between genes (whichwe now know it contains many active transcription units. For
usually encode proteins) and transcription units (which mighexample, wheat centromeres provide extreme examples of the
be copied into noncoding transcripts). It is now estimated therdeepest constitutive heterochromatin, and yet the density of
are tenfold more transcription units than genes in the humdranscription sites in this heterochromatin equals that of
genome (Kapranov et al., 2002), and very little is known abowguchromatin (Abranches et al., 1998). [This was shown by
the former. Most of these extra transcription units do nopermeabilizing cells in which centromeres and telomeres were
encode recognizable structural RNAs like rRNA or tRNA, andound at opposite ends of nuclei, extending nascent transcripts
most are not found in current transcriptomes [as they are copi@u Br-UTP, and then immunolabelling the resulting Br-RNA.]
into unstable transcripts that lack the poly(A) tails usually useth addition, many genes in the facultative heterochromatin of
to select RNA molecules for analysis]. A small fraction ofthe so-called ‘inactive’ X chromosome of female mammals
these extra units will be pseudogenes, as sequence analysisn out to be active (Sudbrak et al., 2001), and the
reveals that many of the ~20,000 human pseudogenes haweterochromatin on the human Y chromosome contains many
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transcription units (Skaletsky et al., 2003). Recent work eve _
shows that transcription from within the heterochromatin o A BTAT (~7 Kbp)
fission yeast is required to maintain the heterochromatic sta

(Volpe et al., 2002). g qar “qar
Heterochromatinization inactivates most genes (Gerasimo\ O hsp70 hsp70
and Corces, 2001; Donze and Kamakaka, 2002; Schedl a p P

Broach, 2003). During his famous experiments on the effect

of X-rays onDrosophila Muller noticed some mutants with

mottled red and white eyes (Sturtevant and Beadle, 1962). Tt B BX-C (~320 kbp)
was subsequently traced to the translocation of whée

gene from euchromatin to heterochromatin (Baker, 1968 bxd iab4

Translocation — and not mutation e@fhite — causes this 99 9 M|
variegation, because the phenotype reverts on relocation of t ~ ~=————0——C—mm0-0 0O
gene back to euchromatiwhite encodes a membrane protein Ubx G§’ abd-A Abd-B

that transports pigment precursors into eye cells, and ¢
deficient eyes appear shades of orange to wivhiée has a

weak promoter without a canonical TATA box that is sensitive I I I BTN
to adjacent sequences. Inactivationwdfite in some cells in g ¥ Qg v X h o AY
the primordial eye disc early in development coupled to th ° R
subsequent inheritance of that inactivity leads to patches wi
and without pigment. Inactivation can be accompanied b C HMR (~3.5 kbp)

the spread of heterochromatin hundreds of kilobases int silent
juxtaposed euchromatin, with a consequential alteration in tk
banding pattern in the giant chromosomes of salivary gland ) ;1 :-I" s

This spread propagates down one fibre and laterally to othe
through various modifications (e.g. histone hypoacetylation
until some ‘barrier’ is encountered (Donze and Kamakake ) S

2002; Schedl and Broach, 2003). Genetic screens i D B-globin (~120 kbp)
Drosophila originally revealed that almost any euchromatic

E a2 al | (RNAT

gene can be inactivated by such position effects (Lindsley ¢ 5'HS 54321 3HS 1
al., 1960; Baker, 1968), and this is now being amply confirme LALAAL v
in a wide range of higher eukaryotes by experiments usin ——— ¢ GyAy o B
reporters encoding the green fluorescent protein (GFF LCR

(Spector, 2003).

Current models for the way regulatory motifs act at arig. 1. Transcribed regulatory regions in four loci. @josophila
distance are of three non-exclusive types (Gerasimova amdA7 heat-shock locus. Twwsp70genes (promoters and direction of
Corces, 2001; Schedl| and Broach, 2003). They involve alteringanscription indicated) are protected from the spread of
the balance between euchromatin and heterochromatin, and thierochromatin (grey arrowheads)dmgandscs’(which both
motifs are seen as binding sites for proteins that induce (£pntain promoters). (Eprosophilabithorax complexUbx, abd-A
chemical modifications and/or structural alterations thafndAbd-Bare regulated by many silencers and enhancers found in
propagate down the fibre, (2) looping to bring regulator)}he.reglons shown below (grey arrows |nd|.cate_ target gc_enes) and

. - . . Yvarious cellular memory modules (CMMs); various barriers (e.g.
elements into contact with distant promoters, or (3) relocatio

. T cp, Fab7, Fab8) separate these regions. Not all ORFs, regulators,
of elements to permissive (or restrictive) nuclear compartmentgarriers or transcription units are shown. (C) Yeast HMR locus. A

silent domain containing mating typAT) loci (a2, al) is
o . . . maintained by barriers flanking E and I. Rap1/Abf1/ORC bind to
Transcription units as barriers, boundaries, ARS317at E) andARS31§at 1), followed by recruitment of SIR1-4,
insulators, enhancers, LCRs spread of SIR2-4 to flanking barriers and nucleosomal deacetylation
I now describe examples of the best-characterized regulatoby SIR2. The barrier next to | contains a long terminal repeat (LTR)

motifs; significantly, all prove to contain promoters and/orand aRNAT" gene; the one next to E probably contains one (or two)
binding sites for transcription factors. LTRs, and so also contains promoters. ORF YCR097W-A

The first barrier segregating euchromatin from{(downstream o&l) is not shown. (D) Huma@-globin locus. A

. : b - transcribed) LCR regulates (grey arrows) the activity of the locus
heterochroman_n was defined in tBeosophila 87A7 hgat- ghat containg five ger?es and(c?neypseudog)}éﬁer(ot Sr?cl)wn)_ The
shock locus (Fig. 1A) (Kellum and Schedl, 1991). This locUSyertical arrows mark hypersensitive sites (HS).
possesses flanking ‘specialized chromatin sequensesarid
scs) that each contain nuclease-hypersensitive sites and a
nuclease-resistant core to which specific transcription factolcsandscs’, most flies have wild-type eyes. Babsandscs’
bind (SBP/Zw5 binds tecs BEAF32/DREF binds tescs). contain promoters (Avramova and Tikhonov, 1999). Many
When flies are transformed with wild-typehite, some flies  similar barriers have now been identified (Gerasimova and
have wild-type eyes, and others have mutant ones. Whige  Corces, 2001; West et al., 2002); hypersensitive site 4 (HS4)
integrates into euchromatin it is expressed, and when integratefl chicken p-globin (see below) protectsvhite from fly
into heterochromatin it is repressed. But when it is flanked bleterochromatin, and active transcription units insulate GFP-
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encoding reporters from human heterochromatin (Sutter et athe minimalB-globin gene, inserted transgenes were subject to
2003). position effects; however, adding distant hypersensitive sites
The Drosophila bithorax complex (BX-C) contains many (HS1-HS5) led to high-level expression in erythroid cells
well-studied enhancers, silencers and insulators that ensure thegardless of the insertion site. Both human and mouse LCRs
three homeotic genesUbx, abd-AandAbd-B— are expressed contain multiple transcription units (Ashe et al., 1997;
appropriately along the anterior-posterior axis of theRoutledge et al., 2002), and active RNA polymerase Il can be
developing fly (Fig. 1B) (Martin et al., 1995). A significant immunoprecipitated bound to HS2 (Johnson et al., 2001).
number of these regulators extend over many kilobases, af@ther transcribed LCRs include those controlling the
there has been no satisfactory explanation of why they are sapression ofa-globin, keratin 18, adenosine deaminase,
long. Moreover, it has only recently been recognized that it igrowth hormone and major histocompatibility complex (MHC)
the act of transcription that underlies their activity. Forclass Il genes (Li et al., 2002). Significantly, a point mutation
example, first, deleting an unrelated ge@éut3) encoding a in the promoter of the keratin 18 LCR —ala repeat — destroys
glucose transporter that happens to be embedded in the loamne of its insulating activity (Willoughby et al., 2000).
alters abd-A expression and transforms the first abdominal Transcription of all these motifs regulates the activity of
segment into the second segment (Martin et al., 1995). Secorithked genes. Other well-known mammalian examples include
P element insertions downstreamatfd-Aalso transform the H19 (a noncoding unit that combines with transcribed
first abdominal segment into the second and third segmentsnhancers to contréGF2 imprinting) (Drewell et al., 2002b),
the P element promoter drives transcription across intergenand XIST and Tsix (noncoding units maintaining inactivity of
regions regulating segmental development, and blocking @ne of the X chromosomes in females) (Plath et al., 2002).
reverts the mutant phenotype (Bender and Fitzgerald, 2002).
Third, disrupting the transcription of each of thb-4 to iab- ) . o
8 enhancers transforms the segments they control into moRepression through antisense transcription and
posterior ones (Drewell et al., 2002a; Hogga and Karch, 2002yanscriptional interference
Fourth, activating transcription of the cellular memory module®©ne factor confounds the analysis of these motifs — the assays
(CMMs) associated with thbxd Mcp and Fab7 regulators used alter flanking sequences, but the function examined
correlates with the alteration in epigenetic state (Rank et aldepends on them. Thus;sandscs’cannot insulatevhitefrom
2002). Fifth, transcription of thécp and Fab8 insulators some heterochromatin on the X chromosome (Kellum and
correlates with their activity (Drewell et al., 2002a). Schedl, 1991)HMR barriers protect one reporter (il8RA3
Saccharomyces cerevisidacks cytologically detectable but not other genes with powerful upstream activation
heterochromatin (it is too small to be visible), but insertionsequences (e.dEF1andTEF2) (Bi and Broach, 1999 HA1
in a few sites are subject to position effects. Their DNA- which flanks théiML mating-type locus — becomes a robust
is resistant to nucleases and their nucleosomes almrrier when induced by serine (Donze and Kamakaka, 2001),
hypoacetylated, but CpGs plus lysine 9 of histone H3 arand inverting the3-globin LCR destroys much of its activity
unmethylated, and SIR (silent information regulator) proteingTanimoto et al., 1999). | now argue that moving a motif from
replace HP1. The most-studied regior MR, which contains one place to another usually changes the flanking transcription
silent copies of the mating-type specific gaviéTa(Fig. 1C).  units, and this generates much of the complexity seen.
A reporter gene such &8RA3is silenced when inserted into  Transcripts copied from noncoding strands can pair with
HMR (Richards and Elgin, 2002). Silencing depends ortheir coding counterparts to regulate gene activity post-
context, because excised DNA rings soon reactivate (Chenganscriptionally — for example, through the operation of the
and Gartenberg, 2000). Barriers marking the limit of the silenRNA interference, alternative splicing, and editing pathways
domain contain promoters, and mutatingtRBA™" promoter  (Gottesman, 2002; Storz, 2002). Such downstream effects are
in the right-hand one reduces barrier activity (Donze andot discussed here. However, the act of antisense transcription
Kamakaka, 2001).tRNA genes also limit the spreading of inevitably and directly reduces sense transcription, because
heterochromatin in fission yeast (Partridge et al., 2000).]  both strands cannot be copied simultaneously. Such antisense
HS4, which lies 50f the chicker3-globin locus, is the best- inhibition is probably significant as at least 300 human genes
characterized vertebrate boundary (Burgess-Beusse et algntain embedded antisense units that are copied into
2002). It marks the border between nuclease-sensitive aminscripts stable enough to yield expressed sequence tags
nuclease-resistant chromatin, blocks enhancer action afiSTs) (Shendure and Church, 2002).
screens reporters against position effects. Although it has not Transcription of a gene also interferes with the expression
been shown to be a promoter in vivo, it is nevertheless a Cp@ a nonoverlapping but neighbouring one. This kind of
island that bears the histone code (i.e. H3 hyperacetylation atrénscriptional interference was first seen in mammals in clones
methylation of lys4) characteristic of one (Litt et al., 2001). harbouring a single (integrated) copy of a retroviral vector
Enhancers promote the activity of linked promoters (Herteéncoding resistance to both neomycin and azaguanine
et al., 1997). They invariably contain binding sites for(Emerman and Temin, 1986). Expression of thee8istance
transcription factors and some are transcribed, including thoggne was suppressed when selection required expression of the
regulating BX-C (above) and a subset known as locus contrél gene, and vice versa. Moreover, few cells grew in both
regions (LCRs). LCRs enable inserted transgenes to beeomycin and azaguanine, showing that only one gene is
expressed independently of position effects at physiologicalsually active. Interference can spread at least 10 kbp, but the
levels in a manner that is tissue specific and dependent on coggper limit remains unknown. It is generally missed in cells
number (Li et al., 2002). The first LCR was found in the humanmvith many integrants (and in diploid cells) because one copy
B-globin locus (Fig. 1D). In transgenic mice that contain onlymight express one gene at any moment, and a second copy
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another. However, it is likely to be common in human cellsmotifs. ‘Functional’ ties would depend on which part of the
because ~20% of genes on chromosomes 21 and 22 lie wittgenome was being transcribed, and even two daughter cells
1 kbp of another (in a head-to-head orientation) (Adachi andiould possess different arrays of everchanging attachments. |
Lieber, 2002), and even more common when (unrecognizedbelieve we must now look to this elusive class.
transcription units are considered. Such interference also Images of lampbrush chromosomes are often thought to
occurs between different kinds of unit; thuRNAT™ (a  provide the best evidence for looping. These chromosomes can
polymerase Il unit) silence’)RA3 (a polymerase Il unit; be isolated from oocytes of many animals (but not mammals).
above), and other yea®NAgenes reduce the transcription of During the first meiotic division, duplicated homologs pair, and
polymerase Il units lying within ~400 bp between three- andong loops can be seen extending microns away from axial
sixty-fold (Bolton and Boeke, 2003). Although we might chromomeres. Unusually, these chromosomes are transcribed,
imagine that two mammalian genes lying within a few kbp orand transcripts are attached to both loops and chromomeres
a chromosome could each be loaded with many polymerasg¢§now and Callan, 1969). But these loops only become visible
this evidence suggests that only one of the two is transcribemh dispersing chromatin in unphysiological buffers, and none
at any moment. are seen in sections of whole oocytes where chromatin appears
as a granular aggregate; therefore, the long loops may be
) created during isolation as active units are stripped off
Chromatin loops chromomeres (Cook, 2001).
An enduring idea in biology sees the chromatin fibre as looped, Supercoiling in linear eukaryotic DNA provides additional
with attachment points as the barriers that segregate contex¢sidence for looping. Supercoils cannot be maintained in linear
But despite wide acceptance, there remains little agreement @8IA without looping. However, lysing cells in >1 M NaCl
to which proteins and DNA motifs constitute the moleculareleases superhelical loops that are visible in the electron
ties. There is good reason for this. Chromatin is poised in microscope, and nascent transcripts are associated with
metastable state, and the buffers used for biochemicaktachment points (but not loops) (Jackson et al., 1984). Here,
purification can irreversibly change the structure.artifactual aggregation could induce looping, and so this is also
Consequently, results obtained with isolates like ‘matrices’indecisive. Many experiments involving nuclease digestion are
‘scaffolds’ and ‘nucleoids’ are not widely accepted (e.g.also consistent with looping. Cutting an unlooped fibre should
Belmont, 2002). Nevertheless, we can envisage two kinds oélease long fragments that are then shortened, but the expected
tie (Fig. 2) (Cook, 2001). ‘Structural’ ties would persist fromlong fragments are not seen; rather, kinetics fit the release of
one interphase to the next, and probably involve conservezhort fragments from loops. Although initial experiments used
DNA repeats. However, 30 years of research (includinginphysiological buffers that generated/destroyed attachments
sequencing whole genomes) has failed to uncover any su¢backson et al., 1990), more recent ones with ‘physiological’
buffers confirm looping and show that transcription units
mediate attachment (Fig. 2B) (Jackson et al., 1990; Jackson

A Structural B Functional and Cook, 1993; Jackson et al., 1996).

¢ ¢ Two powerful new methods now provide excellent evidence

o\ 7N for looping (Fig. 3) and for a model described below in which
N " the loops are anchored by transcription units. ‘Chromosome

\ / conformation capture’ (3C) (Dekker et al., 2002) shows that a

distant (transcribed) LCR contacts the (transcrilf&d)obin

gene in mouse erythroid cells but not in brain cells (where the

cut, remove gene is inactive) (Tolhuis et al., 2002). Moreover, (transcribed)

detached fragments scscontacts (transcribedcs’, and looping was confirmed by

chromatin immunoprecipitation — antibodies against Zw5
@ ﬁ?‘ﬁ I‘? 9‘\ (bound toscg precipitatescs’ (Blanton et al., 2003). Thp-
globin loop is also seen by RNA tagging and recovery of
each cell yields associated proteins (RNA TRAP) (Carter et al., 2002).
Although there is no decisive evidence for looping in living
cells, the above data can be interpreted simply if two distant
and active transcription units come together to tie the
Fig. 2. Different loop ties. (A) Structural. DNA repeats (green) in intervening fibre into a loop.
two cells bind to the same protein complexes (yellow ovals, red
diamonds), looping the fibre. After cutting with a nuclease and
removing detached fragments, the same set of repeats from each célombining models for loop structure and action at a
remain bound. When 10% DNA remains, repeats are enriched distance
tenfold. (B) Functional. The fibre is looped by attachment to a Models for action at a distance often involve looping (Merika
g;&tﬁ'r(‘a‘;for?npﬁ’grﬁg;?g?n%ﬁgz{ni?g?:E?tiﬁrofr']gsrénnfgarfomp'ex and Thanos, 2001; Labrador and Corces, 2002; West et al.,
9 ' g g r?OOZ; Schedl and Broach, 2003). Thus, a polymerizing

detached fragments, a different set of fragments remains attached i | iaht b ttracted t ‘enh " bef
the two cells. When 10% DNA remains, no fragment is enriched complex mig € atlracted (o an ‘enhanceosome, Dbelore

tenfold. This result is obtained if cutting and removal are carried outiNitiating to track out into a loop. But then transcription units
in isotonic buffers; essentially all active transcription complexes alsoshould be detached in the experiment illustrated in Fig. 2 (but
remain attached. they are not), and they should not usually be seen together in

same attac hed set different attac hed set
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A 3C B ‘RNA TRAP’
Territory
c in nucleus
a
lon
cross-link, RNA FISH short T hetero-
purify DNA (dig probe) g euchromatic chromatic
loop loop
Cloud l
around
cut :peroxidase
A
(9-(\
, ;
Mo o) Q
dilute biotin tyramide Loop
a g C attached
( N to
/
NE
ligate select . . .
bio :chromatin Zig-zagging string
reverse links, detect a+ ¢
PCR shows aligated to ¢ by PCR

Fig. 3. Two methods used to illustrate looping. (A) 3C. A loop is
shown, tethered by transcription uratandc to a protein cluster

(small pink circle). The 3C method involves fixation to covalently
cross-link DNA sequences lying next to each other (usually through
DNA:protein:DNA links shown as the red line), before removing DNA duplex
unlinked proteins, cutting DNA, dilution and ligation. Dilution

favours intramolecular ligation, so the ends of two different DNA  Fig. 4. Model for the organization of the chromatin fibre in a HelLa
molecules in one DNA:protein:DNA complex are joined together  nucleus. DNA is wound into a nucleosome, and then a zig-zagging
more frequently than those in different molecules/complexes. Then, string of nucleosomes is tied to a factory through a cluster of

two DNA sequences initially lying together in 3D space are often  transcription factors (diamond) or an active polymerase (oval).

ligated together (i.ea with ¢, but notb), and (after reversing cross-  Components of the factory exchange with the soluble pool, and

links) their juxtaposition is detected using PCR. (B) RNA TRAP. attachments to the factory are made and broken as factors dissociate
Only the region around transcription urdatandc is illustrated. This and transcription terminates. 10-20 loops (only three are shown) of
method also involves fixation to preserve molecular contacts, in situ5-200 kbp form a cloud around the transcription factory; long, static,
hybridization of a tagged intron probe to specific primary transcriptsloops are likely to become heterochromatic and attached to the

at a target transcription site (ia, immunolabelling to bring lamina. 50-100 clouds then form a chromosome territory. Modified,
peroxidase activity to the tagged probe, and reaction with biotin-  with permission, from Wiley-Liss, Inc., a subsidiary of John Wiley &
tyramide to generate free-radicals that biotinylate proteins in the  Sons, Inc. (Cook, 2001).

vicinity. Then DNA sequences initially lying near the target site in

3D spaced, but notb) co-purify with biotinylated chromatin and can

be detected by PCR.

Nucleosome

transcript (Fig. 5). Because the template rotates as it moves

through an immobile polymerase, the transcript does not
the experiments illustrated in Fig. 3 (but they are). Moreovelecome entwined about the template (lborra et al., 1996; Cook,
a tracking polymerase generates a transcript that is entwind®99). Support for this model comes from several approaches.
about the template once for every ten base pairs transcribddyst, active polymerases (plus their templates and transcripts)
but no satisfactory method for untwining the transcript has ygesist detachment in the experiment illustrated in Fig. 2B,
been suggested (Cook, 1999). However, all the above resulthich places them at (or very close to) attachment points
fit comfortably with one current model for chromatin structure(Jackson and Cook, 1993; Jackson et al., 1996; Cook, 1999).
(Cook, 1999; Cook, 2002) in which transcription complexesSecond, because there are more active molecules of RNA
strung along the chromosome cluster to form a ‘factory’, angiolymerase Il in a HelLa cell than transcription sites, and
this would loop intervening DNA (Fig. 4). Here, each activebecause only one polymerase is typically engaged on a
polymerase in the factory reels in its template and extrudes iteanscription unit, each site (diameter ~50 nm) must contain
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transcription transcription of one gene plus its flanking nongenic
unit transcription units (for example, ttfiglobin gene, its LCR,
plus other nongenic units). Only three types of ‘functional’ tie
currently need to be invoked, although more may have to be
polymerase added. These would involve (1) nontranscribed motifs
(promoters, and a subset of what are currently called enhancers
and silencers) bound to their target proteins in a factory, (2)
transcribing DNA (including genic introns and exons,
silencers, insulators, barriers, and a subset of what are currently
called enhancers/LCRs) bound to active polymerases in a
factory, and (3) appropriately modified nucleosomes out in the
body (or bight) of a loop to other complementary nucleosomes
in heterochromatin and/or the lamina (Polioudaki et al., 2001).
The first would be transient, the second would persist for as
long as the unit was transcribed (which is in the order of
minutes) (Kimura et al., 2002) and the third could be almost
=4 permanent (because histones H3 and H4 in deep
heterochromatin only exchange over a period of many hours)
Q‘o (Kimura et al., 2001).
transcript This organization has important consequences (Cook, 2002).
elongation In the nucleus of a HelLa cell the concentration of soluble RNA
polymerase Il is ~uiM, but the local concentration in a factory
Fig. 5.A transcription cycle. A chromatin loop is attached through s 1000-fold higher. Because a promoter can diffuse ~100 nm
transcription factors to a factory; these attachments are made and j, 15 seconds, one lying near a factory is likely to initiate;
broken continuously as components in the factory exchange with th?‘noreover, when released at termination it will still lie near a

soluble pool. On initiation, the promoter (white circle) binds to a fact d th t and dificati tylati
polymerase in the factory, and the transcript is extruded as the actory, an e movement and modifications (e.g. acetylation)

template slides (white arrows) through the polymerase; on accompanying elongation will leave it in an ‘open’
termination, the template detaches. Between initiation and conformation. Another promoter out in a long loop (i.e. in the
termination the template is bound to the factory both stably (the bonBlight) is less likely to initiate because the promoter
is one of the stablest noncovalent ones known) and persistently (it concentration falls off with the cube of the distance from the
takes ~5 minutes to transcribe a typical human gene) (Kimura et al.factory. Moreover, a long tether will buffer it from
2002). Therefore, such attachments are much more stable and transcription-induced movement, making it prone to
persist_ent tha_n those mediated by transcription factprs, and this Mayeacetylation, deposition of HP1 and incorporation into
underlie the difference in ‘strength’ between transcribed and heterochromatin (Fig. 4). And because heterochromatin has an
nontranscribed enhancers. affinity for both the lamina (Polioudaki et al., 2001) and other
heterochromatic regions (e.g. flanking ribosomal cistrons),
inactive genes will inevitably be drawn to the periphery or to
several different units (Cook, 1999). The new results using 3@ucleoli (Cockell and Gasser, 1999; Galy et al., 2000; Spector,
and RNA TRAP (Fig. 3) provide further support for the core2003). The context around a promoter will then be self-
element of this model — that two (or more) active units clustegustaining: productive collisions of an active promoter with the
to loop the intervening DNA; thus, the (transcribed) LCRfactory will attract factors increasing the frequency of
contacts (transcribedd-globin (Carter et al., 2002; Tolhuis et initiation, and the longer an inactive promoter remains inactive
al.,, 2002), and (transcribedys contacts (transcribeddcs’  the more it becomes embedded in heterochromatin.
(Blanton et al., 2003). The probability that promoters collide productively with a
In this model, a distant regulator (a polymerizing complexfactory is increased by increasing promoter mobility (by
can easily contact the polymerase it regulates. Regulatoig@pening’ chromatin), increasing promoter-factory affinity
would have to associate with the appropriate factories befofghrough binding of appropriate factors; Fig. 6A,B) and
they could exert their effects, because different factoriegeducing promoter-factory distance (by shortening the tether;
specialize in transcribing different genes. Thus, some contafig. 6C,D) (Iborra et al., 1996). However, transcriptional
only RNA polymerase |, others contain only RNA polymerasanterference will occur if the tether becomes too short (Fig.
I, and still others contain only RNA polymerase Ill (Pombo6E). Some active transcription units will also be barriers
et al., 1999). Factories containing one kind of polymerasseparating euchromatin from heterochromatin (Fig. 6F). A
specialize even further. For example, a subset of polymerasepiomoter embedded in a long heterochromatic loop then
factories are rich in PSE-binding transcription factor (PTF) antéecomes active by progressively activating units deeper and
Octl, and they associate with particular chromosomes deeper into the loop; this ‘opens’ chromatin, subdivides the
presumably those carrying transcription units regulated bipop into ever smaller ones and brings the promoter closer to
these factors (Pombo et al., 1998). In addition, genes encoditite factory. Only then can it compete effectively with others in
the histones — and U1, U2 and U3 snRNA — often lie near Caj#fte vicinity for polymerases in the factory. Here, binary
bodies (Spector, 2003), again presumably associated wigwitches do not activate genes flanked by discrete barriers;
factories dedicated to their transcription. It may even be thaather, a surrounding pattern of transcription encodes a fuzzy
an individual factory could become dedicated to thdogic that specifies the probability of initiating.

transcription
factor

termination initiation

n e



Fig. 6. General (left) and specific views (right) of how
transcriptional activity is regulated by local (A,B) and distant
motifs (C-F). Left: thick and thin blue lines represent transcript
units (with promoters as white circles) and intervening DNA,
respectively. Right: half a loop is shown with uniémporarily
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° o s

t t

N ol

attached to, and transcribed by, a polymerase in a factory (pin
circle); as a transcript is extruded (wavy red line), chromatin
betweers andt is reeled in and ‘opened’. (A,B) Left: a repressc
(or activator) binds close to the transcription start site to reduc
(increase) the chances that a polymerase will be recruited. Rit
repressor (or activator) binding to the promotes tfduces
(increases) the chances tkdiinds to the factory. In both cases,
repressor (or activator) has the same effect by binding to the
polymerase (rather than the promoter). (C) Left: inserting a
nontranscribed motif (e.g. some enhancers) increases the act
a distant unit. Right: the motif has an affinity for transcription
factors in the factory, and — once it binds — promstescomes
tethered close to the factory, increasing its chances of attachit
initiating. A nontranscribed silencer (not shown) could have th

B activat or

@
SN .

2.2
DRI 2

C non-transcribed
enhancer

D N vl

opposite effect and reduce the chances that proractard bind D transcribed s

(perhaps by directly blocking access to polymerases in the fac enhancer S rg S

or indirectly because DNA between the motif and promsteas . Ve ( r\pS
too short/rigid to loop back). (D) Left: inserting a transcribed n —O _./;}:I"

(e.g. some enhancers, LCRS) increases the activity of a distar
Right: units attaches to the factory and initiates; this brings
promoterr closer to the factory, increasing its chances of attac
and initiating. If the orientation afwere reversed, its transcriptit
would progressively tetherever closer to the factory and this
might explain why orientation affects the activity of fhglobin
LCR (Tanimoto et al., 1999). (E) Left: inserting an active unit r
another, silences one of the two. Right: the attachment of unit
preventss from attaching, perhaps because all polymerases ar

E interference same, or

NI

t
occupied, DNA betweehandsis too short/rigid to loop back, or
transcription oft leads to recruitment of inappropriate factors tc F S
factory; alternativelyr might attach to another (blue) factory / T
lacking the polymerase and/or factors required,iso distancing il @ .
from the (pink) factory with the appropriate polymerase/factor: l!m[l"‘ \W (\A‘"M"m chromatin
(tRNAThT in HMR probably silences)RA3like this). (F) Left:
Heterochromatin spreads leftwards (grey arrow) down the fibre, but inserting a barrier (yellow) restricts the spread dhe afldvis be
expressed. Right: unitacts as a barrier preventing heterochromatic spread to inactivate
Conclusions elongation time is offset by a shorter time between initiations.
Many models invoke looping to explain how the chromatin fibreSimilarly, RNA polymerase Il transcribes well beyond the
is organized during interphase and how regulatory motifs act @bly(A) signal, but this apparently irrelevant transcription will
a distance. However, the two sets of models usually involveevertheless continue to tether the promoter close to the factory
different molecular ties, largely because cell biologists workingnd so increase the rate of re-initiation (within any constraints
on different nuclear isolates have identified different ties — aninposed by transcriptional interference); polymerases paused
then molecular biologists distrust the conflicting models theyanywhere in a transcription unit will have similar effects.
suggest. The model described here integrates aspects of b&turth, it highlights the shortcomings of current assays being
sets. It is based on the remarkable facts that clusters of activeed to analyze regulatory motifs, and helps to explain why the
polymerases seem both to mediate action at a distance andrésults obtained have been so difficult to interpret. These assays
constitute the ties. It has several advantages. First, it is generagually involve moving a test sequence to a different genomic
applicable to the range of motifs discussed and from yeast tegion where a different (and usually unknown) set of flanking
man (although distance from the factory and nongenitranscription units will inevitably exert their effects. In future,
transcription play larger roles as genome size increaseshe first step in this kind of analysis should be the
Second, it is consistent with current views on how everchangincharacterization of all transcription units in both the original and
interactions  underlie  self-assembling, but persistentfinal locations. By the same token, analysis of the regulation of
architectures (Misteli, 2001). Third, it suggests newa gene should begin with the systematic characterization of all
possibilities. For example, it is difficult to explain why somethe flanking transcription units. Fifth, the model is testable.
eukaryotic genes and their regulatory motifs are so long (e.qg. ifhus, (1) most regulatory motifs should be transcription units,
BX-C). But, if this model applies, the activation of a long unit(2) point mutations knocking out their promoters should abolish

will tether the promoter close to a factory for longer, and thisheir activity, and (3) adding/deleting promoters should affect
gives more time for that promoter to reinitiate; then, a longeexpression of neighbouring genes.
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The challenge now is to predict whether a gene is likely to are transcribed and act as mesodermal enharevelopment 29, 1205-
be active from the DNA sequence. Unfortunately, we are still nllgrln'o;an M. and Temin, H. M. (1886). Quanitative analysis of gene
S]LOT/ger\;V?Z az(t)mwze:]negegbtlg tk(r)u()jv? ?I,?elrl]orglgt?;: i?k:l‘m?;ﬁimi suppressi_on in in_tegrated virus vectdvil. Cell. Biol.6, 792-800.

J . ' ) . o . aly, V., Olivo-Marin, J. C., Scherthan, H., Doye, V., Rascalou, N. and
transcription units, their relative activities, the concentration of Nehrbass, U.(2000). Nuclear pore complexes in the organization of silent
the required transcription factors, how the length of the tether telomeric chromatinNature403, 108-112.
affects initiation rates and how heterochromatinization reducgaerasimova, T. I. and Corces, V. G.(2001). Chromatin insulators and

DNA mobility. Only then can we predict which factories might g%“nrg%gei:ggff;gés on transcription and nuclear organizaionu. Rev.

be in the vicinity, and how the complex balance of conflictingottesman, $(2002). Steaith regulation: biological circuits with small RNA
forces that we know as context might be resolved. switches Genes Devl6, 2829-2842.
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