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SUMMARY

Position-effect variegation (PEV) results when a gene normally in euchromatin is juxtaposed with hetero-
chromatin by rearrangement or transposition. When heterochromatin packaging spreads across the het-
erochromatin/euchromatin border, it causes transcriptional silencing in a stochastic pattern. PEV is
intensely studied in Drosophila using the white gene. Screens for dominant mutations that suppress or
enhance white variegation have identified many conserved epigenetic factors, including the histone H3
lysine 9 methyltransferase SU(VAR)3-9. Heterochromatin protein HP1a binds H3K9me2/3 and interacts
with SU(VAR)3-9, creating a core memory system. Genetic, molecular, and biochemical analysis of PEV in
Drosophila has contributed many key findings concerning establishment and maintenance of hetero-
chromatin with concomitant gene silencing.
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OVERVIEW

Genes that are abnormally juxtaposed with heterochromatin,
either by rearrangement or transposition, show a variegating
phenotype. This is a result of the gene being silenced in some
of the cells in which it is normally active. Because the change
is caused by a change in the position of the gene in the
genome, rather than a change in the gene itself, this phenom-
enon is termed “position-effect variegation” (PEV). The silenc-
ing that occurs in PEV can be attributed to the packaging of the
reporter gene in a heterochromatic form, indicating that en-
dogenous heterochromatin formation, once initiated, can
spread to encompass nearby genes. Genetic, cytological,
and biochemical analyses are all possible in Drosophila me-
lanogaster. In this article we will show how these different
approaches have converged to identify many contributors to
this system, leading to characterization of both structural pro-
teins and modifying enzymes that play key roles in establish-
ing and maintaining heterochromatin.

Heterochromatin formation depends critically on meth-
ylation of histone H3 at lysine 9 (H3K9me2/3), with con-

comitant association of heterochromatin protein 1 (HP1a)
and other interacting proteins, including H3K9 methyltrans-
ferases (HKMTs); the multiple interactions of these proteins
are required for the spreading and maintenance of hetero-
chromatin. Targeting of heterochromatin formation to partic-
ular regions of the genome appears to involve multiple
mechanisms, from satellite DNA-specific binding proteins
to utilization of the RNA interference (RNAi) machinery.
Although heterochromatic regions (pericentric regions, telo-
meres, the Y chromosome, and the small fourth chromosome)
share a common biochemistry, each is distinct, and each is
complex in different ways. Heterochromatin in Drosophila is
gene poor, but it is not devoid of genes, and counterintuitive-
ly, those genes that reside in heterochromatin are often de-
pendent on this environment for full expression. A complete
understanding of heterochromatin formation and mainte-
nance (including targeting and spreading) will need to in-
clude an explanation for the varying responses of different
genes to this chromatin environment.
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1 GENES ABNORMALLY JUXTAPOSED WITH
HETEROCHROMATIN SHOW A VARIEGATING
PHENOTYPE

Large segments of the eukaryotic genome are packaged in a
permanently inactive form of chromatin termed constitu-
tive heterochromatin. This chromatin fraction was origi-
nally identified as that portion of the genome that remains
condensed and deeply staining (heteropycnotic) in inter-
phase; such material is generally associated with the telo-
meres and pericentric regions of the chromosomes. Het-
erochromatic regions tend to be late replicating and show
little or no meiotic recombination. These domains are dom-
inated by repetitious DNA sequences (�30%–80%), both
tandem repeats of short motifs (known as “satellite” DNA),
and remnants of transposable elements (TEs), including
DNA transposons and retroviruses. Although gene poor,
these domains are not devoid of genes, and intriguingly,
those genes that are present frequently are dependent on
that environment for optimal expression. About one third
of the Drosophila genome is considered heterochromatic,
including the entire Y chromosome, most of the small
fourth chromosome, the pericentric region that covers 40%
of the X chromosome, and pericentric regions that cover
20% of the large autosomes (Smith et al. 2007). During
the last few decades we have learned a great deal about
the biochemistry of heterochromatin, and much of that
understanding derives from our studies with Drosophila
(see Schotta et al. 2003; Schulze and Wallrath 2007; Girton
and Johansen 2008; Eissenberg and Reuter 2009 for prior
reviews).

One of the first mutations identified in D. melanogaster
was white, a mutation that results in a fly with a white eye,
rather than the characteristic red pigmentation. Using X
rays as a mutagen, Muller (1930) observed an unusual phe-
notype, in which the eye was variegating, with some patches
of red and some patches of white facets (Fig. 1A). This
phenotype suggested that the white gene itself was not dam-
aged—after all, some facets remained red, and flies with
entirely red eyes could be recovered as revertants, again us-
ing X rays as the mutagen. However, the white gene had
clearly been silenced in some of the cells in which it is nor-
mally expressed. Subsequent examination of the polytene
chromosomes indicated that such phenotypes are the con-
sequence of an inversion or rearrangement with one break-
point within the pericentric heterochromatin, and one
breakpoint adjacent to the white gene (see Fig. 1A). Because
the variegating phenotype is caused by a change in the po-
sition of the gene within the chromosome, this phenome-
non is referred to as PEV. In Drosophila, virtually every gene
that has been examined in an appropriate rearrangement
has been shown to variegate, and rearrangements involving
the pericentric heterochromatin of any chromosome can

lead to PEV (Girton and Johansen, 2008). PEV has subse-
quently been observed in a variety of organisms, including
yeasts (see Allshire and Ekwall 2014), flies, and mammals
(see Blewitt and Whitelaw 2013; Brockdorff and Turner
2014), but has been used as a tool to study heterochromatin
formation primarily in Drosophila.

PEV indicates that such rearrangements allow packag-
ing of the newly positioned gene into a heterochromatic
configuration, and suggests that this is the consequence of
heterochromatin “spreading” along the chromosome from
the adjacent constitutive heterochromatin region. Appar-
ently, the rearrangement has removed a normally existing
barrier or buffer zone. The consequence is an altered pack-
aging with concomitant silencing of genes normally pack-
aged in a euchromatic form. Visual inspection of the poly-
tene chromosomes of larvae carrying such a rearrangement
shows that the region carrying the reporter gene is pack-
aged in a dense block of heterochromatin only in the cells in
which the gene is inactive (Zhimulev et al. 1986). Patterns
of variegated expression, observed as a consequence of re-
arrangement of white, vary in the number of pigmented
cells, the size of the pigmented patches, and the level of
pigment in the two different cell types observed, one with
a high level of expression, and one with a low level or no
expression (Fig. 1A). In a system using an inducible lac-Z
gene as a reporter, investigators observed that silencing
occurs in early embryogenesis, just after heterochromatin
is first observed cytologically, and is epigenetically inherit-
ed in both somatic and germline lineages; the mosaic phe-
notype is determined during differentiation by variegated
relaxation of silencing in third instar larvae (Lu et al. 1996).
However, not all variegating genes remain silent until af-
ter differentiation, and the balance of factors leading to
the on/off decision no doubt differs for different genes.
(See Ashburner et al. 2005, Chapter 28 for a more detailed
discussion.)

A fly line showing a PEV phenotype can be used to
screen for dominant second site mutations that are either
suppressors or enhancers of PEV. These second site muta-
tions can be induced by chemical mutagens that cause
point mutations or small insertions/deletions, but do not
impact the chromosome rearrangement responsible for the
PEV phenotype. A suppressor (denoted “suppressor of var-
iegation,” Su(var)) results in a loss of silencing, whereas
enhancers (denoted “Enhancer of variegation,” E(var)) re-
sult in an increase in silencing (Fig. 1B). About 150 loci
have been identified from such screens, and of these �30
modifiers of PEV have been studied in detail. Where the
gene has been cloned and the product characterized, one
generally finds a chromosomal protein or a modifier of a
chromosomal protein (see Table 1). A small subset of these
loci cause both a haplo-abnormal and an opposite triplo-
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Figure 1. A schematic illustration of white variegation in the X chromosome inversion In(1)wm4. (A) Rearrangement
attributable to an X-ray-induced inversion places the white locus, normally located in the distal euchromatin (white
bar) of the X chromosome (see top line), �25 kb from a breakpoint in the pericentric heterochromatin (black bar;
bottom rearranged line). Spreading of heterochromatin packaging into the euchromatic domain results in silencing
(causing a white eye in this case); loss of silencing in some cells during differentiation results in a variegating
phenotype (bottom line, right). (B) Given a variegating phenotype, screens for second site mutations can recover
suppressors (Su(var)s) and enhancers (E(var)s) as described in the text. (C) Some Su(var) loci (e.g., Su(var)3-9,
shown here) show an antipodal dosage-dependent effect, and are consequently thought to be structural proteins of
heterochromatin. The presence of only one copy of the modifier gene results in less heterochromatin formation, and
more expression from the reporter gene (suppression of PEV, top fly eye); conversely, the presence of three copies of
such a modifier gene will drive more extensive heterochromatin formation, resulting in an enhancement of reporter
gene silencing (enhancement of PEV, bottom fly eye).
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abnormal phenotype (i.e., if one copy of the gene results in
suppression of PEV, three copies result in enhancement of
PEV [Fig. 1C]). This suggests that the protein products
of these genes play a structural role in heterochromatin,
and that the spread of heterochromatic packaging can be
driven by the dosage of these proteins in a stochastic man-
ner (Locke et al. 1988). However, “spreading” is a complex
process, not a simple linear continuum, and is most likely
dependent on the organization of the region being silenced
in addition to the adjacent heterochromatin mass (see
Section 5).

The results observed on rearrangement of chromo-
somes suggest that a euchromatic gene inserted into a het-
erochromatic domain by transposition will also show a
variegating phenotype. This has been found to be the
case. The P element, a DNA transposon found in many
strains of Drosophila in the wild, can be engineered for
this purpose. A natural P element has distinctive inverted
repeat sequences at each end, and codes for just one enzyme,
the P-specific DNA transposase. Reporter constructs lack-
ing the DNA transposase but containing other genes of
interest can be inserted into the Drosophila genome in the
presence of active transposase by coinjection into Drosophi-
la embryos. A P-based TE, such as that shown (Fig. 2A)
carrying an hsp70-driven copy of white, can be used in a
fly with no endogenous copyof white to identify domains of
heterochromatin. When the P element is inserted into eu-
chromatin, the fly has a red eye. When this P is mobilized (by

crossing in the gene encoding the transposase), approxi-
mately 1% of the lines recovered show a variegating eye phe-
notype. In situ hybridization shows that in these cases, the
P element has jumped into the pericentric heterochroma-
tin, the telomeres, the Y chromosome, or the small fourth
chromosome (Wallrath and Elgin, 1995). This identifica-
tion of heterochromatic domains is in agreement with ear-
lier cytological studies.

The use of such P elements has allowed comparison of
the packaging of the same reporter gene in heterochromatic
and euchromatic environments. Heterochromatin is rela-
tively resistant to cleavage by nucleases, whether nonspecific
(e.g., DNase I) or specific (restriction enzymes), and is less
accessible to other exogenous probes, such as dam methyl-
transferase. Analysis of the hsp26 transgene (marked with a
fragment of unique plant DNA; Fig. 2A) in both euchroma-
tin and pericentric heterochromatin using micrococcal nu-
clease (MNase) reveals a shift to a more ordered nucleosome
array, indicating that spacing of the nucleosomes in hetero-
chromatin is more regular (Fig. 2B,C). The MNase cleavage
fragments are well defined, suggesting a smaller MNase tar-
get than usual in the linker region. The ordered nucleosome
array extends across the 5′ regulatory region of the gene, a
shift that no doubt contributes to the observed loss of 5′

hypersensitive sites (HS sites) (Sun et al. 2001). Indeed,
although the mechanism of silencing is as yet incompletely
understood, there is abundant evidence of transcriptional
repression in strongly variegating genes, which includes the

Table 1. Genetically defined Su(var) and E(var) genes and their molecular function

Su(var)/E(var) gene
Cytological

position Molecular function, protein distribution, and phenotypic effects

Suv4-20 (Su(var)) X; 1B13-14 Histone lysine methyltransferase (HKMT), histone H4K20 trimethylation
Su(z)5 (Su(var)) 2L; 21B2 S-adenosylmethionine synthetase
chm (chameau) (Su(var)) 2L; 27F3-4 Myst domain histone acetylase; suppresses PEV but enhances Polycomb-group mutations
Su(var)2-5 (HP1a) 2L; 28F2-3 Heterochromatin Protein 1 (HP1a), binding of di- and trimethyl H3K9; binding of SU(VAR)3-9
Su(var)2-HP2 2R; 51B6 Heterochromatin-associated protein, binds HP1a
Su(var)2-10 2R; 45A8-9 PIAS protein, negative regulators of JAK/STAT pathway
Su(var)3-64B (HDAC1 ¼

RPD3)
3L; 64B12 Histone deacetylase HDAC1, deacetylation of H3K9

SuUR (Su(var)) 3L; 68A4 Suppresses heterochromatin underreplication; heterochromatin-associated protein
Su(var)3-1 (JIL1) 3L; 68A5-6 Antimorphic JIL1 mutations, carboxy-terminal protein truncations, blocking of

heterochromatin spreading
Su(var)3-3 3L; 77A3 dLSD1, the H3K4me3 demethylase
Dom (Domina) (Su(var)) 3R; 86B1-2 Fork head winged-helix protein; heterochromatin-associated
Su(var)3-6 3R; 87B9-10 PP1 protein serine/threonine phosphatase
Su(var)3-7 3R; 87E3 Zinc-finger protein, heterochromatin-associated; interacts with HP1a and SU(VAR)3-9
Su(var)3-9 3R; 89E6-8 HKMT, histone H3-K9 methylation, heterochromatin-associated, interaction with HP1a
mod (modulo) (Su(var)) 3R; 100E3 DNA and RNA binding protein, phosphorylated Mod binds rRNA
E(var)3-64E/Ubp64Evar1 3L; 64E5-6 Putative ubiquitin specific protease (Ubp46)
Trl (trithorax-like) (E(var)) 3L; 70F4 GAGA factor, binding of repetitive DNA sequences, abundant transcription factor
Mod(mdg4)/E(var)3-93D 3R; 93D7 Transcription regulator, more than 20 protein isoforms produced by trans-splicing
E(var)3-93E 3R; 93E9-F1 E2F transcription factor, haplo-enhancer, and triplo-suppressor
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loss of binding of TFIID and other transcription factors
(Cryderman et al. 1999a). Heterochromatin structure ap-
parently minimizes contact or slows down the processes of
nuclear complexes that facilitate transcription, replication,
recombination, etc. Heterochromatin packaging has also
been found to be critical in maintaining genome integrity;
Su(var) mutations can result in disorganized nucleoli, a
substantial increase in extrachromosomal circular repeated
DNAs, and other forms of DNA damage, potentially related
to errors in replication (Peng and Karpen 2009). This
packaging also appears to be important in minimizing
productive transcription of TEs, helping to keep them im-
mobilized, so protecting genome integrity (e.g., Wang and
Elgin 2011).

2 SCREENS FOR SUPPRESSORS AND ENHANCERS
OF PEV HAVE IDENTIFIED CHROMOSOMAL
PROTEINS AND MODIFIERS OF
CHROMOSOMAL PROTEINS

PEV can be modified by a variety of factors. The tempera-
ture of development and the amount of heterochromatin
within the genome were the first factors shown to affect the
extent of variegation. As a rule, an increase in developmen-
tal temperature (from 258C–298C) results in suppression
of variegation (loss of silencing), whereas lower tempera-
tures (e.g., 188C) cause enhancement of variegation (in-
crease in silencing). Other changes in culture conditions
that accelerate or slow the rate of development can have
similar effects. Strong suppression is found in flies carry-
ing an additional Y chromosome (XXY females and XYY
males), whereas strong enhancement is shown in males
without a Y chromosome (X0). In general, duplication of
heterochromatic material suppresses whereas deletions of
heterochromatic material enhance variegation. These ob-
servations suggest the titration of a fixed amount of key
protein(s) required for heterochromatin packaging. One
consequence is that Y chromosome polymorphisms that
alter the amount of heterochromatic DNA in the genome
can impact the expression of thousands of genes, presum-
ably because of redistribution of key chromosomal proteins
present in limited amounts. Interestingly, these Y polymor-
phisms have been shown to have a disproportionate influ-
ence on the expression of genes producing chromatin-
associated protein products (Lemos et al. 2010).

The first mutations acting as a suppressor or enhancer
of PEV were identified by Schultz (1950) and Spofford
(1967). At present, approximately 150 such genes have
been identified as causally connected with the onset and/
or maintenance of the heterochromatic gene silencing seen
in PEV. In most cases the modifying effect is dominant,
and Su(var)/+ or E(var)/+ heterozygotes show a sup-
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Figure 2. Heterochromatin is packaged into a regular nucleosome
array. A TE such as that shown (A), carrying a marked copy of a
heat shock gene for study and an hsp70-driven copyof white as avisual
marker, can be used to study the same gene in different chromatin
domains. (B) Nuclei from Drosophila lines carrying the transgene in a
euchromatic domain (39C-X; red eye) and a heterochromatic domain
(HS-2; variegating eye) were digested with increasing amounts of
micrococcal nuclease (MNase), the DNAwas purified and size-sepa-
rated on an agarose gel, and the resulting Southern blot was hybrid-
ized with a probe unique to the transgene. Linker sites cleaved by
MNase are marked with arrowheads. (C) Densitometer scans from
the last lane of each sample are compared (top to bottom is left to
right). An array of nine to 10 nucleosomes can be detected in hetero-
chromatin (red line), compared with five to six in euchromatin (blue
line), indicating more uniform spacing in the former case. (D) A
diagrammatic representation of the results. DH site, deoxyribonu-
clease (DNase)-hypersensitive site; HSE, heat shock element. (B,C,
Adapted from Sun et al. 2001,#American Society for Microbiology.)
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pressed or enhanced PEV phenotype (Fig. 1B); not surpris-
ingly, these mutations are often homozygous lethals. Effi-
cient isolation and thorough genetic analysis of Su(var) and
E(var) mutations has depended on the availability of an
experimentally suitable PEV rearrangement. Of the many
PEV rearrangements described (FlyBase 2012), one of the
most useful lines for such experimental work is In(1)wm4

(Muller 1930). This rearrangement variegates for white, a
phenotype easily recognizable in the eye of adult flies, as
shown in Figure 1. Penetrance of white variegation in ap-
propriate wm4 stocks is 100%, so every fly in the starting
stock shows an eye with a white variegated phenotype, al-
though the degree of variegation can differ considerably
from one individual to the next. Inactivation of the white
gene does not affect viability or fertility, allowing unlimited
work with flies homozygous for wm4. Consequently, white
has also been used as a reporter in P element constructs
(such as that shown in Fig. 2A) used to examine the sensi-
tivity of different heterochromatic domains to different
modifiers.

In the wm4 rearrangement, the inversion results in jux-
taposition of the white gene with heterochromatic material
of the X chromosome, located at the distal border of the
nucleolus organizer (Cooper 1959). This region contains
tandem arrays of R1 type mobile elements; the heterochro-
matic breakpoint of In(1)wm4 has been suggested to fall
within an R1 repeat unit (Tartof et al. 1984). Phenotypic
w+ revertants of wm4 have been isolated after X-ray or EMS
(ethane methyl sulfonate, a chemical mutagen) treatment.
Analysis of a series of more than 50 of the w+ revertant
chromosomes indicates that all show reinversion or trans-
location of the white gene to a euchromatic neighborhood,
suggesting that the heterochromatic material immediately
flanking the breakpoint causes the inactivation of the white
gene in wm4. Most of the revertants show white variegation
again if strong E(var) mutations are introduced, suggesting
that some heterochromatic sequences remain associated
with the white gene after relocation (Reuter et al. 1985),
not surprising given that the breakpoint in the flanking
DNA is randomly introduced. These studies implicate rep-
etitious DNA (here R1, a retrotransposon) as a target for
heterochromatin formation. In the fourth chromosome,
1360, a remnant of a DNA transposon, has been implicated
as a target (see Section 7). Available data suggest that many,
but not all, TEs can be targets for heterochromatin forma-
tion (e.g., Riddle et al. 2008; Wang and Elgin 2011).

Most of the known PEV modifier mutations have been
isolated using In(1)wm4 or another reporter in a sensitized
genetic background. For the isolation of dominant suppres-
sor mutations, the test stock contains a dominant enhancer
of PEV; consequently, the test stock has an almost entirely
white eye, whereas the desired mutations (Su(var)s) result

in a variegated or red eye. The converse is true for an E(var)
screen; using a Su(var) mutation to generate a red eye in a
variegating line, one screens for mutations that result in a
variegated or white eye. More than 1 million flies have been
inspected in different screens using this approach, and more
than 140 Su(var) and 230 E(var) mutations have been iso-
lated (Schotta et al. 2003). Mutations have been induced
by EMS, by X-ray treatment, or by remobilization of P ele-
ments. Another set of Su(var) mutations has been isolated
in a direct screen (no sensitization of the type described
above) with wm4 (Sinclair et al. 1983). A screen using a
Df(1;f ) chromosome, which shows strong variegation for
the yellow gene, a body color marker, resulted in the isola-
tion of 70 PEV modifier mutations (Donaldson et al. 2002).
In addition, screens for dominant modifiers of transposon
reporter gene expression have identified several mutations
with a Su(var) effect (Birchler et al. 1994). With modern
technology, it is now possible to screen systematically for the
impact of overproduction of proteins as well, and this strat-
egy has identified many enhancers as well as suppressors of
PEV (Schneiderman et al. 2010).

Altogether, these screens have identified approximately
500 dominant Su(var) and E(var) mutations. As noted
above, based on the genetic analysis performed to date,
the total number of Su(var) and E(var) genes can be esti-
mated to be around 150. In naming these genes, the Su(var)
and E(var) symbols are usually combined with numbers,
indicating the chromosome where the mutation is locat-
ed, the gene number, and the number of the allele. Thus
Su(var)3-917 symbolizes allele 17 of the ninth Su(var) gene
identified on the third chromosome. At present, only ca. 30
of the corresponding genes have been carefully mapped and
alleles identified (Table 1). Dosage dependent effects (Fig.
1C) have been inferred for 15–20 of the 150 identified loci,
either by using overlapping deficiencies and duplications
(e.g., Schotta et al. 2003), or by using transgenes (e.g.,
Eissenberg et al. 1992); this suggests a structural role for
these gene products in heterochromatin formation. As we
have come to appreciate the modification of PEVas a means
for identifying genes that code for chromosomal proteins,
reverse screens have been increasingly used to test muta-
tions in candidate genes for Su(var) or E(var) activity (e.g.,
Pal-Bhadra et al. 2004). Of course, a genetic test by itself
does not tell one whether the effect of the mutation is direct
or indirect; further characterization is always needed.

Analysis of the identified genes to date suggests that
although a discrete set of proteins is required for hetero-
chromatin formation and concomitant gene silencing (loci
showing Su(var) mutations), the proteins involved in gene
activation are used more broadly. For example, a subset of
critical regulatory genes found in the euchromatic arms
is maintained in a silent state by the Polycomb (Pc) group
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genes, and up-regulated by the trithorax group (trxG)
genes (see Grossniklaus and Paro 2014; Kingston and Tam-
kun 2014). In direct tests, relatively few mutations in Pc
group genes result in suppression of PEV (e.g., Sinclair et al.
1998). In contrast, many mutations in the trxG genes are
enhancers of PEV (Dorn et al. 1993; Farkas et al. 1994).
This indicates that the Pc and heterochromatin silencing
mechanisms are distinct, although gene activation process-
es frequently share common components.

Three loci, Su(var)2-5, Su(var)3-7, and Su(var)3-9, can
be used to describe some of the different approaches taken
to investigate putative suppressors of PEV. Su(var)2-5 was
cloned by screening a copy DNA expression library with
a monoclonal antibody that recognizes heterochromatin
(Fig. 3A) (James and Elgin 1986). The encoded heterochro-
matin-associated protein was consequently designated
HP1, heterochromatin protein 1 (now called HP1a). In situ
hybridization analysis, using the isolated cloned DNA, iden-
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Figure 3. The distribution of chromosomal proteins and histone modifications defines different chromatin do-
mains. (A) Immunofluorescent staining of the polytene chromosomes identifies proteins predominantly associated
with heterochromatin. The polytene chromosomes, prepared by fixation and squashing of the larval salivary gland
(shown by phase contrast microscopy, left; C ¼ chromocenter) are “stained” by incubating first with antibodies
specific for a given chromosomal protein, and then with a secondary antibody coupled to a fluorescent tag. HP1a
(right) and HP2 (center) have similar distribution patterns, showing prominent association with the pericentric
heterochromatin (found in the condensed chromocenter), small fourth chromosome (inset, arrow), and a small set
of sites in the long euchromatin arms. (Adapted from Shaffer et al. 2002.) Note that the efficacy of any antibody can
be affected by the choice of fixation protocol (see Stephens et al. 2003). (B) Chromatin marks define the epigenomic
border between heterochromatin and euchromatin (indicated with an arrow). The border can be delineated based
on chromatin immunoprecipitation (ChIP)-array data using antibodies to proteins known to be associated with
heterochromatin (HP1a) or euchromatin (RNA polymerase II [RNA Pol II]), and to key histone modifications.
Enrichment values are shown for the centromere-proximal 3 Mb of chromosome arms 2R and 3L (in BG3 cells).
Boxes underneath the bar graphs indicate significant enrichment ( p , 0.001). The cytologically defined hetero-
chromatin is shown by the blue bar. The border, indicated here by the black arrow, is fairly well defined by the
congruence of silencing marks. (B, Adapted from Riddle et al. 2011, # Cold Spring Harbor Laboratory Press.)
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tified a gene in region 28–29 of the polytene chromosomes,
where Su(var)2-5 had been previously mapped by Sinclair
et al. (1983). DNA sequence analysis of the mutant al-
leles confirmed that the Su(var)2-5 locus at chromosome
position 28F1-2 encodes HP1a (Eissenberg et al. 1990,
1992). HP1a contains two conserved domains, an amino-
terminal chromo and a carboxy-terminal chromo-shadow
domain (see Patel 2014 for further discussion of the chro-
modomain), and interacts with many other chromosomal
proteins.

Su(var)3-7 was first cytogenetically mapped to region
87E1-4 in the third chromosome using a series of overlap-
ping deletions and duplications. It was further assigned to
within a 7.8 kb DNA fragment based on the triplo-enhanc-
er effect it had on a variegating reporter (Reuter et al. 1990).
Su(var)3-7 encodes a protein with seven regularly spaced
zinc fingers, domains that have been shown to function in
DNA binding (Cleard and Spierer 2001).

Su(var)3-9 was cloned by P element transposon tagging
(Tschiersch et al. 1994). The Su(var)3-9 gene in Drosophila
forms a bicistronic unit with the gene encoding eIF2g,
which can complicate genetic analysis. The SU(VAR)3-9
protein, like SU(VAR)2-5, contains a chromodomain in its
amino-terminal region, but has a SET domain (identified
first in the proteins SU(VAR)3-9, ENHANCER OF ZESTE
[E(Z)], and TRITHORAX) at its carboxyl terminus. The
SET domain allows this protein to function as a histone ly-
sine methyltransferase (HKMT), specifically methylating
histone H3 at lysine 9 (H3K9).

Immunocytological analyses using specific antibodies
or transgene-expressed fusion proteins have shown that
all three proteins—HP1a (encoded by Su(var)2-5),
SU(VAR)3-7, AND SU(VAR)3-9—are preferentially associ-
ated with pericentric heterochromatin (see Fig. 3A for an
example; James et al. 1989; Cleard et al. 1997; Schotta et al.
2002). Strong colocalization is particularlyevident for HP1a
and SU(VAR)3-9. Association of these proteins with each
other has also been shown by coimmunoprecipitation (De-
lattre et al. 2000; Schotta et al. 2002). Thus, these proteins
potentially form a core heterochromatin complex. Surpris-
ingly, HP1a is also found at a number of euchromatic sites,
and is involved in the positive regulation of a small set of
euchromatic genes (Cryderman et al. 2005; Piacentini et al.
2009). Mutations in other genes encoding histone variants,
chromatin-modifying enzymes, chromatin binders, or nu-
cleosome remodeling factors often result in dominant PEV
modifier effects (cf. Fodor et al. 2010). However, in the ma-
jority of these cases, causal analysis of the mutant effects on
gene silencing in PEV is still missing, so it is possible that the
effects are indirect. Despite intensive work on PEV modifi-
ers, we still do not have aclear picture of the macromolecular
assemblies in pericentric heterochromatin.

P element insertions carrying the w+ reporter gene into
other heterochromatic domains—telomeric regions, the Y
chromosome, or the fourth chromosome—also show white
variegation (e.g., Wallrath and Elgin 1995; Phalke et al.
2009). Genetic analysis of such reporters has revealed that
although the different heterochromaticdomains share some
common features, they also can rely on different chromatin
factors. For example, heterochromatin-like packaging is ob-
served at TAS (telomere associated satellite) sequences,
which are clusters of repetitious DNA elements just proxi-
mal to the HeT-A and TART retroviral elements that make
up Drosophila telomeres (Cryderman et al. 1999b). Surpris-
ingly, HP1a mutations do not show an effect on such re-
porters, although HP1a is important for telomere integrity
(Fanti et al. 1998). Characteristics of this domain are suffi-
ciently distinct that variegation here is referred to as telo-
mere position effect (TPE). In another example, several
groups have observed that silencing of reporters on the
fourth chromosome is often sensitive to mutations in the
gene for dSETDB1, and not to mutations in Su(var)3-9,
although both encode an H3K9 HKMT (Seum et al. 2007;
Tzeng et al. 2007; Brower-Toland et al. 2009). Investigations
using a range of modifier loci to look at PEV reporters in
different heterochromatin domains have shown that a
unique complement of proteins is required for each domain
to maintain silencing in somatic cells (Donaldson et al.
2002; Phalke et al. 2009).

3 DISTRIBUTION AND ASSOCIATION PATTERNS
OF CHROMOSOMAL PROTEINS

One of the advantages of working with Drosophila is the
ability to examine the polytene chromosomes, which
provide a visual road map of the genome. Polyteny occurs
during the larval stage when the chromosomes in many
terminally differentiated cells are replicated, but do not go
through mitosis; rather the chromatin strands remain
paired, in perfect synapsis, with all copies aligned. The
most extreme case is found in the salivary glands, where
the euchromatic arms of the chromosomes have undergone
10 rounds of replication, generating �1000 copies. Repli-
cation is not uniform, however; many repetitious sequences
are underreplicated, and satellite DNA sequences are not
replicated at all. All of the chromosome arms fuse in a com-
mon chromocenter (see Fig. 3A) (reviewed in Ashburner
et al. 2005).

Polytene chromosomes provide an opportunity to de-
termine the distribution pattern of chromosomal proteins
by immunofluorescent staining, achieving much higher
resolution than can be obtained using metaphase spreads
(Silver and Elgin 1976). The approach has been used to
discover heterochromatin-associated proteins (e.g., HP1a;
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James and Elgin 1986) and to determine whether other
candidates, identified genetically (by Su(var) phenotype)
or by interaction with known heterochromatin proteins,
show such localization (Fig. 3A) (e.g., HP2, identified by
interaction with HP1a; Shaffer et al. 2006). Whereas ge-
nome-wide ChIP techniques described below have higher
resolution, polytene chromosome staining remains a quick
and inexpensive way (given specific antibodies in hand) to
show distribution patterns. Approximately 10 heterochro-
matin-specific proteins have been identified using this ap-
proach; if mutations in the genes encoding these proteins
are available, one often observes dominant suppression of
PEV (e.g., Greil et al. 2007; reviewed in Ashburner et al.
2005, Chapter 28). These proteins are thus candidate struc-
tural components of heterochromatin.

With the availability of oligonucleotide arrays and high-
throughput sequencing, it has become possible to map both
chromosomal proteins and histone modifications across
the sequenced genome by ChIP. In the most common ap-
proach, chromatin is cross-linked using formaldehyde, son-
icated to obtain 500- to 1000-bp fragments, and the desired
fragments pulled down using antibodies fixed to beads. The
recovered fraction of genomic DNA is characterized either
by qPCR (quantitative polymerase chain reaction, used if
only a few loci are to be queried), hybridization to a geno-
mic array (ChIP-chip), or deep sequencing (ChIP-seq). The
validity of the results is critically dependent on the specific-
ity of the antibodies used. As the commercial producers do
not always provide sufficient quality control, the experi-
menters must do the controls themselves (Egelhofer et al.
2011). The technique depends on the ability to map the
recovered DNA fragments to the assembled genome. In
the case of D. melanogaster, only �25% of the heterochro-
matic regions have been sequenced and assembled (not
including satellite DNA, for example; Hoskins et al. 2007;
Smith et al. 2007), and this limitation must be kept in mind
in interpreting the results.

The modENCODE project, sponsored by the National
InstitutesofHealth(USA),hasreportedgenome-widechro-
matin profiling in Drosophila for 25 histone modifications
and many more chromosomal proteins and transcrip-
tion factors, looking at several cell culture lines as well as
several developmental stages. These data, as well as maps of
transcription patterns, DNase I HS sites, and other chroma-
tin features can be accessed through FlyBase (2012) or mod-
Mine (2011). Looking at the base of the chromosome arms
in BG3 cells, for example, one observes a transition from a
domain with abundant HP1a and SU(VAR)3-9 (pericentric
heterochromatin) to a region where these proteins are only
sporadically observed (euchromatin) (Riddle et al. 2011)
(Fig. 3B). These results are in good agreement with the
cytogenetically defined border between euchromatin and

heterochromatin, but provide much higher resolution.
The border clearly reflects the shift in genome organization
around this point, with heterochromatic domains showing
a decrease in gene density and increase in repeat density.
However, the border can shift by hundreds of kb in S2 cells,
suggesting that it is not fixed by a particular DNA sequence,
but rather reflects the balance of chromosomal proteins or
other factors specific to the cell type.

4 HISTONE MODIFICATION PLAYS A KEY ROLE
IN HETEROCHROMATIN SILENCING

Analysis of SU(VAR)3-9 identified the key function of
H3K9 methylation in heterochromatic gene silencing
(Tschiersch et al. 1994). The protein contains a SET domain
that enzymatically functions to methylate histone H3K9.
That this protein is a histone methyltransferase (HKMT)
targeting H3K9 was first shown by characterization of the
human SUV39H1 homolog (Rea et al. 2000). In Drosophila,
SU (VAR)3-9 is a major, but not the only, H3K9 HKMT
(Schotta et al. 2002; Ebert et al. 2004). SU(VAR)3-9 contrib-
utestodi- andtrimethylation ofH3K9(H3K9me2andme3)
in the bulk of the pericentromeric heterochromatin, but not
in the majority of the fourth chromosome, telomeres, or
euchromatic sites. The bulk of the dimethylation of these
latter regions is independent of SU(VAR)3-9, as is mono-
methylation of H3K9 in pericentromeric heterochromatin
(Ebert et al. 2004). dSETDB1 (“eggless”) plays a major role
in H3K9 methylation on the fourth chromosome (Seum
et al. 2007; Tzeng et al. 2007; Brower-Toland et al. 2009;
Riddle et al. 2012); G9a and potentially other HKMTs could
also contribute, but the specifics are still unknown. The im-
portance of H3K9 dimethylation in heterochromatic gene
silencing is shown by the strong dosage-dependent effect of
SU(VAR)3-9 on the PEV phenotype, as well as by the finding
that suppression of gene silencing by Su(var)3-9 mutations
correlates with HKMTactivity. The enzymatically hyperac-
tive Su(var)3-9ptn mutation is a strong enhancer of PEVand
causes elevated H3K9 di- and trimethylation (H3K9me2
and H3K9me3) at the chromocenter, as well as generating
prominent H3K9me2 and me3 signals at manyeuchromatic
sites (ectopic heterochromatin) (Ebert et al. 2004). S-ad-
enosylmethionine functions as the methyl donor for all of
these methylation reactions; consequently, mutations in the
gene encoding S-adenosylmethionine synthase, Su(z)5, are
dominant suppressors of PEV (Larsson et al. 1996).

Studies using mutations in SU(VAR) genes have begun
to reveal the sequence of molecular reactions required to
establish heterochromatic domains. SU(VAR)3-9 binding
at heterochromatic sequences depends on both its chromo
and its SET domains (see Patel 2014 for details of protein
structure; Schotta et al. 2002). How SU(VAR)3-9 binding is
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controlled is not yet understood. The act of methylating
H3K9 by SU(VAR)3-9 establishes binding sites for HP1a.
The HP1a chromo domain specifically binds H3K9me2
and H3K9me3 (Jacobs et al. 2001). That SU (VAR)3-9
also binds HP1a has been shown by yeast two-hybrid tests
and by immunoprecipitation (Schotta et al. 2002). In fact,
the region of SU(VAR)3-9 amino-terminal to its chromo-
domain interacts with the chromoshadow domain of
HP1a, and this interaction stabilizes HP1a binding to
H3K9me2/3 (Fig. 4A) (Eskeland et al. 2007). This region
of SU(VAR)3-9 also interacts with the carboxy-terminal
domain of SU(VAR)3-7. The SU(VAR)3-7 protein interacts
at three different sites with the chromoshadow domain of
HP1a (Delattre et al. 2000). This pattern of interactions
suggests that the three proteins—HP1a, SU (VAR)3-7,
and SU(VAR)3-9—physically associate in multimeric het-
erochromatin protein complexes.

Association of SU(VAR)3-9 and HP1a with pericentric
heterochromatin is interdependent (Schotta et al. 2002).
SU(VAR)3-9 causes H3K9 di- and trimethylation, which
are specifically recognized by the chromodomain of HP1a
(Jacobs et al. 2011). Consequently, in Su(var)3-9 null lar-
vae, HP1a binding to pericentric heterochromatin is im-
paired. As H3K9 dimethylation does not depend exclusively
on SU(VAR)3-9 in the innerchromocenter, the fourth chro-
mosome, telomeres and euchromatic sites, HP1a continues
to be found at all of these sites in the mutant lines. Thus
although SU(VAR)3-9 associates with these sites in wild-
type cells, it appears to be relatively inactive.

Conversely, if HP1a is not present (having been deplet-
ed by mutations), SU(VAR)3-9 is no longer associated pri-
marily with the pericentric heterochromatin, but is found
along the euchromatic chromosome arms. It is now seen at
almost all bands, where it causes ectopic mono- and di-
methylation of H3K9 (H3K9me1 and H3K9me2) (Fig. 4B).
Thus HP1a is essential for the restricted binding of SU
(VAR)3-9 to pericentric heterochromatin. These data sug-
gest a sequence of reactions starting with SU(VAR)3-9 as-
sociation with heterochromatic domains and consequent
generation of H3K9me2/3. This mark is recognized by the
chromodomain of HP1a; binding of SU(VAR)3-9 to the
HP1a chromoshadow domain ensures its association with
heterochromatin (Fig. 4A). Interestingly, a chimeric HP1a-
Pc protein has been generated in which the chromodomain
of HP1a is replaced with the chromodomain of the Pc
protein (Platero et al. 1996). The chromodomain of Pc
binds strongly to H3K27me3 (Fischle et al. 2003), and
the HP1a-Pc chimeric protein binds these sites in the eu-
chromatic arms. In the presence of such a chimeric HP1a-
Pc protein, the SU(VAR)3-9 protein is also found at Pc
binding sites, demonstrating its strong association with
the chromoshadow domain of HP1a (Schotta et al. 2002).

In SU(VAR)3-9 null cells another heterochromatin-
specific methylation mark, H4K20 trimethylation (H4K20-
me3), is strongly reduced. The interdependence between
H3K9 dimethylation and H4K20 trimethylation in hetero-
chromatin has been shown to reflect an interaction between
the SU(VAR)3-9, HP1a, and SUV4-20 proteins. SUV4-20 is

DNA

Me

Me Me

W
ild

 ty
pe

S
U

(V
A

R
)3

-9
 n

ul
l

H
P

1a
 n

ul
l

H3K9me2

SU(VAR)3-9

H3K9

A

B

HP1a ChromoshadowChromo

Figure 4. Interaction of SU(VAR)3-9 and HP1a in setting the distri-
bution pattern of H3K9 methylation. (A) HP1a interacts with
H3K9me2/3 through its chromodomain, and with SU(VAR)3-9
through its chromoshadow domain. By recognizing both the histone
modification and the enzyme responsible for that modification,
HP1a provides a mechanism for heterochromatin spreading and
epigenetic inheritance. (B) SU(VAR)3-9 is responsible for much of
the dimethylation of H3K9 (H3K9me2); loss of the enzyme results in
loss of this modification in the pericentric heterochromatin, as
shown by loss of antibody staining of the polytene chromosomes
(compare middle panel with top panel). Loss of HP1a results in a
loss of targeting of SU(VAR)3-9; high levels of H3K9me are conse-
quently now seen throughout the chromosome arms (bottom panel).
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a histone lysine methyl transferase (HKMT) that controls
H4K20 methylation in heterochromatin. This heterochro-
matin-specific methylation mark is also strongly impaired
in HP1a null cells, suggesting association of SU(VAR)3-9,
HP1a, and SUV4-20 in a mutually dependent protein com-
plex, although such acomplex has not yet been isolated from
flies. Mutations in the Suv4-20 gene cause suppression of
PEV-induced gene silencing, indicating that the H4K20me3
mark is required for this process (Schotta et al. 2004).

Taken together, the evidence argues that the HP1a pro-
tein has a central function in pericentric heterochromatin
formation and associated gene silencing; it binds H3K9me2
and H3K9me3, and interacts directly with SU(VAR)3-9
(one of the H3K9 HKMTs) as well as several other key
chromosomal proteins. The resulting complexes probably
include several additional heterochromatin-specific pro-
teins. Variations on this theme apply to other heterochro-
matic domains, such as the fourth chromosome (Riddle
et al. 2012). However, given the number of identified Su
(var) loci, the model is certain to become more complex!

In mammals and plants, histone H3K9 methylation
and DNA methylation represent interrelated marks of re-
pressed chromatin (Martienssen and Colot 2001; Bird
2002). Whether or not DNA methylation occurs at all in
Drosophila has been a point of contention for many years.
Recent reports showing low levels of DNA methylation in
the early embryo have renewed this discussion (reviewed in
Krauss and Reuter 2011). In Drosophila the only recogniz-
able DNA methyltransferase present is Dnmt2. Mutations
in this gene have a significant impact on retrotransposon
silencing in somatic cells (Phalke et al. 2009). However,
many inbred laboratory strains show only a very low level
of Dnmt2 expression; variation of this sort could explain
conflicting results concerning DNA methylation in Droso-
phila (O Nickel, C Nickel, and G Reuter, unpubl.).

5 CHROMOSOMAL PROTEINS FORM MUTUALLY
DEPENDENT COMPLEXES TO MAINTAIN AND
SPREAD HETEROCHROMATIC STRUCTURE

PEV reflects a change in gene expression, specifically a loss
in expression of a reporter gene in some of the cells in which
it is normally active, as a consequence of a genetic rear-
rangement or transposition. Several different models, not
all mutually exclusive, have been suggested to explain PEV.
One possibility originally considered was the random loss
of the gene, perhaps as a consequence of late replication
(Karpen and Spradling 1990). Quantitative Southern blot
analysis has shown that this explanation is not generally
applicable; variegating genes are generally fully replicated
in diploid tissue (Wallrath et al. 1996). A second test can be
performed using a variegating reporter transgene (white)

flanked by FRT sites; by inducing FLP recombinase, the
gene is excised from the chromosome, forming an inde-
pendent closed circle. A reporter gene subject to variega-
tion (PEV) can be relieved of that silencing by excision from
the chromosome in cells where it would otherwise be in-
active (Ahmad and Golic, 1996). This shows not only the
continuing presence of the gene, but that the heterochro-
matic state can be reversed once the reporter is removed
from the heterochromatic environment.

Other models have focused on the association of
the variegating gene with a heterochromatic compartment
in the nucleus (see Section 6), and/or on the spreading
of heterochromatic structure from the newly adjacent
heterochromatin. The spreading model, which is based on
extensive genetic and cytological data, explains gene silenc-
ing as a consequence of heterochromatin packaging
spreading across the breakpoint into normally euchromatic
domains. In normal chromosomes, euchromatic and het-
erochromatic regions appear to be differentiated by the
higher density of repetitious sequences in heterochromatin,
and are potentially insulated from each other by specific
sequences or buffer zones. Because these “insulating se-
quences” (never well-defined in Drosophila) are not present
at the euchromatic-heterochromatic junction in PEV re-
arrangements (see Fig. 1A), heterochromatinization of
euchromatic sequences isvariably induced.Thisheterochro-
matinization is cytologically visible in the polytene chromo-
somes as a shift from a banded to an amorphous structure at
the base of the chromosome arms (Fig. 5A) (Hartmann-
Goldstein 1967); the extent of this change can be modified
by Su(var) and E(var) mutations (Reuter et al. 1982).

Inactivation of euchromatic genes over a distance along
the chromosome can be genetically shown (Demerec and
Slizynska 1937). The affected regions become associated
with HP1a (Belyaeva et al. 1993; Vogel et al. 2009) and
show dimethylation of histone H3 at lysine 9 (H3K9me2)
(Ebert et al. 2004; Rudolph et al. 2007). The spreading
model postulates a competition between packaging into
euchromatin versus packaging into heterochromatin; the
recovery of dosage-dependent modifiers, as discussed
above, supports such a model (Locke et al. 1988; Henikoff
1996). However, spreading does not seem to be a simple
matter of mass action, in which the regions closest to the
heterochromatic mass show the greatest silencing. One can
identify cells in which a marker closer to the pericentric
heterochromatin in a rearrangement is active and one fur-
ther away is silenced (Talbert and Henikoff 2000). Inspec-
tion using ChIP, followed by qPCR, shows that there is a
gradient of the H3K9me2 heterochromatin mark declining
with distance from the pericentriomeric heterochromatin
(Fig. 5C) (Rudolph et al. 2007). Ironically, the regulatory
region of the white gene appears to be particularly vul-

S.C.R. Elgin and G. Reuter

12 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a017780

Laboratory Press 
 at UNIV OF ARIZONA on September 1, 2016 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


nerable to the accumulation of silencing marks, shown in
particular as an accumulation of HP1a in a DamID map-
ping study (method described below; Vogel et al. 2007).
This regulatory region is present in reporter transgenes
marked with mini-white, but not in those such as shown
in Fig. 2, which use an hsp70 promoter to drive white ex-
pression. Such differences should be kept in mind in eval-
uating studies using transgene reporters.

The heterochromatin spreading effect clearly depends
on a series of molecular reactions within the euchromatic

regions. Several histone modifications are now known to be
mutually exclusive in defining alternative chromatin states.
Acetylation of H3K9 (H3K9ac), di- and trimethylation
of H3K4 (H3K4me2/3), and phosphorylation of H3S10
(H3S10ph) are typical marks of active euchromatin, where-
as H3K9me2/3 and H4K20me3 are specific marks of si-
lenced regions. Heterochromatinization of euchromatic
regions therefore requires specific deacetylation, demeth-
ylation, and dephosphorylation reactions within euchro-
matin, as illustrated in Figure 6A. This transition depends
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initially on H3K9 deacetylation by HDAC1. Mutations in
the rpd3 gene, encoding the histone H3K9-specific deace-
tylase HDAC1, are strong suppressors of PEV (Mottus et al.
2000), antagonizing the effect of SU(VAR)3-9 in gene si-
lencing (Czermin et al. 2001). HDAC1 has been shown to
be associated in vivo with the SU(VAR)3-9/HP1a complex;
the two enzymes work cooperatively to methylate previous-
ly acetylated histones.

Spreading of heterochromatin into euchromatin is
completely blocked in Su(var)3-1 mutations (Ebert et al.
2004). Su(var)3-1 mutations are frame shift mutations

within the gene encoding JIL1 kinase that result in expres-
sion of a truncated JIL1 protein, lacking the carboxyl
terminus region. The JIL1 protein contains two kinase do-
mains, and catalyzes H3S10 phosphorylation in euchro-
matin. The JIL1Su(var)3-1 mutations do not affect H3S10
phosphorylation, but probably impair dephosphorylation
of H3S10, effectively inhibiting methylation of H3K9. This
suggests involvement of a phosphatase. Whether the PP1
enzyme (that has been identified with Su(var)3-6 muta-
tions [Baksa et al. 1993]) is directly involved in this reaction
is not yet known.
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Demethylation of H3K4 appears to be another prereq-
uisite for heterochromatinization of euchromatic regions
(Fig. 6A). Work in mammals has shown that the LSD1
amine oxidase functions as an H3K4 demethylase (Shi
et al. 2005). Mutations in the Drosophila LSD1 homolog
antagonize spreading of heterochromatin into euchromatic
regions in all PEV rearrangements tested. In SU(VAR)3-3
null cells, lacking LSD1, the acquisition of H3K9 methyla-
tion in the euchromatin flanking a break point is eliminat-
ed, although constitutively heterochromatic regions are not
affected (Rudolph et al. 2007). In the syncytial blastoderm,
dLSD1 is concentrated in the nuclei at the boundary be-
tween heterochromatic and euchromatic domains (Fig.
6D). These findings show that the coordinated function
of several enzymes is required to remove euchromatin-spe-
cific histone modification marks before the transition to
heterochromatin packaging can take place (see Fig. 6A). It
seems likely that the required enzymes will be found to
form complexes with SU(VAR)3-9/HP1a, as has already
been shown for HDAC1.

The above patterns of association among histone marks
and chromosomal proteins suggest that the chromatin
landscape could be described in terms of these patterns of
coassociation, and indeed this has proved to be the case.
Two different approaches have been taken for mapping
genome-wide distribution patterns of chromosomal pro-
teins: ChIP (described above) and DamID. In the latter
case, DNA adenine methyltransferase (Dam, a bacterial
specific protein) fused to a chromatin protein of interest
deposits a stable adenine-methylation “footprint” in vivo at
those sites where the chromatin protein associates. The
modified DNA fragments are recovered and the pattern of
association assessed using oligonucleotide microarrays. A
study using 53 broadly selected chromosomal proteins in
Drosophila Kc cells identified five major chromatin types:
heterochromatin (enrichment of HP1a and H3K9me2), Pc
silenced domains (enrichment in PC and H3K27me3), ad-
ditional inactive regions, and two types of active domains,
both associated with high levels of RNA polymerase but
distinguished by molecular organization and H3K36 meth-
ylation levels. Principle component analysis shows that this
classification can largely be achieved (85.5% agreement)
using five proteins: histone H1, HP1a, PC, MRG15, and
BRM (the latter two associated with nucleosome remodel-
ing) (Filion et al. 2010).

The modENCODE study used the enrichment patterns
of 18 different histone modifications to generate a model
based on 30 alternative states, in contrast to the five cate-
gories by Filion et al. (2010) described above. Distribution
patterns were determined by ChIP-chip experiments (with
assessment of the captured DNA on oligonucleotide ar-
rays); this approach, although requiring fixation, provides

higher resolution. Much of the overall complexity is cap-
tured in nine prevalent combinatorial patterns (states),
illustrated in Figure 7A (Kharchenko et al. 2011). The anal-
ysis shows the presence of correlated features, including
those associated with the transcription start site (state 1),
the body of the transcribed gene (state 2), and regulatory
regions (states 3 and 4). Distinctive states associated with
large domains include that found on the male X chromo-
some (presumably related to dosage compensation—see
Kuroda and Lucchesi 2014) (state 5), that associated with
the Pc silencing complex (state 6; see Grossniklaus and Paro
2014), and two associated with heterochromatin marks,
one common to pericentric heterochromatin (state 7)
and the other (with lower concentrations of H3K9me2/
3) found in the euchromatic arms (state 8). (The pattern
of state 8 domains is cell-type specific, suggesting “faculta-
tive” heterochromatin [Kharchenko et al. 2011].) Those
domains with no distinctive features are grouped together
in state 9 (see Fig. 7A).

Although the generation of this nine-state model is
based solely on the map of histone modification marks,
one observes distinctive patterns of enrichment and deple-
tion for chromosomal proteins. For example, HP1a and
SU(VAR)3-9 are greatly enriched in state 7, and moderately
enriched in state 8, states that are depleted for proteins
associated with gene expression. Mapping these states back
across the genome provides both an overview of chromatin
organization (Fig. 7B) and a detailed characterization of
individual genes. The latter can be viewed on FlyBase
(2012) by choosing the GBrowse option. The nine-state
model allows us to see general patterns at the level of the
chromosome or large domains, whereas going to more
complex models (such as the 30-state model) can resolve
more detail at the gene level.

Results from the two approaches, classifying by histone
marks or by chromosomal proteins, are clearly in agreement
in identifying alternative silencing domains (H3K9me2/
HP1a vs. H3K27me3/Pc). However, the classification of
active genes differs, with that based on histone modifica-
tions identifying different gene regions (1-transcription
start site, 2-body of the transcribed region, 3/4-regulatory
regions), whereas that based on chromosomal proteins
identifies two groups of genes differing in remodeling strat-
egies (Filion et al. 2010; Kharchenko et al. 2011). Analysis
using key components identified by each study should pro-
vide a powerful approach in the future.

6 NOT ALL HETEROCHROMATIN IS IDENTICAL:
SPATIAL ORGANIZATION MATTERS

In D. melanogaster, constitutive heterochromatin is ar-
ranged in large blocks that flank the centromeres, smaller
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blocks associated with the telomeres, the whole of the Y
chromosome, and most of the small fourth chromosome.
The centromeric regions are made up of large (0.2–1 Mb)
blocks of satellite DNA interspersed with “islands” of com-
plex sequences, primarily TEs (Le et al. 1995). Although
gene-poor, these regions are not devoid of genes; a mini-
mum of 230 protein-coding genes (conserved in other Dro-
sophilids), as well as 32 pseudogenes and 13 noncoding
RNAs reside in the pericentromeric heterochromatin
(Smith et al. 2007). The telomeres of Drosophila do not
have the typical G-rich repeats seen in other eukaryotes,
but are composed of copies of HeT-A and TARTretrotrans-
posons. TAS, blocks of 102–103 nucleotide repeats, are
found just proximal, and white transgene reporters inserted
in these regions display the TPE variegating phenotype.
Although the Y chromosome does carry the genes for a
number of male fertility factors, the bulk of the chromo-
some is made up of satellite DNA, and it remains con-
densed in cells other than the male germline. Thus,
although all of these domains are characterized by a high

density of repeats, the type of repeats (and interspersion of
different types) varies. The consequences have been seen in
studies that look at the impact of different blocks of peri-
centric heterochromatin on expression from a reporter—
one observes that the severity of the phenotype does not
depend simply on the amount of heterochromatin in cis,
but varies depending on the local heterochromatin envi-
ronment (Howe et al. 1995). Heterochromatin-associated
proteins that might play a role in specific subdomains in-
clude the AT-hook protein D1, preferentially associated
with the 1.688 g/cm3 satellite III (Aulner et al. 2002), and
DDP1, a multi-KH-domain protein homologous to vigilin
that binds the pyrimidine-rich C strand of the dodeca sat-
ellite (Cortes and Azorin 2000).

The small fourth chromosome is perhaps the most com-
plex heterochromatic domain. It is on the order of 4.3 Mb
in size, with �3 Mb made up of satellite DNA. The distal
1.2 Mb can be considered euchromatic in that it is polyte-
nized in the salivary gland (see Fig. 3A), but it appears
heterochromatic by virtue of its late replication, its com-
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plete lack of meiotic exchange, and its association with
HP1a, HP2, and H3K9me2/3 (Figs. 3A, 4B, and 7B). This
region has a six- to sevenfold higher density of transposon
fragments than found in the euchromatic arms, similar
to regions at the junction of pericentric heterochromatin
and euchromatin on the other chromosomes (Kaminker
et al. 2002). Nonetheless, approximately 80 genes are pre-
sent, a density similar to that of the long chromosome arms.
An investigation of the fourth chromosome using the white
reporter Pelement discussed above (Fig. 2) found primarily
heterochromatic domains (resulting in a variegating phe-
notype), with a few permissive domains (resulting in a red
eye phenotype) interspersed (Sun et al. 2004). Analysis
using modENCODE data indicates that the permissive do-
mains are under Pc regulation (Riddle et al. 2012).

The differences in DNA sequence organization de-
scribed above are reflected in differences in the chromatin
biochemistry and/or the enzymes used to achieve it. Ex-
amination of the impacts of mutations in 70 different mod-
ifiers on different variegating genes (including wm4, bwD, or
P element reporters in pericentric heterochromatin or in a
TAS array) showed that there is substantial overlap in the
targets of modifiers, but there is also surprising complexity.
This set of tests divided the modifiers into seven different
groups in terms of their ability to impact silencing in a
given compartment (Donaldson et al. 2002). The only mod-
ifier in this group to impact silencing in the TAS array was a
new allele of Su(var)3-9. TAS silencing is also sensitive to
alleles of Psc and Su(z)2, two Pc group genes (Cryderman
et al. 1999b). Using a similar approach, Phalke et al. (2009)
identified modifiers that distinguished pericentric hetero-
chromatin, the fourth chromosome, retrotransposons, and
TAS sequences from each other.

Heterochromatic masses are seen mostly at the nuclear
periphery and around the nucleolus. In Drosophila embry-
os, this tendency is even more pronounced. Early develop-
ment in Drosophila is syncytial until nuclear division cycle
14, when cell walls form between the nuclei, creating the
typical blastula, a ball of cells. Heterochromatic masses are
first seen in early embryogenesis, as the nuclei move to the
periphery of the egg. The heterochromatic material (cen-
tromeres, chromosome four) is concentrated at one side
of the nucleus, oriented to the exterior surface of the egg
(Foe and Alberts, 1985) (see Fig. 6C,D). Such spatial sub-
division of the nucleus persists during development, lead-
ing to the concept of heterochromatin “compartments”
within the nucleus (for more discussion of nuclear orga-
nization, see Dekker and Misteli 2014). These compart-
ments might maintain a high concentration of factors
required for heterochromatin formation (such as HP1a
and the H3K9 HKMTs), while being depleted in factors
required for euchromatin assembly and gene expression

(such as HATs and RNA Pol II). Indeed, proximity to
heterochromatic masses, both in position along the chro-
mosome and in three dimensions, has been shown to be a
factor in PEV.

Chromosomal proximity to the mass of pericentric het-
erochromatin has been shown to have an impact on varie-
gation both for euchromatic genes (of which white is an
example), and for heterochromatic genes, the best studied
examples being light and rolled. Genes that normally reside
in heterochromatic domains can be observed to variegate
when a rearrangement places them in juxtaposition with
euchromatin; generally, they show the opposite dependen-
cies, requiring normal levels of HP1a for full expression,
and showing an enhancement of variegation when HP1a is
depleted. Variegation of light depends not only on its jux-
taposition to euchromatin, but also on the position of the
breakpoint, relative to the distance along the chromosome
arm from heterochromatin (Wakimoto and Hearn 1990).
Similar results have been reported for rolled. Investigations
of bwD, a euchromatic gene induced to variegate by inser-
tion of repetitious DNA, have shown that a shift in prox-
imity of the locus to the pericentric heterochromatin can
result in enhancement of silencing (if closer), or suppres-
sion of silencing (if further away) (Henikoff et al. 1995).
Similarly, a reciprocal translocation that moves a fourth
chromosome arm carrying a white reporter to the distal
end of chromosome arm 2L or 2R results in a dramatic
loss of silencing. The loss of silencing is correlated with a
change in the position of the fourth chromosome fragment
(now at the tip of the second chromosome arm) in the
nucleus; it now frequently occupies sites in the salivary
gland nucleus distant from the chromocenter (Cryderman
et al. 1999b). These results suggest that proximity to a
heterochromatic mass is necessary for effective silencing.

A recent study using high-resolution microscopy exam-
ined both gene activity (using antibodies specific for the
product) and nuclear location of a reporter (using FISH,
fluorescence in situ hybridization) in the same cell during
the normal time frame of expression. A white variegating
inversion, bwD, and a variegating lacZ transgene were stud-
ied in differentiating eye discs or adult eyes. This investiga-
tion found a strong inverse correlation between the posi-
tion of the reporter gene in the cell relative to pericentric
heterochromatin and the level of expression, supporting
the idea that a heterochromatic “compartment” exists,
and that positioning within this compartment is correlated
with gene silencing (Harmon and Sedat 2005). However,
the correlation is not absolute. This is not surprising,
given the stochastic nature of PEV. Further, studies with
an hsp70-white reporter indicate the presence of both per-
missive and silencing domains interspersed on the small
fourth chromosome (which is always close to the mass of
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pericentromeric heterochromatin in wild-type cells), indi-
cating that local determinants also contribute to the deci-
sion to package the chromatin in one form or the other
(Sun et al. 2004).

Genes normally residing in heterochromatin (light and
rolled) function best in that domain, and show a loss of
expression on depletion of HP1a. This is the opposite of
what we see in PEV, in which our reporter genes (which
normally function in euchromatin) show HP1a-dependent
silencing. How do the genes in pericentric heterochroma-
tin, or residing on the fourth chromosome, function in this
presumably “hostile” environment? Examination of light
using ChIP showed that although the region is generally
enriched for H3K9me2, that mark is specifically depleted at
the 5′ end of the gene (Yasuhara and Wakimoto 2008). The
modENCODE project has allowed us to systematically ex-
amine the chromatin packaging for most pericentric and
fourth chromosome genes to extend this analysis. There is
indeed a conspicuous loss of silencing marks at the TSS of
active genes in these domains (Fig. 8), although the usual
heterochromatic marks (including H3K9me2) are still pre-
sent upstream and across the body of the gene. As expected,
the TSSs are occupied by RNA Pol II and are flanked down-
stream by nucleosomes with H3K4me2/3. Thus, these
genes have “state 1” chromatin at their 5′ ends (around
the TSSs), but state 7 chromatin over the body of the
gene (Fig. 8). The presence of H3K9me3 and HP1a across
the body of an active gene seems contradictory, but these
marks are actually enriched there in preference to other
sites (including intergenic spacer) on the fourth chromo-
some. The majority of the fourth chromosome genes show
a loss of expression on HP1a depletion, showing a depen-
dence on this chromatin structure (Riddle et al. 2012). How
then is the gene expressed? POF (painting of fourth; Lars-
son et al. 2001), a protein found uniquely on the fourth
chromosome, binds to nascent RNA and may play a role in
transcript elongation (Johansson et al. 2007a; Johansson
et al. 2012). And HP1a itself has been implicated in tran-
script elongation at some euchromatic sites (Piacentini
et al. 2012). Although HP1a appears to bind to clusters
of repeats on chromosome 4, as elsewhere in heterochro-
matin (utilizing H3K9me2/3 generated by SU(VAR)3-9),
its association with fourth chromosome genes is dependent
on POF (Johansson et al. 2007b; Riddle et al. 2012). This
interaction may play a key role in facilitating transcription
of fourth chromosome genes.

7 HOW IS HETEROCHROMATIN FORMATION
TARGETED IN DROSOPHILA?

Although we have learned a great deal about the biochemis-
try of heterochromatin structure, this leaves open the ques-
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expected, euchromatic genes do not show association with any of the
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tion of how heterochromatin formation is targeted to the
desired regions of the genome in its normal configuration.
The analysis of the fourth chromosome suggests that the
presence of local elements in the DNA can signal the for-
mation or stabilize the presence of heterochromatin. Ge-
netic screens for a switch in phenotype (from red to
variegating or vice versa) have shown that local deletions
or duplications of 5–80 kb of DNA flanking a fourth chro-
mosome transposon reporter can lead to the loss or acqui-
sition of variegation, pointing to short-range cis-acting
determinants for silencing in this domain. This silencing
is dependent on HP1a, and correlates with a change in
chromatin structure from an accessible (euchromatic) to
a closed (heterochromatic) state based on changes in the
nucleosome array, as shown by nuclease accessibility assays
(Sun et al. 2001). Mapping data in one region of the fourth
chromosome implicate the 1360 transposon (and other
TEs) as a target for heterochromatin formation, and sug-
gest that once heterochromatin formation is initiated at
dispersed repetitive elements, it can spread along the fourth
chromosome for �10 kb, or until it encounters competi-
tion from a euchromatic determinant (Sun et al. 2004;
Riddle et al. 2008). Short-range cis-acting determinants
related to copy number are also implied by the observation
that tandem or inverted repeats of reporter P elements
result in heterochromatin formation and gene silencing
(Dorer and Henikoff, 1994).

Such cis-acting elements in the DNA might function by
sequence-specific binding of a protein capable of trigger-
ing heterochromatin formation. Proteins that bind specif-
ically to some of the satellite DNAs have been identified,
including D1, which is associated with the 1.672- and
1.688-g/cm3 AT-rich satellite repeats (Aulner et al. 2002).
Their importance has been inferred from the impact of
satellite-specific DNA-binding drugs. For example, the P9
polyamide binds the X-chromosome 1.688-g/cm3 satellite
III, displacing the associated D1 and HP1a; this causes
suppression of PEV in wm4h, indicating a mechanistic
link (Blattes et al. 2006). Other specific DNA binding pro-
teins of this type could well be responsible for hetero-
chromatin formation at satellite DNAs in the pericentric
heterochromatin.

The findings in yeast and plants (see Allshire and Ekwall
2014; Martienssen and Moazed 2014; Pikaard and Mittel-
sten Scheid 2014) suggest an additional model for dealing
with TEs and their remnants by heterochromatization—
one based on the RNAi system, able to recognize a diverse
set of elements. Work from many laboratories has shown
that the RNAi system is present in Drosophila and plays
several important roles via posttranscriptional gene si-
lencing. For example, there is a Dicer-1 dependent miRNA
system impacting developmental regulation by messenger

RNA degradation or translational inhibition, and a Dicer-2
dependent small interfering RNA (siRNA) system active in
viral defense (reviewed in Kavi et al. 2008; Huisinga and
Elgin 2009).

A Dicer-independent piRNA pathway exists, generating
small piRNAs (24–30 nt) based on the cleavage activity of
Piwi, Argonaute 3 (Ago3), and Aubergine (Aub), acting
either alone or in a “ping-pong” mechanism to achieve a
robust signal. rasiRNAs (repeat associated small interfering
RNAs) generated by this pathway have been identified from
40% of the known TEs (including 1360) and other repeated
sequences (Aravin et al. 2003). To test the idea of targeted
silencing, a P element carrying a 1360 copy immediately
adjacent to an hsp70-driven white reporter was inserted at
many different sites in the genome. The presence of a single
copy of this TE was insufficient to induce silencing at most
sites in the eukaryotic arms, but a variegating phenotype
was observed when the P element inserted into a repeat-
rich region at the base of chromosome arm 2L. Thus, for-
mation of stable heterochromatin appears to be dependent
on the nuclear location as well as a specific target; perhaps
the spatial requirements are tied to the need for an abun-
dant pool of heterochromatin proteins. The degree of si-
lencing was dependent on the presence of the 1360 copy.
This targeted silencing is dependent both on HP1a and
SU(VAR)3-9, and on components of the rasiRNA pathway
(Haynes et al. 2006). A larger screen identified many more
1360-sensitive sites, some in euchromatic domains lying
close to heterochromatic masses (base of chromosome 2L).
In this type of insertion site, 1360 can drive heterochroma-
tin formation (HP1a accumulation) at a normally euchro-
matic position. Use of a “landing pad” construct that allows
one to replace the 1360 element with an altered copy led to
the conclusion that the piRNA hotspots, but not the repe-
titious end sequences or putative TSSs, are critical for this
1360-dependent silencing (Sentmanat and Elgin, 2012).
This suggests a recognition event dependent on the piRNA
system.

rasiRNAs (including piRNAs) are abundant in the fe-
male germline, where they clearly play a role in silencing
TEs (Senti and Brennecke, 2010). Whether this role encom-
passes transcriptional silencing as well as posttranscrip-
tional silencing is the question of interest here. In a genetic
test, Pal-Bhadra et al. (2004) found that mutations in piwi
(a member of the PAZ domain family) and homeless (a
DEAD box helicase) suppress the PEVassociated with tan-
dem arrays of the white gene. Mutations in piwi, aubergine,
and homeless (aka spn-e) suppress silencing of the white
transgene P[hsp70-w] in pericentric heterochromatin or
the fourth chromosome. The amount of rasiRNAs pro-
duced for a wide range of retroelements is significantly
reduced in ovaries of flies carrying a mutation in spn-E,
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with concomitant depletion of HP1a at these TEs (Klenov
et al. 2007). In the fly female germline, among the argo-
naute family of proteins (that bind rasiRNA), only Piwi is
found to be a predominantly nuclear protein, and it has
been reported to interact with HP1a (Brower-Toland et al.
2007). Specific depletion of HP1a in the female germline
results in overexpression of some (but not all) TEs assayed,
indicating a role for heterochromatin in silencing these
elements (Fig. 9A). Germline depletion of Piwi also leads
to a loss of silencing for this group of TEs, with concomi-
tant loss of HP1a and H3K9me2 association. Piwi appears
to function downstream of Aub here, suggesting that it is
utilizing the products of the ping-pong rasiRNA system
(Wang and Elgin 2011). A mutation that removes the nu-
clear localization signal of Piwi similarly leads to TE over-
expression, with a shift in chromatin structure, demon-
strating that Piwi is required to be in the nucleus for
these functions (Klenov et al. 2011). These results support
a model in which piRNAs, generated in the female germline
and transported to the nucleus by Piwi, can promote HP1a
deposition at target TEs (Fig. 9B). However, although HeT-
A, Blood, Bari, and many other TEs are reported to be sig-
nificantly affected, other TEs are not, including Jockey and
Roo. It is apparent that there are multiple, redundant ways
to silence TEs; it is not yet clear what determines the sensi-
tivity of a given TE to a given mechanism.

Although a model using germline Piwi with associated
rasiRNAs to direct silencing by heterochromatin formation
at TEs is attractive, the evidence is as yet indirect. Any
mutation that disrupts TE silencing (whether at the tran-
scriptional or the posttranscriptional level) will result in TE
mobilization and trigger a DNA damage response, which
could lead to further destabilization of the genome (Khur-
ana et al. 2011). The above experiments have focused on the
germline, where the need for TE silencing is greatest, and
Piwi is most abundant; similar effects are not seen in adult

somatic cells (Klenov et al. 2007). However, the nurse cells
deposit both RNA and protein into the oocyte, and could
supply the needed materials for such Piwi-dependent tar-
geted heterochromatin formation at blastoderm. Alterna-
tively, an siRNA pathway has been suggested to operate in
somatic cells based on the observation that expression of
viral suppressor proteins results in suppression of PEV,
with associated changes in chromatin structure (Fagegaltier
et al. 2009).

8 PEV, HETEROCHROMATIN FORMATION, AND
GENE SILENCING IN DIFFERENT ORGANISMS

The phenomenon of position-effect variegation was ini-
tially detected in Drosophila, simply because this was one
of the first organisms for which X irradiation was used to
induce mutations. X irradiation is much more likely than
other commonly used mutagens to induce chromosomal
rearrangements that can result in PEV. Similar mutations
have been isolated from the mouse, in which variegating
coat color indicates PEV (see Blewitt and Whitelaw 2013).
For example, the insertion of an autosomal region carry-
ing a fur color gene onto the X chromosome results
in variable silencing of the allele (Russel and Bangham
1961; Cattanach 1961). Variegation, however, is only ob-
served in females carrying this insertion combined with
a homozygous mutation in the original coat color gene.
This is because the translocated wild-type allele becomes
inactivated as a consequence of X inactivation by hete-
rochromatinization (see Brockdorff and Turner 2014).
In plants the only unequivocal case of PEV that has been
described was reported in Oenothera blandina (Catche-
side 1939). In these cases, as is the case in Drosophila,
PEV silencing of euchromatic genes is connected with place-
ment of those genes into a new heterochromatic neigh-
borhood.
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Figure 9. The piRNA system may drive silencing of some TEs through heterochromatin formation. (A) Depletion of
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suggests that Piwi can promote transcriptional gene silencing, directly or indirectly, by targeting HP1a deposition at
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Transcriptional gene silencing has also been observed
for repeated sequences (repeat induced gene silencing), par-
ticularly in plants (Baulcombe and Dean 2014). Analysis of
the affected sequences has revealed the appearance of sim-
ilar epigenetic marks (histone modifications and DNA
methylation) as found in heterochromatin and in regions
silenced by PEV. For example, if DNA fragments containing
tandemly arranged luciferase genes are introduced into
Arabidopsis, one observes either complete silencing or var-
iegated luciferase expression. In the variegated line, the
Arabidopsis SU(VAR)3-9 homolog SUVH2 shows a dosage
dependent effect on silencing, suggesting that heterochro-
matin formation is responsible for the gene silencing ob-
served and that the underlying molecular mechanisms are
similar to those seen in other higher eukaryotic organisms
(Naumann et al. 2005).

A central feature of pericentric heterochromatic gene
silencing in Drosophila is the interaction of HP1a with
H3K9me2/me3 and SU(VAR)3-9, a histone H3K9 HKMT.
These three components of heterochromatin are highly
conserved and found in the majority of eukaryotic taxa.
HP1a is conserved from the fission yeast Schizosaccharomy-
ces pombe to man, and is consistently associated with peri-
centric heterochromatin. The human HP1a genes can even
be used to rescue the deficiency in Drosophila (Ma et al.
2001). However, a protein that binds to H3K9me2/me3,
like HP1a, has not been identified in plants as such, and a
clear homolog is lacking in some metazoans, such as Cae-
norhabditis elegans. SU(VAR)3-9 is even more widely repre-
sented, having been identified in fission yeast (clr4p), Neu-
rospora (DIM5), Arabidopsis and mammals (SUV39h). All
of these SU(VAR)3-9 homologs catalyze H3K9 methylation
and function in heterochromatin formation. Also, as is the
case for HP1a, a human SUV39H1 transgene can complete-
ly compensate for the loss of the endogenous Drosophila
protein in mutant lines (Schotta et al. 2002). In higher
plants (rice, Arabidopsis, and maize), there are in fact several
SU(VAR)3-9 homologous proteins (SUVH) (Baumbusch
et al. 2001). The high number of HKMTs may reflect the
plasticity of plant development, or the need to respond to
environmental factors (discussed further in Pikaard and
Mittelsten Scheid 2014).

Several other genes identified by Drosophila Su(var)
mutations encode proteins with conserved functions. For
instance, manyof the keyenzymes controlling histone mod-
ification are evolutionarily conserved, supporting the idea
of a histone code (Jenuwein and Allis 2001). However, ex-
amination of the heterochromatin-specific histone modifi-
cation marks observed in Drosophila, mammals, and plants
(Arabidopsis) also identifies some genus-specific features
(cf. Ebert et al. 2006), arguing that the histone code is not
completely universal, but rather exists in different dialects.

9 SUMMING UP: THERE IS MUCH THAT WE DO
NOT KNOW ABOUT HETEROCHROMATIN

Although PEV has provided us with an extraordinary op-
portunity to study heterochromatin formation and gene
silencing, the development of the phenotype itself remains
puzzling. Studies with an hsp70-driven lacZ reporter (that
can be scored at any point in development and in most
tissues) show that silencing begins in early embryogenesis,
and is most extensive at cellular blastoderm, after which
islands of inducible cells emerge (Lu et al. 1996). Events
that occur during embryogenesis can impact the adult phe-
notype (Hartmann-Goldstein 1967). This persistence is of
course implied by the concept of an epigenetic state: once
formed at a specific site, heterochromatin will be main-
tained at that site through many rounds of mitosis by rep-
lication of the chromatin assembly. However, this “mem-
ory” has not yet been directly tested in Drosophila.

Many questions remain. Why do we observe a variegat-
ing pattern of silencing? What tips the balance, leading to a
switch from the silent to the active state? When can that
happen? What sets the patterns that indicate clonal inher-
itance, but are not easily related to the developmental pro-
cess? Can faulty heterochromatin be restored? PEV is
generally analyzed as a problem of maintaining the reporter
gene “on” or “off,” but in many instances (particularly
when using P element based reporters) one observes red
facets on a yellow or pale orange background, suggesting
that gene expression has been reduced uniformly, but that
that down-regulation has been lost in some cells. Careful
analysis of such lines might lead to identification of chro-
matin states with an intermediate impact on gene expres-
sion. Although the data support a crude model for loss or
maintenance of silencing based on mass action, the final
model will be complex, involving numerous interacting
proteins (see, e.g., the proposal by Henikoff, 1996). One
is tempted to consider the nucleosome as a summation
device, collecting modifications and displaying the results
within a chromosomal domain in terms of both particular
protein binding patterns, and facility for remodeling. The
chromatin state might then reflect the results of competi-
tion for achieving different modifications. Such a model
could be useful in sorting out the effects noted above. It is
also compatible with observations demonstrating that the
frequency of silencing of a GAL4-dependent reporter is
sensitive to GAL4 levels (Ahmad and Henikoff 2001).

As might be anticipated for a system dependent on
approximately 150 modifier loci, PEV phenotypes fre-
quently differ in penetrance and expression of variegation
in different inbred laboratory strains. For example, several
genetically stable lines of In(1)wm4 have been identified that
differ significantly in expression of white variegation. In
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some cases the difference is linked to the heterochromatic
breakpoint, suggesting that spontaneous alterations at the
inactivating heterochromatic sequences are involved (Reu-
ter et al. 1985). Variations in copy number of repeated
sequences among strains could also have a significant effect
on the degree of variegation caused by the titration of a
fixed amount of key proteins required for heterochromatic
packaging. Such changes may be more frequent in lines
carrying Su(var) mutations, where heterochromatin struc-
ture is less stable (Peng and Karpen 2009).

It is standard technique to use inbred Drosophila lines
with strong variegation when screening for or assessing
putative Su(var) loci. However, fly genetics is not per-
formed with homozygous lines and genetic background
must always be carefully controlled. Different laboratories
will make different choices of which reporter loci etc. to
test, resulting in the presence of different chromosomes. It
seems likely that the resulting differences in genetic back-
ground are the basic cause of some recent controversies in
the field. The observed redundancies in the silencing system
coupled with the absence of a recent transposon challenge
in laboratory stocks appear to have allowed more variation
in silencing system components than we might anticipate.
This provides us with a very rich set of starting materials for
investigating differences in penetrance and expressivity, a
critical issue in understanding the health impact of such
mutations in humans. We note that many basic features of
the heterochromatin silencing system, first shown in Dro-
sophila, have proven to be generally applicable.

The RNAi system provides a plausible mechanism for
targeting heterochromatin formation to silence TEs in the
germline, presumably by targeting a complex including
HP1a, an H3K9 HKMT, or both. RNAi systems have repeat-
edly been found to play a role in genome surveillance and
modification (see Chalkeret al. 2013). However, many ques-
tions remain for Drosophila. What is the source of the
dsRNA? Must it be produced in cis (as implied by the results
in S. pombe), or can it operate in trans (as suggested by
results in plants) (i.e., can the production of dsRNA from
one 1360 site result in targeting of all 1360 sites)? Must the
target site be transcribed? Are all repetitious elements po-
tential targets? The latter seems unlikely from the fourth
chromosome analysis described above. If a subset of repe-
titious elements plays a key role, what determines that
choice? The results obtained on the fourth chromosome
indicate that the density and distribution of critical repeti-
tious elements will impact expression of the genes in the
vicinity. Thus, sequencing of an entire genome, not just the
protein coding regions, is likely to be necessary when study-
ing a novel organism.

How is spreading of heterochromatin accomplished,
and what are the normal barriers to spreading? Note that

there is no evidence for transitive RNAi, originally discov-
ered in plants, in Drosophila (i.e., the spread of silencing to
target genes that lie upstream of an introduced sequence
that generates dsRNA [Celotto and Gravely 2002]). This is
congruent with the lack of evidence for any RNA-depen-
dent RNA polymerase in this system. An assembly system
based on the interactions of HP1a, H3K9me2/3, and an
HKMT might well account for the spread of heterochro-
matin for approximately 10 kb, as observed on the fourth
chromosome; this type of spreading could be limited by a
site of histone acetylation. But what about the spreading
that occurs in rearrangements, which has been found to
extend for hundreds of kb, as shown in Figure 5C? This
form of spreading is not contiguous, but again appears to
depend critically on chromatin proteins, notably JIL-1, in a
role that does not depend on its kinase activity.

These and other questions remain unanswered. There
is much to do to understand the heterochromatin system in
Drosophila.
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