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The Drosophila eve Insulator Homie Promotes eve
Expression and Protects the Adjacent Gene from
Repression by Polycomb Spreading

Miki Fujioka, Guizhi Sun, James B. Jaynes*

Department of Biochemistry and Molecular Biology and the Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, Pennsylvania, United States of America

Abstract

Insulators can block the action of enhancers on promoters and the spreading of repressive chromatin, as well as facilitating
specific enhancer-promoter interactions. However, recent studies have called into question whether the activities ascribed
to insulators in model transgene assays actually reflect their functions in the genome. The Drosophila even skipped (eve)
gene is a Polycomb (Pc) domain with a Pc-group response element (PRE) at one end, flanked by an insulator, an
arrangement also seen in other genes. Here, we show that this insulator has three major functions. It blocks the spreading of
the eve Pc domain, preventing repression of the adjacent gene, TER94. It prevents activation of TER94 by eve regulatory DNA.
It also facilitates normal eve expression. When Homie is deleted in the context of a large transgene that mimics both eve and
TER94 regulation, TER94 is repressed. This repression depends on the eve PRE. Ubiquitous TER94 expression is “replaced” by
expression in an eve pattern when Homie is deleted, and this effect is reversed when the PRE is also removed. Repression of
TER94 is attributable to spreading of the eve Pc domain into the TER94 locus, accompanied by an increase in histone H3
trimethylation at lysine 27. Other PREs can functionally replace the eve PRE, and other insulators can block PRE-dependent
repression in this context. The full activity of the eve promoter is also dependent on Homie, and other insulators can
promote normal eve enhancer-promoter communication. Our data suggest that this is not due to preventing promoter
competition, but is likely the result of the insulator organizing a chromosomal conformation favorable to normal enhancer-
promoter interactions. Thus, insulator activities in a native context include enhancer blocking and enhancer-promoter
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facilitation, as well as preventing the spread of repressive chromatin.
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Introduction

A variety of regulatory elements have evolved in higher
cukaryotes to regulate gene expression. Cis-regulatory modules
(CRMs, or enhancers) are bound by DNA-binding transcription
factors that coordinately recruit coactivators and corepressors.
Enhancers communicate with basal promoters at least in part
through a looping out of intervening DNA, allowing them to act
over large distances along a chromosome, or even in frans, with a
promoter on another chromosome [1-4]. Enhancer activities are
regulated by the chromatin environment, which is “managed” by
both the enhancers themselves and other DNA elements such as
Polycomb-group response elements (PREs) [5-8]. Further coordi-
nation of these activities is provided by elements such as insulators
that affect chromosomal organization and conformation. Insula-
tors harbor activities that can limit the range of action of
enhancers and repressive chromatin, as well as facilitate long-
range enhancer-promoter communication, depending on context
[9-12].

Insulators typically show “barrier” function that prevents the
spread of heterochromatin, as well as enhancer blocking activity,
in model transgene assays [9-12]. Pairs of insulators can interact
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with each other to generate chromosomal loops between them.
This has been postulated to create distinct functional domains that
somehow prevent enhancer-promoter cross-talk between domains.

Repressive chromatin structures include heterochromatin and
Polycomb (Pc) chromatin, which constitutes a form of epigenetic
transcriptional memory, stabilizing developmental fate choices,
among other functions. Pc chromatin is maintained through the
recruitment of Pc-group (PcG) gene products to PREs [5-8]. PREs
can extend their influence outward to produce Polycomb domains
that encompass multiple regulatory regions within a gene or a gene
complex [13-17]. PREs can also synergize with each other in trans
[18], and in some cases facilitate long-range enhancer-promoter
communication [19]. Both Pc domains and mammalian X-
inactivation involve the histone modification H3K27me3, cata-
lyzed by Pc-repressive complex 2 (PRC2) [20-22].

The functions of PREs and insulators have been studied within
Drosophila Hox genes [23-25]. There, functional chromatin
domains are flanked by insulators, so that all the enhancers and
PREs within a domain are coordinately regulated. Enhancers
acting early in development (“initiators”) are spatially regulated to
determine whether a domain will be active or not throughout the
rest of development. They do this by inactivating PREs, so that
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Author Summary

Insulators are specialized DNA elements that can separate
the genome into functional units. Most of the current
thinking about these elements comes from studies done
with model transgenes. Studies of insulators within the
specialized Hox gene complexes have suggested that
model transgenes can reflect the normal functions of these
elements in their native context. However, recent genome-
wide studies have called this into question. This work
analyzes the native function of an insulator that resides
between the Drosophila genes eve and TER94, which are
expressed in very different patterns. Also, the eve gene is a
Polycomb (Pc) domain, a specialized type of chromatin
that is found in many places throughout the genome. We
show that this insulator has three major functions. It blocks
the spreading of the eve Pc domain, preventing repression
of TER94. It prevents activation of TER94 by eve regulatory
DNA. It also facilitates normal eve expression. Each of these
activities are consistent with those seen with model
transgenes, and other known insulators can provide these
functions in this context. This work provides a novel and
convincing example of the normal role of insulators in
regulating the eukaryotic genome, as well as providing
insights into their mechanisms of action.

where initiators are active, later-acting enhancers can also be
active. The main effect of deleting insulators in this context is to
extend the influence of initiators to inactivate PREs in the adjacent
domain, which allows its later-acting enhancers to be inappropri-
ately active. However, phenotypic details suggest that in some
cells, repressive chromatin may spread instead [26].

Genome-wide chromatin immunoprecipitation (ChIP) analysis
of the locations of insulator binding proteins show a wide range of
binding patterns [27-40]. In Drosophila, insulator proteins include
dCTCF (CCCTC-binding factor), Mod(mdg4)67.2, Su(Hw) (Sup-
pressor of hairy wing), CP190 (centrosomal protein 190), BEAF32
(boundary element-associated factor 32), and Zw) (Zeste-white-5).
Recent genome-wide studies also implicate the mitotic spindle
protein Chromator [41] and the nuclear lamina [30,37] in
insulator function. In mammals, CTCF is associated with most
known insulators [10,12,42—44]. CTCF functions in the regulation
of f-globin [45,46] and the imprinted [gf2 and H19 loci [47-49].
Based on recent genome-wide studies, it has been suggested that
insulator proteins bind at many sites that do not function as
predicted by model transgene assays [34,36,38]. Transgenic
dissection in a native context can help to determine their normal
functions.

The even skipped (eve) locus is a well-defined Pc domain based on
genome-wide analysis [13-17], and is regulated by PcG genes [50—
54]. An insulator flanks its well-characterized regulatory region,
which includes the ewe PRE at its 3" end [51,55]. Thus, this
insulator is in a position to separate both positive and negative eve
regulatory elements from the constitutively expressed neighboring
gene TER94, and/or to prevent ectopic activation of eve by TER94
enhancers. This insulator was shown to have 3 distinct activities in
model transgene assays. In addition to enhancer blocking, it causes
homing of P-element transgenes to the endogenous eve neighbor-
hood, for which it was nicknamed Homie (Homing insulator at
eve). Furthermore, from within a several megabase region flanking
endogenous eve, it causes long-range interactions of transgenic
promoters with endogenous eve enhancers [55]. Genome-wide
analysis showed that most known insulator proteins bind to the
Homie region [27,33].

PLOS Genetics | www.plosgenetics.org

PRE Blocking by Insulators

Homie shares properties with other insulators based on model
transgene assays and, like many other putative insulators, is
situated close to both a transcription start site (I'SS) and a PRE.
Thus, understanding Homie’s function in its native context can
illuminate many of the mysteries that surround this enigmatic
group of regulatory elements. In order to investigate its native
function, we constructed a transgenic eve-7ER94 locus that mimics
the normal regulation of both genes. Using this artificial locus, we
show that Homie functions as a PRE blocker to protect 7ER94
from repression due to spreading of the e Pc domain.
Heterologous insulators and PREs can substitute for Homie and
the eve PRE, suggesting that limiting the range of PRE action is an
important function of insulators generally. Homie also prevents
the eve enhancers from activating 7ER94 in specific tissues.
Furthermore, Homie facilitates normal eve expression by aug-
menting communication between the eve promoter and its 3’
enhancers, likely through a chromosomal looping mechanism.

Results

Insulators are generally considered to have two major functions.
First, they can shield promoters from the effects of distal
enhancers. Second, they can block the spread of repressive
chromatin. Here, we investigate the roles that these activities play
in the normal functions of an insulator (Homie) located between
the ubiquitously expressed TER94 gene and the highly patterned
eve gene. We find that blocking the spread of repressive Polycomb
chromatin by Homie is critical for normal 7ER94 promoter
expression. In addition to exhibiting the canonical insulator
activities in a near-native context, we find that Homie facilitates
certain aspects of normal eve expression, and we present a model
for how this occurs.

Homie Shields the TER94 Promoter from eve PRE Activity

In order to analyze the function of the eve 3" insulator Homie,
we employed a pseudo-locus that contains all the regulatory DNA
necessary for normal expression of both eve [56-59] and the 3’
adjacent gene 7ER94 [60—62]. This transgene extends from —6.4
to +11.3 kb relative to the eve TSS, from the 5'-most enhancer of
eve to the 3™ exon of TERY4. In addition to all of the eve enhancers,
this region contains a characterized PRE [51] located just
upstream (on the eve side) of Homie [55]. On the other side of
Homie is the 7ER94 promoter and TSS, which are sufficient for
ubiquitous expression, augmented by enhancers in the 7ER94
introns (data not shown). The eve coding region was replaced with
lacZ coding DNA, and the 3™ exon of TER94 was fused with the
EGFP coding region (Figure 1A). In this study, we make repeated
use of a version of recombinase-mediated cassette exchange
(RMCE) [63] that allows modified transgenes to be inserted in
either orientation at pre-defined chromosomal landing sites. All
aspects of transgene expression were consistent for both orienta-
tions and at multiple landing sites, with a few minor exceptions (as
noted below).

In embryos, TER94 RNA is present ubiquitously at early
blastoderm, and begins to fade around stage 10. Most of this RNA
is maternally derived, but there is a ubiquitous zygotic contribu-
tion as well (see below). At stage 10 and later, strong expression is
also observed throughout the brain and central nervous system
(CNS) [55]. TER94-GFP expression from our transgene simulates
endogenous 7ER94 expression (Figure 1B, “intact t’gene”).
Although the level of expression varies somewhat with chromo-
somal location, the relative behavior of modified transgenes was
consistent at each chromosomal location (compare Figure 1B and
Figure S1).
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Figure 1. Homie shields the TER94 promoter from eve PRE activity. A: map of the eve-TER94 transgene. The 34 exon of the TER94 protein
coding region is fused to that of GFP, while the eve coding region is replaced by that of lacZ. Otherwise, the transgene consists of the entire genomic
region from —6.4 kb to +11.3 kb relative to the eve TSS, and includes all of the eve enhancers, plus TER94 enhancers located within its first two
introns. The locations of the major eve PRE (“eve PRE"), 3’ insulator (“Homie"), early embryonic stripe enhancers (numbered), and late embryonic
enhancers (labeled) are shown as colored boxes. B: embryonic expression, at the indicated stages, of GFP RNA, driven by the TER94 promoter, from
the transgene shown in A (top row “intact t'gene”), or the same transgene modified by deletion of either the insulator alone (2" row “AHomie"), the
PRE alone (bottom row “APRE”), or both (3™ row “AHomie APRE"), each inserted at attP landing site 95E5, visualized by whole-mount in situ
hybridization. Note that the normal, ubiquitous expression (mimicking TER94) is changed to resemble the eve pattern (shown for comparison at the
bottom) by deletion of Homie, while further deletion of the PRE restores TER94-like expression. Deletion of the PRE alone does not noticeably affect

the embryonic pattern.
doi:10.1371/journal.pgen.1003883.g001

Deletion of Homie caused a severe loss of early, ubiquitous
expression driven by the TER94 promoter (Figure 1B “AHomie”,
Figure S1). When the eve PRE was deleted in addition to Homie,
the ubiquitous expression in embryos returned (Figure 1B
“AHomie APRE”, Figure S1). Deletion of the eve PRE alone did
not affect the expression pattern (Figure 1B “APRE”). These
results show that the loss of ubiquitous expression from the 7ER94
promoter caused by deletion of Homie depends on the presence of
the PRE. So, one function of Homie is to protect 7ER94 from
PRE-dependent repression.

We also note that when Homie is removed, expression in an eve-
like pattern is seen (Figure 1B “AHomie”, Figure S1A). This
indicates that without Homie, eve enhancers can access the TER94
promoter. We investigate this effect further below.

Homie Blocks eve PRE Activity in Ovaries

Early, ubiquitous expression of T7ER94 comes from maternally
deposited RNA, based on its early appearance and the fact that
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TER94 is expressed strongly in developing oocytes [60-62]. This was
confirmed by staining for transgene expression in the absence of a
maternal contribution, which is much weaker at early stages than the
maternally derived signal (Figure S2 “intact t'gene”; compare to
Figure 1B, Figure S1). Since TER94-GFP RNA is deposited
maternally, we examined expression in ovaries. 7ER94 mRNA is
present in both the germline, including nurse cells, and somatic
epithelial follicle cells [60-62]. No eze expression in ovaries has been
reported. In our transgenic lines, strong TER94-GFP expression was
seen at all stages of oogenesis (Figure 2 “intact t'gene”, Figure S4) in
both germline and somatic epithelial cells (Figure S3 “intact t'gene”).
However, the level depended to some extent on chromosomal
location (compare Figure 2 and Figure S4). In each case, expression
was severely repressed when Homie was deleted (Figure 2 “AHo-
mie”, Figure S4). As was seen in embryos, it was restored when the
PRE was also deleted (Figure 2 “AHomie APRE”, Figure S4). These
data confirm that in ovaries, Homie is required for 7ER94 promoter
activity, due to its blocking of PRE-dependent repression.

3 October 2013 | Volume 9 | Issue 10 | e1003883
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Figure 2. Homie blocks PRE action in ovaries. Fluorescence and
GFP RNA levels in ovarioles from fly lines carrying the indicated
transgenic reporters (described in Figure 1), or no transgene (“no
t'gene”). Note the strong fluorescence from TER94 promoter-driven GFP
with the intact transgene (“intact t'gene”) at all stages of oogenesis
(which proceeds from left to right within each string of ovarioles), and
that this is lost when Homie is deleted (“AHomie"). Remarkably, strong
GFP expression is restored when both Homie and the PRE are deleted
(“AHomie APRE”), indicating that in the absence of Homie, the PRE is
responsible for repression of TER94-GFP. Strong expression is also seen
when only the PRE is removed (“APRE”). The graph at the bottom
shows, on a log scale, the results of quantitation in triplicate (averages
with standard deviations) of GFP RNA from ovaries of lines carrying the
indicated transgenes (see Materials and Methods). Note that GFP RNA
levels decrease more than 50-fold when Homie is deleted, and are
restored by additional deletion of the PRE.
doi:10.1371/journal.pgen.1003883.9002

The eve PRE Is Redundant in Embryos

Since most of the ubiquitous TER94-GFP RNA seen in early
embryos is maternally derived, we tested whether zygotic
expression from a paternally-derived transgene is affected by
Homie deletion. In this assay, non-transgene-carrying (yw) female
flies are crossed with transgene-carrying males, so that there is no
maternal GFP RNA in the progeny. Two chromosomal locations
were analyzed. In both cases, GFP expression was reduced when
Homie was deleted (Figure S2).

Because of the relatively low level of expression, we quantified
GFP RNA using RT-PCR. Embryos from three timed collections
were analyzed: 2-3 hr. (stages 5-6) and 4-6 hr. (stages 9-11) after
egg deposition, and stages 13-15. The effect of Homie deletion
paralleled those described above for both ovaries and embryos, in
that expression was repressed. However, unlike in ovaries, when
both Homie and the PRE were deleted, 7ER94-GFP expression
remained repressed at all stages examined (Figure S2 and data not
shown). This is consistent with the idea, confirmed below, that
another PRE in the eve locus substitutes in embryos (but not in
ovaries) for the ewe 3' PRE. In fact, the eve promoter-proximal
region has PRE-like properties [51] (see Discussion).

Other Drosophila Insulators Block eve PRE Action

Are the functions of Homie seen in our assays unique, or are
they shared among insulators? In order to test this, we replaced
Homie with other known insulators. As a negative control, a
>500 bp stretch of A phage DNA was tested. It had no effect on
repression of the TER94 promoter by the eve PRE (Figure 3A
“AHomice”). In contrast, other characterized Drosophila insulators
can substitute for Homie to block repression. gypsy (Figure 3A, B),
Fab-7, ses’ (Figure 3A), and Fab-8 (Figure 3B) each prevented
TER94 promoter repression. Although in one orientation, ses did
not work (Figure 3A, “+ ses”), it did work in the opposite
orientation (Figure 3A, “+ ses(inv)”). Fab-8 and gypsy showed a
minor directionality in their effectiveness (not shown). Restoration
of GI'P expression is somewhat weaker for ses” and ses(inv) than for
gpsy and Fab-7, indicating that they only partially block eve PRE
action. Despite differences in efficiency, blocking of PRE action in
this context is a shared property of insulators.

Heterologous PREs Repress TER94 in the Absence of an
Insulator, and Homie Blocks this Repression

In order to test whether the repression of TEER94 by the eve PRE
is due to some unusual property associated with this PRE, we
replaced it with other known PREs. We tested both the bxd PRE
and an en PRE for the ability to substitute for the eve PRE in
ovaries, in the context of a Homie-deleted transgene. In both
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PRE Blocking by Insulators

Figure 3. Other Drosophila insulators block eve PRE action, and other PREs are blocked by Homie. A: fluorescence from transgenic
TER94-GFP in the context of the transgene diagrammed in Figure 1A at the 95E5 landing site, with Homie replaced by either A phage DNA (“AHomie")
or the indicated insulator. Diagrams below each panel show the arrangement of regulatory elements affecting GFP expression: yellow-filled boxes are
PREs, either from eve (unlabeled), en, or the bxd region of Ubx, as indicated; red-filled boxes are insulators, either Homie (unlabeled), or as labeled.
Note that each of these insulators restore TER94 promoter activity, although scs does so when inserted in one orientation (“scs(inv)”) but not the
other (“scs”) relative to the TER94-GFP promoter. Note also that restoration of GFP expression is somewhat weaker for scs” and scs (even in the
“inverted” orientation) than for gypsy and Fab-7, indicating that they only partially block eve PRE action. B: same as in A, except that the transgenes
were inserted in opposite orientation at the same landing site relative to that in A, with either the gypsy insulator or the Fab-8 insulator. Note that eve
PRE action is blocked in both cases, causing strong fluorescence. C: fluorescence from transgenic TER94-GFP in the context of the transgene
diagrammed in Figure 1A, with Homie deleted, and with either the eve PRE deleted (“AHomie APRE"), or replaced by the bxd PRE (“+ bxd PRE") or the
en PRE (“+ en PRE"). Note that each of these PREs repress TER94-GFP to a similar degree as does the eve PRE in the absence of an insulator (compare to
“AHomie"” panels in A and B, where the eve PRE is present). D: fluorescence from transgenic TER94-GFP in the context of the transgene diagrammed
in Figure 1A, with the eve PRE either removed (“APRE"), or replaced by either the bxd PRE (“+ bxd PRE") or the en PRE (“+ en PRE"). Note that neither of
these PREs is able to repress TER94-GFP when Homie is present, showing that Homie blocks the repressive action of these heterologous PREs.

doi:10.1371/journal.pgen.1003883.9003

cases, repression was seen at a comparable level to that seen with
the ewe PRE (Figure 3C, compare to Figure 3A,B “AHomie”),
indicating that 7ER94 repression is due to a property shared by
PREs.

We also tested whether Homie can prevent repression by
heterologous PREs. To so this, we replaced the eve PRE with either
the bxd PRE or the en PRE. In both cases, Homie blocked their
action on the 7ER94 promoter, and the resulting GFP expression
was like that of the wild-type transgene (Iigure 3D). This shows
that Homie can block repression by a variety of PREs. Taken
together, these results suggest that insulators block PRE-dependent
repression generally. Thus, the commonly occurring arrangement
of PREs flanked on one side by insulators [31] is likely to function
to provide a sharp transition in chromatin structure.

Homie Prevents Spreading of the eve Polycomb Domain

The eve locus is a Pc domain, associated with both Polycomb
and the characteristic histone modification H3K27me3 [13-17].
We asked whether the repression of TER94-GFP in the AHomie
transgene is accompanied by spreading of this Pc domain over the
TER94-GFP promoter. Indeed, in ovaries, we found that
H3K27me3 was increased in the TER94-GFP region when Homie
was deleted (Figure 4A,B). Additionally removing the PRE
reversed this effect almost completely (Figure 4A,B), indicating
that spreading of H3K27me3 depends on the eve PRE. Thus, when
TER94-GFP is repressed, H3K27me3 is increased, and when this
repression is reversed, H3K27me3 levels return to normal. This
suggests that Pc domain spreading is likely to be responsible for the
repression.

In embryos, as in ovaries, H3K27me3 spreads into the TER94-
GFP region when Homie is deleted (Figure 4C,D). However, in
contrast to ovaries, additionally removing the PRE does not
reverse the effect (Figure 4C,D), suggesting that there is
redundancy between this PRE and other PREs in embryos. This
redundant activity may be provided by the eve upstream promoter
region [51], or by uncharacterized PREs within the eve locus.
Again, recalling that the ewe PRE is redundant in embryos for
repression of TER94-GEP in the absence of Homie (Figure S2),
there is a striking correlation between spreading of the Pc domain
and repression of the TER94 promoter.

Homie Shields the TER94 Promoter from eve Enhancers
Intriguingly, when Homie is deleted, the loss of ubiquitous
TER94-GFP expression is accompanied by weak expression in an
eve pattern (Figure 1B “AHomie”, Figure S1A). With the intact
transgene, early stripe expression of TER94-GFP driven by eve
enhancers might be obscured by early ubiquitous expression, so we
cannot rule out that eve enhancers are working on the 7ER94
promoter at early stages. In fact, eve-like stripe expression from the
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transgenic 7ER94 promoter is seen at one chromosomal landing
site. when the intact transgene is heterozygous and paternally
derived, so that there is no maternal contribution (Figure S2B
“intact t'gene”). However, eve-like mesodermal, CNS, and anal
plate ring (APR) expression seems clearly to be caused by deletion
of Homie (Figure 1B “AHomie”, stages 11 and 15; Figure SIA
“AHomice”, stage 13), because with the intact transgene, ubiqui-
tous expression in these tissues is low, yet no such eve-like
expression 1s seen. Furthermore, these later-stage aspects of eve
expression are not seen with a paternally derived, intact transgene
(Figure S2). Therefore, the data suggest that one of Homie’s
functions is to prevent interaction between the 7ER94 promoter
and eve enhancers. Accompanying the recovered ubiquitous
expression when the PRE is also deleted, expression in an eve
pattern is lost (Figure 1B “AHomie APRE”, stages 11 and 15;
Figure STA “AHomie APRE”, stage 13). This loss of mesodermal,
CNS, and APR expression of TER94-GFP caused by additional
deletion of the PRE indicates that the PRE not only represses
ubiquitous 7ER94 promoter activity, but also facilitates commu-
nication between the eve enhancers and the 7ER94 promoter in
the absence of Homie (see Discussion).

Homie Facilitates eve 3’ Enhancer Action on the eve

Promoter

We then tested whether Homie affects eve promoter activity. To
do this, we monitored transgenic lac{ expression, which is driven
by the eve promoter (Figure 5, Figure S5A,B). When Homie is
removed, there is a reduction in expression driven by enhancers
located 3" of the eve coding region. Interestingly, these are the eve
enhancers located between Homie and the eve T'SS. Comparing
“AHomie” with the intact transgene at stage 5 (Figure 5 left
column), we see that stripes 1, 4, 5, and 6 are weakened relative to
stripes 2, 3, and 7. A similar reduction of expression is seen at later
stages, where mesodermal, CNS, and APR expression are
weakened by deletion of Homie (Figure 5 middle and right
columns). This effect is seen at all transgene landing sites tested
(Figure 5A, Figure S5A,B), although it varies in strength with the
direction of transgene insertion (data not shown). Despite these
differences, we consistently see significant disruptions of normal eve
expression when Homie is removed.

It seemed possible that the effects of removing Homie on eve
promoter activity were caused by the relief of enhancer blocking,
which then might allow eve enhancers access to the 7ER94
promoter. The resulting promoter competition might reduce eve
expression. Alternatively, removing Homie might cause the loss of
a chromosome conformation that favors eve enhancer-promoter
interactions. This possibility is suggested by the ability of Homie to
promote the activation by endogenous eve enhancers of a
transgenic eve promoter located up to several megabases away
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Figure 4. Homie blocks spreading of the eve Pc/H3K27me3 domain into the adjacent gene, TER94. ChIP assays were used to quantify the
association of H3K27me3 with the endogenous eve and TER94 coding regions, and with the transgenic eve-lacZ and TER94-GFP coding regions. A, B:
ovaries were dissected and subjected to ChIP analysis, as described in Materials and Methods. In A is graphed the averages and standard deviations
from triplicate PCR assays using primer pairs specific to each of the 4 coding region indicated along the bottom, and for the transgenic lines indicated
(“intact t'gene” carries the entire transgene diagrammed in Figure 1A; “AHomie” is the same transgene with Homie deleted; “AHomie APRE" has
both Homie and the PRE deleted). Either H3K27me3-specific antibodies or non-specific IgG were used to precipitate cross-linked chromatin, as
indicated in the inset key. In B is graphed the same data (“trial 2" in the inset key), and two other trials (“trial 1” and “trial 3”) using independent
chromatin preparations (see Materials and Methods), normalized to the H3K27me3-specific signal from the eve coding region for each transgenic line.
C, D: embryos (2-20 hr. after egg deposition) were collected and subjected to ChIP analysis, as in A and B above. Note that the specific signals from
the transgenic eve-lacZ coding region do not change significantly when Homie is deleted, while the transgenic TER94-GFP coding region shows an
increase in H3K27 trimethylation when Homie is deleted, correlating with its repression.

doi:10.1371/journal.pgen.1003883.9g004

[55]. To distinguish between these possibilities, we performed two
sets of experiments. First, we tested whether expression from the
TERY94 promoter occurs in a pattern that matches the loss of
expression from the eve promoter when Homie is deleted. We
found that this is not the case. Rather, TER94 expression in an eve
striped pattern does not show a difference among the stripes
(Figure 1B AHomie, compare to Figure 5). Second, we directly
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tested the promoter competition hypothesis by deleting the 7ER94
promoter in addition to Homie. Removing the potentially
competing promoter did not restore normal eve expression
(Figure 5B). While we cannot rule out competition with
endogenous promoters, promoter competition seems unlikely to
be the primary cause of the eve pattern disruptions that result from
removal of Homie. The facilitation of eve promoter activity by

October 2013 | Volume 9 | Issue 10 | e1003883



mmm stripe enhancers, active in 2 — 5 hr embryos
mmm enhancers active in 6 hr or older embryos

PRE Blocking by Insulators

.
, PREHomie

late 3+7 2 eve 446
i - | T — TER94
kb (lacZ)  neuronal, ’ 5 ! — (GFP)

anal plate mesodermal neuronal

A eve-lacZ RNA

intact J »
t'gene . e 8
AHomie
AHomie
APRE

APRE

intact

t’gene

AHomie

AHomie
ATER94

Figure 5. Homie facilitates eve 3' enhancer action on the eve promoter through a mechanism that does not involve the TER94
promoter. Expression of lacZ RNA driven by the eve promoter from the transgene diagrammed at the top (described in Figure 1A) and its derivatives
was monitored by in situ hybridization. A: Representative embryos are shown at either stage 5 (left column) or stage 13 (middle and right columns,
which show two different orientations and focal planes at higher magnification). Note that when Homie is deleted (“AHomie"), stripes 1, 4, 5, and 6
are weakened relative to stripes 2, 3, and 7 (left column), while all aspects of expression at later stages, in the mesoderm, CNS, and APR, are also
weakened (middle and right columns). These weakened expression elements are all driven by enhancers located between the eve and TER94
promoters. These effects are also seen when both Homie and the PRE are deleted (“AHomie APRE"), but not when the PRE alone is deleted (“APRE").
B: Representative embryos are shown at 3 embryonic stages (stages 5, 11, and 13, in the left, middle, and right columns, respectively). In AHomie
ATER94, the entire TER94-GFP gene including the TER94 promoter was removed. Note that the weakened activity of 3" enhancers seen for AHomie is

also seen for AHomie ATER94, indicating that competition with the TER94 promoter is not causing the reduced eve promoter activity.

doi:10.1371/journal.pgen.1003883.g005

Homie may therefore be due to its ability to organize specific
chromosomal loops, possibly with the eve promoter (see Discus-
sion).

Interestingly, heterologous insulators are able to restore normal
eve enhancer-promoter interactions to different degrees (Figure
S5C and data not shown), roughly in parallel to their abilities to
restore PRE blocking (Figure 3A,B). For example, gypsy restores
normal eve promoter activity, while ses does not (Figure S5C). The
abilities of heterologous insulators to perform this function may be
due to interactions between them and a region of the eve locus that
normally interacts with Homie.

PLOS Genetics | www.plosgenetics.org

Discussion

A Transgenic eve-TER94 Locus to Assess PRE and Insulator
Activity

The eve 3" insulator, Homie, was shown previously to have three
activities: P-element transgene homing, enhancer blocking, and
facilitation of long-range enhancer-promoter communication
between endogenous eve enhancers and a transgenic promoter
[55]. We sought to address how these activities relate to Homie’s
normal function. Both eve and TER94 are essential genes, and eve is
highly dose-dependent, making it problematic to manipulate the
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endogenous locus. Therefore, we constructed a transgene that
contains these genes in their normal configuration. Both the eve
and TER94 coding regions were replaced with reporter genes to
monitor promoter activity. This transgene simulates the expression
pattern of both genes, when inserted at several different
chromosomal sites. We used this system to manipulate both
Homie and the nearby PRE, to assess their normal functions.

Homie Protects the TER94 Promoter from Spreading of
PRE-dependent Repressive Chromatin

A major finding of this study is that Homie is required to
prevent PRE-dependent repression of the 7TER94 promoter.
Removal of Homie causes a near-complete loss of the normally
ubiquitous TER94 promoter activity. Although Homie is close to
the TER94 promoter, its removal does not affect the promoter
directly. Rather, removing Homie allows eze enhancers to drive the
TERY94 promoter in an eve pattern (Figure 1). Furthermore,
additional removal of the nearby PRE restores ubiquitous
expression. This restoration is complete in some instances (e.g.,
Figures 1, 2), although it is incomplete in others (e.g., with a
paternally-derived transgene in embryos, Figure S2). A simple
explanation for the lack of complete restoration in some
circumstances is that PRE activity varies in different tissues, and
the eve 3" PRE is partially redundant with other PREs at some
times in development.

Ubiquitous expression of 7ER94 in early embryos, as well as
some of the later ubiquitous CNS expression, is due to maternally
loaded RNA. Consistent with this, expression in ovaries is robust,
and, like early embryonic expression, is strongly repressed without
Homie (Figures 2, S4). Accompanying repression in both ovaries
and embryos, trimethylation of H3K27 at TER94-GFP is strongly
increased when Homie is removed (Figure 4). Thus, without
Homie, the ee Pc domain spreads into the adjacent gene,
apparently shutting down expression.

Homie is bound & wviwo by most known insulator binding
proteins, including Su(Hw), CP190, Mod(mdg4)67.2, BEAF32,
CTCF, and GAF [27,33]. In a previous study, depletion of C'TCF
by RNAI in a cultured cell line caused a reduction in H3K27me3
levels throughout the eve locus [36]. The authors suggested that
depleting C'TCF altered the activity of insulators flanking eve,
which led to a decrease in H3K27me3. In contrast, we found that
deletion of Homie did not cause a significant reduction in
H3K27me3 levels in the eve-lacg region of our pseudo-locus, either
in embryos or in ovaries (Figure 4). There could be several possible
reasons for this discrepancy, including the cell types assayed, and
indirect effects of depleting CTCE.

Tissue Specificity and Redundancy of PRE Activity

With removal of Homie, the spreading of H3K27me3 in ovaries
is reversed by deletion of the PRE (Figure 4A,B). However, in
embryos, this spreading is only partially reversed (Figure 4C,D). A
simple explanation for this is that additional PRE activity within
the eve locus comes into play in embryos. Consistent with this, the
eve promoter-proximal region has PRE-like properties. It causes
pairing-sensitive silencing of mini-white in transgenes that carry it
[51], a property associated with most known PREs. Furthermore,
it has consensus binding sites for several PRE-associated DNA
binding proteins [8,51], and it shares with the exe 3" PRE the
ability to support positive epigenetic maintenance of enhancer
activity from embryos to larvae within eve-positive neurons [51].

Perhaps the clearest evidence for redundant PRE activity within
the eve locus is that the level of H3K27me3 at the eve-lacg coding
region is not significantly reduced when the 3" PRE is deleted.
This is true in both embryos and ovaries. In contrast, spreading of

PLOS Genetics | www.plosgenetics.org

PRE Blocking by Insulators

the Pc domain into 7ER94 in ovaries requires the 3’ PRE
(Figure 4). Our data are consistent with the idea that PREs are the
nucleation point for spreading of the H3K27me3 mark, and that
PRE activity is regulated, so that PREs are differentially active in
different tissues.

Furthermore, because there may be a dynamic balance between
active and repressive chromatin, maintaining a boundary between
them may have different requirements at different chromosomal
locations, and at different times in development. Insulators that are
not required to maintain a boundary in one cell type may be
required for that function in other cells, or at specific times in
development, as previously suggested [34]. One reason for such
differences may be regulated PRE activity.

In some cases, spreading of repressive chromatin can be stopped
by an active promoter [11,64]. In the case of the TER94 promoter,
although it is robustly expressed, particularly in ovaries, this is not
sufficient to stop the spreading of H3K27me3 in the absence of an
insulator. This contrasts with the suggestion from recent genome-
wide studies in both cultured cells and Drosophila that insulator
protein function is generally not required to prevent spreading of
H3K27me3 into active genes, or to maintain most normal gene
expression [34,36,38]. Because many insulator proteins bind to
overlapping sets of sites, it is likely that there is considerable
redundancy in their function. Thus, knocking out any one of them
may not reveal the full function of a majority of their binding sites.

Enhancer Action from Within a Pc Domain

It is intriguing that the eve locus is a Pc domain with well-defined
boundaries that flank its extensive regulatory regions. Within
chromosomal domains of the Drosophila bithorax complex (BX-
(), active enhancers prevent the establishment of repressive Pc-
dependent chromatin in early embryos. Conversely, in tissues
where such repressive chromatin has been established, such as in
parts of the CNS and imaginal discs, later-acting enhancers are
repressed [25]. Do similar mechanisms operate within the eve
locus? Extensive dissection of eve regulatory DNA has not
identified enhancers that can drive expression outside the normal
eve pattern, arguing against such a close analogy with the BX-C.
However, in PcG mutants, eve is ectopically expressed throughout
the late-stage embryonic CNS [50,54], showing that PcG genes do
negatively regulate eve, as they do the Hox complexes.

In our previous studies of eve PRE activity, we found that in a
transgenic context, both the 3' PRE and the PRE-like eve
promoter region could facilitate positive maintenance of an eve
CNS enhancer from embryonic to larval stages, as well as
prevent ectopic expression in cells that normally do not express
eve [51]. Unlike maintenance elements [65] in the BX-C, the eve
3" PRE was found to require the DNA binding PcG protein
Pleiohomeotic rather than Trithorax-group members for posi-
tive maintenance [51]. In this study, we also see evidence of a
positive effect of the eve 3" PRE on enhancer activity. In this
case, it facilitates TER94-GFP expression in an eve pattern when
Homie is removed (Figure 1B: eve-like mesodermal and CNS
expression are seen when Homie is removed, but are not seen
when both Homie and the PRE are removed). One possible
explanation for this is that eve enhancers have evolved to
function within a Pc domain, and they may be better able to
activate the 7ER94 promoter when the Pc domain spreads over
it. In this view, PREs facilitate both the on state and the off
state, yet the chromatin may be differently modified in the two
cases. This model is similar to the “integration model”” proposed
for how heterochromatin can have a positive effect on the
expression of genes that normally reside within it [66].
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Homie’s Activity Relative to that of Other Drosophila and
Mammalian Insulators

Homie sits adjacent to the eve 3" PRE, an arrangement that is
reminiscent of some boundaries in the BX-C. The mammalian
homologs of eve, eox] and ex2, are located at the 3’ end of the
HOX-A and HOX-D clusters, respectively, suggesting that the
ancestral eve locus was part of a Hox cluster [67]. Consistent with
conservation of the eve insulator-PRE relationship, recent studies
identified an enhancer-blocking activity between evx2 and Hoxd13
[68], and a PRE in the HOX-D cluster [69]. The presence of a
PRE near an insulator, with a promoter on the other side, may
indicate a functionally important boundary between active and
repressive chromatin domains.

Previous studies showed that within the BX-C, neither scs nor
gpsy could functionally replace Fab-7 [70], indicating that there
are different classes or strengths of insulators. In these cases, the
primary effects of insulator deletion was ectopic activation, due to
early acting enhancers (“initiators”) “turning off”” PREs through-
out a chromatin domain delineated by insulators [26,71]. In our
system, the major effect of insulator deletion is the spreading of the
eve Pc domain, reminiscent of the shielding of transgenic reporter
genes from repressive effects at some insertion sites [18,72-75].
Despite the differences in normal function, BX-C insulators can
replace Homie in our assay, indicating some degree of universality
in insulator function as a PRE blocker. However, our assays did
reveal differences in effectiveness in carrying out this function.
Specifically, scs” showed slightly weaker activity than either gypsy,
Fab-7, or Fab-8, while the activity of scs was highly orientation-
dependent (Figure 3).

Homie Blocks Enhancer-promoter Cross-talk, While
Facilitating Enhancers that Lie Between It and the eve
Promoter

Deletion of Homie results in expression of 7ER94-GFP in an eve
pattern. In fact, the eve early embryonic stripe enhancers may
access the TER94 promoter even when Homie is present, because
with a paternal-only transgene, we sometimes see eve-like stripe
expression from 7FER94-GFP (Figure S2B “intact t'gene”).
However, at later stages of embryogenesis, we do not see eve-like
expression in either the mesoderm, CNS, or APR unless Homie is
deleted. Therefore, one of Homie’s functions is to prevent
communication between the 7ER94 promoter and eve enhancers.

Deletion of Homie, but not deletion of the PRE, also reduced
eve-lac expression driven by the eve 3" enhancers (Figures 5, S5).
We considered the possibility that because the 7ER94 promoter
has access to eve enhancers in the absence of Homie, the resulting
promoter competition might reduce eve promoter activity. How-
ever, in AHomie lines where we see TER94 expressed in eve stripes,
there is no apparent bias in expression toward the 3’ enhancers
(Figures 1B, S1A), arguing against this possibility. Furthermore, at
later embryonic stages, eve promoter activity is reduced when both
Homie and the PRE are removed (in mesoderm, CNS, and APR,
which are all the tissues where eve is expressed at these stages,
Figure 5A), but this is not accompanied by T7ER94-GFP expression
in an eve pattern (Figures 1B, SIA). Finally, when the 7ER94
promoter is removed along with Homie, pattern disruptions persist
(Figure 5B). While we cannot rule out competition with other
promoters in the genome, these lines of evidence together suggest
that promoter competition is unlikely to be responsible for this
effect.

A second possible explanation for the reduction in eve 3’
enhancer-promoter communication when Homie is deleted is that
a 3-dimensional (3-D) conformation that allows the eve promoter to
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better access the 3" enhancers is stabilized by the presence of
Homie. One possible conformation is a loop between the eve
promoter region and Homie (Figure 6). Although we have not
tested this directly, evidence consistent with this model is that
activation of promoters, including the eve promoter, by down-
stream Gal4 binding sites can be facilitated by heterologous
insulators in a model transgene assay [76]. This possible pairing of
Homie with the eve promoter region would result in a loop that
would bring the 3" enhancers in closer proximity to the promoter.
Such a model is similar to that proposed for the 3-D organization
of regulatory regions upstream of the Abd-B gene [25]. If such
loops are anchored to large clusters of insulator proteins, perhaps
within insulator bodies, this may serve as a 3-D barrier that
separates distinct chromatin domains, and occludes interactions
between regulatory elements located on opposite sides of the
insulator. At the same time, otherwise distant elements can be
brought closer together, facilitating specific enhancer-promoter
contacts, particularly if those elements are brought to the same
side of the 3-D barrier.

Implications for Other Insulators and PREs throughout
the Genome

The activities of Homie and the ee PRE are largely
interchangeable with those of other insulators and PREs,
respectively, in our assay system. Previous studies showed that
Homie and the eve PRE have the canonical properties of insulators

with Homie

@ insulators (H=Homie)
@ eve promoter

&V TER94, eve enhancers

— Pc domain
non-Pc euchromatin

eve locus

without Homie

eve locus

Figure 6. Model of the effects of Homie deletion on chromo-
some conformation and chromatin structure. At the top, Homie is
present, and separates the eve Pc domain (blue) from the TER94 locus,
which is constitutively in active chromatin (orange). The eve enhancers
both 5" and 3’ of the eve start site efficiently activate the eve promoter,
and the TER94 enhancers activate the TER94 promoter. Below, when
Homie is removed, Pc-dependent chromatin spreads into the TER94
locus, preventing its activation by TER94 enhancers, but allowing eve
enhancers to activate it. At the same time, eve 3’ enhancers interact
with the eve promoter less efficiently, due to a change in chromosome
conformation.

doi:10.1371/journal.pgen.1003883.9g006
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and PREs when tested in other contexts [51,55]. Thus, our results
are likely to be applicable to many such elements throughout the
genome. In particular, a common function of insulators is likely to
be to limit the action of PRE-dependent repressive chromatin.

Genome-wide studies using RNAi to knock down specific
insulator proteins suggested that insulators may not typically be
required in their normal context either to block enhancer-
promoter cross-talk or to prevent the spread of repressive
chromatin [34,36]. Our results suggest that Homie is critically
important in its normal context for just such activities, functionally
separating the loci on either side. Importantly, other insulators
function in place of Homie. This suggests that the activities of
insulators defined in model transgene assays do in fact correspond
to their normal functions. In particular, as with Homie and the
TERY4 promoter, the tendency of insulator proteins to cluster just
upstream of promoters suggests that one of their typical functions
is to shield basal promoters from the effects of upstream CRMs,
especially PREs. Further, our finding that insulators facilitate
enhancer-promoter communication in this context suggests that
their ability to organize chromosomal conformations that augment
appropriate transcription is also likely to be a common mode of
endogenous insulator function.

Materials and Methods

Plasmid Construction and Transgene Production

The eve-TER94 locus construct (“intact t'gene” in figures) was
created as follows (detailed sequence coordinates are given in
Figure S6). DNA from —6.4 kb to +166 bp relative to the eve TSS
was fused to the lac coding region. The 3’ end of the lac coding
region was fused to DNA from +1.3 to +11.4 kb, which includes
the eve poly-A signal, and extends into the 3rd exon of TER94.
This was joined with the EGFP coding region, followed by the
poly-A signal of o—fubulin. The entire construct was placed
between two inverted attB sequences [63,77]. The following
deletions were then made in this construct: from +8.4 to +9.2 kb
for APRE, from +8.4 to +9.7 kb for AHomie APRE, and from
+9.2 to +9.7 kb for AHomie. To test promoter competition
between eve and TER94, DNA from —7.4 to +8.6 kb relative to the
eve T'SS was used, with the eve coding region replaced by that of
lacZ, as described above. This construct does not contain the
TER94 promoter.

Replacements of Homie with either heterologous insulators or
phage & DNA were created using the AHomie construct, and
adding DNA fragments corresponding to gypsy (78], Fab-7 [79—
82], Fab-8 [83,84], scs [85,86], ses” [85,86], or A DNA (see Figure
S6 for details). For testing repression activity of heterologous
PREs, either the engrailed 181PRE [87] or the bxd PRE [88] were
inserted into the AHomie APRE construct at the site of deletion.
For testing Homie activity against these PREs, either the en PRE
or the bxd PRE were inserted into the APRE construct at the site of
deletion.

All transgenic lines were made using @C31 recombinase-
mediated cassette exchange (RMCE) [63]. Three alternative attP
target sites were used, at cytological locations 95E5, 74A2, and
30B5. The direction of each insertion was determined by PCR.
Both directions were analyzed if obtained. Some variations with
insertion site were found, as described in Results.

Analysis of Gene Expression in Embryos and Ovaries
Embryos were collected at time points described in figure

legends, and subjected to i situ hybridization using DIG-labeled

anti-sense RNA probes against either lac or GFP. Expression

PLOS Genetics | www.plosgenetics.org

1

PRE Blocking by Insulators

patterns were visualized by alkaline phosphatase-conjugated anti-
DIG with BCIP and NBT as substrates (Roche Applied Science).

GFP expression was detected by fluorescence microscopy in
ovaries dissected from 1-2 day-old females. In some cases,
expression was also detected using anti-GFP antibody staining
(Roche Applied Science), analyzed by confocal microscopy (Zeiss)
of material in DAPI-containing mounting medium.

Chromatin Immunoprecipitation

Opvaries were dissected from 2-3 day-old females. Fifty ovaries
were cross-linked in 1.8% formaldehyde in PBS for 10 min. After
sonication so as to produce a peak near 500 bp in the DNA
fragment size distribution, isolated chromatin was immunoprecip-
itated with anti-H3K27me3 (EMD Millipore), and with rabbit IgG
(Jackson ImmunoResearch) as a negative control. Precipitated
chromatin samples were collected using ProteinG magnetic beads
(EMD Millipore). Immunoprecipitated DNA  samples were
dissolved in 20-50 ul TE, and 1 pl was used for each PCR
reaction. Either duplicate or triplicate samples were analyzed by
real-time PCR (Life Technologies, StepOnePlus), using SYBR
Green Master Mix with ROX dye (Roche Applied Science). Data
were analyzed with StepOne software (Life Technologies), using
the standard curve method. Standard deviations were calculated
using Excel software (Microsoft). Embryo ChIP analysis was
described previously [51], except that results were quantified by
real-time PCR, as described above for ovary analysis.

Specific ChIP signals were determined by subtracting the
average non-specific IgG signal from the average o-H3K27me3
signal, with standard deviations combined by adding. Errors bars
for specific signals relative to that of endogenous eve were
determined by adding the relative errors in quadrature; that is,
by taking the sum of the squares of the relative standard deviations
(the standard deviations divided by their respective averages) to
give the square of the relative standard deviation of the ratio.

The following primers were used: TCCAGTCCGGA-
TAACTCCTTGAAC and TGTAGAACTCCTTCTCCAAGC-
GAC for the endogenous eve coding region, TGAAGC-
CACCGCGTGGTATTCTTA and TTTGGACATGATCT-
CCGGTCCGTT for the endogenous TER94 coding region,
GCTGTGCCGAAATGGTCCATCAAA and TACTGAC-
GAAACGCCTGCCAGTAT for the transgenic eve-lacg coding
region, and GGGCACAAGCTGGAGTACAACTACAA and
TGGCGGATCTTGAAGTTCACCTTG for the transgenic
TER94-GFP coding region.

RT-PCR

Total RNA was purified from either five pairs of ovaries from 2—
3 day-old females or 10-20 pl of dechorionated embryos for each
data point, using an RNA purification kit (Roche Applied
Science). RNA was eluted in 50-100 pl elution buffer and stored
at —80°C. ¢cDNA was synthesized using the Transcriptor first
strand cDNA synthesis kit (Roche Applied Science), and quantified
by real-time PCR as described above. A constitutively expressed
RNA, RpL32 (ak.a. RP49), was used to normalize GFP RNA
levels. The primers listed above for TER94-GFP were used for
GIP, and AAGCCCAAGGGTATCGACAACAGA  and
TGCACCAGGAACTTCTTGAATCCG were used for RpL32.

Supporting Information

Figure S1 Homie shields the 7ER94 promoter from eve PRE
activity. A, B: similar effects on 7ER94 promoter activity are seen
at two chromosomal landing sites (different from that used in
Figure 1), where deletion of Homie causes a loss of ubiquitous
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activity, and further deletion of the PRE restores ubiquitous
expression. Some differences are seen at the landing site shown in
B, mostly attributable to a lower expression level from all three
transgenes, which makes the eve-like expression (visible in the other
lines when Homie is deleted) difficult to detect. The attP sites used
are at cytological locations 74A2 (A) and 30B5 (B). A longer
staining reaction time than that used in B, “AHomie”, showed
both expression in stripes and in eve-expressing cells of the
mesoderm (not shown).

(TTF)

Figure $2 When the transgenic eve-TER94 locus is heterozygous
and paternally derived, embryonic TER94-GFP expression is
repressed in the absence of Homie as it is in ovaries, but this
repression is not dependent on the 3" PRE. Expression of GFP
RNA in the transgenic lines indicated on the left from two different
transgene landing sites (in A and B) is visualized at 3 different
embryonic stages (indicated along the top) by  situ hybridization.
The levels of GFP RNA (extracted from 2-3 hr-old embryos),
quantified in triplicate, are show on the right (averages with
standard deviations, see Materials and Methods). Az In the top 3
rows and in the graph, expression is exclusively zygotic (mothers
did not carry a transgene; the paternal transgene is at the same
insertion site, 95E5, as that shown in Figure 1), while the bottom
row shows, for comparison, maternal plus zygotic expression (both
mothers and fathers were homozygous for the transgene) when
Homie is deleted. Note that without Homie, the expression pattern
is similar (albeit weaker) in heterozygotes as in homozygotes,
consistent with the maternal contribution being repressed in the
absence of Homie. This similarity includes eve-like stripes at all 3
stages, as well as eve-like mesodermal expression (dots in the dorsal-
most part of each segment near the center of the germ-band
extended embryo at stage 11). The quantitation shown in the
graph suggests that ubiquitous zygotic expression is repressed
when Homie is deleted. However, unlike for maternally derived
expression (as shown in Figures 1, S1, and 2), this repression is not
dependent on the PRE. This is consistent with there being other
PREs that are active in embryos, possibly within the transgenic eve
locus (see Results and Discussion). B: zygotic expression from a
second transgene landing site (cytological location 74A2). Note
that at this landing site, eve-like stripe expression is present from the
intact transgene, indicating that some eve enhancers can work on
the 7ER94 promoter when Homie is present, at least at some
landing sites. Quantitation, shown in the graph, indicates that
overall zygotic expression is reduced when Homie is deleted,
consistent with repression of ubiquitous expression driven by
TER94 enhancers present in the transgene. As with the other
landing site, this repression is not dependent on the PRE, but may
be due to redundant PRE activity.

(TIF)

Figure 83 TER94-GFPis expressed throughout oogenesis in both
germ cells and somatic epithelial follicle cells. Ovarioles dissected
from female flies (carrying transgenic 7ER94-GFP in the context of
the transgene diagrammed in Figure 1A inserted at cytological
location 95E5) aged 24-48 hours after eclosion were stained using
antibodies to GFP (red) and DAPI (blue). Individual egg chambers
were optically sectioned using confocal microscopy. Imaging of the
surface (left column) shows mostly ovarian follicle cells, while
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imaging of the interior (right column) shows ovarian follicle cells at
the periphery, and nurse cells and the oocyte in the central region.
Note that GFP is strongly expressed in all cells from the intact
transgene (top row), but not significantly above background in any
cells when Homie is deleted from the transgene (bottom row).
(TIF)

Figure S4 Homie blocks PRE action in ovaries. Fluorescence in
ovarioles from transgenic lines carrying the indicated transgenes,
at two different chromosomal insertion sites (left column,
cytological location 74A2; right column, 30B5), distinct from that
shown in Figure 2 (corresponding to those shown in Figure SI).
Note the same trend, wherein deletion of Homie causes severe
repression of fluorescence from transgenic TER94-GFP, while
additional deletion of the PRE causes restoration of 7ER94
promoter activity. The graph at the bottom shows, on a log scale,
the results of quantitation, as in Figure 2, of GFP RNA from
ovaries of the line shown above it in the same column. Note that
GFP RNA levels decrease about 1000-fold when Homie is deleted,
and are partially restored (about 200-fold) by additional deletion of
the PRE.

(TIF)

Figure S5 Homie facilitates eve 3’ enhancer action on the eve
promoter. Expression of lac RNA driven by the eve promoter
from the transgene diagrammed in Figure 1A and its derivatives
was monitored by i siu hybridization. A, B: results from two
different transgene landing sites (cytological locations 74E2 and
30B5, respectively), distinct from that shown in Figure 5A.
Representative embryos at three stages are shown. Note that
when Homie is deleted (“AHomie”), stripes 1, 4, 5, and 6 are
weakened relative to stripes 2, 3, and 7 (left column, stage 5). This
effect is still seen when both Homie and the PRE are deleted
(“AHomie APRE”), and occurs at both landing sites. In addition,
mesodermal expression at stage 11 (middle column), as well as
CNS and APR expression at stage 13 (right column), are
weakened when Homie is deleted. These effects also persist when
both Homie and the PRE are deleted, and are seen at both
landing sites. G: results from two of the Homie-replacement lines
shown in Figure 3. Note that gypsy, but not scs, facilitates 3’
enhancer activity.

(TIF)

Figure S6 Construct details. In A are listed the details of
construction of the eve-TER94 pseudo-locus transgene and it
primary derivatives, as described in Materials and Methods. In B
are listed the details of modifications to that construct, as described
in Materials and Methods, Results, and figure legends.

(TTF)

Acknowledgments

We thank our anonymous reviewers for excellent suggestions on improving
the manuscript.

Author Contributions

Conceived and designed the experiments: MF JBJ. Performed the
experiments: MF GS JBJ. Analyzed the data: MF JBJ. Wrote the paper:
MF JBJ.

3. Pirrotta V (1999) Transvection and chromosomal trans-interaction effects.
Biochimica et Biophysica Acta 1424: M1-8.

4. Williams A, Spilianakis CG, Flavell RA (2010) Interchromosomal association
and gene regulation in trans. Trends Genet 26: 188-197.

October 2013 | Volume 9 | Issue 10 | e1003883



22.

23.

24.

27.

28.

30.

31

34.

Schuettengruber B, Cavalli G (2009) Recruitment of polycomb group complexes
and their role in the dynamic regulation of cell fate choice. Development 136:
3531-3542.

Schwartz YB, Pirrotta V (2008) Polycomb complexes and epigenetic states. Curr
Opin Cell Biol 20: 266-273.

Simon JA, Kingston RE (2009) Mechanisms of polycomb gene silencing: knowns
and unknowns. Nature Reviews Molecular Cell Biology 10: 697-708.

. Kassis JA, Brown JL (2013) Polycomb group response elements in Drosophila

and vertebrates. Adv Genet 81: 83-118.

. Bushey AM, Dorman ER, Corces VG (2008) Chromatin insulators: regulatory

mechanisms and epigenetic inheritance. Mol Cell 32: 1-9.

. Ghirlando R, Giles K, Gowher H, Xiao T, Xu Z, et al. (2012) Chromatin

domains, insulators, and the regulation of gene expression. Biochimica et
Biophysica Acta 1819: 644-651.

. Raab JR, Kamakaka RT (2010) Insulators and promoters: closer than we think.

Nature Reviews Genetics 11: 439-446.

. Yang J, Corces VG (2012) Insulators, long-range interactions, and genome

function. Curr Opin Genet Dev 22: 86-92.

. Kharchenko PV, Alekseyenko AA, Schwartz YB, Minoda A, Riddle NC, et al.

(2011) Comprehensive analysis of the chromatin landscape in Drosophila
melanogaster. Nature 471: 480-485.

Schuettengruber B, Ganapathi M, Leblanc B, Portoso M, Jaschek R, et al.
(2009) Functional anatomy of polycomb and trithorax chromatin landscapes in
Drosophila embryos. PLoS Biol 7: el3.

Schwartz YB, Kahn TG, Nix DA, Li XY, Bourgon R, et al. (2006) Genome-
wide analysis of Polycomb targets in Drosophila melanogaster. Nat Genet 38:
700-705.

Schwartz YB, Kahn TG, Stenberg P, Ohno K, Bourgon R, et al. (2010)
Alternative epigenetic chromatin states of polycomb target genes. PLoS Genet 6:
¢1000805.

. Tolhuis B, de Wit E, Muijrers I, Teunissen H, Talhout W, et al. (2006) Genome-

wide profiling of PRC1 and PRC2 Polycomb chromatin binding in Drosophila
melanogaster. [erratum appears in Nat Genet. 2006 Jul;38(7):850]. Nat Genet
38: 694-699.

Sigrist CJ, Pirrotta V (1997) Chromatin insulator elements block the silencing of
a target gene by the Drosophila polycomb response element (PRE) but allow
trans interactions between PREs on different chromosomes. Genetics 147: 209
221.

. Devido SK, Kwon D, Brown JL, Kassis JA (2008) The role of Polycomb-group

response elements in regulation of engrailed transcription in Drosophila.
Development 135: 669-676.

. Jeon'Y, Lee JT (2011) YY1 tethers Xist RNA to the inactive X nucleation center.

Cell 146: 119-133.

. Lee JT (2012) Epigenetic regulation by long noncoding RNAs. Science 338:

1435-1439.

Zhao J, Sun BK, Erwin JA, Song J-J, Lee JT (2008) Polycomb proteins targeted
by a short repeat RNA to the mouse X chromosome. Science 322: 750-756.
Maeda RK, Karch F (2006) The ABC of the BX-C: the bithorax complex
explained. Development 133: 1413-1422.

Maeda RK, Karch F (2007) Making connections: boundaries and insulators in
Drosophila. Curr Opin Genet Dev 17: 394-399.

. Maeda RK, Karch F (2009) The bithorax complex of Drosophila an exceptional

Hox cluster. Current Topics in Developmental Biology 88: 1-33.

. Tampietro C, Gummalla M, Mutero A, Karch F, Maeda RK (2010) Initiator

elements function to determine the activity state of BX-C enhancers. PLoS
Genet 6: ¢1001260.

Celniker SE, Dillon LAL, Gerstein MB, Gunsalus KC, Henikoff' S, et al. (2009)
Unlocking the secrets of the genome. Nature 459: 927-930.

Bartkuhn M, Straub T, Herold M, Herrmann M, Rathke C, et al. (2009) Active
promoters and insulators are marked by the centrosomal protein 190. EMBO J

28: 877-888.

. Bushey AM, Ramos E, Corces VG (2009) Three subclasses of a Drosophila

insulator show distinct and cell type-specific genomic distributions. Genes Dev
23: 1338-1350.

Filion GJ, van Bemmel JG, Braunschweig U, Talhout W, Kind J, et al. (2010)
Systematic protein location mapping reveals five principal chromatin types in
Drosophila cells. Cell 143: 212-224.

Holohan EE, Kwong C, Adryan B, Bartkuhn M, Herold M, et al. (2007) CTCF
genomic binding sites in Drosophila and the organisation of the bithorax
complex. PLoS Genet 3: el112.

. Negre N, Brown CD, Ma L, Bristow CA, Miller SW, et al. (2011) A cis-

regulatory map of the Drosophila genome. Nature 471: 527-531.

. Negre N, Brown CD, Shah PK, Kheradpour P, Morrison CA, et al. (2010) A

Comprehensive Map of Insulator Elements for the Drosophila Genome. PLoS
Genet 6: ¢1000814.

Schwartz YB, Linder-Basso D, Kharchenko PV, Tolstorukov MY, Kim M, et al.
(2012) Nature and function of insulator protein binding sites in the Drosophila
genome.[Erratum appears in Genome Res. 2013 Feb;23(2):409]. Genome Res
22: 2188-2198.

Smith ST, Wickramasinghe P, Olson A, Loukinov D, Lin L, et al. (2009)
Genome wide ChIP-chip analyses reveal important roles for CTCE in
Drosophila genome organization. Dev Biol 328: 518-528.

PLOS Genetics | www.plosgenetics.org

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

60.

61.

62.

63.

64.

PRE Blocking by Insulators

5. Van Bortle K, Ramos E, Takenaka N, Yang J, Wahi JE, et al. (2012) Drosophila

CTCF tandemly aligns with other insulator proteins at the borders of
H3K27me3 domains. Genome Res 22: 2176-2187.

van Bemmel JG, Pagie L, Braunschweig U, Brugman W, Meuleman W, et al.
(2010) The insulator protein SUHW) fine-tunes nuclear lamina interactions of
the Drosophila genome. PLoS ONE 5: ¢15013.

Soshnev AA, He B, Baxley RM, Jiang N, Hart CM, et al. (2012) Genome-wide
studies of the multi-zinc finger Drosophila Suppressor of Hairy-wing protein in
the ovary. Nucleic Acids Res 40: 5415-5431.

Wood AM, Van Bortle K, Ramos E, Takenaka N, Rohrbaugh M, et al. (2011)
Regulation of chromatin organization and inducible gene expression by a
Drosophila insulator. Mol Cell 44: 29-38.

Jiang N, Emberly E, Cuvier O, Hart CM (2009) Genome-wide mapping of
boundary element-associated factor (BEAF) binding sites in Drosophila
melanogaster links BEAF to transcription. Molecular & Cellular Biology 29:
3556-3568.

Sexton T, Yaffe E, Kenigsberg E, Bantignies F, Leblanc B, et al. (2012) Three-
dimensional folding and functional organization principles of the Drosophila
genome. Cell 148: 458-472.

Herold M, Bartkuhn M, Renkawitz R (2012) CTCF: insights into insulator
function during development. Development 139: 1045-1057.

Hou C, Corces VG (2012) Throwing transcription for a loop: expression of the
genome in the 3D nucleus. Chromosoma 121: 107-116.

Kim A, Dean A (2012) Chromatin loop formation in the -globin locus and its
role in globin gene transcription. Molecules & Cells 34: 1-5.

. Bell AC, West AG, Felsenfeld G (1999) The protein CTCF is required for the

enhancer blocking activity of vertebrate insulators. Cell 98: 387-396.

Hou C, Zhao H, Tanimoto K, Dean A (2008) CTCF-dependent enhancer-
blocking by alternative chromatin loop formation. Proceedings of the National
Academy of Sciences of the United States of America 105: 20398-20403.

Bell AC, Felsenfeld G (2000) Methylation of a CTCF-dependent boundary
controls imprinted expression of the Igf2 gene.[see comment]. Nature 405: 482~
485.

Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, et al. (2000) CTCF
mediates methylation-sensitive enhancer-blocking activity at the H19/Igf2
locus.[see comment]. Nature 405: 486—489.

Kanduri C, Pant V, Loukinov D, Pugacheva E, Qi CF, et al. (2000) Functional
association of CTCF with the insulator upstream of the H19 gene is parent of
origin-specific and methylation-sensitive. Curr Biol 10: 853-856.

. Dura JM, Ingham P (1988) Tissue- and stage-specific control of homeotic and

segmentation gene expression in Drosophila embryos by the polyhomeotic gene.
Development 103: 733-741.

Fujioka M, Yusibova GL, Zhou J, Jaynes JB (2008) The DNA-binding
Polycomb-group protein Pleiohomeotic maintains both active and repressed
transcriptional states through a single site. Development 135: 4131-4139.

Kim SN, Shim HP, Jeon B-N, Choi W-I, Hur M-W, et al. (2011) The
pleiohomeotic functions as a negative regulator of Drosophila even-skipped gene
during embryogenesis. Molecules & Cells 32: 549-554.

McKeon J, Slade E, Sinclair DA, Cheng N, Couling M, et al. (1994) Mutations
in some Polycomb group genes of Drosophila interfere with regulation of
segmentation genes. Molecular & General Genetics 244: 474-483.

Smouse D, Goodman C, Mahowald A, Perrimon N (1988) polyhomeotic: a gene
required for the embryonic development of axon pathways in the central
nervous system of Drosophila. Genes Dev 2: 830-842.

. Fujioka M, Wu X, Jaynes JB (2009) A chromatin insulator mediates transgene

homing and very long-range enhancer-promoter communication. Development
136: 3077-3087.

Fujioka M, Emi-Sarker Y, Yusibova GL, Goto T, Jaynes JB (1999) Analysis of an
even-skipped rescue transgene reveals both composite and discrete neuronal and
carly blastoderm enhancers, and multi-stripe positioning by gap gene repressor
gradients. Development 126: 2527-2538.

Goto T, Macdonald P, Maniatis T (1989) Early and late periodic patterns of
even skipped expression are controlled by distinct regulatory elements that
respond to different spatial cues. Cell 57: 413-422.

Harding K, Hoey T, Warrior R, Levine M (1989) Autoregulatory and gap gene
response clements of the even-skipped promoter of Drosophila. The EMBO
Journal 8: 1205-1212.

Sackerson C, Fujioka M, Goto T (1999) The even-skipped locus is contained in a
16-kb chromatin domain. Dev Biol 211: 39-52.

Leon A, McKearin D (1999) Identification of TER94, an AAA ATPase protein,
as a Bam-dependent component of the Drosophila fusome. Molecular Biology of
the Cell 10: 3825-3834.

Pinter M, Jekely G, Szepesi R], Farkas A, Theopold U, et al. (1998) TER94, a
Drosophila homolog of the membrane fusion protein CDC48/p97, is
accumulated in nonproliferating cells: in the reproductive organs and in the
brain of the imago. Insect Biochemistry & Molecular Biology 28: 91-98.
Ruden DM, Sollars V, Wang X, Mori D, Alterman M, et al. (2000) Membrane
fusion proteins are required for oskar mRNA localization in the Drosophila egg
chamber. Dev Biol 218: 314-325.

Bateman JR, Lee AM, Wu CT (2006) Site-specific transformation of Drosophila
via phiC31 integrase-mediated cassette exchange. Genetics 173: 769-777.
Raab JR, Chiu J, Zhu J, Katzman S, Kurukuti S, et al. (2012) Human tRNA
genes function as chromatin insulators. EMBO J 31: 330-350.

October 2013 | Volume 9 | Issue 10 | e1003883



66.

67.

68.

69.

70.

71.

73.

76.

. Brock HW, van Lohuizen M (2001) The Polycomb group—no longer an

exclusive club? Curr Opin Genet Dev 11: 175-181.

Yasuhara JC, Wakimoto BT (2006) Oxymoron no more: the expanding world of
heterochromatic genes. Trends Genet 22: 330-338.

Garcia-Fernandez J (2005) The genesis and evolution of homeobox gene
clusters. Nature Reviews Genetics 6: 881-892.

Vasanthi D, Anant M, Srivastava S, Mishra RK (2010) A functionally conserved
boundary eclement from the mouse HoxD locus requires GAGA factor in
Drosophila. Development 137: 4239-4247.

Woo C]J, Kharchenko PV, Daheron L, Park PJ, Kingston RE (2010) A region of
the human HOXD cluster that confers polycomb-group responsiveness. Cell
140: 99-110.

Hogga I, Mihaly J, Barges S, Karch F (2001) Replacement of Fab-7 by the gypsy
or scs insulator disrupts long-distance regulatory interactions in the Abd-B gene
of the bithorax complex. Mol Cell 8: 1145-1151.

Tampietro C, Cleard F, Gyurkovics H, Maeda RK, Karch F (2008) Boundary
swapping in the Drosophila Bithorax complex. Development 135: 3983—
3987.

. Comet I, Schuettengruber B, Sexton T, Cavalli G (2011) A chromatin insulator

driving three-dimensional Polycomb response element (PRE) contacts and
Polycomb association with the chromatin fiber. Proceedings of the National
Academy of Sciences of the United States of America 108: 2294-2299.
Erokhin M, Parshikov A, Georgiev P, Chetverina D (2010) E(y)2/Susl is
required for blocking PRE silencing by the Wari insulator in Drosophila
melanogaster. Chromosoma 119: 243-253.

. Kahn TG, Schwartz YB, Dellino GI, Pirrotta V (2006) Polycomb complexes and

the propagation of the methylation mark at the Drosophila ubx gene. J Biol
Chem 281: 29064-29075.

. Mallin DR, Myung JS, Patton JS, Geyer PK (1998) Polycomb group repression

is blocked by the Drosophila suppressor of Hairy-wing [su(Hw)] insulator.
Genetics 148: 331-339.

Erokhin M, Davydova A, Kyrchanova O, Parshikov A, Georgiev P, et al. (2011)
Insulators form gene loops by interacting with promoters in Drosophila.
Development 138: 4097-4106.

PLOS Genetics | www.plosgenetics.org

14

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

PRE Blocking by Insulators

Groth AC, Fish M, Nusse R, Calos MP (2004) Construction of transgenic
Drosophila by using the site-specific integrase from phage phiC31. Genetics 166:
1775-1782.

Geyer PK, Corces VG (1992) DNA position-specific repression of transcription
by a Drosophila zinc finger protein. Genes Dev 6: 1865-1873.

Gyurkovics H, Gausz J, Kummer J, Karch F (1990) A new homeotic mutation in
the Drosophila bithorax complex removes a boundary separating two domains
of regulation. EMBO J 9: 2579-2585.

Hagstrom K, Muller M, Schedl P (1996) Fab-7 functions as a chromatin domain
boundary to ensure proper segment specification by the Drosophila bithorax
complex. Genes Dev 10: 3202-3215.

Karch F, Galloni M, Sipos L, Gausz J, Gyurkovics H, et al. (1994) Mcp and Fab-7:
molecular analysis of putative boundaries of cis-regulatory domains in the bithorax
complex of Drosophila melanogaster. Nucleic Acids Res 22: 3138-3146.
Mihaly J, Hogga I, Gausz J, Gyurkovics H, Karch F (1997) In situ dissection of
the Fab-7 region of the bithorax complex into a chromatin domain boundary
and a Polycomb-response element. Development 124: 1809-1820.

Barges S, Mihaly J, Galloni M, Hagstrom K, Muller M, et al. (2000) The Fab-8
boundary defines the distal limit of the bithorax complex iab-7 domain and
insulates iab-7 from initiation elements and a PRE in the adjacent iab-8 domain.
Development 127: 779-790.

Zhou J, Ashe H, Burks C, Levine M (1999) Characterization of the transvection
mediating region of the abdominal-B locus in Drosophila. Development 126:
3057-3065.

. Blanton J, Gaszner M, Schedl P (2003) Protein:protein interactions and the

pairing of boundary elements in vivo. Genes Dev 17: 664-675.

Kellum R, Schedl P (1991) A position-effect assay for boundaries of higher order
chromosomal domains. Cell 64: 941-950.

Americo J, Whiteley M, Brown JL, Fujioka M, Jaynes JB, et al. (2002) A complex
array of DNA-binding proteins required for pairing-sensitive silencing by a
polycomb group response element from the Drosophila engrailed gene. Genetics
160: 1561-1571.

Fritsch C, Brown JL, Kassis JA, Muller J (1999) The DNA-binding polycomb
group protein pleiohomeotic mediates silencing of a Drosophila homeotic gene.
Development 126: 3905-3913.

October 2013 | Volume 9 | Issue 10 | e1003883



	Thomas Jefferson University
	Jefferson Digital Commons
	10-1-2013

	The Drosophila eve Insulator Homie Promotes eve Expression and Protects the Adjacent Gene from Repression by Polycomb Spreading.
	Miki Fujioka
	Guizhi Sun
	James B Jaynes
	Let us know how access to this document benefits you
	Recommended Citation


	untitled

