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ABSTRACT Transvection is the phenomenon where a transcriptional enhancer activates a promoter located on the homologous
chromosome. It has been amply documented in Drosophila where homologs are closely paired in most, if not all, somatic nuclei, but it
has been known to rarely occur in mammals as well. We have taken advantage of site-directed transgenesis to insert reporter
constructs into the same genetic locus in Drosophila and have evaluated their ability to engage in transvection by testing many
heterozygous combinations. We find that transvection requires the presence of an insulator element on both homologs. Homotypic
trans-interactions between four different insulators can support transvection: the gypsy insulator (GI), Wari, Fab-8 and 1A2; GI and
Fab-8 are more effective than Wari or 1A2. We show that, in the presence of insulators, transvection displays the characteristics that
have been previously described: it requires homolog pairing, but can happen at any of several loci in the genome; a solitary enhancer
confronted with an enhancerless reporter is sufficient to drive transcription; it is weaker than the action of the same enhancer-
promoter pair in cis, and it is further suppressed by cis-promoter competition. Though necessary, the presence of homotypic insulators
is not sufficient for transvection; their position, number and orientation matters. A single GI adjacent to both enhancer and promoter is
the optimal configuration. The identity of enhancers and promoters in the vicinity of a trans-interacting insulator pair is also important,
indicative of complex insulator-enhancer-promoter interactions.
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TRANSGENIC reporter genes are powerful tools for study-
ing gene regulation. However, a transgene is often sus-

ceptible to interactions with surrounding chromatin, leading
to significant variations in expression patterns and levels,
depending on the site of insertion in the genome (Levis
et al. 1985). In order to factor-out these “position effects,”
multiple lines of transgenic animals must be studied. Re-
cently, this problem has been tackled by two strategies now
widely used in Drosophila. One relies on the ability to guide
integration of a transgene to a specific location in the genome
via the use of theFC31-mediated integration system (Thorpe
and Smith 1998; Groth et al. 2004; Markstein et al. 2008;
Pfeiffer et al. 2008; Kvon 2015). By targeting all reporters to
the same “landing site,” they are directly comparable, and

only a single transgenic line per construct needs to be ana-
lyzed. The second way to minimize genomic position effects
utilizes insulator sequences in transgenesis vectors. Insulator
DNA elements were first identified by their potential to block
gene function when interposed between enhancer and pro-
moter (Kellum and Schedl 1992; Cai and Levine 1995; Kuhn
et al. 2003), and to insulate transgenes from effects of sur-
rounding chromatin (Kellum and Schedl 1991; Roseman
et al. 1993, 1995). These faculties of insulators seem to
derive from their strong propensity for interaction with
each other (Kuhn et al. 2003; Chetverina et al. 2008;
Kyrchanova et al. 2008b, 2011). Such interactions are pro-
posed to form chromatin loops bridging even distant loci at
the base of the loop and isolating interactions inside the loop
from interactions outside the loop (Blanton et al. 2003; Byrd
and Corces 2003; Doyle et al. 2014; Cubeñas-Potts and Cor-
ces 2015).

We started using both of these approaches to characterize
enhancer modules of two neighboring Drosophila genes
E(spl)m7 and E(spl)m8. To that end we generated a series
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of reporter constructs flanked by two copies of the insulator
sequence from the gypsy transposon (gypsy insulator, GI) and
integrated each construct into the same attP locus. When we
tested two different reporters in a heterozygous configura-
tion, we noted that they markedly affected each other’s ex-
pression in trans. The ability of enhancers to activate
promoters in the homologous locus is called transvection
and was first reported in Drosophila, as a phenomenon of
pairing-dependent intragenic (unexpected) complementa-
tion in loci like Ultrabithorax (Ubx) (Lewis 1954; Martínez-
Laborda et al. 1992), decapentaplegic (dpp) (Gelbart 1982),
yellow (Geyer et al. 1990) and white (Babu and Bhat 1980).
Subsequent studies employing randomly integrated P-
element transgenes showed that the Drosophila genome is
generally permissive to enhancer action in trans (Chen
et al. 2002; Kravchenko et al. 2005) offering a first glimpse
of the molecular basis of this phenomenon and reconfirming
the need for somatic homolog pairing (or synapsis). In dip-
terans, like Drosophila, homolog synapsis is not limited to
germline meiotic cells, but is very common in somatic tissues.
This is in contrast to mammals, where somatic homolog syn-
apsis seems to happen only in special occasions, and, accord-
ingly, only sporadic cases of transvection have been reported
(McKee 2004; Heride et al. 2010; Apte and Meller 2012;
Stratigi et al. 2015; Joyce et al. 2016). The development of
site-specific integration methods in Drosophila (such as the
FC31-based recombination method) has recently rekindled
the interest in transvection (Lee andWu 2006; Bateman et al.
2012a; Mellert and Truman 2012; Fujioka et al. 2016).
However, the mechanism of transvection is still poorly
understood.

Using our series of reporter transgenes, we decided to
search for sequencedeterminants of transvection.We found
that this interaction is dependent on the presence of homo-
typic insulator DNA elements on both homologs. Our trans-
genesis vectors contained two such insulators: the Gypsy
Insulator (GI) commonly utilized to protect transgenes
from genomic position effects, and the Wari Insulator
(WI) carried in the 39 part of the mini-white marker gene.
Two other insulators were also found to support transvec-
tion, while insulator removal from either of the trans-inter-
acting transgenes abrogated transvection at five discrete
genomic loci. While necessary, the presence of insulators
was not sufficient to produce a robust transvection out-
come. Parameters like the number, position and orienta-
tion of GIs relative to the trans-interacting enhancers and
promoters proved to be of paramount importance. The im-
plications of these results on the design of transgenes and
on the broader role of insulators in transcription will be
discussed.

Materials and Methods

Plasmid constructs

See attached Supplemental Material.

Fly maintenance and stocks

Flies were maintained under standard conditions at 25�.
Stocks containing attP docking sites used for the integration
of attB plasmids: attP40 (RRID:BDSC_25709), attP2 (RRID:
BDSC_25710) (Groth et al. 2004;Markstein et al. 2008), VK2
(RRID:BDSC_9723), VK13 (RRID:BDSC_24864), VK37
(RRID:BDSC_24872), VK40 (RRID:BDSC_35568) (Venken
et al. 2006); each carrying, and, if not, crossed to, a chromo-
some expressing FC31 integrase under the control of nanos
derived from the attP40 stock (RRID:BDSC_25709) (Bischof
et al. 2007). The su(Hw) mutant effects were assayed in
the animals transheterozygous for su(Hw)e04061 null allele
(RRID:BDSC_18224) (Thibault et al. 2004) and su(Hw)2

strong hypomorphic allele resulting in the 10 times decreased
su(Hw) expression (RRID:BDSC_983) (Parkhurst et al. 1988;
Harrison et al. 1993; Georgiev et al. 1997).

Integration of attB plasmids into attP fly lines

All plasmids in this study were integrated into a unique attP
landing site, as specified in the text andfigure legends for each
transgene. Microinjection was performed as previously de-
scribed (Ringrose 2009). A solution of 500 ng/ml plasmid
DNA was microinjected into nanos- FC31; attP fly embryos.
Flies that grew to adulthood were crossed with y w flies.
Depending on the injected DNA construct, the mini-white or
3xP3-dsRed marker was used for subsequent screening, and
for tracking the transgene.

Immunostaining and microscopy

Fixation and immunohistochemistry of embryos and larval
tissues was performed according to standard protocols. CNSs
and imaginal disks were dissected from late third-instar lar-
vae,fixedwith 4%paraformaldehyde, and labeledwith rabbit
polyclonal anti-GFP (Minotech Biotechnology) and mouse
anti-b-galactosidase (Cat# Z3781, RRID:AB_430877; Prom-
ega) primary antibodies. Goat anti-rabbit IgG secondary
antibody, Alexa488-conjugated (Cat# A-11034, RRID:
AB_2576217; Thermo Fisher Scientific) was used for GFP
detection. Goat anti-mouse, Alexa633-conjugated (Cat#
A-21052, RRID:AB_2535719; Thermo Fisher Scientific) or
donkey anti-mouse, Alexa647-conjugated (Cat# A-31571,
RRID:AB_162542; Thermo Fisher Scientific) secondary an-
tibodies were used for b-galactosidase detection. Samples
were imaged on a Leica SP8 confocal platform using a 203
oil immersion objective with fixed zoom levels for each tis-
sue type (CNS, wing, and eye disks). The images were pseu-
docolored in green (GFP), red (LacZ), and blue (DsRed). All
samples within each figure were fixed and immunostained
at the same time. Scanning of all figure samples was per-
formed using identical microscope and software settings,
and, when possible, completed within one imaging session
to enable semi-quantitative comparison. Where scanning of
all figure samples within one session was not possible, rep-
licates of the samples from two chosen genotypes were
rescanned together with the remaining samples in the next
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scanning session ensuring that the replicated samples are
comparable. For each genotype, at least 10 wing disks, five
CNSs, and three eye-antennal disks were scanned. Images
were manipulated using ImageJ (pseudocoloring, rotation,
and maximum intensity projection z-stacks) and arranged
into data sets using Adobe Photoshop CC 2017 and Micro-
soft PowerPoint. Note that we used two different
z-projections for some wing disk images. For the top part,
containing the wing pouch, a full z-projection of the sample
was done, while the bottom part, containing the notum and
hinge, encompassed only sections containing the adult
muscle precursors (AMPs). This was done to avoid confus-
ing AMP expression with expression in the overlying teg-
ula, a sensory organ primordium. Whereas AMPs and
tegula can be easily distinguished in the 3D confocal stacks,
they merge to one cluster upon z-projection. Since en-
hancer e7 activity is specific for the AMPs and not the teg-
ula, we excluded the tegula sections from the z-projections
shown.

Luciferase assays

Luciferase activity was measured using the Promega Lucifer-
ase Assay System Kit (Cat# E153A). CNSs and imaginal disks
from 10 late-third-instar larvae were collected in 200 ml
of 13 lysis reagent CCLR for each sample. Samples were
collected over a series of days and stored at 280� until five
independent samples were collected for each genotype. Sam-
ples were defrosted, put on ice, and homogenized using
Kontes pestles. Homogenized samples were incubated at
room temperature for 10 min and then centrifuged for
5 min to pellet tissue remains. The obtained homogenates
were subsequently measured for luciferase activity and total
protein content for normalization, then 20 ml of each ho-
mogenized sample was mixed with 50 ml of Promega Lucif-
erase Assay Reagent and promptly measured on single tube
luminometer (TD-20/20; Turner Designs). Total protein was
measured using the Pierce BCA Protein Assay Kit (Cat#
23225); 10 ml of each homogenized sample was mixed with
200 ml BCA Working Reagent on clear-bottomed 96-well
plates (Costar) and incubated at 37� for 1 hr. The plates
were allowed to equilibrate to room temperature for
10 min before measuring absorbance on an Awareness
Technology ChroMate Microplate Reader at 562 nm. Three
replica plates were averaged for each sample. A standard
curve was produced with BSA dilutions in Promega 13 lysis
reagent CCLR.

Data availability

All plasmids and fly strains are available upon request. The
authors affirm that all data necessary for confirming the
conclusions of the article are present within the article, figures,
and tables. SupplementalMaterial (Figures S1–S11 and Supple-
mentalMaterials andMethods) were deposited to GSA Figshare
https://gsajournals.figshare.com/s/d548db1426e0efad9e9f.
Supplemental material available at https://doi.org/10.25386/
genetics.7925462.

Results

Enhancer element analysis of E(spl)m7 and E(spl)m8
reveals a transvection phenomenon

This work began with the aim to dissect the transcriptional
regulation of two adjacent genes in the E(spl) complex,
E(spl)m7 and E(spl)m8, both encoding transcription factors
involved in many aspects of the response to Notch signaling.
These are small, intronless genes and are thought to be reg-
ulated by their proximal flanking sequences (Delidakis et al.
2014). We cloned the 7 kb genomic fragment encompassing
these two genes and tagged them with EGFP independently
in two otherwise identical genomic constructs: GFPm7-m8
[EGFP fused to the open reading frame (ORF) of E(spl)m7,
Figure 1B] andm7-GFPm8 [EGFP fused to the E(spl)m8ORF,
Figure 1C] (see Supplemental Materials for further features
of these transgenes). Consistent with the known in situ hy-
bridization expression patterns (de Celis et al. 1996), GFP-
E(spl)m7 and GFP-E(spl)m8 displayed the same pattern in
wing imaginal disks from third instar larvae: (1) in the region
of wing margin (WM), and (2) in the adult muscle precursors
(AMPs, or adepithelial cells) of the thorax, among other cells
(Figure 1, B and C). Likewise, both constructs expressed GFP
similarly in eye-antennal imaginal disks, whereas their cen-
tral nervous system (CNS) patterns were different, especially
apparent in the ventral nerve cord (VNC) where GFPm7 was
expressed strongly in the midline, while GFPm8 was
expressed mainly in the neuroblasts.

We went on to characterize the patterns produced from
individual enhancers located immediately upstream of
E(spl)m7 and E(spl)m8 by generating shorter genomic con-
structs, GFPm7 and GFPm8 (Figure 1, D and E, respectively).
GFPm7 contains the 2.1 kb sequence upstream of E(spl)m7
containing its putative enhancer, e7, and promoter, p7.
GFPm8 contains the 1.3 kb 59 flanking E(spl)m8 sequence,
containing its putative enhancer, e8, and promoter, p8.
GFPm7 and GFPm8 recapitulated the expression patterns
seen for these genes in the longer m7-m8 transgenes, with
two notable exceptions in the wing disk: GFPm7 lacked the
wing margin (WM) (Figure 1D) and GFPm8 lacked the mus-
cle precursors (AMPs) (Figure 1E). Additional, less conspic-
uous, differences in the bristle proneural clusters and the
antennal primordium were noted, but we did not consider
these any further. We conclude that these E(spl) genes con-
tain two upstream enhancers, e7 and e8, which drive distinct
expression patterns in the CNS and in the wing disk, and
similar patterns in the eye disk. In the context of the genomic
fragment encompassing both genes, e7 and e8 are shared
between promoters of the two genes, p7 and p8, in the WM
and AMPs (both genes expressed), but they act exclusively on
their downstream gene in the VNCmidline (onlym7) and the
neuroblasts (only m8).

We also created an e7p7-lacZ construct to permit simulta-
neous detection of e7p7-driven expression of b-galactosidase
with e8p8-driven GFP from GFPm8 genomic constructs. Both
constructs were inserted into the same chromosomal locus
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via the FC31 integration method (Markstein et al. 2008;
Pfeiffer et al. 2010). e7p7-lacZ faithfully recapitulated the
expression pattern of GFPm7. When we made heterozygous
animals containing both transgenes (e7p7-lacZ and e8p8-
GFPm8), we noticed that e7p7-lacZ displayed novel expression
in the wingmargin (characteristic of e8), while e8p8-GFPwas
expressed in the AMPs (characteristic of e7) (Figure 2C, cf.
Figure 2, A and B). This effect was observed when both trans-
genes were inserted into the same attP landing site, either
attP40 (chromosome 2) or attP2 (chromosome 3) (Figure 2,
C and D). No such intertransgene interaction was observed
when one transgene was inserted in attP40 and the other in
attP2 (Figure 2, E and F), suggesting that homolog pairing is
required for this interaction; in other words, we are observing
a transvection phenomenon.

Transvection is mediated by homotypic interactions
between GIs or Wari insulators

Having encountered robust bidirectional gene activation in
trans (e8p8 activated by e7 in the AMPs and e7p7 activated by
e8 at the WM), we decided to dissect the sequences that
mediate this phenomenon. First, we asked whether the ob-
served transvection is a general phenomenon requiring only
an enhancer paired to a promoter, or whether it depends on
additional transgene sequences. The constructs in Figure 2
were based on the pPelican vector (Barolo et al. 2000), which

contains a pUC8 backbone, the mini-white gene, two gypsy
insulators (GI) flanking amultiple cloning site (MCS), as well
as a FC31 attB site inserted by us. In order to systematically
address the role of vector sequences we recloned the e7p7-
lacZ reporter construct into a minimal pBluescript backbone
to which we added aFC31 attB site to enable fly transgenesis
and either the mini-white gene or a 3xP3-dsRedmarker which
expresses DsRed in the adult eye in response to an artificial
Pax6 (Toy/Eyeless) responsive enhancer (Berghammer et al.
1999; Horn et al. 2000). All constructs for this analysis were
introduced into the attP40 locus.

Both pBluescript-based e7p7-lacZ constructs (mini-white
and 3xP3-dsRed) expressed LacZ in the same pattern as the
original pPelican-based reporter. However, when they were
tested in trans to the original e8p8-GFPm8, no transvection
was observed, namely we detected neither LacZ in the WM
nor GFP in the AMPs (Figure 3, B and C, cf. A). We concluded
that transvection at attP40 does not happen whenever an
enhancer-promoter pair is placed in trans, but needs addi-
tional sequences from the vectors. Upon flanking the e7p7-
lacZ-3xP3-dsRed reporter with two GIs in the same orientation
as in pPelican, bidirectional transvection (e8/p7, blue
dotted rectangle and e7/p8, red dotted rectangle in Figure
3D) was restored implicating the paired GIs as mediators of
the effect. Because the GI is known to be bound by the Sup-
pressor of Hairy wing Su(Hw) zinc-finger protein, which

Figure 1 e7p7 and e8p8 interact in cis. (A) Schematics of
a wing disk, an eye-antennal disk, and two central ner-
vous systems (CNSs), with the areas of m7 andm8 expres-
sion marked in shades of black. WM, wing margin; AMPs,
adult muscle precursors; OL, optic lobe; VNC, ventral
nerve cord. In the second CNS, a set of glial cells is in-
dicated in shades of blue, corresponding to the expression
pattern of the artificial 3xP3 enhancer (see later in Figure
4). (B and D) GFPm7 and (C and E) GFPm8 expression in
wing disk, eye-antennal disk, and CNS (in left, middle, and
right columns, respectively) from the EGFP-tagged con-
structs shown in the diagrams on the left panel; red dot-
ted rectangles highlight e7-specific expression in the
AMPs and in the midline of the VNC; blue dotted rectan-
gles indicate e8-specific expression in the WM and in neu-
roblasts of the central brain and VNC. Also note that both
enhancers drive expression in some common areas, e.g.,
the eye morphogenetic furrow. In the constructs’ sche-
matics enhancers are shown as ovals (e7 and e8), pro-
moters as bent arrows (p7 and p8), and insulators as
triangles: black triangle: gypsy insulator (GI); red triangle:
Wari insulator (WI), included in the 39 of the mini-white
marker gene. Blue and red curved arrows in the diagrams
depict, respectively, e7 and e8 activities, which are shared
between p7 (B) and p8 (C) in the wing disk.
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mediates its insulator activity (Parkhurst et al. 1988; Spana
et al. 1988; Spana and Corces 1990; Holdridge and Dorsett
1991; Geyer and Corces 1992; Gerasimova et al. 1995;
Ramos et al. 2006), we tested our transgene pairs in a
su(Hw) mutant background. Indeed, e7/p8 (AMP) trans-
vection was lost in this background, but, surprisingly,
e8/p7 (WM) transvection was now apparent in all trans-
gene combinations that had a mini-white marker in both ho-
mologs (Figure 3, A’, B’, and E’), even the one that had not
displayed this effect in wild type (wt) genetic background
(Figure 3, B vs. B’). We then modified the pPelican-based
e8p8-GFPm8 construct by removing its GIs. This construct
was capable of supporting e8/p7 transvection with
the mini-white but not the 3xP3-dsRed version of the
pBluescript-e7p7-lacZ reporter in both wt and su(Hw) genetic

backgrounds (Figure 3, E–F and E9–F9). The simplest conclu-
sion from these results is that e8/p7 transvection in theWM
occurs when mini-white is present on both homologs, but this
effect is annulled when GIs are placed nearby. Only upon
removal of GIs from both homologs, or their inactivation by
su(Hw) loss, is this effect observed. On the other hand, the
presence of GIs in both homologs can sustain transvection in
both directions, not only e8/p7 but also e7/p8.

We mapped the transvection-mediating element of the
white locus within its 39 part: out of three subfragments de-
rived from mini-white in Figure S1, A–C, only its 392most
0.9 kb recapitulatedwhite-white-mediated transvection (Fig-
ure S1C). It was previously reported that this sequence con-
tains the 39-UTR as well as an insulator element, dubbed
Wari (hereafter referred to as WI) (Chetverina et al. 2008).
Therefore, either of two different insulators, GI and WI, can
promote transvection when placed in a paired configuration
(in both homologs) near an enhancer-promoter pair. WI has
been shown to have su(Hw)-independent insulator activity,
but also to interact with GI in cis (Chetverina et al. 2008).
When we confronted a WI-containing e7p7-lacZ with a
WI-containing (mini-white) e8p8-GFPm8 flanked by GIs (Fig-
ure S1D), transvection was abolished, consistent with what
we had observed earlier with the entire mini-white (Figure
3B). We hypothesized that this inhibition could result from
presumptive insulation imposed by the GI located between e8
andWI in e8p8-GFPm8, thereby restricting access of WI to e8.
This was not the case, as the inhibition of WI-mediated trans-
vection was sustained even when we deleted the 39 GI, leav-
ing only the 59 GI intact (Figure S1E). Thus, a heterotypic
GI-WI interaction in cis can disable the homotypic WI-WI-
mediated transvection but not the GI-GI-mediated transvec-
tion. However, we should emphasize that this inhibition was
context-dependent and quite an opposite action of GI,
namely enhancement of WI-WI-mediated transvection, was
also possible in a different context (described later in this
manuscript – see Figure 9).

GI-mediated transvection is promiscuous, whereas
WI-mediated transvection is highly selective

Because e7p7 and e8p8 interact in cis in their native context
(Figure 1, B and C), it raises the possibility that the trans-
vection we observed is tied to the specificity of these two
regulatory modules for each other. Thus, we sought to de-
termine whether GIs and WIs could mediate transvection of
e7p7 and e8p8 to an unrelated, heterologous promoter. To
address this question, we generated an enhancerless con-
struct containing a basal promoter commonly used in assay-
ing enhancer activity, derived from theDrosophila hsp70 gene
(hereafter referred to as pH). As expected, a transgene car-
rying this minimal pH promoter fused to GFP, flanked by GIs
andmarkedwith mini-white displayed, on its own, no expres-
sion in wing disks or CNS (Figure 4A). When crossed to
an e7p7-lacZ construct, congruent in two flanking GIs
andmini-white, GFPwas detectedwith the e7-specific pattern
[Figure 4B cf. GFP (trans) to LacZ (cis)]. This activation of pH

Figure 2 e7p7 and e8p8 interact in trans. (A and B) cis-expression pat-
terns in wing disks isolated from hemizygous animals carrying e8p8-
GFPm8 (A) or e7p7-lacZ (B) transgenes in the attP40 locus. (C–F) e8p8-
GFPm8 and e7p7-lacZ crossed in the same animal. When present as
heterozygotes in the same locus [(C) in attP40, (D) in attP2], both trans-
genes expand their pattern to locations dictated by their homologous
transgene (marked with dotted rectangles). Occurrence or not of trans-
vection is marked by a + or – symbol, respectively, in the middle of the
panel. Red symbols refer to e7/p8 transvection, also marked by red
dotted rectangles. Blue symbols refer to e8/p7 transvection, also
marked by blue dotted rectangles. No transvection is observed when
the e8p8-GFPm8 and e7p7-lacZ transgenes are placed in the same ani-
mal, but in nonhomologous loci (E and F).
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in trans relies on homotypic interaction between GIs, as dis-
parity between transgenesis markers (but retention of con-
gruent GIs) did not affect transvection of e7 (Figure 4C),
while removal of GIs from one of the transgenes (with
congruent mini-white markers) abolished the effect (Figure
4D). Unlike the e8p8/e7p7 transvection, removing GIs en-
tirely, but keeping congruent mini-whitemarkers did not sup-
port transvection (Figure 4H). Therefore, paired WIs cannot
support transvection between e7 and pH.

Interestingly, in this set of experiments,GIsmediated trans-
activation of the pH promoter not only by the e7 enhancer
located in between the two GIs, but also by an enhancer
exterior to the two GIs: the 3xP3, which displays strong ex-
pression in a subset of glia in the CNS (Figure 4C). Depletion
of Su(Hw) suppressed transvection of both enhancers, e7
(Figure 4, F and G) and 3xP3 (CNS in Figure 4G), and
allowed pH to trap a tracheal enhancer (in cis) in the vicinity
of attP40 (white arrows in Figure 4, F and G). The fact that
two unrelated enhancers, e7 and 3xP3, can transvect to a
heterologous promoter, pH, suggested that GI-mediated
transvection is unselective for enhancer-promoter pairs. This
prompted us to use the GIs-containing transgene system to
screen for putative enhancer elements across the 50 kb long
E(spl) locus. A collection of 18 fragments of this locus
inserted in a transgene between two GIs activated specific
patterns of expression in trans from the GI-flanked pH-gfp
transgene (Figure S2) – a full 15 out of these 18 fragments

displayed robust enhancer activity in third-instar larval disk/
CNS tissue. Additionally, using this system, we were able to
recapitulate in trans the cis-pattern of another enhancer un-
related to the E(spl) locus, the vestigial quadrant enhancer
(last column, Figure S2).

Unlike GI, WI-mediated transvection was specific for the
e8p8/e7p7 combination and mediated trans-activation of
p7 by e8 unidirectionally. To test the possibility that
WI-mediated transvection is specific for the E(spl)m7 pro-
moter (p7), we tested various minimal GFP reporters driven
by different basal promoters, pH, p7, and E(spl)m8 promoter
(p8). We confronted these enhancerless nonexpressing re-
porters with an e8p8-lacZ transgene. We made sure that all
combinations were congruent for both GIs and mini-white,
which enabled us to simultaneously test GI-mediated trans-
vection in a wt background and WI-mediated transvection in
the absence of Su(Hw) (Figure S3). All three basal reporters
responded to e8 enhancer in a su(Hw)+/2 background (GI-
dependent transvection); the p7 was by far the strongest re-
sponder, with pH following and p8 showing a very weak
activation (Figure S3, G–I). However, in the su(Hw)2/2 back-
ground (WI-dependent transvection), the e8 enhancer did
not transvect to any of the three promoters (Figure S3, M–O,
compare to Figure S3, G–I). Therefore, the unidirectional
e8p8/e7p7 transvection supported by WIs was not due to
a selectivity ofWI for p7.When the three basal promoters were
fused to the e7 enhancer (Figure S3, D–F), these reporters

Figure 3 GIs and mini-white mediate transvection.
Wing imaginal disks from animals heterozygous for
variations of the e8p8-GFP-m8 and e7p7-lacZ trans-
genes. The two GIs in forward orientation, flanking
the two reporters, are indicated by black triangles;
marker genes are located downstream of the second
(39) GI: either the mini-white gene (“w”) or the 3xP3-
dsRed cassette (‘3xP39). An image of the same disk
from each genotype is split into two channels: p8-
driven GFP-m8 in green and p7-driven LacZ in red.
Dotted rectangles (red and blue) indicate cells (AMPs
and WM, respectively) exhibiting transvection – also
indicated by + or – in the same color (red or blue).
Each combination of transgenes (in rows) is tested in
the presence of Su(Hw) [su(Hw)+/2, first column, (A–F)]
and absence of Su(Hw) [su(Hw)2/2, second column,
(A’–F’)]. All transgenes are inserted in the attP40 locus.
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started expressing (as hemizygotes) in the AMPs and some
proneural clusters, but not in the WM, consistent with the
activity of the e7 enhancer (Figure S3, D–F). Once confronted
in transwith e8p8-lacZ, these e7-bearing reporters were able to
robustly express GFP in the WM (Figure S3, J–L) and this
expression was retained in the su(Hw) mutant genetic back-
ground (Figure S3, P–R). Thus, the transvection mediated by
the interaction between WIs was not promoter context spe-
cific, but rather enhancer context specific, with the responding
gene requiring the presence of the e7 enhancer in cis in order
to sustain WI-mediated transvection. In conclusion, whereas
trans-paired GIs mediated transvection between any en-
hancer-promoter pair tested, trans-paired WIs were more se-
lective and mediated only e8/e7 transvection, an effect that
was dominantly suppressed by the presence of GI elements.
This e8/e7 transvection may reflect some intrinsic affinity of
these two enhancers for each other, but it still requires the
presence of GIs or WIs in order to materialize.

Transvection is weaker than cis enhancer-promoter
activity and is suppressed by promoter cis-preference

To gauge the relative strength of transvection compared to cis
enhancer-promoter (e-p) interaction we generated e-p pairs

driving GFP expression in cis and compared them to the same
e-p pairs driven in trans. All constructs designed for this pur-
pose were based on the backbone of pPelican/pStinger vec-
tors (Barolo et al. 2000), which contain two GIs to enable
GI-mediated transvection, and subsequently inserted into the
attP40 locus. These flanking GIs also provided efficient insu-
lation: all enhancerless promoter-reporter constructs had un-
detectable levels of expression in all three larval tissues
tested (wing disk, eye disk, and CNS; data not shown). In
all cases we observed lower GFP levels from transvection
than from the cis-combination (Figure 5). We tested three
promoters, p7, p8, and pH. Regardless of the enhancer
assayed (e7 or e8) the strongest expression levels, both in
cis and in trans, were produced by p7, whereas p8 was the
weakest out of the three promoters. This suggests that a pro-
moter’s strength for driving transcription is its intrinsic prop-
erty and does not depend on the enhancer activating it, at
least for the two enhancers tested.

We also studied the embryonic cis vs. trans expression of e7
using the pH promoter constructs. In cis, e7 displayed very
dynamic expression, starting at the mesectoderm in stage
7 (3 hr after egg laying, AEL), then in a neuroectodermal
cluster pattern up to stage 10 (5 hr AEL) and later in the

Figure 4 GIs, but not WIs, mediate
transvection of e7 and 3xP3 enhancers
to a heterologous, enhancerless hsp70
promoter (pH). Representative late larval
wing disks and CNSs from the indicated
genotypes are shown. (A–H) Projections
of trans (GFP, green) and cis (LacZ red
and DsRed blue, when present), expres-
sion from the same wing disk or CNS of
each sample. ph-gfp produces no (cis)
expression as a hemizygote (A and E),
other than tracheal branch in the unin-
sulated version [white arrow in (E)],
probably originating from enhancer
trapping. The same is observed in the
insulated version upon GI inactivation
in the su(Hw)2/2 background (F and
G). Only combinations of transgenes
with GIs in both homologs support
transvection [GFP in AMPs and CNS in
(B and C)], while congruency in white in
the absence of GIs in one or both ho-
mologs does not (D and H). Depletion of
Su(Hw) protein abolishes transvection
[(F and G), which bear the same trans-
genes as (B and C), respectively]. Note a
dotted pattern in the CNS in (C), man-
ifested by the 3xP3 activity in cis (DsRed,
in blue) and in trans (GFP, in green),
which comes from a glial cell population
(see blue pattern in Figure 1A). The ar-
tificial 3xP3 enhancer does not drive ex-
pression in wing disks.
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VNC midline and the epidermis in a complex segmentally
repeated pattern. Interestingly, the earlier patterns could
not be transvected or were transvected only in sporadic cells.
From stage 11 (6 hr AEL) onward, this sporadic transvec-
tion gave way to a more complete one, where the e7 trans
pattern recapitulated the cis pattern (Figure S4). This corre-
lates nicely with what is known about somatic homolog pair-
ing: whereas in early embryonic stages paternal andmaternal
homologs start out unpaired, they gradually increase their
pairing and reachmaximum levels by about stage 11 (Hiraoka
et al. 1993; Fung et al. 1998; Gemkow et al. 1998). Therefore,
this observation, corroborates the need for homolog pairing
in order for transvection to take place.

To obtain a more quantitative measure of the cis vs. trans
activity of an enhancer, we used a luciferase (luc) reporter
(instead of GFP) andmeasured its activity in extracts of larval
disk-brain complexes. The GI-flanked e7-pH-luc reporter
showed five times higher activity in cis than the e7 driving
an enhancerless pH-luc reporter in trans (both GI-flanked,
Figure 6A). This trans activity was still much higher
(�263) than the basal levels of the pH-luc reporter. Interest-
ingly, in this assay, pH-luc basal levels were low, yet detect-
able, even though the GFP counterpart had undetectable
levels of GFP in the same tissues – this probably reflects the
higher sensitivity of the luc vs. the GFP reporter (Arnone et al.
2004). Upon removal of the GIs, luc reporter activity dropped
to almost undetectable levels, which is consistent with pre-
vious observations that GIs can stimulate basal transcription
from some promoters (Wei and Brennan 2001; Golovnin
et al. 2005; Markstein et al. 2008; Soshnev et al. 2008).

In the above experiments, we noticed that confronting an
enhancerless reporter in trans to a solitary enhancer gave
more robust expression compared to all our previous exper-
iments, where the transvecting enhancer was linked in cis to a
promoter (Figure 6, cf. B1 and B2 for e8, and B3 and B4 with
B5 for e7). This came as no surprise, since numerous earlier
studies on transvection have indicated that an enhancer’s
action in trans is suppressed by the presence of a promoter
in cis (Geyer et al. 1990; Martínez-Laborda et al. 1992;
Hendrickson and Sakonju 1995; Casares et al. 1997; Sipos
et al. 1998;Morris et al. 1999a,b, 2004; Bateman et al. 2012a;
Kravchuk et al. 2017). Different promoters of varying core
element composition have been reported to display cis-
preference (i.e., to attenuate transvection). As a general rule,
mutations compromising transcriptional strength of a
cis-promoter usually release the enhancer toward trans ac-
tion (Morris et al. 1999b, 2004; Lee andWu 2006). We made
two mutations on the p7 promoter in an attempt to compro-
mise its strength without completely inactivating it. p7 is a
multi-element promoter, containing a TATA box, an initiator
(Inr) and a downstream promoter element (DPE) (Klämbt
et al. 1989; Kutach and Kadonaga 2000). We introduced
two deletions into the e7p7-lacZ construct aiming to disrupt
each of these activities; one, e7p7-DTATA-lacZ, removed the
TATA box [deletion of 241 to 222 bp relative to the tran-
scription start site (TSS)] and another, e7p7-DDPE-lacZ, re-
moved the Inr and DPE elements (deletion of216 to +67 bp
relative to TSS). Both of these promoter mutations retained
weak yet detectable transcriptional activity (Figure 6, B5–B7,
cis column). Even though the reduction in cis promoter

Figure 5 Transcriptional activity of different enhancer-promoter (e-p) pairs interacting in cis or in trans in the presence of GIs. Each genotype is
examined for GFP expression in the third instar wing disk, eye disk and CNS. (A–E) Samples from hemizygotes of a transgene containing a given e-p pair
linked in cis show higher levels of GFP expression than samples from heterozygotes containing same e and p, in a trans configuration (F–J). All
transgenes are inserted in attP40.
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activity was comparable between DTATA and DDPE, the two
had dramatically different effects on transvection of the
linked e7 enhancer (Figure 6, B5–B7, trans column). p7-
DTATA partially relieved e7 from cis-preference inhibition,
leading to much higher trans-activation of pH-gfp than that
observed with p7-DDPE. These effects of the mutant cis-p7
promoters on e7 transvection were independent of the iden-
tity of the trans promoter, as p7 and p8 –based enhancerless
reporters responded with a similar trend (Figure S5). When
the various e7p7-lacZ versions were confronted with the pH-
luc reporter, we confirmed that the DPE deletion was compa-
rable to the unmutated promoter in strongly suppressing
transvection (11–153 weaker than a promoterless e7-lacZ),
whereas the TATA deletion released e7 from cis-preference
giving 6–73 stronger trans reporter expression (compared to
the unmutated e7p7 or the e7p7DDPE) (Figure 6A). Interest-
ingly, in this assay the intact e7p7 (and e7p7-DDPE) produced
very low trans-activation of the pH-luc reporter, only 1.4–23
higher than its basal levels attained in the absence of a trans-

vecting enhancer. We speculate that this reflects the ability of
the transvecting e7 enhancer to activate pH-luc in a number of
cells (as visualized by the pH-GFP reporter), but, at the same
time, to repress the basal pH-luc activity in the remaining
cells. Unfortunately, we can only measure the resultant lucif-
erase activity in the whole brain-disk extract with no cell-to-
cell resolution, so we cannot test this scenario. Regardless,
these luciferase constructs enabled us to obtain a quantitative
measure of transvection strength, which ranged from 53 to
almost 1003 lower than the cis output of the same promoter-
enhancer pair, depending on the presence of a cis-linked pro-
moter, and, in particular, the integrity of its TATA box.

Relative position, number, and orientation of GIs
determine transvection effects

In all the previous experiments, all our GI-based transgenes
contained two GIs each in forward orientation (GIsFOR) as in
the pPelican and pStinger series vectors: the “59 GIFOR” at the
59 end of each construct (following only the FC31 attB

Figure 6 Regulation of GI-mediated transvection by cis-
preference. (A) The chart shows levels of basal and e7-
induced (in cis and in trans) pH-driven luciferase activity.
Levels of luciferase activity were measured from third in-
star larval disk-brain complexes. Luciferase values normal-
ized to total protein are shown as arbitrary units (a.u.). The
mean and SD of five replicates is shown. The activity of
luciferase transgenes (first column in the construct panel)
is assayed on their own (as hemizygotes; horizontal line in
the second column) or in combination with a second trans-
gene in trans. (B1–B7) Transgenes containing e8 or e7,
with or without a cis-linked promoter (depicted on the
right), were placed in trans to pH-gfp. For each genotype
(each row) the third-instar wing disk, eye disk and CNS
were examined for (1) GFP expression (green), reflecting
trans activity of the enhancer-containing transgenes on
pH-gfp and (2) b-galactosidase expression (red), reflecting
cis activity of the enhancer-linked promoter, when lacZ is
present. All transgenes contain GIs and mini-white and are
inserted in attP40.
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integration site), and the “39 GIFOR,” 39 to the lacZ or gfp
reporters (preceding the 3xP3 or mini-white marker genes,
Figure S6). GI is 367 bp long and its “forward” orientation is
the same as the one found in the original gypsy transposon,
where GI is located shortly downstream of the 59 LTR (Spana
et al. 1988, Figure S7). The two transgenes (e7p7-lacZ and
pH-gfp) in this starting configuration of GIs (hereafter re-
ferred to as the “dual-GIsFOR” configuration), when presented
to each other in trans, result in expression of GFP in two
distinct patterns: e7-specific in all tested tissues (wing disk,
eye disk, and CNS) and 3xP3-specific in the CNS (Figure 4
and Figure S6). Thus, the pH located in between the two
GIsFOR receives input from two enhancers in trans: e7 – located
downstream of the 59 GIFOR, and 3xP3 located downstream of
the 39 GIFOR. We have introduced a series of modifications in
the configuration of the GIs within these two constructs in
order to understand how their relative number, position, and
orientation influence transvection. All resultant constructs for
this analysis were introduced into the attP40 locus.

Deletion of the 39 GIFOR in the transvection-receiving con-
struct, pH-gfp, while preserving the dual-GIsFOR configuration
in the “sending” e7p7-lacZ construct, caused a reduction in
transvection of e7, with concomitant increase of 3xP3 trans-
vection (compare Figure 7, A to B). When the 39 GIFOR was
deleted in the “sending” construct, and the “receiving” con-
struct was kept in its initial dual GIs configuration, the trans-
vection of e7 seemed unaffected, while transvection of 3xP3
was nearly lost (compare Figure 7, C to A). Finally, deletion of
the 39 GIsFOR in both constructs led to augmented GFP expres-
sion with an e7 pattern, and an almost undetectable 3xP3
pattern (cf. Figure 7, D and A). These data demonstrate that
a robust trans-activation of the pH promoter by the e7 en-
hancer is mediated via an interaction between the 59 GIsFOR

of the two transgenes. This interaction seems to be weakened
by the presence of a 39GIFOR in either or both of the interacting
transgenes. However, the 39 GIFOR in the sending construct is
required for effective transvection of the 3xP3, suggesting that
the 3xP3 enhancer, like e7, needs an adjacent GI in order to
robustly act in trans.

Consistently, when the dual-enhancer construct (e7p7-
lacZ-3xP3-dsRed) contained a single GIFOR, only its down-
stream enhancer was transvected to a GIFOR–preceded pH-
gfp: e7 (with weak sporadic activity of 3xP3) (Figure 7, D, E,
and I) or 3xP3 (Figure 7G). Moreover, the presence of the
GIFOR upstream of the pH promoter was essential for its acti-
vation by a trans-enhancer, as its deletion abolished trans-
vection altogether, even when another GIFOR was present at
the 39 position (Figure 7, F and H). It therefore seems that the
trans-activity of both enhancers (e7 and 3xP3) obtained from
the dual-GIsFOR e7p7-lacZ transgene (Figure 7, A and B)
resulted from the interaction between the 59 GIFOR preceding
pH with the two GIsFOR of e7p7-lacZ in trans, each upstream
of each enhancer.

Wenext addressed the significance of theorientation ofGIs
in mediating transvection. Surprisingly, the presence of a
reversed GI in the 59 position (59 GIREV) in either of the two

transgenes strongly reduced transvection effects, even when
both transgenes contained 59 GIREV (Figure 7, J–L compared
to I). Therefore, trans interaction between enhancers and
promoters is favored when both are located on the 39 side
of GI. Weak transvection, on the other hand, can be sustained
regardless of 59 GI orientation. In fact, even incongruent
combinations of 59 GIs (one FOR and the other REV, Figure
7, J and K) displayed weak transvection, suggesting that it is
not so much the congruence of the trans-insulator pair, but
rather the absolute orientation of both GIs that is needed for
robust transvection.

The fact that the preferred position of the trans-interacting
enhancer-promoter is on the 39 side of the two GIs made us
consider the possibility that placing the 59 and 39 GIs in a
convergent orientation (i.e., 59 GIFOR/39 GIREV) in both con-
structs might strengthen trans-interaction. However, this was
not the case, as such transgenes produced equal levels of
transvection to those with 59 and 39 GIs in the forward ori-
entation (Figure 7M compared to A) and less than the com-
bination where 39 GIs are absent altogether (Figure 7D).
These results suggest that the interaction between 59 GIFOR

-preceded enhancer and trans-promoter is weakened by the
presence of a second (39) GI in cis, irrespective of its orienta-
tion. Moreover, transgenes with a divergent configuration of
GIs (59 GIREV/39 GIFOR) did not improve the weak transvec-
tion observed between transgenes with a single 59 GIREV

(compare Figure 7, P to L), nor were incongruent 59 GI con-
figurations improved by a 39 GI (Figure 7, N and O) (note,
however, that 3xP3was efficiently transvected to pH in Figure
7O as both 3xP3 and pH are preceded by GIFOR).

Is the ability of a single 59 GIFOR to support transvection a
peculiarity of the attp40 locus or can it happen in more ge-
nomic loci?We tested constructs with a single 59GIFOR in four
more attP loci and we got robust transvection in all cases
(Figure S8). Importantly, removing the 59 GIsFOR from the
transgenes abolished transvection in all loci, reconfirming
the need for paired homotypic insulators in both homologs.
As a corollary, we conclude that, at least in the five genomic
loci we tested, nearby endogenous genomic insulators were
not capable of mediating transvection from the GI-less con-
structs, suggesting that “insulator trapping” is probably not a
common phenomenon in theDrosophila genome. On the con-
trary, enhancer trapping is very common; we were able to
detect some non-e7 dependent patterns of expression of our
transgenes in four out of the five loci tested (all except VK40;
see Figure S8). Why nearby insulators are unable to support
transvection in the GI-less constructs is not clear. Although
the chromatin occupancy of many insulator-binding proteins
has been described, only a fraction of these bound sites act as
insulators in functional assays (Soshnev et al. 2008; Schwartz
et al. 2012; Van Bortle et al. 2014). With this caveat in mind,
the putative insulator landscape of each of the landing sites
used is shown in Figure S9: the closest putative insulator
could map anywhere from 1 (VK40) to 25 kb (VK37) away
from our GI-less transgenic reporters and yet no transvection
is observed.
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In summary, transvection needs homotypic insulators in
both homologs, but having homotypic insulators is not suffi-
cient. The outcome is also influenced by the position,
orientation, and number of these insulators. In the context
of the e7p7-lacZ-3xP3 / pH-gfp transvection, both GIs have
to be 59 of the pH promoter and directly adjacent to the trans-
vecting enhancer, e7 and/or 3xP3. The FOR orientation is
greatly favored for both homologs; the REV orientation pro-
duces amuchweaker effect. Finally, adding another GI in one
or both transgenes weakens the 59GIFOR mediated transvec-
tion. It should be kept in mind, however, that the transcrip-
tional outcome of a trans-interacting insulator pair, is also
greatly dependent on the enhancers and promoters located
in the vicinity of these GIs: when the same e7p7-lacZ series of
transgenes was tested in trans to an e8p8-m8GFP series (in-
stead of the pH-GFP), the e7p7/e8p8 transvection largely
obeyed the above rules, but the e8p8/e7p7 transvectionwas
detectable even with a single 39 GI, regardless of orientation
(Figure S10). Still, the single 59 GIFOR configuration gave the
strongest trans-effect even with this transgene combination.

The removal of GI from either homolog completely abolished
the effect, as expected.

Why was the addition of a 39 GI detrimental to e7p7/ pH
transvection (Figure 7, A–D and M–P)? Could it potentially
engage in homotypic interactions with either the cis or the
trans 59 GI that might compete with the ability of these 59 GIs
to support transvection? To gain insight into the activity of
this 39 GIFOR, we appended a “tester” module to our GIFOR

-e7p7-lacZ-GIFOR-3xP3-dsRed transgene. Two different mod-
ules were cloned immediately 39 of the 39 GIFOR: (1) a “re-
ceiving” pH-gfp module or (2) a “sending,” e8p8-m8 module
(e8p8 driving an untagged E(spl)m8 CDS). Figure 8 presents
the results obtained in wing disks, which are consistent with
those obtained in the CNS and eye-antennal disk (data not
shown). The tester modules did not influence e7p7-lacZ ex-
pression: both transgenes, on their own, expressed LacZ in
the AMPs, as expected (Figure 8, A and A’); an e8-specific
wing margin LacZ pattern was not detected, consistent with
insulation of e7p7-lacZ from e8 (Figure 8A); similarly, the
transgene containing the insulated enhancerless pH-gfp

Figure 7 The relative position, number, and orientation of GIs determine transvection effects. (A–P) Confocal z-projection of GFP expression in third
instar larval wing disk (top left panel for each genotype), eye disk (top right), and CNS (bottom left). Bottom right shows the merged e7p7-driven LacZ
(red) and 3xP3-pH-driven, DsRed expression (blue) in the same CNS as the bottom left panel; for patterns of e7p7-lacZ expression in disks, see previous
figures (Figure 2, Figure 3, Figure 4, and Figure 6); 3xP3-pH-dsRed shows no expression in third instar imaginal disks. Each genotype contains a pH-gfp
transgene with mini-white in trans to an e7p7-lacZ transgene with 3xP3-dsRed and various arrangements of GIs (black triangles), as indicated. Note that
(D, E, and I) represent different samples obtained from the same genotype. All transgenes are inserted in attP40.
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module showed no GFP expression (Figure 8A’), suggesting
that the 39GI in this construct insulates e7p7 from pH, instead
of enabling their interaction. It therefore seems that the two
GIsFOR in these tester constructs do not productively interact
in cis (see also Cai and Shen 2001; Kyrchanova et al. 2008a).
When tested against each other, we observed a robust activity
of the pH-gfp module in the WM, indicative of a trans inter-
action between the two 39 GIsFOR resulting in e8p8-m8/pH-
gfp transvection (Figure 8B). Therefore, 39 GIs prefer to
homotypically interact in trans. The presence of only few
GFP positive AMPs, and no apparent WM LacZ expression
in this combination (Figure 8B), demonstrate that the “di-
agonal” interactions between GIsFOR (i.e., 59 GIsFOR 239
GIFOR) are less favored than the “vertical” ones (59-59 and
39-39).

Placing the 59GIFOR pH-gfp transgene in trans to the testers
gave strong transvection of e8 (via the 39 GIFOR; Figure 8C)
but only weak or no transvection of e7 (via the 59 GIFOR;
Figure 8, C and C’). Interestingly, e7/pH transvection with
both testers was augmented when a 39 GIFOR was added to
the responding pH-GFP transgene, as evidenced by broadly
expressed GFP in the AMPs (Figure 8, D and D’). Therefore,
when confronted with dual GIsFOR, a single GIFOR preferen-
tially interacts with the trans 39 GIFOR, but this shifts to the 59
GIFOR when a second GIFOR is added, resulting in a dual/dual
configuration. This conclusion was supported by confronting
the tester transgenes with a single vs. dual GIFOR configured
e7p7-lacZ reporter. Only the single 59 GIFOR was able to in-
teract in trans with the two tester modules, as evidenced by
e8p8-m8/e7p7-lacZ and e7p7-lacZ/pH-gfp transvection
(Figure 8, E and E’), whereas both of these transvection ef-
fects were lost in the dual/dual configuration (Figure 8, F and
F’). Surprisingly, e7p7-lacZ/pH-gfp transvection was
regained when the p7 promoter was compromised or (better)
deleted in the dually GIFOR flanked e7p7-lacZ transgene (Fig-
ure 8, G–I). We therefore conclude that GIs sample different
homotypic interactions in trans, both vertical and diagonal.
The latter are disfavored, but can still occur and their ability
to support transvection is influenced by the enhancer-pro-
moter interactions in their vicinity, in agreement with recent
live imaging data that show that insulator–insulator interac-
tions (both cis and trans) are stabilizedwhen accompanied by
productive enhancer-promoter interactions (Chen et al.
2018; Lim et al. 2018). For example, the e7p7-pH interaction
is not sufficient to sustain diagonal transvection (Figure 8F’),
unless relieved from cis promoter preference (Figure 8, H and
I). As another example, a similar diagonal GI–GI interaction
can sustain transvection of e8 (from the e8p8-m8 tester) to
pH-gfp (Figure 8D), but not to e7p7-lacZ (Figure 8F). Such
alternative trans-interactions in dual-GI combinations prob-
ably compete with the more favorable 59GI–59GI interactions
and could underlie the suppression of transvection produced
by the addition of 39 GIs in Figure 7, A–D.

Finally, we note that the 3xP3/pH transvection in Figure
7A is also mediated by a 59 – 39 (diagonal, less favored) GIFOR

interaction. We tested the same configuration of enhancers

and insulators and changed only the responding promoter on
the dual GIsFOR p-gfp construct. Only pH was able to strongly
respond to 3xP3, whereas two other promoters, p7 and p8,
showed no or very weak response (Figure S11). Therefore,
when alternative GI–GI interactions are possible, they can be
biased positively or negatively by the affinity that their
nearby enhancer/promoter elements have for each other.

Other insulators also mediate transvection

To determine whether other Drosophila insulators also medi-
ate transvection, we generated two series of constructs based
on the pLacZattB vector (Bischof et al. 2007): “sender” con-
structs containing an insulator cloned in between the e7 and
e8 enhancers, and “responder” constructs containing an in-
sulator between divergently oriented pH-lacZ and pD-gfp, a
reporter driven by the Drosophila Synthetic Core Promoter
(DSCP, abbreviated as pD) (Pfeiffer et al. 2008). Besides
the 367 bp GI, we tested two new insulators: (1) the
540 bp Fab-8 insulator isolated from the Abdominal-B region
of the bithorax complex (Figure S7); Fab-8 insulator activity
depends on dCTCF, the ortholog of the vertebrate CTCF pro-
tein (Barges et al. 2000; Moon et al. 2005; Kyrchanova et al.
2008a, 2016), and (2) the 454 bp 1A2 insulator located
downstream of the yellow gene (Figure S7), containing two
Su(Hw) binding sites (Golovnin et al. 2003; Parnell et al.
2003). Fab-8 and 1A2 exemplify two major classes of endog-
enous insulators [centered around binding of dCTCF and
Su(Hw), respectively], which are abundantly represented
in the Drosophila genome (Parnell et al. 2006; Adryan et al.
2007; Nègre et al. 2010; Schwartz et al. 2012; Baxley et al.
2017). In addition, the resultant constructs contain WI car-
ried in the mini-white marker gene. All transgenes were
inserted into the attP40 locus, and we present the results
from wing disks that are consistent with the results obtained
from the CNS and eye-antennal disks (data not shown).

The responder transgenewithout an insulator between pH
and pD promoters (“blank” responder), on its own, showed
trachea-specific activity of both promoters (both LacZ and
GFP, Figure 9A1), similar to the expression of the uninsulated
pH-gfp reporter at the attP40 locus (Figure 4E). Inserting GI
between the two promoters insulated pD-gfp from the tra-
cheal enhancer, and resulted in the trapping of (an)other
enhancer(s) at the pD promoter, ubiquitously active in all
cells of the disk’s epithelium (weak ubiquitous GFP expres-
sion in Figure 9A2). This latter, ubiquitous, activity was abol-
ished by a deletion of the WI from the mini-white (Figure
9A3), indicating cooperation between GI and WI in mediat-
ing the cis activity of this enhancer onto pD. The Fab-8 re-
sponder, similarly to the GI responder (Figure 9A2), also
trapped the epithelial enhancer via the pD promoter (Figure
9A4), while the 1A2 responder did not show any activity from
any of the promoters (Figure 9A5).

Heterozygotes between the “blank” sender and “blank”
responder transgenes produced extremely faint but visible
expression of GFP in the WM, indicative of a WI-mediated
trans interaction between e8 and pD (Figure 9, B1 and B1’).
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This interaction was augmented in the GI responder (WM in
Figure 9B2). This enhancement of WI–WI mediated trans-
vection by GI, was confirmed by deleting one WI, which
abolished GFP expression in the WM (Figure 9B3). This is
in contrast to our previous result where GI–WI interaction in
cis had an inhibitory effect on the WI-mediated transvection
(Figure 3), suggesting that the transcriptional outcome of GI–
WI cis interaction is context-dependent. Fab-8 also showed a
detectable, albeit weaker, enhancement of e8/pD transvec-
tion at theWM,whereas 1A2 had no detectable effect (Figure
9, B4 and B5). Consistent with the conclusion that this trans-
vection was mediated by homotypic WI/WI, when we de-
leted WI from the sender transgene, no transvection was
observed at the WM in combination with any of the re-
sponders (Figure 9, C1–C5). WI-mediated transvection was
also weakly enhanced by adding a heterologous insulator in
the sender homolog and testing against the “blank” re-
sponder (Figure 9, D1, F1, G1). Again, only e8 was trans-

vected, although this time both pH and pD responded,
consistent with the fact that no insulator lies between the
two. In this case 1A2 was able to enhance transvection com-
parably to GI and Fab-8 (Figure 9G1, compare to D1 and F1).
Removal of WI from the GI sender abolished transvection
(Figure 9E1).

Unlike the weak WI-mediated transvection effects dis-
cussed so far with the “blank” senders (Figure 9, column B)
or responders (Figure 9, row 1), we got very strong trans-
vection of both e7 and e8, when we combined homotypic
insulators in sender and responder, i.e., GI/GI, Fab-8/Fab-8
or 1A2/1A2 (Figure 9, D2, D3, E2, E3, F4, and G5). In all
cases, e7 transactivated the pH-lacZ reporter (in the AMPs)
and e8 transactivated pD-gfp (in the WM), consistent with
orientation-dependent function of all three insulators. GI pro-
duced the strongest effect and 1A2 the weakest. When theWI
was deleted from either the sender or the responder GI con-
struct, no difference in transvection efficiency was seen

Figure 8 In dual GI transgenes, both 59
and 39 GIs participate in trans-interactions.
Two tester transgenes, GIFOR-e7p7-lacZ-
GIFOR-e8p8-m8 (left column, (A–F)), and
GIFOR-e7p7-lacZ-GIFOR-pH-gfp (right col-
umn, A’–F’, G–I) were tested as hemizy-
gotes (A and A’), combined inter se (B)
or combined with various other GI-
containing transgenes in attP40 (C–I).
Third instar wing imaginal disks are
shown for each genotype in two chan-
nels (GFP in green, LacZ in red). Any
GFP expression is caused by transvec-
tion, since the hemizygotes of all GFP
constructs used express no GFP, other
than a piece of trachea in (A’), proba-
bly due to enhancer trapping. LacZ ex-
pression in the AMPs may come from
cis or trans, but WM LacZ expression,
marked by a blue dotted rectangle in
(E), is triggered by the e8 enhancer in
trans.
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(Figure 9, D2, E2, D3, and E3), thus confirming, in a different
context, our earlier conclusion that WIs do not affect
GI-mediated transvection.

Moderately strongWMGFP expression (e8/pD transvec-
tion) was also seen in apparently heterotypic insulator com-
binations, specifically Fab-8 or 1A2 senders with a GI
responder (Figure 9, F2 and G2), and the reciprocal, i.e., a
GI sender with Fab-8 or 1A2 responders (Figure 9, D4 and
D5). Upon deleting the WI from either the GI sender or re-
sponder, however, all of these effects were abolished (Figure
9, F3, G3, E4, and E5), consistent with being mediated via
WI/WI and enhanced by the presence of the heterologous
insulators, similar to the effects noted earlier with “blank”
sender/responder constructs. On the other hand, the AMP
lacZ and WM GFP expression seen in both 1A2/GI combina-
tions (Figure 9, G2 and D5) was maintained, albeit much
more weakly, upon WI deletion (Figure 9, G3, G39, E5, and

E59), suggesting that this results from a trans heterotypic in-
teraction between GI and 1A2, which is not surprising, since
both are Su(Hw)-binding insulators.

In conclusion, we provide evidence that insulator land-
scape can affect enhancer-promoter communication both in
cis (enhancer trapping) and in trans. All homotypic insulator
combinations tested support transvection. The presence of
additional heterotypic insulators in one or both homologs
can augment (or, in other contexts, suppress) this effect.
We finally provide evidence that heterotypic insulators can
weakly promote transvection if they belong to the same class.

Discussion

Transvection is the ability of an enhancer to activate tran-
scription from an unlinked promoter located at the same
locus of the homologous chromosome. Using a collection of

Figure 9 1A2 and Fab-8 insulators also mediate transvection. All panels show merged GFP (green) and LacZ (red) channels of confocal z-projections
from third instar wing disks. (A1–A5) Wing disks from animals hemizygous for responder transgenes; insulators are shown as triangles. (B1–G5) Wing
disks from heterozygotes for sender transgenes (as indicated in each column) with responder transgenes (as indicated in each row). All transgenes are
inserted in attP40. (A1–G5) were imaged at the same intensity settings. (A1’, B1’, E59 and G39) are higher-sensitivity images of the respective panels, to
reveal very low levels of transvection. Note that the responder construct in row 3, as well as the sender constructs in columns (C and E), are deleted for
WI (red triangle).

502 P. Piwko et al.



enhancers and promoters driving GFP and LacZ reporters and
targeted to specific genomic loci, we were able to study
transvection and characterize parameters influencing its out-
come (summarized in Figure 10). The salient features of this
phenomenon borne out by our results are the following: (1)
We confirmed that homolog pairing is a prerequisite for
transvection, as already known from classical studies. In
Drosophila, homolog pairing in nonmeiotic cells is wide-
spread, but seems to evolve gradually during the first half
of embryogenesis (Hiraoka et al. 1993; Fung et al. 1998;
Gemkow et al. 1998)—we showed that transvection unfolds
in a similarly gradual manner, being stochastic and erratic
during the early stages of embryogenesis, while recapitulat-
ing precisely the cis-activity of the enhancer at later embry-
onic and larval stages, once homolog pairing has been
completed. (2) Insulators are needed for transvection. At
least four different insulators, GI, WI, Fab-8, and 1A2, are
capable of mediating transvection. We focused on GI and
WI, which are commonly found in transgenesis vectors. (3)
GI-mediated transvection is strong, resulting in �20% of the
expression level the same enhancer-promoter combination
would give in a cis configuration, and can work with all en-
hancer-promoter combinations tested. In contrast,WI-mediated
transvection is weak, and is detectable only if the responding
promoter is accompanied by another enhancer (Figure S3) or
another insulator (Figure 9B2). (4) While necessary, the pres-
ence of GIs in both homologs is not sufficient for transvection.
(4a) The most important parameters in determining the trans-
vection outcome are the number and position of GIs in both
homologs—the strongest effects are seen when a single GI is
present in each homolog, one immediately upstream of the
responding promoter and another adjacent to the interacting
enhancer. Additional GIs at other positions of homologously
inserted transgenes have a detrimental effect, probably by com-
peting against the 59GI/59GI enhancer-promoter enabling in-
teraction. (4b) The presence of a promoter in cis to the
enhancer reduces its effectiveness in transvection. This cis-pref-
erence phenomenon, which has been described before (Geyer
et al. 1990; Martínez-Laborda et al. 1992; Hendrickson and
Sakonju 1995; Casares et al. 1997; Sipos et al. 1998; Morris
et al. 1999a,b, 2004; Bateman et al. 2012a; Kravchuk et al.
2017), depends on the activity of the cis-linked promoter: we
have shown that the TATA element seems to play a more im-
portant role than the DPE in inhibiting a cis-linked enhancer
from acting in trans. (4c) The GI is highly asymmetric with
12 Su(Hw) binding sites all in the same orientation: the GI
orientation with respect to the enhancer-promoter interacting
pair is important, although not crucial for the transvection out-
come. The 39 side of the GI is the optimal for promoting trans-
vection, but the 59 side is also functional albeit less effectively.
(5) Nonhomotypic insulators generally do not promote trans-
vection, with the exception of GI/1A2, both of which bind
Su(Hw) and showed a weak interaction. (6) Nonhomotypic
insulators do, however, cis-influence the transvection produced
by homotypic insulators in a context-dependent manner. For
example GIs can enable or inhibit WI/WI-mediated transvec-

tion. However, WI seems unable to affect GI/GI-mediated
transvection.

Based on these observations, one should be careful when
planning to use heterozygous transgene combinations in the
same landing site. If onewishes tominimize transvection, one
should preferably not include GI or any other insulator in the
transgenes, at the expense of losing shielding from position
effects. If shielding isdesired,GIs canbeused inonlyoneof the
transgenes. If shielding of both transgenes is desired, GIs can
be placed in different orientations, and as far as possible from
the transgenes’ enhancers and promoters. If, on the other
hand, one wishes to promote transgene transvection, one
should place GIs in the forward orientation directly upstream
of the transgenes’ cis-regulatory elements.

A role of insulators in transvection has been described, but
the mechanism been at best unclear (Fukaya and Levine
2017). Whereas some studies propose that insulators are
needed for transvection (Lim et al. 2018), others propose that
they only have an accessory role (Kravchenko et al. 2005;
Schoborg et al. 2013), or that they affect transvection by pro-
moting homolog pairing (Fujioka et al. 2016). And, finally,
other studies ignore them altogether (Bateman et al. 2012a;
Mellert and Truman 2012; Blick et al. 2016). Instead, the
classical proposed role of insulators is to insulate, i.e., to in-
hibit enhancer-promoter communication in cis, although
sometimes they can enable such enhancer-promoter commu-
nication, e.g., via their so-called “bypass” activity (Cai and
Shen 2001; Muravyova et al. 2001; Kyrchanova et al. 2008b;
Fujioka et al. 2013). These two apparently contradictory activ-
ities have been reconciled by the “looping”model (reviewed in
Chetverina et al. 2017; Schwartz and Cavalli 2017), which is
based on evidence that insulators mediate homotypic, or
sometimes heterotypic, interactions (Kyrchanova et al.
2008b; Li et al. 2011; Vogelmann et al. 2014; Bonchuk et al.
2015; Fujioka et al. 2016). Via these interactions, insulators
can form chromatin loops, and these loops can either bring
enhancers and promoters in proximity (e.g., when both are
near the loop’s anchor points) or avert their proximity (e.g.,
when one is within one loop and the other is outside that
loop). These activities occur in cis and shape chromosomal
architecture in parallel to affecting transcriptional regulation.
The same insulator-insulator interactions can occur in trans
(Kravchenko et al. 2005; Fujioka et al. 2016; Lim et al. 2018)

Figure 10 Parameters of transvection. A schematic summary of the pa-
rameters determining the ability of enhancers (ovals) to communicate
with promoters (bent arrows) in trans. The top and bottom schematics
in each panel depict elements present in the two paired homologs. Tri-
angles represent gypsy insulators. A graded series of examples is shown
with transvection ranging from high (A), through (B) medium, (C) low, to
undetectable (D). For more details see Discussion.
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and this could mediate interactions of enhancers on one ho-
molog with promoters on the other (transvection).

One model proposes that insulators promote transvection
by mediating homolog pairing in somatic cells. This hypoth-
esis is supported by the fact that different classes of insulators
are distributed widely in the Drosophila genome (Bartkuhn
et al. 2009; Bushey et al. 2009; Nègre et al. 2010; Schwartz
et al. 2012), and their congruent matching could underlie
paternal–maternal homolog alignment from end to end. Alter-
natively, insulators may not mediate homolog pairing per se;
rather, prior homolog pairing is a prerequisite for allowing
insulators to mediate transvection. We favor the latter model:
although we did not directly assay pairing, we have encoun-
tered numerous instanceswhere addition of extra copies of the
GI has a detrimental effect on transvection (Figure 7 and Fig-
ure 8). This result would be hard to reconcile with a model
where insulators promote pairing, as wewould expect pairing,
and thus transvection, to locally increase as more insulators
are added. Consistent with the view that homolog pairing
precedes transvection is the fact that screens designed to iden-
tify somatic homolog pairing factors did not reveal any of the
numerous insulator binding proteins (Bateman et al. 2012b;
Joyce et al. 2012).Moreover, a recent study imaged two homo-
logously inserted transgenes in live embryos and found the
same frequency of colocalization (pairing) whether an insula-
tor was included or not (Lim et al. 2018) – yet transvection
between these genes required an insulator on both homologs,
in agreement with our results. Another recent study mapped
DNA elements mediating pairing and transvection from the ss
locus: the two activities were found to map on two different
fragments (Viets et al. 2018).

If insulators do not mediate homolog pairing, their role
could be to enable the productive interaction of enhancers
with certain promoters. Several of our observations support
suchamoreactive role: (1) Inorder topromote trans-interaction
between e8 and either pH or p7, the WI requires the pres-
ence of another enhancer (e7) nearby. (2) Transvection sup-
ported by single 59 GIs is orientation-dependent: the FOR
orientation is much more effective than the REV orientation
(Figure 7); if insulator–insulator interactions were the only
parameter influencing transvection, having congruently dis-
posed insulators in both homologs would most likely produce
an identical result, whether the configurationwere FOR/FOR
or REV/REV. (3) When two GIs are present in each homolog,
they exhibit a strong bias for “vertical” trans GI/GI interactions
(Figure 8). The fact that this bias can be alleviated by promoter
mutations is consistent with more direct insulator-promoter
communication. (4) A forward GI exhibits a strong promoter
preference: it transvects the 3xP3 enhancer only to pH and not
to p7 or p8 in a certain transgene combination (Figure S11).

Recent data agreewith such amore direct role of insulators
in enhancer-promoter communication. A genome-wide chro-
matin occupancy analysis for.15 insulator binding proteins
showed that a large proportion of their binding sites is near a
promoter or an enhancer (Cubeñas-Potts et al. 2016). Direct
contacts between insulators and nearby enhancers and pro-

moters has been detected in transgenes via 3C (Kyrchanova
et al. 2013). Live imaging of two loci separated (in cis)
by .100 kb has shown that homotypic insulators promote
proximity between these loci, but they do it much more effec-
tively in the presence of a promoter in the one locus that gets
activated by enhancers on the other (Chen et al. 2018). Finally,
studies replacing specific insulator elements in the Bithorax
Complex with other insulators, strongly support the ability of
the resident insulators, like Fab-7 and Fab-8, to interact with
neighboring enhancers (the iab-6 and iab-7 elements) to bring
them in the proximity of the AbdB promoter (Kyrchanova et al.
2016; Postika et al. 2018). How insulators select which en-
hancers to pair with which promoters is an important question
that still remains to be elucidated.

Why has the necessity for insulators been overlooked in
some of the studies on transvection? Most probably because
the fly genome and common transgenesis cloning vectors are
rich in insulators. For example, in one study (Mellert and
Truman 2012), all transgenes used contained mini-white
and its associated WI, which we have shown is capable of
selectively mediating enhancer action in trans; consistently,
transvection was observed only with a subset of enhancers in
that study. Two other studies (Bateman et al. 2012a; Blick
et al. 2016) used recombinase-mediated cassette exchange,
which allows for transgene integration without vector se-
quences, making these instances of transvection harder to
reconcile with the need for an insulator. One possible hypoth-
esis would be that the inserted transgenes trapped nearby
insulators. Our GI-less transgenes were never able to trap
nearby insulators, but we used five landing sites (attP40,
VK2, VK13, VK37, VK40) distinct from those used in the
above two studies (JB53F and JB37B), so our results cannot
be compared. Given the strong dependence of transvection
on insulator position, orientation and the nature of the inter-
acting enhancers and promoters, it is likely that all of these
factors will also influence insulator trapping. The large di-
versity of insulators in Drosophila (currently .15 binding
factors identified; Maksimenko et al. 2015; Chetverina et al.
2017) is suggestive of a potentially high degree of selectivity
in their interactions both with each other and with enhancer
and promoter elements in their vicinity. Further work is
needed to characterize these interactions and their impor-
tance in transcriptional regulation.

The association between insulators and transcriptional cis-
regulatory elements (enhancers and promoters) is not a
peculiarity of Drosophila; it has been reported also for verte-
brates (Guo et al. 2015; reviewed in Hnisz et al. 2016). On the
other hand, Drosophila (dipterans in general) seem to be
unique in establishing somatic homolog pairing early in de-
velopment and maintaining it throughout life (Abed et al.
2018; Erceg et al. 2018). Transvection could be an epiphe-
nomenon of these two biological processes: insulator inter-
actions with enhancers/promoters and homolog pairing. This
would explain why it is more often encountered in
Drosophila, but is only sporadic inmammals (Apte andMeller
2012; Stratigi et al. 2015). Does transvection also serve a role
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in regulating transcriptional output and accordingly could it
be positively selected in dipteran evolution? Some studies
have suggested that it increases transcription from the two
alleles, or that it coordinates their transcriptional on/off de-
cisions (Goldsborough and Kornberg 1996; Johnston et al.
2014). How widespread this effect is across the genome
and whether it contributes to organism adaptation to fluctu-
ations in environmental conditions or response to stressful
stimuli is not known. At the least, transvection would ensure
robustness of gene expression levels in the face of genetic
variation, specifically heterozygosity for mutations in pro-
moters or enhancers.
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