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In Drosophila, Polycomb (PcG) and Trithorax (TrxG) group proteins
are assembled on Polycomb response elements (PREs) to maintain
tissue and stage-specific patterns of gene expression. Critical to co-
ordinating gene expression with the process of differentiation, the
activity of PREs can be switched “on” and “off.” When on, the PRE
imposes a silenced state on the genes in the same domain that is
stably inherited through multiple rounds of cell division. When the
PRE is switched off, the domain is in a state permissive for gene
expression that can be stably inherited. Previous studies have sug-
gested that a burst of transcription through a PRE sequence displaces
PcG proteins and provides a universal mechanism for inducing a her-
itable switch in PRE activity from on to off; however, the evidence
favoring this model is indirect. Here, we have directly tested the
transcriptional read-through mechanism. Contrary to previous sug-
gestions, we show that transcription through the PRE is not sufficient
for inducing an epigenetic switch in PRE activity. In fact, even high
levels of continuous transcription through a PRE fails to dislodge the
PcG proteins, nor does it remove repressive histone marks. Our results
indicate that other mechanisms involving adjacent DNA regulatory
elements must be implicated in heritable switch of PRE activity.

Polycomb | chromatin silencing | bithorax | intergenic transcription |
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During development of multicellular organisms, cell-type spe-
cific patterns of gene expression must be established and then

stably transmitted. Stable transmission of repressed or active
states depends upon Polycomb (PcG) and Trithorax (TrxG) group
proteins. PcG proteins maintain repression, whereas TrxG pro-
teins promote gene activity (1–4). Misregulation of PcG and TrxG
genes leads to abnormalities in development and cancer (5–8).
In Drosophila, PcG and TrxG proteins are recruited to special

sequences called Polycomb response elements (PREs). PREs harbor
sites for a collection of DNA-binding proteins that provide a scaffold
for the binding of PcG complexes. The DNA-binding proteins in-
clude Pho, Pho-like, GAF, Pipsqueak, Zeste, Spps, and Grainyhead
(9). The PcG proteins are preassembled into three main complexes
(2, 3). The PRC1 complex contains PC, PH, dRing, and Psc core
subunits (10–12), whereas the PRC2 complex contains E(z), Esc, Su
(z)12, and Caf1 core subunits (13–16). The SET domain of the PRC2
complex E(z) protein has methyltransferase activity and is responsible
for generating the repressive H3K27me3 mark on nucleosomes (13–
16). This mark is, in turn, recognized by the chromodomain of the
PRC1 complex protein PC (17, 18). The third complex, PhoRC
contains dSfmbt protein and the DNA-binding factor Pho (19).
In its endogenous setting, the activity of the PREs can be

switched “on” and “off.” When on, they function to establish and
maintain the silenced state. When off, they are permissive for the
activity of genes encompassed in the same regulatory domain (4).
This on–off regulation has been recapitulated in transgene exper-
iments, either by neighboring enhancers or upon stimulation by an
inducible GAL4 activator (4). In the GAL4 system, sites for the
GAL4 protein are included in a transgene carrying a reporter and a

test PRE (20–22). In the absence of GAL4, the PRE is on and
functions to silence reporter expression. Silencing is relieved when
GAL4 is expressed. However, when GAL4 expression is shutoff,
silencing activity is reestablished.
Although PRE-silencing activity is typically reestablished after

GAL4 disappears, in a number of cases, it has been possible to
switch a PRE from on (silencing) to off (permissive) in a manner
that could be epigenetically transmitted (20–22). Epigenetic switch-
ing requires the coupling of the PRE to other sequences. Rank et al.
(22) found that transient GAL4 induction could epigenetically switch
the activity state of a Bithorax complex (BX-C) PRE that is con-
tained in a 3.6-kb fragment from Fab-7 region of the complex. Al-
though several mechanisms could potentially explain how GAL4 is
able to inheritably switch this PRE off, the mechanism that Rank
et al. favored is transcriptional read through by RNA polymerase II
(RNAPII). In this model, transcription displaces the PcG complexes
from the PRE, turning off the silencing activity of the PRE. RNAPII
could additionally reset the epigenetic state by recruiting chromatin
modifying and remodeling complexes that imprint marks for active
chromatin. Consistent with a transcriptional mechanism, strand-
specific noncoding (nc)RNAs spanning the Fab-7 fragment were
detected during GAL4 induction. The Fab-7 fragment used in these
studies contained not only the major nuclease hypersensitive site
associated with the iab-7PRE but also the Fab-7 boundary and
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∼1.8 kb of flanking DNA from the adjacent iab-6 cis-regulatory
domain. The iab-6 sequences are essential both for a heritable switch
and for the expression of the ncRNA. When these sequences were
deleted, GAL4 induced expression of the ncRNAs is lost, as is the
epigenetic switch. Instead, the PRE regains full active after a tran-
sient GAL4 pulse and silences genes linked in the same transgene.
Rank et al. found that heritable GAL4 induced switching of two
other BX-C PREs, bxd and Mcp, is also accompanied by the ex-
pression of ncRNAs. Like the Fab-7 element, the bxd and Mcp
fragments contained additional sequences that provide a promoter
for the ncRNA transcripts. A similar correlation between tran-
scriptional read-through, in this case, strand-specific, has been
described for the switching of a “vestigial” PRE (23).
Although these experiments are consistent with the idea that a

burst of transcription through a PRE is itself sufficient to induce a
heritable switch in PRE activity, the evidence is indirect and al-
ternative explanations are equally plausible. Moreover, PcG pro-
teins were shown to bind at intronic PREs inUbx and abd-A in cells
where these genes are transcribed, suggesting that transcription
does not obligatory leads to dislodgement of PcG proteins (24–26).
For this reason, we have directly tested the transcriptional read-
through hypothesis. Using a GAL4-inducible promoter and only
PRE sequences, we show that a transient burst of transcription
through the PRE is not sufficient to induce a heritable epigenetic
switch in the activity state of the PRE. When GAL4 protein ex-
pression is turned off, the silencing activity of the PRE is reestab-
lished. This finding is not surprising because even continuous GAL4
induction fails to displace PcG complexes, nor does it completely
remove silencing histone modifications from PRE-linked trans-
genes. Finally, because PRE silencing can be relieved by the GAL4
activator independent of the orientation of the GAL4-inducible
promoter, the activator must be able to counteract the effects of the
PRE by a mechanism that does not require RNAPII movement
through the PRE sequences.

Results and Discussion
Experimental Design. The studies of Rank et al. indicated that epi-
genetic switching of the iab-7PRE is not an intrinsic feature of this
PRE but instead required sequences from the iab-6 cis-regulatory
domain (22). Although read-through from a cryptic promoter ele-
ment in the iab-6 sequence could potentially be responsible for the
epigenetic inheritance, it is not known what other regulatory ele-
ments and activities might be included in the iab-6 sequences. For
this reason, we decided to combine a minimal PRE with a GAL4-
inducible promoter. For this purpose, we selected the bxdPRE be-
cause the sequences needed for its silencing functions in transgenes
have been extensively characterized (22, 27, 28). In their experi-
ments, Rank et al. used a 2.3-kb fragment from the bxd/pbx region
of BX-C that contained not only the same bxdPRE but also an
additional ∼1,900 bp of flanking bxd/pbx regulatory DNA. We used
a smaller 660-bp bxdPRE fragment that is sufficient to assemble
fully functional PcG complexes and set repression. The sequence
organization of the two transgenes used to test the effects of tran-
scriptional read-through on bxdPRE activity is shown in Fig. 1A.
The transgenes contain an upstream activating sequence (UAS)
element linked to the hsp70 promoter. In the UDPD transgene,
GFP-coding sequences and the bxdPRE are located downstream
of the hsp70 promoter. In the control URPD transgene, the hsp70
promoter is flipped so that GAL4-induced transcription is in the
opposite direction toward the sequences flanking the transgene
insert. The transgenes also have two reporters: hsp26-lacZ and
white, the white enhancer and transcription termination elements
to block possible genome transcription.
Multiple lines for each transgene were generated and charac-

terized (SI Appendix, Tables S1 and S2). Fig. 1B shows two rep-
resentative lines for the UDPD transgene and one line for the
URPD transgene selected for detailed analysis. These and most
other lines exhibited enhanced (pairing-sensitive) silencing when

homozygous. Moreover, silencing was relieved by GAL4 expres-
sion under the control of the tubulin promoter. We confirmed that
silencing activity depends in each case on the bxdPRE by deleting
it (SI Appendix, Fig. S1 and Tables S1 and S2).

GAL4 Activates the hsp70 Promoter and Generates Transcripts That
Read-Through the PRE.We next determined whether GAL4 induces
the expression of GFP. Fig. 1C shows that GAL4 activates robust
GFP expression in adult flies in both of the UDPD lines, whereas,
as expected, no GFP is detected in the URPD line, where the
promoter is directed away from the GFP-coding sequences. GFP
expression is also induced by GAL4 in the UDPD lines at other
stages of development (SI Appendix, Fig. S2).
In the UDPD lines, the transcripts generated by the hsp70

promoter in response to GAL4 are expected to include not only
GFP sequences but also sequences spanning the bxdPRE. We used
RT-PCR with four sets of primer pairs to examine the RNAs
produced by the different transgenes with or without GAL4 in-
duction. These experiments show that in the presence of GAL4,
RNAPII transcribes through GFP and bxdPRE sequences in both
UDPD lines but not in the URPD line (Fig. 1D).

GAL4 Induces lacZ Expression and Disrupts white Silencing by the
bxdPRE. In addition to turning on the hsp70 promoter, constitu-
tively expressed GAL4 activates hsp26-lacZ. Fig. 1E shows that
there is low level of β-galactosidase in the absence of GAL4.

Fig. 1. Experimental design. (A) Maps of transgenes. The UAS-hsp70 pro-
moter drives GAL4-inducible transcription through GFP and PRE sequences in
the UDPD transgene. In the URPD transgene, transcription is directed toward
genomic sequences at the site of insertion. Labels: “T,” terminators of
transcription; hsp26-lacZ and white, reporters; “E,” enhancer of the white
gene. Numbers on top of the construct (1, 2, 3, and 4) indicate positions of
primers used for RT–quantitative PCR (RT-qPCR) in D. (B and C) Analysis of
the white (B) and GFP (C) in UDPD (line 1 and line 2) and URPD flies in adult
animals. P/+, hemizygous; P/P, homozygous; P/P tubGAL4, homozygous with
GAL4 activator. (D) RT-qPCR. Individual transcript levels were normalized
relative to Ras64B. (E) β-Galactosidase assay. yacw, background line without
transgene insertion. (D and E) Error bars indicate SDs.
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When GAL4 is present, it up-regulates β-galactosidase expres-
sion between ∼5- and 20-fold in the transgenic lines. Although
the fold induction of β-galactosidase in the two UDPD lines is
less than in the URPD line, we suspect that this difference is
attributable to chromosomal position effects rather than to the
orientation of hsp70 promoter.
Constitutive GAL4 expression not only activates the hsp70 and

hsp26 promoters but also counteracts the silencing activity of the
bxdPRE. Fig. 1B shows that the pairing-sensitive silencing of white
in both of the UDPD transgenic lines is suppressed by constitutive
GAL4 expression. Moreover, the GAL4 activator can overcome
the silencing activity of the bxdPRE without inducing transcription
through the PRE sequences (see URPD, Fig. 1B). Thus, when
there is constitutive GAL4 activation, relief of silencing activity
does not require transcription through the PRE sequences. We
used RT-PCR to confirm that GAL4 relieves the silencing of
white in all three transgenic lines (SI Appendix, Fig. S3).

RNAPII Transcription Through the bxdPRE Is Not Sufficient to Induce a
Heritable Epigenetic Switch. We next determined whether a pulse
of transcription through the bxdPRE is sufficient to induce a
heritable switch in the silencing activity of this PRE from on to off.
To generate a pulse of transcription, we introduced an hsp70:
GAL4 transgene into the bxdPRE lines and then heat-shocked at
different stages of development. The white gene must be expressed
in the eye discs during the pupal stage for eye pigmentation. As
expected, heat shock during the pupal stage interfered with
bxdPRE silencing and is sufficient to give adult flies that have
uniformly pigmented eyes (Fig. 2A). As with continuous GAL4,
this disruption of silencing activity does not require transcriptional
read-through and was observed in both the UDPD and URPD
transgenic lines.
To test whether read-through transcription can induce a heri-

table epigenetic switch in the activity of the bxdPRE, we next heat-
shocked embryos and larvae. Previous studies showed that a pulse
of the GAL4 activator during the embryonic stage could switch off
the silencing activity of large fragments containing PREs in a
manner that is epigenetically inherited (20–22). For the Fab-7
fragment, this effect was shown to be stage-specific, because a
GAL4 pulse later in development only alleviated silencing tran-
siently, and once GAL4 was removed, silencing was reestablished
(20, 21). Fig. 2A shows that a GAL4 pulse during the embryonic
stage is not sufficient to switch the bxdPRE off in a heritable
fashion in any of the transgenic lines. In fact, although GAL4
induces transcription through the bxdPRE in both the UDPD
transgenes, the effects on silencing activity are no different from
those observed for the control transgene in which transcription is
directed away from PRE (Fig. 2A). Similarly, a pulse of GAL4
during the larval stages also does not induce a heritable switch in
the activity of the bxdPRE (Fig. 2).

Changing the 5′→3′ Orientation of the bxdPRE Does Not Induce an
Epigenetic Switch. One plausible explanation for our failure to
induce an epigenetic switch with a pulse of GAL4 is that the
transcriptional effects on PRE activity are stand-specific. In this
case, RNAPII must read through the PRE in the opposite di-
rection from that in our UDPD transgene. To test this possibility,
we generated a third transgene, UDPR, in which the orientation
of the bxdPRE is the opposite of that in the UDPD transgene (Fig.
2B). As observed for the other transgenes, the bxdPRE in this
transgene silences white, and silencing is enhanced in homozygous
UDPR flies (Fig. 2B and SI Appendix, Table S3). Like the UDPD
transgene, GFP expression is induced at all stages when combined
with the tublin-GAL4 driver and transcription reads through the
bxdPRE sequence (SI Appendix, Fig. S4). The tubulin-GAL4
driver also relieves silencing of white. Fig. 2C shows that tran-
scription through the reversed bxdPRE in either embryos or larvae
is not sufficient to switch silencing activity off in heritable fashion;

the bxdPRE-induced silencing of white is relieved only when
GAL4 is expressed during the pupal stage.

Transcriptional Read-Through Reduces but Does Not Eliminate in Vivo
Binding of dSfmbt and PH to the bxdPRE. It has been suggested that
transcriptional read-through permanently switches PRE activity
off by displacing PcG complexes and inducing a chromatin state
that is permissive for gene activity. Because our experiments argue
that this hypothesis is likely incorrect, we sought to understand
what effects read-through transcription has on components of the
PcG silencing system. We used chromatin immunoprecipitation
(ChIP) in embryos and adults to examine the association of the
PRC1 complex protein PH and the PhoRC complex protein
dSfmbt with sequences in six different regions of the transgene:
(i) the hsp70 promoter; (ii) the GFP ORF; (iii) the bxdPRE; (iv) the
lacZORF; (v) the white enhancer; and (vi) the white promoter. To
standardize the amount of PH and dSfmbt associated with each
region of the transgene in different samples, we calculated the
extent enrichment relative to a positive internal control—a se-
quence adjacent to the 660 bxdPRE in BX-C. For a negative
control, we used the Ras64B coding region.
Fig. 3 shows that under conditions in which the PRE is fully

functional and represses the white gene, the association of PH and
dSfmbt in adults is restricted to the bxdPRE. Similar results were
obtained in embryos (SI Appendix, Fig. S5). These findings are
consistent with genome-wide studies showing that both proteins
preferentially localize to PREs but are not found at high levels
elsewhere in silenced domains (19, 26, 29, 30). We next examined
the association of PH and dSfmbt under conditions in which
constitutive expression of GAL4 from the tubulin promoter dis-
rupts the silencing activity of the bxdPRE. Several findings are
of interest. First, although tethering GAL4 to the transgene
UAS clearly disrupts bxdPRE silencing, neither PH nor dSfmbt is

Fig. 2. Transcription through PRE is not sufficient for epigenetic switch.
(A) UDPD and URPD flies were out crossed to wild-type (P/+) or to hsp70-GAL47-1

(P/+ hsGAL4) and heat-shocked at different stages of development (pupa,
embryo, and larva). (B) Map of control UDPR transgene containing PRE in re-
verse orientation. Diagram shows the result of β-galactosidase assay. (C) Effect
of hsGAL4 pulse on the white gene expression in the UDPR flies.
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dislodged from the PRE either in adults or in embryos (Fig. 3 A
and B and SI Appendix, Fig. S5). Instead, there is only a modest
reduction in the level of the two proteins bound to the bxdPRE.
Second, when comparing UDPD (Fig. 3 A and B) and URPD
(Fig. 3C), it appears that transcription through the bxdPRE
contributes, at least in part, to the modest reduction in the
binding of dSfmbt in the presence of GAL4. In the case of PH,
the differences between the UDPD and URPD transgenes with
and without GAL4 are too small to draw any conclusions.

PC (PRC1) and H3K27me3 Remain Associated with bxdPRE in the
Presence of Read-Through Transcription. The PRC1 complex PC
protein specifically interacts with histone 3 trimethylated at K27
(H3K27me3), the nucleosome mark stably associated with PcG-
repressed chromatin (30, 31). Unlike other PRC core components,
the distribution of PC and H3K27me3 in PcG silenced domains is
not limited to the PRE but instead extends outward from the PRE
(26, 30, 31). We obtained similar results: ChIP experiments in-
dicate that PC and H3K27me3 are associated with transgene se-
quences to either side of the PRE including white gene (Fig. 4 and
SI Appendix, Fig. S6). The effects of GAL4 induction on PC as-
sociation are minimal (with one exception: UDPD sequence 3)
(Fig. 4). A more complicated position-dependent pattern is ob-
served for the H3K27me3 mark. In one of the UDPD lines
(UDPD line 1), this mark is present throughout the transgene and
is significantly depressed in the presence of GAL4 (Fig. 4). A
lower level of the H3K27me mark is detected in UDPD line 2 and
in the URPD line in the absence of GAL4, whereas only minimal
changes are observed at most sites in the presence of GAL4.

Recruitment of TrxG Proteins to bxdPRE in the Presence of Read-
Through Transcription. PcG repression is associated with a compe-
tition with TrxG proteins (4). For example, it was shown that Trx
could be recruited to PREs in both activating and in repressing
states (26, 29). Another factor—GAF protein—was originally
identified as a TrxG member (32); however, further studies
indicated involvement of GAF in PRE-silencing function (33–37).
To gain further insights into what molecular changes in PRE

architecture might be induced by GAL4, we analyzed the re-
cruitment of Trx and GAF in the absence and presence of GAL4
(Fig. 5 and SI Appendix, Fig. S7). ChIP experiments show that
both are associated with the bxdPRE in the absence of GAL4. In
the presence of GAL4, the level of these two protein changes to a
greater or lesser extent depending upon the insertion site. How-
ever, instead of decreasing, as observed for PH and dSfmbt, the
level of Trx and GAF enrichment increased (Fig. 5).

Conclusions
PcG-dependent silencing in Drosophila depends upon special cis-
acting elements called PREs. These elements recruit PCR1,
PCR2, and PhoRC and, in doing so, impose PcG-dependent
silencing on the domain in which the PRE resides. In transgene
assays, PREs exhibit several characteristic properties. Although
silencing activity is subject to position effects, PREs in trans-
genes are mostly active (on). PREs silence linked reporter genes
throughout development without any intrinsic stage or tissue
specificity (4, 38). Their silencing activity is also often enhanced
by pairing of PREs in trans (38).
Although PREs in transgenes are constitutively active silencers,

in their endogenous context, PREs’ activity state can be switched
from on to off (and vice versa). For example, the bxdPRE is
located in the BX-C bxd/pbx cis-regulatory domain (27, 28). The
bxd/pbx domain is responsible for directing Ultrabithorax (Ubx)
expression in parasegment PS6 (39). In parasegments anterior to
PS6, the bxd/pbx domain is silenced by a mechanism that depends
upon the ability of the bxdPRE (and other PRE-like elements in
the regulatory domain) to recruit PcG complexes (40). The on

Fig. 3. PH (PRC1) and dSfmbt (PhoRC) proteins remain bound to PRE during
transcriptional read-through. (A) UDPD construct line 1. (B) UDPD construct
line 2. (C) URPD construct. The ChIP experiments were performed with
chromatin isolated from adult flies. Numbers on top of the construct (1, 2, 3,
4, 5, and 6) indicate regions amplified by qPCR. The results of ChIP are
presented as a percentage of input DNA normalized relative to the en-
dogenous positive control region adjacent to bxdPRE in the genome. The
coding part of the Ras64B gene was used as negative control. The blue bars
indicate relative cross-linked ChIP (X-ChIP) signal levels in homozygote lines
(P/P), red bars indicate relative X-ChIP signal levels in homozygote lines with
GAL4 activator (P/P;+GAL4), and green bars indicate signal levels with non-
specific antibodies. Vertical lines indicate SDs.

Fig. 4. Persistence of PC (PRC1) and H3K27me3 during transcription. (A) UDPD
construct line 1. (B) UDPD construct line 2. (C) URPD construct. For other des-
ignations, see the legend of Fig. 3.
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activity state of the bxdPRE in anterior parasegments is estab-
lished in the early embryo and is then maintain during the re-
mainder of development (4, 39). By contrast, in PS6 and more
posterior parasegments, the bxdPRE is switch off in the early
embryo and is then maintained in the off state during the rest of
development. As a consequence, the bxd/pbx cis-regulatory do-
main is stably activated and can direct Ubx expression. The dif-
ferences between the on and off state of the bxdPRE (and other
PRE-like elements in bxd/pbx) is evident from the H3K27me3
ChIP experiments of earlier studies (24, 26) showing that nu-
cleosomes of the bxd/pbx cis-regulatory domain have high levels
of H3K27me3 when the target gene is silent and only low levels if
it is active.
In the BX-C, the activity state of the PREs (on or off) and of

the cis-regulatory domain in which the PREs reside is determined
by special elements called parasegment-specific initiators (39).
Initiators function during early embryogenesis and their paraseg-
ment specificity is determined by maternal and zygotic segmen-
tation genes. Although initiators must be able to switch the PREs
in the cis-regulatory domain off when they activate the domain, it
is not understood how the initiators communicate with the PREs.
One model for switching PREs from on to off is that the initiators
activate transcription through the PREs. In this model, RNAPII
transcription read-through displaces PcG complexes from the
PRE, allowing chromatin-modifying and -remodeling complexes
to establish a chromatin structure that prevents the reassociation
of PcG complexes. This model has been supported by studies
showing that ncRNAs complementary to the PREs in different
BX-C cis-regulatory domains are expressed in parasegment-spe-
cific patterns that mimic the parasegment-specific activation of the
regulatory domain (41). It has also been supported by transgene
studies showing that the epigenetic state of a PRE can be switched
when the PRE is linked to sequences from the surrounding region
of BX-C that have cryptic, GAL4-inducible promoters (22).
In the studies reported here, we have used a minimal bxdPRE

and a GAL4-inducible promoter to test the transcriptional read
through model. As has been reported for other PREs (20–22),

we find that the silencing activity of the 660-bp bxdPRE can be
relieved by GAL4. When binding to the UAS in the transgene,
GAL4 turns on the expression of the linked reporter genes and
alleviates PRE-dependent silencing of the white gene. The effect
of GAL4 on PRE-dependent silencing of white (and the other
reporters in the transgene) does not require the transcription of
RNAPII through the PRE. It is observed whether the GAL4-
inducible promoter is directed toward or away from the PRE.
Furthermore, we find that a pulse of RNAPII transcription
through the bxdPRE in response to GAL4 is not sufficient to
induce a heritable switch in the activity of the PRE from on to
off. Instead, when expression of GAL4 activator is turned off,
silencing by the PRE is reestablished.
Our ChIP experiments provide a plausible explanation for why

transcriptional read-through is unable to permanently disrupt PRE
function. These experiments show that even in the presence of a
steady source of the GAL4 activator, and thus continuous and high
level transcription, the PcG proteins PH, dSfmbt, and PC remain
associated with the bxdPRE. Transcriptional read-through has es-
sentially no effect on PC association, whereas for PH and dSfmbt,
there is at most only about a twofold reduction in their binding. As
for the PcG-specific histone mark, H3K27me3, the effectiveness of
the GAL4 activator depends upon chromosomal position. For one
of the UDPD lines, there is a marked reduction in H3K27me3 at
all of the transgene sequences tested. For the other UDPD line,
the GAL4 activator has little effect on the level the H3K27me3
modification. The same is true for URPD transgene, where GAL4-
inducible transcription is directed away from the PRE.
Our findings clearly demonstrate that transcriptional read-

through per se does not disrupt or block the association of PcG
complexes with the bxdPRE, nor does transcriptional read-through
prevent the accumulation of the PcG-specific, histone modification
H3K27me3 across the transgene insert. There are other reasons
to think that transcriptional read-through cannot be the (sole)
mechanism for inactivating a PRE such as the bxdPRE in its nat-
ural setting. The small effects on PcG protein binding and
H3K27me3 that we see are dependent on chromosomal position
and likely reflect the fact that the environment near the transgene
insert is generally permissive for transcription. This is not the case
in silenced BX-C cis-regulatory domains. In fact, Mihaly et al. (42)
have shown that a deletion of the iab-7PRE is not sufficient to
disrupt silencing of the iab-7 cis-regulatory domain. The reason for
this finding is that there are other PRE-like elements in the iab-7
domain that can compensate for the loss of the primary PRE.
Although our experiments argue that other mechanisms must be

in place to induce an epigenetic switch from on (silencing) to off
(permissive), what these mechanisms are is unclear. The experi-
ments of Rank et al. (22) indicate that sequences outside of the
PRE in the fragments containing BX-C PREs bxd, Mcp, and iab-7
are required for the epigenetic switch. One possibility is that these
sequences contain enhancer-like elements that not only counteract
the repressive effects of the PRE but can also do so in a heritable
fashion. Another possibility is that transcripts produced from the
cryptic promoters in these fragments contain RNA motifs (distinct
from the PRE sequences) that, for example, are able to recruit
TrxG complexes to the PRE and block PcG activity. In either case,
it should be noted that PcG proteins can still be detected at PREs
that are located within BX-C regulatory domains that are active
and lack the H3K27me3 mark (24, 26). This finding would argue
that regulating PRE activity might not involve a mechanism re-
quiring displacement of PcG proteins from PREs. Clearly, the next
step will be to discover this mechanism.

Materials and Methods
Drosophila strains, germ line transformation, genetic crosses, and plasmid
construction are described in SI Appendix, Supplemental Methods.

Fig. 5. Trx and GAF protein association increases during transcription.
(A) UDPD construct line 1. (B) UDPD construct line 2. (C) URPD construct. For
other designations, see the legend of Fig. 3.

14934 | www.pnas.org/cgi/doi/10.1073/pnas.1515276112 Erokhin et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1515276112/-/DCSupplemental/pnas.1515276112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1515276112


β-Galactosidase Activity Assay. Twenty adult flies were homogenized in
buffer I (1 mM MgCl2; 50 mM KH2PO4, pH 7.6; 1 mM PMSF). Homogenates
were incubated with chlorophenol Red-β-D-galactopyranoside (CPRG) for
20 min, and then optical density was determined at 595 nm. The results
obtained were normalized to the total amount of protein calculated using
the BCA Protein Assay kit (Thermo Scientific) according to the
manufacturer’s instructions.

RT-PCR. RNA was isolated from ∼20 adult flies homozygote for the construct.
Experimental procedures were described previously (43), and the details of
experimental procedures are given in SI Appendix, Supplemental Methods.
Primers are listed in SI Appendix, Table S4.

Cross-Linked ChIP–Quantitative PCR. For each experiment, 150–200 mg of the
initial material (0- to 16-h embryos or from 2- to 5-d-old adult flies homozy-
gote for the construct) was collected. Experimental procedures were described
previously (43), and the details of experimental procedures are given in SI
Appendix, Supplemental Methods. Primers are listed in SI Appendix, Table S5.

Antibodies. Antibodies used are listed in SI Appendix, Table S6.
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