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updates engrailed (en) encodes a homeodomain transcription factor crucial for the proper develop-

ment of Drosophila embryos and adults. Like many developmental transcription factors, en
expression is regulated by many enhancers, some of overlapping function, that drive
expression in spatially and temporally restricted patterns. The en embryonic enhancers are
located in discrete DNA fragments that can function correctly in small reporter transgenes.
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the genes are OFF, repressive chromatin marks keep later enhancers inactive. In this
paper we studied two late enhancers of the Drosophila en gene. We show that the correct
activity of these enhancers is dependent on being next to other, earlier acting en enhanc-
ers. Our data also show that En can repress its own expression, likely directly by acting on
these late enhancers. The chromatin-regulated activity of these en late enhancers is similar
to what was described for a late enhancer of another Drosophila developmental gene,

Ubx. We suggest that this mode of regulation is likely to be important for many late-acting
developmental enhancers in many different organisms.

Introduction

Developmentally important transcription factors are expressed in spatially and temporally
restricted patterns in the precursors of many different cell types. These complex gene expression
patterns are generated by a large number of enhancers, traditionally defined by their abilities to
stimulate patterned gene expression in transgenes (reviewed in [1]). Many developmental genes
have so-called “shadow enhancers”; that is, more than one enhancer that can drive transcription
in a similar pattern. Enhancers with overlapping functions are thought to impart robustness to
transcription of these important genes [2-5]. In addition to pattern setting enhancers (which
contain binding sites for both transcriptional activators and repressors [1]), developmental
genes are regulated by the Polycomb (PcG) and Trithorax group genes (TrxG). Studies in Dro-
sophila show that PcG and TrxG genes can impart a memory of the early pattern by setting the
chromatin in an ON or OFF transcriptional state (reviewed in [6,7]). We are interested in how
chromatin environment influences the enhancer activity of developmental genes.

The Drosophila engrailed (en) gene encodes a homeodomain transcription factor whose
best-known functions are in embryonic segmentation and specification of the posterior com-
partment in larval imaginal discs, precursors of the external structures of the adult [8-10]. En is
expressed in the embryo in a series of stripes in the ectoderm, and subsets of cells in the central
and peripheral nervous systems, hindgut, fat body, posterior spiracles, and head [11]. Using a
reporter gene in transgenic flies, we identified 20 embryonic enhancers spread over a 66kb
region including DNA upstream, within, and downstream of the 4kb en transcription unit [12].
However, we were unable to identify a fragment of DNA that drove expression of a reporter
gene in the posterior compartment of imaginal discs in an en-like pattern. We speculated that,
like the imaginal disc enhancers of the Ultrabithorax (Ubx) gene [13-16], the ‘ON-OFF state of
the en imaginal disc enhancers is set by the embryonic expression pattern and remembered
throughout development through epigenetic memory; without this epigenetic memory, the en
imaginal disc enhancers could not regulate a reporter gene in the appropriate pattern (Fig 1).

en exists in a gene complex with invected (inv). inv encodes a closely related homeodomain
protein that is largely co-regulated with en [17,18]. In the ‘OFF’ transcriptional state,
H3K27me3, the repressive chromatin mark put on by the Polycomb protein complex PRC2,
covers the entire inv-en domain, showing that inv-en is a target for Polycomb-mediated repres-
sion ([19,20]. Consistent with this, Polycomb group genes (PcG) are required to silence inv-en
expression where they are not normally expressed in embryos and imaginal discs [21-24]. In
our dissection of inv-en regulatory DNA we found two fragments of DNA that acted as
enhancers of reporter genes in imaginal discs [12] but, unexpectedly, the reporter genes were
expressed more strongly in the anterior compartment, the opposite of where En is expressed.
Previous studies showed that overexpression of En via an inducible transgene can silence En
expression in imaginal discs [25,26]. We hypothesized that when the en IDEs were outside of
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IDE in the inv-en domain

Anterior compartment Posterior compartment
inv-en OFF in embryo inv-en ON in embryo
IDE in silenced chromatin IDE in active chromatin
inv-en is not expressed inv-en is expressed

IDE-reporter outside of the inv-en domain

Anterior compartment Posterior compartment
OFF state not set in the ON state not set in the
embryo embryo
IDE can activate IDE is repressed by En

reporter gene

Fig 1. Model of how the en imaginal disc enhancers (IDEs) function inside and outside the inv-en domain.
Diagrams of a wing disc with expression (red shading) in either the posterior (P) or anterior (A) compartment are
shown.

https://doi.org/10.1371/journal.pgen.1010826.9001

the inv-en domain they 1) were not silenced in the anterior compartment by PcG repressive
marks and 2) were not covered by active chromatin marks in the posterior compartment and
were susceptible to repression by En (Fig 1).

Here we study the activity of two en IDEs using three approaches 1) testing their activities
in small transgenes 2) deleting them from HAen79, a 79kb transgene with HA-tagged En, that
can rescue inv-en double mutants [27], and 3) deleting them from invA33, a chromosome that
contains a 33kb deletion of inv DNA, creating a mimic at the endogenous en locus of the
sequences present in HAen79 (called en80 in [27]). Our results suggest that the En protein
directly represses its own expression through the imaginal disc enhancers and other sequences
within the inv-en domain. Deletion of either imaginal disc enhancer from the HAen79 trans-
gene causes a loss-of-function en phenotype, showing that these fragments are IDEs for en. In
contrast, the same deletions do not cause phenotypes when deleted from the invA33 endoge-
nous locus. Altogether our experiments show that the function of the imaginal disc enhancers
is regulated by the chromatin environment of the endogenous inv-en domain.

Results

The inv and en genes are contained within a 113kb domain flanked by the genes E(Pc) and tou
(Fig 2A). en is required for both embryonic and adult development. In contrast, the inv gene is
not required for viability or fertility in the laboratory [18]. In many experiments in this paper,
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Fig 2. Map of invA33, transgenes, PREs and imaginal disc enhancers. (A) Diagram of the inv-en region of the
genome with flanking genes. The black boxes labeled O and S are the locations of the IDEs studied in this paper.
Vertical lines show the locations of the constitutive inv and en PREs. The arrows denote the direction and extent of the
transcription units. The DNA deleted in invA33, enA110, and en® is shown by dotted lines. Bottom, the extent of the
DNA present in the two large transgenes used in this study is shown by black lines. In these transgenes, En is labeled
on the N-terminus with a single HA-tag [12]. (B) Expression pattern of En and Inv in a wild-type wing disc. A fate map
of a wing imaginal disc is shown on the right. A-anterior, P-posterior, D-dorsal, V-ventral. Diagram is from [46].

https://doi.org/10.1371/journal.pgen.1010826.9002

we use either a large transgene (HAen79) or a mutated inv-en domain (invA33) that encode no
Inv protein to study the function of the imaginal disc enhancer (IDE) (Fig 2A). Table 1 con-
tains a list of the transgenes and inv-en mutants used in our experiments. Inv and En are co-
expressed in embryos and imaginal discs (Fig 2B) [12,18]. In some experiments with trans-
genes, we examined Inv expression from the wildtype inv-en domain in order to compare
expression of the endogenous locus with the HA-en transgene (see below).

Fragments O and S are imaginal disc enhancers

The locations of two fragments of DNA, O and S, that drove reporter gene expression mainly
in the anterior compartment of imaginal discs are shown in Fig 2 [12]. To test the hypothesis
that the ‘ON-OFF’ state of these enhancers could be set at the embryonic stage, we cloned
them in a vector that gives striped expression throughout most of embryogenesis but no
expression in imaginal discs (construct H [12], S1 Fig). Fragment O is 3.9kb and includes
some stripe enhancers for early and mid-embryogenesis but not late embryogenesis [12]. For
S, we used a 2.8kb fragment, considerably smaller than the 6.7kb fragment we previously stud-
ied [12]. The coordinates of this fragment were set by an overlap of our original S fragment
and an imaginal disc enhancer identified in a screen of genomic fragments for cis-regulatory
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Table 1. Transgenes and inv-en mutants used in this paper.

Small transgenes Vector En DNA Fragment Coordinates”

O-H-enlacZ H-Plen]' 0-7435274-7439183; H-7415785-7423711
S-H-enlacZ H-Plen] S-7448809-7451645; H-7415785-7423711

O-enlacZ Plen] 0-7435274-7439183

S-gal4 pBPGUw S-7448809-7451645

SS2-gal4 pBPGUw 552-7448809-7450141

SS1-gal4 pBPGUw SS1-7450142-7451645

Large transgenes En DNA Coordinates Reference

HAen45 7404008-7448931 [12]

HAen79 7386838-7466000 [12]

Modified HAen79 Modification Method

HAen79stop® stop codons inserted in en Recombineering/transgene insertion

HAen79A0 Fragment O deleted Recombineering/transgene insertion

HAen79AS Fragment S deleted Recombineering/transgene insertion

HAen79AS8S2 Fragment SS2 deleted Recombineering/transgene insertion

HAen79GywW Gypsy Element added at MW side CRISPR/Cas9 of HAen79 flies

HAen79GyB Gypsy Element both sides CRISPR/Cas9 of HAen79Gy W flies

Genomic mimic of HAen79 Deleted sequences Method Reference
invA33 7353743-7386877 CRISPR/Cas9 [27]
CRISPR/Cas9 modifications of invA33 Modification

invA3340 Fragment O deleted from invA33

invA33AS Fragment S deleted from invA33

invA33ASS2 Fragment SS2 deleted from invA33

invA3340ASS2 Fragment SS2 deleted from invA3340

invA33HAenASS2 HA-tag added to En on invA334SS2

HAen HA-tag added to En on a wildtype chromosome

inv-en deletions Deleted coordinates (size) Generated using Reference
enAll0 7353743-7463977 (110kb) CRISPR [27]
en® 7383679-7425016 (41.3kb) P-element excision [18]
en™! 7332587-7536107 (203.5kb) X-rays [10]

'P[en] contains the en promoter, 396bp of upstream sequences, and an untranslated leader fusion between en and an Adh-Reporter gene [12]. Fragment H contains

7.9kb of regulatory sequences from -396bp to

-7.9kb including enhancers for embryonic stripes but no disc enhancers [12].

2All coordinates are on chromosome 2R, Genome Release v5.

*[27]

https://doi.org/10.1371/journal.pgen.1010826.t001

activity in imaginal discs (line GMR94D09, [28]). There are no embryonic enhancers present
in this 2.8kb fragment S. Construct H contains both stripe enhancers and Polycomb response
elements (PREs) that might impart transcriptional memory on the O or S IDEs leading to
expression of the reporter gene, f3-galactosidase (3gal), in the posterior compartment of wing
discs. For S, this did not occur. The expression of f3gal in three independent insertion lines was
stronger in the anterior than the posterior compartment of the wing disc (S1 Fig). 3gal expres-
sion from the O construct was quite variable. In one line, 8gal was OFF in the anterior com-
partment, like En, but only partially ON in the posterior compartment (S1 Fig). In another,
B3gal was expressed in the posterior compartment, and mostly silenced in the anterior, and in
another, anterior expression was stronger than posterior, similar to expression driven by S in
this vector. This variability in expression pattern illustrates the strong influence of chromatin
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Fig 3. Fragment S binds En and stimulates expression of a reporter gene in the anterior compartment in a small transgene. (A) ChIP-seq data
on 3" instar larval brains and discs for Pho, Ph, En, and H3K27me3 over the genomic region present in invA33 (Coordinates chr2R, version dm5;
sequences from GSE76892 [47]). Astericks indicate the position of the constitutive (aka major) en PREs. “Minor” or tissue specific PREs are marked
by black dots below the Pho ChIP-seq peaks [20]. These could be dual function elements that serve as enhancers or silencers dependent on the
context [48]. Locations of the O and S fragments are shown as boxes. (B) Expanded view of the region around fragment S showing the locations of
the SS2 and SS1 fragments. (C,D) Gal4 (red) expression in wing discs from transgenic flies containing SS1 or SS2 cloned in front of Gal4 (in
PpBPGUw, [42]). En (green) is shown for comparison. These transgenes were inserted at attP40. Similar results were obtained with the same
transgenes inserted at attP2. At least 10 discs were examined for each genotype and a representative disc is shown.

https://doi.org/10.1371/journal.pgen.1010826.9003

environment on the activity of these IDEs. Nevertheless, these results confirmed that these
fragments could act as IDEs in another reporter vector. Finally, although in this paper we
describe the activity of S and O in wing discs, both these enhancers also drive expression in all
other discs examined (haltere, leg, and eye-antennal discs, S2 Fig).

We cloned the S fragment into a different vector used to detect enhancer activity and dissected
it into two smaller fragments, SS2 and SS1 (Fig 3). Chromatin-immunoprecipitation followed by
sequencing (ChIP-seq) in 3" instar larval brains and discs show the location of the Polycomb
proteins Pho, Ph, and the En protein and the H3K27me3 chromatin mark over the DNA present
in the invA33 allele (Fig 3A). Normally, En expression is silenced by Polycomb proteins in the
anterior compartment in discs [21,23,24], consistent with H3K27me3 covering this region of the
chromosome in this mixed cell population. S, SS2, and SS1 were cloned in front of the GAL4
reporter gene (Figs 2D and 3C) and integrated into two different insertion sites: attP40 and attP2.
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At both chromosomal locations, S and SS2 gave nearly identical expression patterns, in the ante-
rior compartment. There is an En ChIP-seq peak directly over the SS2 fragment (Fig 3B). En con-
tains an active repression domain [29], overexpression of En by an inducible transgene silences
en expression [25,26]. We suggest that En may directly repress the expression of the transgene by
binding to the S enhancer. SS1 has no enhancer activity in wing discs (Fig 3D).

We next turned our attention to two large HA-en transgenes, one 45kb and one 79kb (Fig 2A).
We previously showed that HAen45 can rescue en mutants, but not double mutants of inv and en
[12]. HAen79 transgene rescues inv-en double mutants, including enA110 that deletes the most of
the inv-en domain [12,27]. Despite this, the expression of HA-en from these transgenes is not nor-
mal in wing discs in a wildtype background (S3 Fig). In HAen45, HA-en is nearly absent in the
pouch region of the wing disc at three different attP insertion sites and variegated at the other (S3A
and S3E Fig). Expression of HA-en in the HAen45 wing pouch is partially restored in the presence
of the en™® mutation, a deletion of 53bp in the coding region of En, that produces no detectable
En protein [18] (S3B Fig). These data suggest that the repression of HAen45 is mediated by the En
protein itself and not via an interaction of the transgene with the endogenous inv-en gene, as has
been seen at the Drosophila spineless gene [30]. HAen79 is expressed better than HAen45, but there
are still regions of the wing disc where it is not expressed (S3C and S3E Fig). The size of the
repressed region is variable from disc to disc, and the expression is variegated at two different
insertion sites (53 Fig). We suggest that this variegated expression is the result of unstable gene
expression, a competition between the ON and OFF transcription states set by epigenetic marks.

We also asked whether the HA-en made by the transgene is necessary for its variegated
expression. We made HAen79-stop that contains a stop codon in En and produces a non-func-
tional En protein [27]. Like HAen79@attP40, HAen79-stop@attP40 is expressed in only part of
the wing pouch (S3F Fig) and its expression is variegated. We conclude that the HAen79 trans-
gene is repressed by En expressed from the wildtype inv-en domain and that the HA-en pro-
tein contributes very little to this repression.

We next deleted fragments O, S, or SS2 from the HAen79 transgene, inserted them at
attP40, and compared the expression of HA-en in wing imaginal discs, both with and without
wildtype Inv and En (Fig 4). Deleting fragment O decreases expression of HA-en in a wildtype
background, especially in the ventral region of the wing pouch (Fig 4A, white arrow). The O
fragment contains an embryonic stripe enhancer for the ventral part of the embryo at stage 12
of development [12]. Our data suggest either that O also contains an enhancer for the ventral
wing disc, or that epigenetic memory is impaired when this embryonic enhancer is removed.
Deleting fragments S or SS2 from HAen79 gave essentially the same result in wing discs
(Fig 4A). In a wildtype background, expression is only observed in a line at the anterior-poste-
rior (A-P) boundary. There are three different enhancers for this A-P boundary line present in
HAen79, and they are not within fragments O or S [12]. Removal of the inv-en domain leads to
almost wildtype expression from HAen79A0 and more, but still variegated, expression of
HAen79AS or HAen79ASS2 (Fig 4A). The wing phenotypes of HAen79A0, AS or ASS2 enA110
are consistent with these expression patterns (S4A Fig). Minor wing vein defects are seen in
HAen79A0 enA110 wings, and more severe phenotypes are seen in HAen79AS enA110 and
HAen79 ASS2enA110 wings, including the presence of anterior-like bristles on the posterior
wing margin, indicating a posterior-to-anterior transformation (S4A Fig). Altogether these
data show that fragments O, S, and SS2 contain IDEs.

A strong correlation between En protein and repression of the S enhancer

We used the variegated expression of HA-en from HAen79AS as a tool to address the correla-
tion between En expression and repression of the S enhancer. We constructed a genotype
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HAen79AS enE/HAen79AS enA110; S-Gal4/+

Fig 4. En represses expression of fragment O and S containing transgenes. (A) Top row: HA expression from
HAen79A0, HAen79AS, and HAen79ASS2 (all inserted at attP40) on a wildtype chromosome. Bottom: The same
transgenes on an enA110 chromosome. All discs are homozygous for the indicated genotype. Arrow points to the
ventral portion of the wing disc. (B) En (green) and Gal4 (red) in two different wing imaginal discs of the genotypes
HAen79AS enE/HAen79AS enA110; S-gal4/+. The bottom row shows a close-up of the pouch region of a different wing
disc. HAen79AS is the only source of En in this genotype and is expressed in a variegated manner in the wing pouch. S-
gal 4 is expressed in the wing pouch predominantly in cells that do not express En. At least 10 discs were examined for
each genotype and a representative disc is shown.

https://doi.org/10.1371/journal.pgen.1010826.9004

HAen79AS enA110/ HAen79AS en®; S-Gald@attP2/+ and examined En and Gal4 distribution
in wing discs. en” is a 41kb deletion that removes En and produces a truncated Inv protein
that lacks the homeodomain (Fig 2A). In this background, the only source of En is from the
HAen79AS transgene. Strikingly, in the posterior compartment of the wing pouch, S-Gal4 is
repressed in the cells where En is expressed (Fig 4B). These data, along with ChIP data that
show En binding to S, support the hypothesis that En can directly repress the S-enhancer in
the wing pouch.
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Table 2. Viability and phenotype of flies with a single copy of the en gene.

Genotype of fathers Genotype of mothers

CyO /enA110 Cy0 / en® CyO / enX31

Progeny Progeny Progeny

CyO enAll10 CyO en® CyO enX31

# # Phenotype # # Phenotype # # Phenotype
invA33 68 77 + 51 34 + 63 36 WO
invA3340 46 55 WO 48 46 WO 84 46 WO
invA33AS 37 41 WO 68 77 + 106 44 WO
invA33ASS2 46 47 WO 41 42 + 99 45 WO
invA33A0ASS2 94 79 WO** 73 96 WO** ND ND ND
invA33HAenASS2 44 46 WO 54 34 + 99 45 WO
HAen 41 59 + 48 51 + 68 35 +
HAen79 enA110 146 9* WO** 136 2% WO** 80 2% WO**
HAen79GyB enA110 151 86 WO 110 98 WO 75 41 WO
HAen79GyMW enA110 79 98 WO 77 76 WO 93 41 WO

Mothers of the genotype on top were crossed to fathers of the genotype on the left and their progeny were counted.
See Table 1 and Fig 2 for the extent of deletions in enA110, en”, and enX31.
WO-Wings held out. The wings out phenotype is correlated with the loss of the inv DNA [20].

+ Wildtype

* A few flies hatch and either fall in the food and die or are stuck to the pupal case or sides of vial.

** Wing vein defects in posterior compartment (a loss of function phenotype).

https://doi.org/10.1371/journal.pgen.1010826.t002

One copy of the HAen79 transgene is haploinsufficient

Flies survive well with one copy of the inv-en domain and have no known phenotypes. That is
not the case with the HAen79 transgenes. While homozygous HAen79 enA110 flies survive
with only minor wing defects, flies with only one copy of HAen79 in a homozygous enA110
background have wing defects and survive poorly (S4 Fig and Table 2). Some HAen79 enA110/
enA110 flies hatch and then stick to the sides of the vial or fall in the food and die, suggesting a
defect in nervous system development. In contrast, HAen79A0 or HAen79AS enA110/three
different inv-en deletions (enA110, enE and enX31) die as pharate adults with severe leg defects,
and wings that are usually not expanded (S4C Fig). A rare HAenAO enA110/en” fly with an
expanded wing showed a lack of wing veins throughout most of the wing and deformed legs
(S4C Fig). HAen79ASS2 enA110/inv-en deletion flies survive with wing defects similar to those
seen in HAen79A8S2 enA110 homozygotes and have no leg defects. These data suggest that AS
takes out more regulatory sequences than does ASS2. Thus, although the HAen79 transgene
can rescue inv-en double mutants, it is a not equivalent to a wildtype en locus. Deleting either
the O or S fragment from the HAen79 transgene leads to leg defects when these transgenes are
the only source of En (S4 Fig). This provides further evidence that these fragments are also
enhancers in leg discs.

En expression from invA33 is not sensitive to the loss of the O or SS2
enhancers

invA33 was created as a mimic of the HAen79 transgene at the endogenous locus (called en80
in [27], Fig 2A). At invA33, in addition to the 79kb present in HAen79, there is 1kb of DNA
just downstream of the E(Pc) transcription stop site. E(Pc) and tou transcription form the
boundaries of the inv-en domain [31]. We left 1kb downstream of E(Pc) because we did not
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Fig 5. Deletions of disc enhancers from invA33 reveals the stability of the endogenous locus. En in invA33, invA33A0 and invA33ASS2 wing imaginal
discs looks like WT. En in invA3340ASS2 homozygous and invA3340AS8S2/enA110 wing discs is variegated. At least 10 discs were examined for each
genotype and a representative disc is shown.

https://doi.org/10.1371/journal.pgen.1010826.9005

want to risk interfering with E(Pc) transcription termination. We used CRISPR/Cas9 to delete
either fragment O or SS2 from invA33 and saw no difference in the En expression pattern in
wing discs (Fig 5). We next tested whether invA33, invA3340 or invA33ASS2 were sufficient as
single copies by crossing them to three inv-en deletion mutants (Table 2). All three lines sur-
vive well over all the deletion mutants; none have wing vein or leg defects. Some flies hold
their wings out, a phenotype associated with loss of inv [20]. We wondered whether adding a
HA-tag to En would impair its function. We tagged En with HA on both a wildtype chromo-
some and on invA334S8S2, making HAinvA33ASS2. We found no evidence that the HA-tag
compromised En function, as HAinvA33ASS2 flies survive well as heterozygotes and do not
have wing vein defects (Table 2). In summary, these data show that the endogenous invA33
domain is resilient to the loss of a single imaginal disc enhancer.

We next deleted both fragments O and SS2 and found that En expression is variegated both
in invA3340AS8S2 homozygotes and invA3340A8S2/enA110 wing discs (Fig 5). This variegated
expression is consistent with the hypothesis that these enhancers are regulated by chromatin
modifications. invA3340ASS2 survive well as heterozygotes (Table 2). Consistent with the var-
iegated expression patterns, some wings have vein defects, whereas others do not.

We hypothesized that the endogenous locus was more stable to enhancer deletions than the
HA-en transgene because it has boundaries that stabilize the chromatin state of the locus. For
example, H3K27me3, the Polycomb chromatin mark, stops at the 3’ ends of the E(Pc) and tou
genes at the endogenous locus [31]. On the other hand, the transgene does not have bound-
aries, and the H3K27me3 spreads from the en DNA in both directions many kilobases, stop-
ping at actively transcribed genes [27]. We hypothesize that this destabilizes the transgene in
both the ON and OFF transcriptional states, making it less stable and more sensitive to the loss
of enhancers.

Adding a gypsy element boundary to HAen79 improves its function

The HAen79 transgene also contains a mini-white (w+) gene as a marker to detect integration
events into an attP landing site [32]. A mini-yellow (y+) gene is present at the landing site and
is located downstream of the en transcription unit after integration of the HAen79 into the

genome (Fig 6A). We used CRISPR/Cas9 to insert gypsy boundary elements at the ends of the
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79kb HA-en DNA. Gypsy boundaries can block both the action of enhancers and the spread-
ing of the H3K27me3 Polycomb mark [33-35]. Two lines were created, one with gypsy on the
w+ side, HAen79GyW, and the other with gypsy on both sides, HAen79GyB. In contrast to
flies with just one copy of en from the HAen79 enA110 chromosome, both HAen79GyW
enA110, and HAen79GyB enA110 flies survive well over deficiencies for inv and en and have no
defects in wing veins (Table 2). Unlike the original HAen79 line that has variegated expression
in the wing pouch in the presence of a wildtype inv-en domain, both HAen79GyW and
HAen79GyB have HA-en expression in an En-like manner in the wing pouch (Fig 6B). Unex-
pectedly, Inv expression is now variegated in these discs. This finding suggests that the HA-en
expressed from the transgene is now able to repress the expression of Inv at the endogenous
locus.

We next looked at expression of mini-white (w) and mini-yellow (y) RNA, the two genes
that flank the 79kb HA-en transgene. In a wildtype background, w is expressed in a variegated
manner in the wing pouch, like HA-en (Fig 6C). y is expressed mainly in the notum part of the
wing disc. When the HAen79 transgene is the only en gene in the genome (HAen79 enA110),
w is expressed in the entire wing pouch, while y is expressed in a line at the anterior-posterior
boundary in addition to the notum (Fig 6C). Inserting a gypsy element between the en DNA
and w causes a complete loss of w expression, showing that gypsy is sufficient to block en
enhancers from stimulating w expression. y is expressed in the notum and weakly at the A/P
boundary in the wing pouch in HAen79GyW enA110 wing discs. Inserting gypsy elements on
both sides blocks w expression, and almost completely blocks y expression (Fig 6C).

We were surprised that the activity of HAen79GyW is comparable to HAen79GyB for both
viability as a heterozygote and HA-en expression in a wild-type background. Our previous
data strongly suggested that all of the wing disc enhancers for expression in the posterior com-
partment are located upstream of the en transcription unit [12]. In addition, all of the Poly-
comb response elements (PREs) present in HAen79 are located upstream of the en
transcription unit [20,27]. Our data show that without the boundary between en and w, the
chromatin-regulated imaginal disc enhancers can activate the flanking w gene. We suggest
that this makes the overall stability of the ON state weaker and subject to repression by the
endogenous En protein (see model Fig 7). In this model, we envision that active chromatin
marks only cover the region upstream and within the en coding region in cells of the posterior
compartment of imaginal discs. At the Ubx locus, only regulatory regions that are in use are
covered with an active mark, H3K27ac; the rest of the regulatory DNA remains inactive chro-
matin and is covered by H3K27me3 [36]. There are no embryonic stripe enhancers or IDEs
for the posterior compartment located downstream of the en transcription unit and we suggest
that the active marks only spread in one direction: towards the w gene. This could explain why
yis not expressed in the posterior compartment in HAen79 wing discs. We propose that block-
ing the spreading of the active mark stabilizes the ON transcriptional state and lets it overcome
repression by the En protein (Fig 7). The biological function of En binding to its own regula-
tory DNA might be to modulate its own expression levels which are not uniform in the poste-
rior compartment.

Finally, we examined the stability of Polycomb repression of the HAen79 transgenes with
and without the gypsy boundaries. We previously showed that either removing the en PREs
from HAen?79 or putting the HAen79 transgene in a ph-p*'’ background (which reduces the
amount of the PcG protein Polyhomeotic) leads to flies with disrupted abdomens due to mis-
expressed En [27]. Adding a gypsy element to either one or both sides of HAen79 reduces the
abdominal phenotype seen in ph-p*'° flies (S5 Fig). The exact phenotype was variable and sim-
ilar in both ph-p*'% HAen79GyW and ph-p*'’; HAen79GyB flies. The equivalent phenotypes
obtained by flanking only one or both sides of HAen79 with gypsy boundaries was surprising
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Fig 6. Flanking HAen79 by gypsy elements stabilizes HA-en expression and restricts expression of flanking genes. (A) Diagram
of the HAen79 transgene and flanking sequences (not to scale). (B) HA and Inv expression in wing disc pouch from the genotypes
indicated (on a wildtype chromosome). Note the expanded HA expression and variegated Inv expression in HAen79GyW and
HAen79GyB compared to HAen79. (C) RNA in situ hybridization. Note that both the mini-white (w) and yellow (y) genes are
transcribed at higher levels in the wing pouch when the endogenous inv-en domain is deleted (HAen79 enA110). Adding a gypsy
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element on the mini-white site completely blocks w expression. A small amount of y expression remains (white arrow) in
HAen79GyB enA110. For immunostaining (B), at least 10 discs were examined for each genotype; for RNA-FISH (C), at least 7 discs
were examined for each genotype.

https://doi.org/10.1371/journal.pgen.1010826.9006

to us because H3K27me3 spreads in both directions past the HAen79 ends into flanking DNA
[27]. We suggest that the enhancers necessary for the abdominal phenotype are located
upstream of the en promoter where both the constitutive and tissue-specific PREs are present
[20], creating a stable H3K27me3 domain in the upstream DNA.

Discussion

Here we have shown that the activity of two en imaginal disc enhancers is dependent on the
chromosomal context. En is normally expressed in the posterior compartment in imaginal
discs. When cloned into small transgenes, these enhancers induce expression mainly in the
anterior compartment. En binds to both these enhancers and may act directly to repress their
expression in transgenes. Deleting either enhancer from a 79kb-HA-en transgene caused
defects in expression of HA-en in the posterior compartment and decreased its ability to func-
tion as the sole source of En. The same deletions in the endogenous invA33 locus did not cause
any obvious phenotypes. Inserting a gypsy boundary between the upstream En DNA and the
mini-white gene in HAen79 increases its activity, allowing it to rescue as a single copy, and
increasing the stability of its expression when combined with a mutation in the PcG gene ph.
Adding an additional gypsy boundary between the downstream en DNA and the mini-yellow
gene did not increase the activity or stability of the transgene to a ph mutation further. In both
invA33 and HAen79, the inv PREs are missing, while the enhancers for expression in the poste-
rior compartment of the wing disc, the precursors of the adult abdomen, and the constitutive
and tissue-specific PREs are all located upstream of the en transcription unit (to the right of en

En silences expression in some cells

HAen79
HA
y
—{y [ei>{ [l o
— < —> 5P
En cannot overcome
activating marks to silence expression
HAen79GyMW ud
Y
—— {1 DI
— <« — 5P

Fig 7. A model of how the gypsy boundary may increase the function of HAen79. The En protein (red circle) binds to an imaginal disc enhancer
(IDE) in HAen79 with (bottom) or without (top) a gypsy boundary inserted between en and w+. In this model, active chromatin marks (denoted by
bright green peaks) cover the region upstream of the en transcription unit, spreading over the w+ gene when a boundary is not present. The strength
of activation (denoted by brighter green) is increased when the boundary is added. An alternative model is described in the discussion.

https://doi.org/10.1371/journal.pgen.1010826.9007
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in Fig 2 map). We therefore propose that by inserting gypsy to generate HAen79GyW, we
block both the spreading of H3K27me3 and the enhancers from acting on mini-white and sta-
bilize both the ON and the OFF transcriptional states; the other boundary is not important.
Finally, deleting two imaginal disc enhancers from the invA33 locus led to variegated En
expression, suggesting that these enhancers are chromatin regulated and that additional imagi-
nal disc enhancers exist somewhere in the inv-en domain.

En represses its own expression

Previous studies have shown that overexpression of En can silence the expression of the En
gene in wing discs [25,26]. Here we show that wildtype levels of Inv and En repress the expres-
sion of reporter genes that contain either fragment O or S in the posterior compartment of the
wing disc. Furthermore, HA-en expression from the HAen79 transgene is variegated in the
wing pouch of the disc in a wildtype background. Repression of the HAen45 transgene is even
stronger and is relieved by a 53bp deletion in the en coding region that produces no En pro-
tein, showing that the repression is protein-mediated, and not via an interaction of the trans-
gene with the endogenous locus as has been seen for spineless [30] Removing the imaginal disc
enhancers from HAen79 increases its repression in a wildtype background, suggesting that the
En protein represses more strongly when there are fewer IDEs. ChIP experiments indicate that
the En protein binds to both the O and S fragments, providing evidence that the repression by
En may be direct. En is also bound to other places in the inv-en domain, including the en PREs
(Fig 3), and we suggest that En represses itself through many DNA fragments in its own locus.

The invA33 domain is more stable than the HAen79 transgene

To compare the activity of the HAen79 transgene with the endogenous inv-en domain, we
deleted 33kb of inv DNA, creating the allele we call invA33. Deletion of fragments O, S, or SS2
from invA33 (invA33A0, invA33AS, invA33ASS2 or HAinvA33ASS2 heterozygous to inv-en
deletions) did not lead to any defects in viability. Further, aside from holding their wings out,
an indication of loss of inv DNA [20] there were no wing defects in these flies. In contrast,
deletion of fragments O, S, or SS2 from the HAen79 transgene led to defects indicative of a loss
of en function, including defects in wing veins in the posterior compartment and the forma-
tion of anterior bristles on the posterior margin of the wing. Flies with a single copy of
HAen79A0 enA110 or HAen79AS enA110 did not hatch and had leg defects, indicating that
these enhancers are also important for leg development. These data show that the endogenous
locus is more resilient than the transgene to deletion of enhancers. Thus, our transgene experi-
ments allowed us to detect enhancer activities that would not have been evident if experiments
were only conducted on the endogenous en locus.

Deletion of both fragments O and SS2 from invA33 led to variegated expression of En with var-
iable wing defects. This result tells us two things: (1) there are other imaginal disc enhancers
located within invA33, and (2) the variegated pattern suggests that the imaginal disc enhancers are
regulated by chromatin modifications set earlier in development. We suggest that there is a com-
petition between the ON and OFF states. In the presence of all the imaginal disc enhancers, the
memory of the ON transcription state is maintained in the posterior compartment, perhaps by
the Trithorax group proteins, and in the OFF state, the Polycomb group proteins are the winners.

Adding a gypsy boundary to one or both sides of the HAen79 transgene
improves its function

Unlike the endogenous en locus, the HAen79 transgene does not have any boundary elements.
We previously showed that the H3K27me3 domain that forms over this transgene extends into

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010826  November 15, 2023 14/21


https://doi.org/10.1371/journal.pgen.1010826

PLOS GENETICS

Context-dependent activity of engrailed imaginal disc enhancers

flanking DNA until it is stopped by transcribed genes [27]. We also showed that genes flanking
the HAen79 DNA are expressed in a subset of En-expressing cells in embryos. Here we show that
the flanking genes mini-white and mini-yellow are also expressed in wing discs, albeit in different
parts of the disc. We hypothesized that adding boundary elements to the ends of HAen79 would
restrict the enhancers to the HA-en gene, improving its function. Surprising to us, adding a gypsy
boundary between HAen79 and the mini-white gene had the same effect on its function as adding
it to both sides of En (Fig 7 and Table 2). In our model (Fig 7) we suggest that active marks spread
over the mini-white gene, decreasing the level of the active chromatin mark, weakening the activ-
ity of the IDE. An alternative explanation is that the boundary between the en sequences and
mini-white blocks transcription of a transcript initiated at the 5’P element promoter located
upstream of en in HAen79 (Fig 6A). A recent paper showed that transcripts generated by the
P-element promoter in the absence of the Homie boundary are highly processive and repress
even skipped enhancer and promoter activities [37]. In this model, en enhancers would stimulate
the expression of both the mini-white and the P-element promoter. Read-through transcription
from the P-element promoter, through the mini-white gene, and perhaps even the en regulatory
and promoter regions, could interfere with their activity. In this second model, when gypsy is
inserted between en and mini-white, the P-element promoter is not stimulated in an en-like pat-
tern, and read-through transcription does not destabilize en expression.

Similarities between Ubx and en imaginal disc enhancers

The homeotic gene Ubx specifies the formation of the haltere and must be silenced in the wing
disc to prevent wing to haltere transformations. Nevertheless, there is an imaginal disc
enhancer (IDE) within the Ubx locus that, when included in a reporter construct, causes the
reporter gene to be expressed in both the haltere and wing discs. Combining this IDE with an
embryonic Ubx enhancer that sets the boundaries of reporter gene expression in the embryo
leads to reporter expression only in the haltere disc [13-16]. The silencing of the IDE enhancer
is due to the Polycomb group genes. As shown here, the En IDEs work in a similar way.
Another similarity is that high levels of Ubx protein can silence its own expression [38-40]. In
fact, Ubx represses Ubx through directly binding to an IDE [41]. Further, mutations in Ubx
binding sites within this IDE caused a loss of repression of a reporter gene but had no detect-
able effect on Ubx expression when made in the endogenous locus [41]. Thus, Ubx autoregula-
tion modulates its own expression level throughout the haltere disc, and En likely does the
same in the posterior compartment of wing imaginal discs.

Concluding remarks

En is essential for Drosophila development in both embryos and imaginal discs, and the
genome has devoted a lot of DNA to ensure its correct expression. We previously showed that
the constitutive PREs are not required for viability or H3K27me3 domain formation at the
inv-en domain in the laboratory [16-20]. Here we show that two imaginal disc enhancers are
also not required for viability in the laboratory. What is not captured in our papers is that
these PRE or enhancer deletion lines are not completely wildtype and are susceptible to muta-
tions elsewhere in the genome. When we first isolated the HAen79A40 and HAen79AS trans-
genes, there was a second site mutation located at another place on the second chromosome
that made the wing phenotypes of these flies much more severe in en mutant backgrounds. It
is possible that invA3340 and invA33AS flies are also susceptible to second site mutations; we
did not test this. Thus, as seen at other loci (reviewed in [5]), we suggest that the seemingly
redundant inv-en enhancers and PREs impart a stability that ensures robust development and
resiliency important for survival outside of the laboratory.
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Materials and methods

Small transgenes

Fragments O (2R:7,435,274..7,439,183) and S (2R:7,448,809..7,451,645) were cloned in a vector
that contains about 8kb of upstream en regulatory DNA, including the en promoter (fragment
H, 2R:7415785-7423711, [12]) (S1 Fig). All genomic coordinates are in genome release dm5.
Fragments S, SS1(2R:7,450,142..7,451,645), and SS2 (2R:7,448,809..7,450,141) were cloned into
the vector pBPGUw using the procedures described [42].

CRISPR/Cas9 mutants

The following mutant strains were generated with CRISPR/Cas9 technology: enA110 [27],
invA33 [27], invA33A0, invA33AS, invA33AS8S2, invA33A0ASS2, HAinvA33ASS2, HAen,
HAen79GyMW, and HAen79GyB (this paper). Genomic coordinates: invA33,
2R:7,353,764..7,386,881 [27], AO, 2R:7,435,274..7,439,183; ASS2, 2R:7,448,809..7,450,141. AS in
invA33AS is not a simple deletion: it deletes 2 fragments, one is 2683 bp,
2R:7,448,714..7,451,396 that has a 49bp insert sequence of unknown origin at the 3’ end of the
deletion, and a smaller 241bp deletion, 2R:7,451,535..7,451,775. Note that 138bp between these
two fragments is present. For CRISPR target sequence design and cloning into the pU6-BbslI-
gRNA(chiRNA) vector we followed the protocols in https://flycrispr.org. Repair plasmids were
used to make all new mutant fly lines except invA33AS. The repair plasmids were either synthe-
sized by Genscript Inc or by assembling PCR fragments with NEBuilder (New England Bio-
labs). Typical repair plasmids had homology arms of 500 bp to 1000bp, depending on the
experiment. The cloning vector for repair plasmids was pUC57. The gRNA plasmids were
mixed equally to get a total concentration of 1 pg/pl. When a repair plasmid was used, the
repair plasmids were mixed with gRNA plasmids at 0.5 pg/pl. The plasmid mixture was
injected (Rainbow Flies, Inc or BestGene, Inc) into the relevant host fly strain expressing Vasa-
Cas9 [43]. Genotypes injected were M{vas-Cas9.S}ZH-2A; with an appropriate 2™ chromo-
some: wildtype, invA33, invA33ASS2, HAen79, or HAen79GyW. Adult flies from the injected
embryos (GO) were singly crossed to a stock with a second chromosome balancer, yw; Sco/
CyO. After about a week at 25°, when larval progeny were present, DNA was prepared from
single fertile GO flies. PCR was done to detect the desired modification in the single GO flies.
From GOs that gave a strong PCR signal, 20 of its progeny (G1) were singly crossed to yw; Sco/
CyO. PCR was done on each G1 fly. The G1 flies that gave the right PCR product were used to
establish a fly stock. After the fly stock was established, PCR and DNA sequencing were done
to verify the desired change. A more detailed CRISPR/Cas9 protocol for the generation of
HAen79GyMW is described below. For other experiments, detailed protocols are available
upon request.

The fly strain y' M{vas-cas9.S}ZH-2A w'''®; HAen79 was generated using standard genetic
crosses. A gRNA target site, ggccggecgegatcgegece, was identified between mini-white gene
and the 5’ end of en DNA present in HAen79. A repair plasmid was made using NE Builder
(New England Biolabs) that includes a 430bp gypsy insulator sequence [44] flanked by two 1kb
homology arms. GO and G1 flies were screened and a fly stock was established. PCR and DNA
sequencing were done to verify the gypsy insertion and flanking sequences, resulting in the
HAen79GyMW strain.

Tagging en with HA. A 27 bp DNA sequence, TACCCCTACGACGTCCCCGATTACGCC,
that encodes the 9 amino acids HA tag was inserted into exn coding sequence immediately
downstream of its translation start codon ATG onto either a wildtype second chromosome
(HAen) or invA33ASS2 (HAinvA33ASS2).
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Immunostaining and RNA-FISH

Our antibody staining procedure for imaginal discs has been described previously [12]. The
primary antibodies used were: guinea pig anti-Inv (1:5000, [12]), rabbit anti-EN (1:500, Santa
Cruz Biotechnology, Inc.), anti-HA.11 (1:1000, clone 16B12, Biolegend), rabbit anti-Gal4 acti-
vation domain (1:1000, Millipore Sigma). Alexa Fluor secondary antibodies were used (1:1000,
Invitrogen) and discs were mounted in Vectashield with DAPI (Vector Labs). Fluorescent
RNA in situ hybridization was done with DIG-labeled probes for white and yellow with TSA
Plus Fluorescence Kits (Akoya Biosciences) and used for in situ hybridization to imaginal
discs as described [45]. For all experiments, at least 10 discs were examined, except where
noted in the figure legends.

Large transgenes

Generation of the HAen45, HAen79, and HAinv84 transgenes and transgenic lines were previ-
ous described [12]. The transgenes HAen79AS, HAen79A0 and HAen79ASS2 were generated
using recombineering to delete DNA using the HAen79 plasmid as the starting construct (for
procedures see [12]). Detailed protocols are available upon request. The coordinates of the
deletions were the same as in invA33, except that AS is a simple deletion in HAen794S (2R:
2R:7,448,809..7,451,645). These transgenes were inserted at the attP40 insertion site (on chr2L)

and recombined with enA110, en®, or en™ (

on chr2R) to generate the chromosomes used to
test the transgene’s function in the absence of endogenous inv and en. PCR was used to detect

the presence of the transgene and the en mutations.

Supporting information

S1 Fig. Activity of enhancers O and S in reporter constructs. (A) Diagram of en-lacZ
reporter construct used. The 8kb en fragment drives lacZ expression in embryos in stripes but
there is no expression of lacZ in the imaginal discs (Fragment H in [12]). (B, C) Expression of
gal and En (B) and 88gal (C) from S-enlacZ inserted at 3 different insertion sites. (D, E) O-
enlacZ inserted at 3 different insertion sites. See Table 1 for the coordinates of en fragments
used in these experiments. At least 10 discs were examined for each genotype and a representa-
tive disc is shown.

(TIF)

S$2 Fig. Fragments O and S drive expression in other discs. (A) DNA construct and f3gal
staining of imaginal discs from third instar larvae showing that the O enhancer drives expres-
sion of lacZ in the eye (E) and leg (L) discs (construct from [12]). (B) Gal4 expression from
SS2@attP2 (Fig 3) in the haltere (H) and third leg (L) disc. There is less expression of Gal4 in
the posterior part of the leg disc. In this halter disc, Gal4 appear to be expressed in the entire
disc but in other haltere discs it was reduced in the posterior compartment. See Table 1 for the
coordinates of En fragments used in these experiments.

(TIF)

S3 Fig. HA-en expression from large transgenes is repressed by wildtype levels of En. (A, B)
Expression of HA-en in wing discs from HAen45 in a wildtype background (A) and on a chro-
mosome with en”®® (B). en”®® makes no En protein but expresses Inv in a wild-type pattern.
((B) is reprinted from [12]) (C, D) Expression of HAen79@attP40 in a wildtype background
(C) and when on the same chromosome as enA110 (D). enA110 deletes the entire inv-en
domain so Inv is not present. The white arrow points to a place where HA-en is not present.
(E) HA-en expression from the HAen45 and HAen79 transgenes at different insertion sites. (F)
HAen79stop expresses a non-functional HA-en protein. All discs are homozygous for the
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indicated genotype. (G) En in a wildtype wing discs. At least 10 discs were examined for each
genotype and a representative disc is shown.
(TIF)

S4 Fig. HAen79 transgenes are haploinsufficient. (A) Wings of flies homozygous for the indi-
cated genotypes. Asterisk marks the crossvein where minor defects are seen. Arrows point to
the presence of anterior margin bristles on the posterior wing margin. A wildtype wing is
shown with a line separating the A (anterior) and P (posterior) compartments. (B) Wings
from flies of the indicated genotypes. The blue arrow points to the missing wing vein. The
black arrow points to anterior bristles on the posterior wing margin. (C) Ventral side of pha-
rate adults of the genotypes shown. On the left, two legs are visible; the middle leg has been
removed. The boxed region is the sex comb teeth (sc). The distal part of this leg is missing and
the proximal part is misshapen. This leg phenotype was extreme but seen in many HAen79AS
enA110 or HAen79A0 enA110/enX31 pharates. (D) This pharate has an extended wing missing
many veins and less severe leg defects. (E) wildtype leg. Arrow points to the sex comb teeth.
The distal part of the leg is missing in (C). Image of wildtype leg is from [49].

(TTF)

S5 Fig. Adding gypsy elements to HAen79 improves the phenotype of the abdomen in ph-
p*'° mutant males. invA33, HAen79, HAen79GyB ventral-lateral views; HAen79GyW ventral
view. Part of a leg is also evident in HAen79GyB. Only one copy of the transgene is present in
these genotypes. invA33 is heterozygous with a wildtype chromosome. Adding gypsy on one
or both sides of HAen79 led to similar phenotypes in ph-p*'“ that were more like wildtype. The
phenotype is due to mis-expression of En in the progenitors of the abdomen. At least 10 flies
of each genotype was examined, and a representative abdomen is shown.

(TIF)

Acknowledgments

We thank Drs. Pedro Rocha, James Kennison, James Jaynes, and Lesley Brown for helpful
comments on this manuscript.

Author Contributions

Conceptualization: Yuzhong Cheng, Judith A. Kassis.
Data curation: Yuzhong Cheng.

Formal analysis: Judith A. Kassis.

Funding acquisition: Judith A. Kassis.

Investigation: Yuzhong Cheng, Fountane Chan.
Methodology: Yuzhong Cheng.

Supervision: Judith A. Kassis.

Visualization: Yuzhong Cheng, Fountane Chan.
Writing - original draft: Judith A. Kassis.

Writing - review & editing: Yuzhong Cheng, Fountane Chan.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010826  November 15, 2023 18/21


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010826.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010826.s005
https://doi.org/10.1371/journal.pgen.1010826

PLOS GENETICS

Context-dependent activity of engrailed imaginal disc enhancers

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Small S, Arnosti DN. Transcriptional Enhancers in Drosophila. Genetics. 2020 Sep; 216(1):1-26.
https://doi.org/10.1534/genetics.120.301370 PMID: 32878914; PMCID: PMC7463283.

Frankel N, Davis GK, Vargas D, Wang S, Payre F, Stern DL. Phenotypic robustness conferred by
apparently redundant transcriptional enhancers. Nature. 2010 Jul 22; 466(7305):490-3. https://doi.org/
10.1038/nature09158 Epub 2010 May 30. PMID: 20512118; PMCID: PMC2909378.

Perry MW, Boettiger AN, Bothma JP, Levine M. Shadow enhancers foster robustness of Drosophila
gastrulation. Curr Biol. 2010 Sep 14; 20(17):1562—7. https://doi.org/10.1016/j.cub.2010.07.043 PMID:
20797865; PMCID: PMC4257487.

Osterwalder M, Barozzi |, Tissiéres V, Fukuda-Yuzawa Y, Mannion BJ, Afzal SY, Lee EA, Zhu Y, Plaj-
zer-Frick |, Pickle CS, Kato M, Garvin TH, Pham QT, Harrington AN, Akiyama JA, Afzal V, Lopez-Rios
J, Dickel DE, Visel A, Pennacchio LA. Enhancer redundancy provides phenotypic robustness in mam-
malian development. Nature. 2018 Feb 8; 554(7691):239-243. https://doi.org/10.1038/nature25461
Epub 2018 Jan 31. PMID: 29420474; PMCID: PMC5808607.

Kvon EZ, Waymack R, Gad M, Wunderlich Z. Enhancer redundancy in development and disease. Nat
Rev Genet. 2021 May; 22(5):324-336. https://doi.org/10.1038/s41576-020-00311-x Epub 2021 Jan 12.
Erratum in: Nat Rev Genet. 2021 Apr 13;: PMID: 33442000; PMCID: PMC8068586.

Kassis JA, Kennison JA, Tamkun JW. Polycomb and Trithorax Group Genes in Drosophila. Genetics.
2017 Aug; 206(4):1699-1725. https://doi.org/10.1534/genetics.115.185116 PMID: 28778878; PMCID:
PMC5560782.

Schuettengruber B, Bourbon HM, Di Croce L, Cavalli G. Genome Regulation by Polycomb and
Trithorax: 70 Years and Counting. Cell. 2017 Sep 21; 171(1):34-57. https://doi.org/10.1016/j.cell.2017.
08.002 PMID: 28938122.

Garcia-Bellido A, Santamaria P. Developmental analysis of the wing disc in the mutant engrailed of Dro-
sophila melanogaster. Genetics. 1972 Sep; 72(1):87—-104. https://doi.org/10.1093/genetics/72.1.87
PMID: 4627463; PMCID: PMC1212819.

Morata G, Lawrence PA. Control of compartment development by the engrailed gene in Drosophila.
Nature. 1975 Jun 19; 255(5510):614—7. https://doi.org/10.1038/255614a0 PMID: 1134551.

Kornberg T. Engrailed: a gene controlling compartment and segment formation in Drosophila. Proc Natl
Acad Sci U S A. 1981 Feb; 78(2):1095-9. https://doi.org/10.1073/pnas.78.2.1095 PMID: 6821526;
PMCID: PMC319953.

DiNardo S, Kuner JM, Theis J, O’Farrell PH. Development of embryonic pattern in D. melanogaster as
revealed by accumulation of the nuclear engrailed protein. Cell. 1985 Nov; 43(1):59-69. https://doi.org/
10.1016/0092-8674(85)90012-1 PMID: 3935318; PMCID: PMC2879874.

Cheng Y, Brunner AL, Kremer S, DeVido SK, Stefaniuk CM, Kassis JA. Co-regulation of invected and
engrailed by a complex array of regulatory sequences in Drosophila. Dev Biol. 2014 Nov 1; 395(1):131—
43. https://doi.org/10.1016/j.ydbio.2014.08.021 Epub 2014 Aug 27. PMID: 25172431; PMCID:
PMC4189978.

Muiller J, Bienz M. Long range repression conferring boundaries of Ultrabithorax expression in the Dro-
sophila embryo. EMBO J. 1991 Nov; 10(11):3147-55. https://doi.org/10.1002/j.1460-2075.1991.
tb04876.x PMID: 1680676; PMCID: PMC453036.

Christen B, Bienz M. Imaginal disc silencers from Ultrabithorax: evidence for Polycomb response ele-
ments. Mech Dev. 1994 Dec; 48(3):255-66. https://doi.org/10.1016/0925-4773(94)90064-7 PMID:
7893606.

Pirrotta V, Chan CS, McCabe D, Qian S. Distinct parasegmental and imaginal enhancers and the estab-
lishment of the expression pattern of the Ubx gene. Genetics. 1995 Dec; 141(4):1439-50. https://doi.
org/10.1093/genetics/141.4.1439 PMID: 8601485; PMCID: PMC1206878.

Poux S, Kostic C, Pirrotta V. Hunchback-independent silencing of late Ubx enhancers by a Polycomb
Group Response Element. EMBO J. 1996 Sep 2; 15(17):4713-22. PMID: 8887562; PMCID:
PMC452203.

Coleman KG, Poole SJ, Weir MP, Soeller WC, Kornberg T. The invected gene of Drosophila: sequence
analysis and expression studies reveal a close kinship to the engrailed gene. Genes Dev. 1987 Mar; 1
(1):19-28. https://doi.org/10.1101/gad.1.1.19 PMID: 2892756.

Gustavson E, Goldsborough AS, Ali Z, Kornberg TB. The Drosophila engrailed and invected genes:
partners in regulation, expression and function. Genetics. 1996 Mar; 142(3):893-906. https://doi.org/
10.1093/genetics/142.3.893 PMID: 8849895; PMCID: PMC1207026.

Schwartz YB, Kahn TG, Nix DA, Li XY, Bourgon R, Biggin M, et al. Genome-wide analysis of Polycomb
targets in Drosophila melanogaster. Nat Genet. 2006 Jun; 38(6):700-5. https://doi.org/10.1038/ng1817
Epub 2006 May 28. PMID: 16732288.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010826  November 15, 2023 19/21


https://doi.org/10.1534/genetics.120.301370
http://www.ncbi.nlm.nih.gov/pubmed/32878914
https://doi.org/10.1038/nature09158
https://doi.org/10.1038/nature09158
http://www.ncbi.nlm.nih.gov/pubmed/20512118
https://doi.org/10.1016/j.cub.2010.07.043
http://www.ncbi.nlm.nih.gov/pubmed/20797865
https://doi.org/10.1038/nature25461
http://www.ncbi.nlm.nih.gov/pubmed/29420474
https://doi.org/10.1038/s41576-020-00311-x
http://www.ncbi.nlm.nih.gov/pubmed/33442000
https://doi.org/10.1534/genetics.115.185116
http://www.ncbi.nlm.nih.gov/pubmed/28778878
https://doi.org/10.1016/j.cell.2017.08.002
https://doi.org/10.1016/j.cell.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28938122
https://doi.org/10.1093/genetics/72.1.87
http://www.ncbi.nlm.nih.gov/pubmed/4627463
https://doi.org/10.1038/255614a0
http://www.ncbi.nlm.nih.gov/pubmed/1134551
https://doi.org/10.1073/pnas.78.2.1095
http://www.ncbi.nlm.nih.gov/pubmed/6821526
https://doi.org/10.1016/0092-8674%2885%2990012-1
https://doi.org/10.1016/0092-8674%2885%2990012-1
http://www.ncbi.nlm.nih.gov/pubmed/3935318
https://doi.org/10.1016/j.ydbio.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25172431
https://doi.org/10.1002/j.1460-2075.1991.tb04876.x
https://doi.org/10.1002/j.1460-2075.1991.tb04876.x
http://www.ncbi.nlm.nih.gov/pubmed/1680676
https://doi.org/10.1016/0925-4773%2894%2990064-7
http://www.ncbi.nlm.nih.gov/pubmed/7893606
https://doi.org/10.1093/genetics/141.4.1439
https://doi.org/10.1093/genetics/141.4.1439
http://www.ncbi.nlm.nih.gov/pubmed/8601485
http://www.ncbi.nlm.nih.gov/pubmed/8887562
https://doi.org/10.1101/gad.1.1.19
http://www.ncbi.nlm.nih.gov/pubmed/2892756
https://doi.org/10.1093/genetics/142.3.893
https://doi.org/10.1093/genetics/142.3.893
http://www.ncbi.nlm.nih.gov/pubmed/8849895
https://doi.org/10.1038/ng1817
http://www.ncbi.nlm.nih.gov/pubmed/16732288
https://doi.org/10.1371/journal.pgen.1010826

PLOS GENETICS

Context-dependent activity of engrailed imaginal disc enhancers

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

De S, Mitra A, Cheng Y, Pfeifer K, Kassis JA. Formation of a Polycomb-Domain in the Absence of
Strong Polycomb Response Elements. PLoS Genet. 2016 Jul 28; 12(7):e1006200. https://doi.org/10.
1371/journal.pgen.1006200 PMID: 27466807; PMCID: PMC4965088.

Busturia A, Morata G. Ectopic expression of homeotic genes caused by the elimination of the Polycomb
gene in Drosophila imaginal epidermis. Development. 1988 Dec; 104(4):713—20. https://doi.org/10.
1242/dev.104.4.713 PMID: 2908325.

Moazed D O’Farrell PH. Maintenance of the engrailed expression pattern by Polycomb group genes in
Drosophila. Development. 1992 Nov; 116(3):805—-10. https://doi.org/10.1242/dev.116.3.805 PMID:
1363229; PMCID: PMC2755082.

Randsholt NB, Maschat F, Santamaria P. polyhomeotic controls engrailed expression and the hedge-
hog signaling pathway in imaginal discs. Mech Dev. 2000 Jul; 95(1-2):89-99. https://doi.org/10.1016/
s0925-4773(00)00342-7 PMID: 10906453.

Nekrasov M, Klymenko T, Fraterman S, Papp B, Oktaba K, Kécher T, et al. Pcl-PRC2 is needed to gen-
erate high levels of H3-K27 trimethylation at Polycomb target genes. EMBO J. 2007 Sep 19; 26
(18):4078-88. https://doi.org/10.1038/sj.emboj.7601837 Epub 2007 Aug 30. PMID: 17762866; PMCID:
PMC1964751.

Guillén |, Mullor JL, Capdevila J, Sdnchez-Herrero E, Morata G, Guerrero |. The function of engrailed
and the specification of Drosophila wing pattern. Development. 1995 Oct; 121(10):3447-56. hitps://doi.
org/10.1242/dev.121.10.3447 PMID: 7588077.

Tabata T, Schwartz C, Gustavson E, Ali Z, Kornberg TB. Creating a Drosophila wing de novo, the role
of engrailed, and the compartment border hypothesis. Development. 1995 Oct; 121(10):3359-69.
https://doi.org/10.1242/dev.121.10.3359 PMID: 7588069.

De S, Cheng Y, Sun MA, Gehred ND, Kassis JA. Structure and function of an ectopic Polycomb chro-
matin domain. Sci Adv. 2019 Jan 9; 5(1):eaau9739. https://doi.org/10.1126/sciadv.aau9739 PMID:
30662949; PMCID: PMC6326746.

Jory A, Estella C, Giorgianni MW, Slattery M, Laverty TR, Rubin GM, et al. A survey of 6,300 genomic
fragments for cis-regulatory activity in the imaginal discs of Drosophila melanogaster. Cell Rep. 2012
Oct 25; 2(4):1014-24. https://doi.org/10.1016/j.celrep.2012.09.010 Epub 2012 Oct 12. PMID:
23063361; PMCID: PMC3483442.

Smith ST, Jaynes JB. A conserved region of engrailed, shared among all en-, gsc-, Nk1-, Nk2- and
msh-class homeoproteins, mediates active transcriptional repression in vivo. Development. 1996 Oct;
122(10):3141-50. https://doi.org/10.1242/dev.122.10.3141 PMID: 8898227; PMCID: PMC2729110.

Viets K, Sauria MEG, Chernoff C, Rodriguez Viales R, Echterling M, et al. Characterization of Button
Loci that Promote Homologous Chromosome Pairing and Cell-Type-Specific Interchromosomal Gene
Regulation. Dev Cell. 2019 Nov 4; 51(3):341-356.e7. https://doi.org/10.1016/j.devcel.2019.09.007
Epub 2019 Oct 10. PMID: 31607649; PMCID: PMC6934266.

De S, Gehred ND, Fujioka M, Chan FW, Jaynes JB, Kassis JA. Defining the Boundaries of Polycomb
Domains in Drosophila. Genetics. 2020 Nov; 216(3):689-700. https://doi.org/10.1534/genetics.120.
303642 Epub 2020 Sep 18. PMID: 32948625; PMCID: PMC7648573.

Venken KJ, He Y, Hoskins RA, Bellen HJ. P[acman]: a BAC transgenic platform for targeted insertion of
large DNA fragments in D. melanogaster. Science. 2006 Dec 15; 314(5806):1747-51. https://doi.org/
10.1126/science.1134426 Epub 2006 Nov 30. PMID: 17138868.

Mallin DR, Myung JS, Patton JS, Geyer PK. Polycomb group repression is blocked by the Drosophila
suppressor of Hairy-wing [su(Hw)] insulator. Genetics. 1998 Jan; 148(1):331-9. https://doi.org/10.
1093/genetics/148.1.331 PMID: 9475743; PMCID: PMC1459791.

Scott KC, Taubman AD, Geyer PK. Enhancer blocking by the Drosophila gypsy insulator depends upon
insulator anatomy and enhancer strength. Genetics. 1999 Oct; 153(2):787-98. https://doi.org/10.1093/
genetics/153.2.787 PMID: 10511558; PMCID: PMC1460797.

Kahn TG, Schwartz YB, Dellino Gl, Pirrotta V. Polycomb complexes and the propagation of the methyl-
ation mark at the Drosophila ubx gene. J Biol Chem. 2006 Sep 29; 281(39):29064—75. https://doi.org/
10.1074/jbc.M605430200 Epub 2006 Aug 2. PMID: 16887811.

Bowman SK, Deaton AM, Domingues H, Wang PI, Sadreyev RiI, Kingston RE, et al. H3K27 modifica-
tions define segmental regulatory domains in the Drosophila bithorax complex. Elife. 2014 Jul 31; 3:
€02833. https://doi.org/10.7554/eLife.02833 PMID: 25082344; PMCID: PMC4139060.

Fujioka M, Nezdyur A, Jaynes JB. An insulator blocks access to enhancers by an illegitimate promoter,
preventing repression by transcriptional interference. PLoS Genet. 2021 Apr 26; 17(4):e1009536.
https://doi.org/10.1371/journal.pgen.1009536 PMID: 33901190; PMCID: PMC8102011.

Irvine KD, Botas J, Jha S, Mann RS, Hogness DS. Negative autoregulation by Ultrabithorax controls the
level and pattern of its expression. Development. 1993 Jan; 117(1):387-99. https://doi.org/10.1242/
dev.117.1.387 PMID: 7900988.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010826  November 15, 2023 20/21


https://doi.org/10.1371/journal.pgen.1006200
https://doi.org/10.1371/journal.pgen.1006200
http://www.ncbi.nlm.nih.gov/pubmed/27466807
https://doi.org/10.1242/dev.104.4.713
https://doi.org/10.1242/dev.104.4.713
http://www.ncbi.nlm.nih.gov/pubmed/2908325
https://doi.org/10.1242/dev.116.3.805
http://www.ncbi.nlm.nih.gov/pubmed/1363229
https://doi.org/10.1016/s0925-4773%2800%2900342-7
https://doi.org/10.1016/s0925-4773%2800%2900342-7
http://www.ncbi.nlm.nih.gov/pubmed/10906453
https://doi.org/10.1038/sj.emboj.7601837
http://www.ncbi.nlm.nih.gov/pubmed/17762866
https://doi.org/10.1242/dev.121.10.3447
https://doi.org/10.1242/dev.121.10.3447
http://www.ncbi.nlm.nih.gov/pubmed/7588077
https://doi.org/10.1242/dev.121.10.3359
http://www.ncbi.nlm.nih.gov/pubmed/7588069
https://doi.org/10.1126/sciadv.aau9739
http://www.ncbi.nlm.nih.gov/pubmed/30662949
https://doi.org/10.1016/j.celrep.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23063361
https://doi.org/10.1242/dev.122.10.3141
http://www.ncbi.nlm.nih.gov/pubmed/8898227
https://doi.org/10.1016/j.devcel.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31607649
https://doi.org/10.1534/genetics.120.303642
https://doi.org/10.1534/genetics.120.303642
http://www.ncbi.nlm.nih.gov/pubmed/32948625
https://doi.org/10.1126/science.1134426
https://doi.org/10.1126/science.1134426
http://www.ncbi.nlm.nih.gov/pubmed/17138868
https://doi.org/10.1093/genetics/148.1.331
https://doi.org/10.1093/genetics/148.1.331
http://www.ncbi.nlm.nih.gov/pubmed/9475743
https://doi.org/10.1093/genetics/153.2.787
https://doi.org/10.1093/genetics/153.2.787
http://www.ncbi.nlm.nih.gov/pubmed/10511558
https://doi.org/10.1074/jbc.M605430200
https://doi.org/10.1074/jbc.M605430200
http://www.ncbi.nlm.nih.gov/pubmed/16887811
https://doi.org/10.7554/eLife.02833
http://www.ncbi.nlm.nih.gov/pubmed/25082344
https://doi.org/10.1371/journal.pgen.1009536
http://www.ncbi.nlm.nih.gov/pubmed/33901190
https://doi.org/10.1242/dev.117.1.387
https://doi.org/10.1242/dev.117.1.387
http://www.ncbi.nlm.nih.gov/pubmed/7900988
https://doi.org/10.1371/journal.pgen.1010826

PLOS GENETICS

Context-dependent activity of engrailed imaginal disc enhancers

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Garaulet DL, Foronda D, Calleja M, Sanchez-Herrero E. Polycomb-dependent Ultrabithorax Hox gene
silencing induced by high Ultrabithorax levels in Drosophila. Development. 2008 Oct; 135(19):3219-28.
https://doi.org/10.1242/dev.025809 Epub 2008 Aug 20. PMID: 18715947.

Crickmore MA, Ranade V, Mann RS. Regulation of Ubx expression by epigenetic enhancer silencing in
response to Ubx levels and genetic variation. PLoS Genet. 2009 Sep; 5(9):e1000633. https://doi.org/
10.1371/journal.pgen.1000633 Epub 2009 Sep 4. PMID: 19730678; PMCID: PMC2726431.

Delker RK, Ranade V, Loker R, Voutev R, Mann RS. Low affinity binding sites in an activating CRM
mediate negative autoregulation of the Drosophila Hox gene Ultrabithorax. PLoS Genet. 2019 Oct 7; 15
(10):1008444. https://doi.org/10.1371/journal.pgen.1008444 PMID: 31589607; PMCID:
PMC6797233.

Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S, Murphy C, et al. Tools for neuroanatomy and
neurogenetics in Drosophila. Proc Natl Acad Sci U S A. 2008 Jul 15; 105(28):9715-20. https://doi.org/
10.1073/pnas.0803697105 Epub 2008 Jul 9. PMID: 18621688; PMCID: PMC2447866.

Sebo ZL, Lee HB, Peng Y, Guo Y. A simplified and efficient germline-specific CRISPR/Cas9 system for
Drosophila genomic engineering. Fly (Austin). 2014; 8(1):52—7. https://doi.org/10.4161/fly.26828 Epub
2013 Oct 18. PMID: 24141137; PMCID: PMC3974895.

Geyer PK, Corces VG. DNA position-specific repression of transcription by a Drosophila zinc finger pro-
tein. Genes Dev. 1992 Oct; 6(10):1865—73. https://doi.org/10.1101/gad.6.10.1865 PMID: 1327958.

Tian K, Henderson RE, Parker R, Brown A, Johnson JE, Bateman JR. Two modes of transvection at
the eyes absent gene of Drosophila demonstrate plasticity in transcriptional regulatory interactions in
cis and in trans. PLoS Genet. 2019 May 10; 15(5):e1008152. https://doi.org/10.1371/journal.pgen.
1008152 PMID: 31075100; PMCID: PMC6530868.

Simon E, Guerrero |. The transcription factor optomotor-blind antagonizes Drosophila haltere growth by
repressing decapentaplegic and hedgehog targets. PLoS One. 2015 Mar 20; 10(3):e0121239. https:/
doi.org/10.1371/journal.pone.0121239 PMID: 25793870; PMCID: PMC4368094

Lorberbaum DS, Ramos Al, Peterson KA, Carpenter BS, Parker DS, De S, et al. An ancient yet flexible
cis-regulatory architecture allows localized Hedgehog tuning by patched/Ptch1. Elife. 2016 May 5; 5:
e13550. https://doi.org/10.7554/eLife.13550 PMID: 27146892; PMCID: PMC4887206.

Erceg J, Pakozdi T, Marco-Ferreres R, Ghavi-Helm Y, Girardot C, Bracken AP, et al. Dual functionality
of cis-regulatory elements as developmental enhancers and Polycomb response elements. Genes
Dev. 2017 Mar 15; 31(6):590-602. https://doi.org/10.1101/gad.292870.116 Epub 2017 Apr 5. PMID:
28381411; PMCID: PMC5393054.

Chaner CH, Mammel A, Dworkin |. Sexual Selection Does Not Increase the Rate of Compensatory
Adaptation to a Mutation Influencing a Secondary Sexual Trait in Drosophila melanogaster. G3
(Bethesda). 2020 May 4; 10(5):1541-1551. https://doi.org/10.1534/g3.119.400934 PMID: 32122961;
PMCID: PMC7202011.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010826  November 15, 2023 21/21


https://doi.org/10.1242/dev.025809
http://www.ncbi.nlm.nih.gov/pubmed/18715947
https://doi.org/10.1371/journal.pgen.1000633
https://doi.org/10.1371/journal.pgen.1000633
http://www.ncbi.nlm.nih.gov/pubmed/19730678
https://doi.org/10.1371/journal.pgen.1008444
http://www.ncbi.nlm.nih.gov/pubmed/31589607
https://doi.org/10.1073/pnas.0803697105
https://doi.org/10.1073/pnas.0803697105
http://www.ncbi.nlm.nih.gov/pubmed/18621688
https://doi.org/10.4161/fly.26828
http://www.ncbi.nlm.nih.gov/pubmed/24141137
https://doi.org/10.1101/gad.6.10.1865
http://www.ncbi.nlm.nih.gov/pubmed/1327958
https://doi.org/10.1371/journal.pgen.1008152
https://doi.org/10.1371/journal.pgen.1008152
http://www.ncbi.nlm.nih.gov/pubmed/31075100
https://doi.org/10.1371/journal.pone.0121239
https://doi.org/10.1371/journal.pone.0121239
http://www.ncbi.nlm.nih.gov/pubmed/25793870
https://doi.org/10.7554/eLife.13550
http://www.ncbi.nlm.nih.gov/pubmed/27146892
https://doi.org/10.1101/gad.292870.116
http://www.ncbi.nlm.nih.gov/pubmed/28381411
https://doi.org/10.1534/g3.119.400934
http://www.ncbi.nlm.nih.gov/pubmed/32122961
https://doi.org/10.1371/journal.pgen.1010826

