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Abstract

Insulator elements have long been associated with a proposed domain boundary function, ensuring
appropriate associations between regulatory elements and transcription units through the physical
organisation of the genome into looped domains. Recent experiments in Drosophila have, however,
highlighted a more direct involvement of insulators in transcriptional regulation.

Introduction and context
A major goal of genomic studies is to understand the
regulatory architecture of the genome; how, for example,
powerful regulatory elements, such as enhancers and
silencers, which have the ability to act over large genomic
distances, are constrained to act only on appropriate
transcription units. There is considerable evidence for a
domain model of genomic regulatory architecture where
the actions of long-range regulatory elements are confined
within chromosomal domains [1-3]. The promiscuity of
enhancers is restricted to regulation of transcription units
within the same domain. In this model of genome
organisation, insulator elements are proposed to play a
key role as domain gate-keepers, shielding genes within
the domain from the influence of outside regulatory
elements. How insulators function is still unclear but they
have been proposed to associate together to form
chromosomal loops providing a physical basis for
chromosomal domains. Insulator elements have been
shown to have appropriate activities for such a role; they
are defined by their ability to block enhancer-promoter
interaction and/or to provide boundaries between differ-
ent chromatin states and have been demonstrated to be
involved in chromosome looping. But does the segrega-
tion of the genome into domains through the formation
of chromosomal loops really represent the endogenous
function of insulator elements? Although this question
has been asked in the past [4,5], recent results inDrosophila
emphasising links between insulators and the regulation
of transcription have once again brought it into focus.

Major recent advances
A number of proteins have been associated with insulator
function in Drosophila, including the Suppressor of Hairy-
wing [Su(Hw)] protein [6], CCCTC-binding factor (CTCF)
[7], Centrosomal protein 190 (CP190) [8], Boundary
element-associated factor (BEAF) [9], GAGA factor (GAF)
[10] and Zeste-white-5 (Zw5) [11], and over the past few
years, genomic binding sites for several insulator compo-
nents have been mapped [12-18]. In support of the
domain model, these studies reveal associations between
particular insulator components and boundaries of
chromatin state domains; for example, Bartkuhn et al.
[14] document that CP190 and CTCF binding correlates
strikingly with the boundaries of repressive chromatin
domains marked by the H3K27me3 modification. This
accords with genomic studies in vertebrates demonstrat-
ing that CTCF binding sites mark chromatin state
boundaries [19,20]. However, the Drosophila genomic
mapping experiments also reveal a strong association
between particular insulator components and transcrip-
tion start sites. This is especially true for some compo-
nents, CP190, GAF and BEAF, but not for Su(Hw),
suggesting that there may be distinct types of insulator
complexes [15]. BEAF 32A and B were initially identified
as factors binding to an insulator element (scs’) associated
with the 87A hsp70 heat shock locus [9]. Insulator activity
is dependent on BEAF binding sites and BEAF is involved
in the formation of a chromosomal loop through
interaction with Zw5 bound to a second element (scs)
[21]. However, despite its strong ’domain boundary‘
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credentials, more than 85% of the 1820 BEAF binding
sites in the genome are less than 300 bp from transcrip-
tion start sites [16]. Many (50%) of these BEAF peaks are
associated with head-to-head gene pairs, although these
BEAF sites do not appear to function to insulate these
adjacent promoter regions from each other. Rather, BEAF
appears to be generally required to promote transcription.
Sharing of components between insulators and promoters
may fit with shared structural features of these elements
(for example, both CTCF-binding sites and active
transcription start sites are marked by the presence of
specific histone variants and are associated with nucleo-
somes containing both the H3.3 andH2A.z variants [22]).

While this may be interpreted as indicating a link between
insulators and transcriptional regulation, it might also
suggest that ’insulator‘ components may serve a variety of
functions and not all their binding sites are necessarily
associated with insulator function. However, other
experimental approaches provide support for a funda-
mental role for insulator-promoter interaction. It has been
known for some time that some promoters can behave as
insulators in enhancer-blocking assays [10]. However, it
was never clear whether themechanism of enhancer-block
was the same in both cases. Recently, Chopra et al. [23]
have uncovered a connection between promoters with
enhancer-blocking activity and the presence of stalled
RNA polymerase II (Pol II). Testing the ability of several
Hox gene promoters to exhibit enhancer-blocking,
promoters associated with stalled Pol II showed blocking
function whereas several unstalled promoters did not. The
enhancer-blocking activity was dependent on the function
of the elongation factors Negative elongation factor
(NELF) and DRB sensitivity-inducing factor (DSIF),
which are thought to stabilise Pol II at the pause site.
However, the key observation that draws together
insulators and promoters is that the enhancer-blocking
activity of two bithorax-complex insulators, Fab7 and
Fab8, is also dependent on the elongation factors NELF
andDSIF. As Fab7 and Fab8 do not seem to contain stalled
polymerase, the implication is that the insulators interact
with promoters to inhibit elongation. This fits with
observations, using DamID (DNA adenine methyltrans-
ferase identification) or chromosomal conformation
capture, that the Fab7 and Fab8 insulators can form
loops that bring them into contact with promoter regions
of the Abd-B Hox gene and that this configuration is
associated with repression of Abd-B transcription [24,25].

In support of the generality of interaction between
insulators and the regulation of transcription elongation,
Jiang et al. [16] found considerable overlap between
BEAF and NELF binding sites. In addition, vertebrate
studies using chromatin topology assays have identified

insulator-promoter associations at several loci, including
Igf2-H19 [26,27] and CFTR [28].

Future directions
Overall, the above combination of genomic binding site
location and functional analysis currently indicates a
more intimate relationship between insulators and the
regulation of gene transcription than is suggested by the
domain boundary/chromosome loop model. Insulators
may serve a diverse range of functions; as classical
boundaries, as boundaries of regulatory regions [13,29],
and as regulators of transcription. Even the regulatory
effects of insulators can apparently be diverse; BEAF
appears to be predominantly required to facilitate
transcription whereas the above interactions between the
Fab insulators and Abd-B promoters occur in a repressive
context. Is there a common thread in this diversity? It is
feasible that insulator elements in general are involved in
the specification of chromosomal topology; this could
provide a common function but, depending on the
context, could have diverse consequences for chromatin
state and transcriptional regulation.

Abbreviations
BEAF, Boundary element-associated factor; CP190,
Centrosomal protein 190; CTCF, CCCTC-binding factor;
DamID, DNA adenine methyltransferase identification;
DRB, 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole;
DSIF, DRB sensitivity-inducing factor; GAF, GAGA factor;
NELF, Negative elongation factor; Su(Hw), Suppressor of
Hairy-wing; Pol II, RNA polymerase II; Zw5, Zeste-white-5.

Competing interests
The author declares that he has no competing interests.

Acknowledgments
RAHW acknowledges funding from the Biotechnology
and Biological Sciences Research Council, the Newton
Trust and the National Institutes of Health.

References
1. Labrador M, Corces VG: Setting the boundaries of chromatin

domains and nuclear organization. Cell 2002, 111:151-4.

2. Wallace JA, Felsenfeld G: We gather together: insulators and
genome organization. Curr Opin Genet Dev 2007, 17:400-7.

3. de Wit E, van Steensel B: Chromatin domains in higher
eukaryotes: insights from genome-wide mapping studies.
Chromosoma 2009, 118:25-36.

4. Cai H, Levine M: Modulation of enhancer-promoter interac-
tions by insulators in the Drosophila embryo. Nature 1995,
376:533-6.

5. Geyer PK: The role of insulator elements in defining domains
of gene expression. Curr Opin Genet Dev 1997, 7:242-8.

6. Geyer PK, Corces VG: DNA position-specific repression of
transcription by a Drosophila zinc finger protein. Genes Dev
1992, 6:1865-73.

Page 2 of 3
(page number not for citation purposes)

F1000 Biology Reports 2009, 1:92 http://F1000.com/Reports/Biology/content/1/92



7. Moon H, Filippova G, Loukinov D, Pugacheva E, Chen Q, Smith ST,
Munhall A, Grewe B, Bartkuhn M, Arnold R, Burke LJ, Renkawitz-
Pohl R, Ohlsson R, Zhou J, Renkawitz R, Lobanenkov V: CTCF is
conserved from Drosophila to humans and confers enhancer
blocking of the Fab-8 insulator. EMBO Rep 2005, 6:165-70.

8. Pai CY, Lei EP, Ghosh D, Corces VG: The centrosomal protein
CP190 is a component of the gypsy chromatin insulator. Mol
Cell 2004, 16:737-48.

9. Zhao K, Hart CM, Laemmli UK: Visualization of chromosomal
domains with boundary element-associated factor BEAF-32.
Cell 1995, 81:879-89.

10. Ohtsuki S, Levine M: GAGA mediates the enhancer blocking
activity of the eve promoter in the Drosophila embryo. Genes
Dev 1998, 12:3325-30.

11. Gaszner M, Vazquez J, Schedl P: The Zw5 protein, a component
of the scs chromatin domain boundary, is able to block
enhancer-promoter interaction. Genes Dev 1999, 13:2098-107.

12. Adryan B, Woerfel G, Birch-Machin I, Gao S, Quick M, Meadows L,
Russell S, White R: Genomic mapping of Suppressor of Hairy-
wing binding sites in Drosophila. Genome Biol 2007, 8:R167.

13. Holohan EE, Kwong C, Adryan B, Bartkuhn M, Herold M,
Renkawitz R, Russell S, White R: CTCF genomic binding sites
in Drosophila and the organisation of the bithorax complex.
PLoS Genet 2007, 3:e112.

14. Bartkuhn M, Straub T, Herold M, Herrmann M, Rathke C,
Saumweber H, Gilfillan GD, Becker PB, Renkawitz R: Active
promoters and insulators are marked by the centrosomal
protein 190. EMBO J 2009, 28:877-88.

15. Bushey AM, Ramos E, Corces VG: Three subclasses of a
Drosophila insulator show distinct and cell type-specific
genomic distributions. Genes Dev 2009, 23:1338-50.

16. Jiang N, Emberly E, Cuvier O, Hart CM: Genome-wide mapping of
boundary element-associated factor (BEAF) binding sites in
Drosophila melanogaster links BEAF to transcription. Mol Cell
Biol 2009, 29:3556-68.

17. Smith ST, Wickramasinghe P, Olson A, Loukinov D, Lin L, Deng J,
XiongY,Rux J, SachidanandamR, SunH, LobanenkovV,Zhou J:Genome
wide ChIP-chip analyses reveal important roles for CTCF in
Drosophila genome organization. Dev Biol 2009, 328:518-28.

18. The National Human Genome Research Institute (NHGRI)
model organism ENCyclopedia Of DNA Elements (modEN-
CODE). [http://www.modencode.org/].

19. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G,
Chepelev I, Zhao K: High-resolution profiling of histone
methylations in the human genome. Cell 2007, 129:823-37.

F1000 Factor 7.0 Must Read
Evaluated by Steven Henikoff 22 May 2007, Xing Wang Deng 05 Jun
2007, Michael Meisterernst 19 Jun 2007, Deyou Zheng 29 Jun 2007,
Magdalena Zernicka-Goetz 15 Jan 2008

20. Cuddapah S, Jothi R, Schones DE, Roh TY, Cui K, Zhao K: Global
analysis of the insulator binding protein CTCF in chromatin
barrier regions reveals demarcation of active and repressive
domains. Genome Res 2009, 19:24-32.

F1000 Factor 6.0 Must Read
Evaluated by I King Jordan 10 Feb 2009

21. Blanton J, Gaszner M, Schedl P: Protein:protein interactions and
the pairing of boundary elements in vivo. Genes Dev 2003,
17:664-75.

F1000 Factor 3.0 Recommended
Evaluated by Wendy Bickmore 17 Dec 2003

22. Jin C, Zang C, Wei G, Cui K, Peng W, Zhao K, Felsenfeld G: H3.3/
H2A.Z double variant-containing nucleosomes mark ‘nucleo-
some-free regions’ of active promoters and other regulatory
regions. Nat Genet 2009, 41:941-5.

23. Chopra VS, Cande J, Hong JW, Levine M: Stalled Hox promoters
as chromosomal boundaries. Genes Dev 2009, 23:1505-9.

F1000 Factor 6.0 Must Read
Evaluated by Pamela Geyer 20 Jul 2009

24. Cleard F, Moshkin Y, Karch F, Maeda RK: Probing long-distance
regulatory interactions in the Drosophila melanogaster
bithorax complex using Dam identification. Nat Genet 2006,
38:931-5.

F1000 Factor 3.2 Recommended
Evaluated by Bruce Morgan 08 Aug 2006, Leonie Ringrose 14 Aug
2006

25. Lanzuolo C, Roure V, Dekker J, Bantignies F, Orlando V: Polycomb
response elements mediate the formation of chromosome
higher-order structures in the bithorax complex. Nat Cell Biol
2007, 9:1167-74.

F1000 Factor 3.2 Recommended
Evaluated by Rob White 01 Oct 2007, Leonie Ringrose 31 Oct 2007

26. Yoon YS, Jeong S, Rong Q, Park KY, Chung JH, Pfeifer K: Analysis of
the H19ICR insulator. Mol Cell Biol 2007, 27:3499-510.

27. Li T, Hu JF, Qiu X, Ling J, Chen H, Wang S, Hou A, Vu TH,
Hoffman AR: CTCF regulates allelic expression of Igf2 by
orchestrating a promoter-polycomb repressive complex 2
intrachromosomal loop. Mol Cell Biol 2008, 28:6473-82.

28. Blackledge NP, Ott CJ, Gillen AE, Harris A: An insulator element
30 to the CFTR gene binds CTCF and reveals an active
chromatin hub in primary cells. Nucleic Acids Res 2009,
37:1086-94.

29. Maeda RK, Karch F: The ABC of the BX-C: the bithorax
complex explained. Development 2006, 133:1413-22.

Page 3 of 3
(page number not for citation purposes)

F1000 Biology Reports 2009, 1:92 http://F1000.com/Reports/Biology/content/1/92

http://www.modencode.org/
http://f1000biology.com/article/id/1085973
http://f1000biology.com/article/id/1147963
http://f1000biology.com/article/id/1002016
http://f1000biology.com/article/id/1162583
http://f1000biology.com/article/id/1033584
http://f1000biology.com/article/id/1091102

	Abstract
	Introduction and context
	Major recent advances
	Future directions
	Abbreviations
	Competing interests
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


