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Chromatin boundary elements (CBEs) are widely distributed in the genome and mediate formation of chromatin loops, but
their roles in gene regulation remain poorly understood. The complex expression pattern of the Drosophila homeotic gene Sex
combs reduced (Scr) is directed by an unusually long regulatory sequence harboring diverse cis elements and an intervening
neighbor gene fushi tarazu (ftz). Here we report the presence of a multitude of CBEs in the Scr regulatory region. Selective and
dynamic pairing among these CBEs mediates developmentally regulated chromatin loops. In particular, the SF1 boundary plays
a central role in organizing two subsets of chromatin loops: one subset encloses ftz, limiting its access by the surrounding Scr
enhancers and compartmentalizing distinct histone modifications, and the other subset subdivides the Scr regulatory sequences
into independent enhancer access domains. We show that these CBEs exhibit diverse enhancer-blocking activities that vary in
strength and tissue distribution. Tandem pairing of SF1 and SF2, two strong CBEs that flank the ftz domain, allows the distal
enhancers to bypass their block in transgenic Drosophila, providing a mechanism for the endogenous Scr enhancer to circum-
vent the ftz domain. Our study demonstrates how an endogenous CBE network, centrally orchestrated by SF1, could remodel the
genomic environment to facilitate gene regulation during development.

Organization of the eukaryotic genome is highly complex. Re-
cent studies revealed that extensive loop structures exist in

mammalian and Drosophila genomes, separating genes and gene
families into distinct functional domains (1–5). Many of these
loops are anchored by specialized DNAs called chromatin bound-
ary elements (CBEs) or insulators. These elements have two well-
characterized molecular functions: they block the regulatory ef-
fects of enhancers and silencers as well as limit the spread of
organized chromatin (for recent reviews, see references 1 and 5 to
11). These properties, in addition to the finding that CBEs are
frequently positioned between differentially expressed genes, sug-
gest that they play important function in insulating neighboring
genes to ensure their independent regulation (2, 12–17).

It is increasingly recognized that CBEs are also present within
gene regulatory regions, often between genes and distal enhancers,
raising questions about their functional significance. Examples of
these CBEs include the Drosophila Fab-7, Fab-8, and SF1 elements
(18–22). It has been postulated that the Fab boundaries, located
within the regulatory sequences of the Abdominal B (Abd-B) gene,
may divide distinct enhancer domains and mediate transcrip-
tional regulation in a tissue-specific fashion (20, 23–25). We have
previously identified a CBE named SF1 within the regulatory se-
quences of the homeotic gene Sex comb reduced (Scr). SF1 is lo-
cated between the promoter and several distal regulatory elements
of Scr, including the PS2 and PS3 enhancers, which activate Scr
during early embryogenesis and a Polycomb response element
(PRE) that maintains the Scr expression in late development (Fig.
1A) (21, 26–29). In addition, the Scr upstream region is further
interrupted by a nested neighboring gene, fushi tarazu (ftz) (Fig.
1A). Despite such close proximity and juxtaposition of the ftz and
Scr promoters and enhancers, the two neighboring genes are ex-
pressed in distinct patterns (Fig. 1B).

We used the Scr-ftz region as a model to study how loops teth-
ered by these CBEs might configure regulatory DNA and modu-
late enhancer traffic in complex genetic loci. We have shown pre-
viously that SF1 could insulate Scr from ftz in the upstream

direction by preventing an intergenic ftz enhancer from activating
an Scr-like promoter (D in Fig. 1A) (21, 30). However, it remains
unclear how ftz is insulated in the downstream direction and how
Scr distal enhancers overcome the block of SF1 (dashed arrow in
Fig. 1A). Further, ftz is active in tissues where Scr may be repressed.
How is ftz protected from the encroachment of silent chromatin,
which is known to spread along the chromosome? We hypothesize
that since CBEs are known to associate with one another to form
chromatin loops, SF1 may interact with a yet unknown boundary
downstream of ftz, designated SF2, to form a chromatin loop (Fig.
1A) (30–34). This putative loop would insulate ftz from influences
by the Scr regulatory elements and the repressive chromatin. It
could also facilitate the distal Scr enhancers to the Scr promoter.

We report here the identification of an array of CBE-like ele-
ments in the ftz downstream region through their association with
SF1. These SF1-tethering elements (STEs) organize topologically
independent chromatin loops that separate ftz from Scr and sub-
divide the Scr regulatory sequences into early and late enhancer
access domains. SF1-STE associations are both selective and reg-
ulated during development, leading to stage-specific chromatin
loops. We show that these dynamic loops restrict the range of the
ftz promoter and Scr enhancers. They also demarcate domains of
different histone modification in a temporally regulated fashion.
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We show that these STEs exhibit diverse enhancer-blocking activ-
ities that vary in strength and tissue distribution. Significantly,
tandem pairing of SF1 and an STE we named SF2 allows distal
enhancers to bypass the block of both boundaries in transgenic
Drosophila. This provides a potential mechanism for the endoge-
nous Scr distal enhancers to circumvent the ftz domain and mul-
tiple CBEs. This unique enhancer bypass is mediated by two
endogenous CBEs in the Drosophila Antennapedia complex,
suggesting that CBEs within gene regulatory sequences can play
multifaceted roles essential for proper gene regulation. Taken to-
gether, the results of our study suggest that diverse CBEs may be
integral components of complex genetic loci that organize dy-
namic and/or tissue-specific chromatin loops to modulate en-
hancer access and the local chromatin environment during de-
velopment.

MATERIALS AND METHODS
3C. Chromosome conformation capture (3C) experiments were per-
formed according to published protocols, with modifications (35). All
captures were repeated minimally three times (biological replicates). Ap-
proximately 3 � 107 nuclei were used in the chromatin preparation ac-
cording to existing protocols (36). The optimal quantity of template DNA
used in PCRs was determined empirically by serial dilutions. Quantitative
PCR (qPCR) was used for the all 3C experiments except those whose

results are shown in Fig. 1, which used conventional PCR. Briefly, 3C
samples were amplified for 20 to 22 cycles with the outer primer pair. Five
to 10 percent of the outer PCR product was amplified with nested inner
primers. For conventional PCR, capture products were fractionated on an
agarose gel and digitally imaged. Quantitation and analysis were done
using ImageJ software. qPCR was performed on an Applied Biosystems
7500 real-time PCR system with SYBR green PCR master mix (Applied
Biosystems) or a Bio-Rad CFX-Connect using SYBR green Sso mix (Bio-
Rad). The specificity of the signal was validated by agarose gel and melt-
curve analyses. Sequences of 3C primers are listed in Table S1 to S4 in the
supplemental material. All primers were designed to be �100 to 150 bp
from the restriction site so that all capture products would be comparable
in size. To generate the control template, purified fly genomic DNA was
digested with EcoRI or other restriction enzymes and ligated at a concen-
tration of �500 ng/�l. The frequencies of capture expressed as relative
cross-linking, PCRE/PCRC, is generally plotted over distance (37). All sta-
tistical analyses and charts were made using the Microsoft Excel program.
The distance-capture frequency curves were generated using data from
�500 captures between sites with a linear distance up to 150 kb apart, of
which the relevant distance ranges are shown in the figures below. We also
generated separate curves for conventional and quantitative PCRs to con-
trol for the data range. As a result, 46 or 32 pairs of sites were within the
range for conventional or qPCR, respectively.

Enhancer-blocking assays with transgenic Drosophila embryos. En-
hancer-blocking assays including spacer- and SF1-containing transgenic

FIG 1 Identification of SF1-tethering elements (STEs) in the Drosophila ftz-Antp interval. (A) Diagram of genomic region containing the Scr (green), ftz (red),
and Antp (yellow) genes. Filled boxes, arrowheads, and horizontal ovals represent genes, promoters, and enhancers, respectively. Red enhancers: D, ftz distal; A,
ftz AE1; N, ftz neurogenic; Z, ftz zebra; and 1/5, ftz stripe 1/5 enhancer. Green enhancers: 3, Scr PS3; 2, Scr PS2; and PRE, Scr PRE. Vertical oval, SF1; curved arrows,
enhancer-promoter interactions; dashed arrows, interactions that could be modulated by SF1. (B) Scr and ftz are expressed in distinct patterns. Shown are images
from whole-mount in situ hybridization showing patterns of Scr and ftz in stage 5 (left) and stage 11 (center and right) embryos. Probes used in hybridization are
indicated at the bottoms of the photos. (C) SF1 boundary interacts with multiple DNA elements in the ftz-Antp (FA) interval. 3C capture frequencies between SF1
and R1 to R11 elements were quantitated by conventional PCR and plotted over distance. Dashed curve, a distance-frequency power trend line (see Materials and
Methods). Elements captured at a frequency above, near, or below the expected value are in green, gray, and red, respectively. The difference between observed
and expected capture frequencies is indicated as a percentage for R1, R2, R6, and R10. The gray-shaded vertical regions correspond to the three STEs. A genomic
map of the Scr-Antp region, drawn to scale, is shown below with EcoRI sites. R1 to R11 elements are marked in yellow and labeled numerically. Genes and their
regulatory elements are shown as horizontal bars; red, ftz; green, Scr, see panel A. Three STEs are shown as blue ovals. (D) Distinct FA elements interact with the
Scr promoter. 3C capture frequencies between the Scr promoter and R1 to R11 elements were quantitated by conventional PCR and plotted over distance. Dashed
curve, a distance-frequency power trend line; red dashed line, capture profile of SF1.
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Drosophila lines were described previously (21, 38, 39). Individual STEs
were cloned by PCR (see Table S5 for primers), purified after further
digestions, and inserted into the NotI site between the Neuroectoderm
(NEE) and Hairy stripe 1 (H1) enhancers in pWNHZ vector or pFWNHZ,
which contains a copy of SF1 in the Nsi site downstream of the miniwhite
gene. For transgene containing tandem SF1 and SF2B, the two insulators
were inserted in the same relative position and orientation as in their
native genomic loci. For transgenes containing SF2B, genomic integration
at the VK33 attP site was mediated by phiC-31 site-specific insertion. For
these transgenes, a phiC31 attB site was inserted at the NsiI site down-
stream of the miniwhite gene. For control, an independent pWNHZ-SF1
genomic insertion at the VK33 attP was also generated and the enhancer-
blocking profile of this line is comparable to that shown in Fig. 6C and K.
Microinjections were performed in the Cai laboratory or by Rainbow
Transgene (Camarillo, CA).

In situ hybridizations with lacZ, white, and Scr antisense RNA probes
were performed as previously described (30). Whole-mount in situ hy-
bridization and visual assessments of reporter expression were performed
according to previously published procedures (21, 38). For each pCANH
transgene, 50 to 100 embryos were scored double-blindly from at least
three independent insertion lines. Briefly, blastoderm stage embryos were
scored for lacZ level in the NEE domain against the H1 domain (see Fig.
6B and C). Based on the ratio of lacZ in the H1 and NEE domains (H/N
ratio), embryos were ranked into five categories as follows: no block, H/N
ratio � 1; weak block, H/N ratio � 2; medium block, H/N ratio � 4;
strong block, H/N ratio � 5; and complete block, H/N ratio � 10. For lacZ
expression in the thoracic neuroectoderm (gap in Fig. 6D and E), the
staining level was compared to that of the control NEE-driven lacZ and
ranked into three categories: no gap, weak gap, and medium to strong gap.

RESULTS
Identification of multiple SF1-tethering elements in the Scr reg-
ulatory region. To search for potential CBEs that loop with SF1,
we used chromosomal conformation capture (3C) to survey the
entire ftz-Antennapedia (Antp) (FA) interval (Fig. 1C, yellow bar)
for DNA sequences that capture SF1 in 0- to 20-h fly embryos (Fig.
1C) (35, 40–43). Since genomic sites located within 100 kb are
known to capture each other at relatively high frequencies, we
generated a distance-frequency reference curve using 46 pairs of
Drosophila genomic sites (dashed curve) (see Materials and Meth-
ods). Among the 11 EcoRI fragments (R1 to R11) from the ftz-
Antp region, R2, R6, and R10 captured SF1 at a frequency of 50%
or higher above the expected value (Fig. 1C). In contrast, other
regions captured SF1 at near or below expected values. The nega-
tive controls without ligation or without cross-linking produced
no capture products, as expected (see Fig. S1 in the supplemental
material). These results indicate that SF1 interacts with multiple
DNA elements, termed SF1-tethering elements (STEs), in the ftz
downstream regions in the developing fly embryos. It is worth
noting that R2 is located near the distal end of the ftz gene, between
the ftz stripe 1/5 enhancer and the Scr distal elements (Fig. 1C) (27,
44). Interaction between R2 and SF1 could loop out ftz, bringing
the distal enhancers closer to the Scr promoter. Similarly, SF1-R6
pairing could facilitate interactions between the Scr promoter and
its late Polycomb response element (PRE). R10 is located at the
end of the Scr distal region. This region is bound by multiple
insulator proteins and has been shown to contain tethering activ-
ities (14–16, 40, 45–47). An SF1-R10 loop could separate Scr en-
hancers from the neighboring Antp (27).

The Scr promoter interacts with distinct elements in the ftz-
Antp interval. The location of the three STEs near the Scr regula-
tory sequences raises the question of whether their capture with

SF1 might be influenced by the Scr enhancer-promoter interac-
tions. To address this, we performed a parallel 3C assay to examine
how the Scr promoter interacts with the elements in the FA inter-
val (Fig. 1D). Our results show that the region interacts with the
Scr promoter in a distinct profile from that with SF1 (Fig. 1D). The
Scr promoter failed to capture R2 and R6. However, it captured
R8, which is an Scr PRE that maintains Scr expression in late de-
velopment (26). Another element that was effectively captured by
the Scr promoter is R10. It overlaps with a known tether element
that facilitates the Scr distal enhancers to the Scr promoter (44).
Therefore, our results indicate that SF1-tethered chromatin loops
are largely distinct from the loops resulting from Scr enhancer-
promoter interactions.

Selective pairing between SF1 and STEs. Given that multiple
DNA elements were captured with SF1, we wondered whether
they all interact with SF1 simultaneously, a scenario that would
predict high capture among all STEs. Alternatively, individual
STEs may contact SF1 selectively, forming unique loops in differ-
ent tissues and/or different developmental stages. To distinguish
between these possibilities, we used 3C qPCR to examine the as-
sociation between pairs of STEs in 0- to 20-h embryos (Fig. 2). For
this experiment, we generated a new distance-frequency curve by
qPCR (dashed curve) (see Materials and Methods). Our results
show that all STEs did not capture with one another at high fre-
quencies (Fig. 2). For example, R10 failed to capture R2 or R6,
even though high capture was observed between R2 and R6. These
results suggest that SF1 may be capable of simultaneously pairing
with some, but not all, partners and that such selective pairings
may contribute to the alternative formation of distinct chromatin
loops in various tissues and/or developmental stages.

STEs delimit domains of genomic access for the Scr early and
late enhancers. Boundary-tethered chromatin loops are believed

FIG 2 SF1 does not contact all STEs simultaneously. 3C capture frequencies
between pairs of STEs were quantitated by qPCR and plotted over distance.
Pairs captured at a frequency above or below the expected value are in green or
red, respectively. Dashed curve, a new distance-frequency power trend line by
qPCR (see Materials and Methods).
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to restrict enhancer access (31, 32, 48, 49). The three STEs are
located at or near the ends of the Scr early and late regulatory
elements and may be involved in organizing these enhancer do-
mains. To evaluate whether SF1-STE loops physically constrain
genomic access in the native chromatin environment, we ran-
domly picked eight pairs of nonjoining EcoRI fragments from the
ftz-Antp interval and measured their capture frequencies by 3C
qPCR (Fig. 3A). Our results show that the capture between these
genomic fragments cannot be predicted based on the distances
that separate them. Rather, it appears to depend on whether the
two elements are separated by STEs. For example, all five pairs of
sites separated by at least one STE were captured at frequencies
below expected values (Fig. 3, dashed arrows). In contrast, two of
the three pairs of sites not separated by an STE were captured at
frequencies above expected values (Fig. 3, solid arrows). These
results suggest that SF1-tethered loops constrain genomic access
in the native chromatin environment, and they may underlie the
structural as well as functional divisions in the Scr upstream reg-
ulatory sequences. These results also suggest that physical restric-
tion of enhancer access may contribute to enhancer-blocking
mechanisms by CBEs.

Dynamic pairing between SF1 and partner STEs restrict ac-
cess to the ftz promoter during development. The evidence for
selective pairing between SF1 and STEs led us to postulate that
their interactions may be developmentally regulated. To test this,
we examined captures between SF1 and the FA elements in more
synchronized embryos 4 to 8 or 10 to 14 h of age. These two
developmental stages were selected to enrich chromatin confor-
mations corresponding to the activation (4 to 8 h) or maintenance
(10 to 14 h) phase of homeotic genes. Surprisingly, in 4- to 8-h
embryos, SF1 was captured strongly with R1, which is located

immediately downstream of ftz (Fig. 4). However, such a strong
association between SF1 and R1 was not observed at 10 to 14 h
(Fig. 4). In addition, SF1 also showed dynamic capture with re-
gions surrounding R6, including R4 to R7 elements, during the 4-
to 8-h stage. In contrast, SF1 captured R2 and R10 at comparably
high levels in both 4- to 8-h and 10- to 14-h embryos. Taken
together, these results show that the chromatin loops tethered by
SF1 and STEs are highly regulated during development.

The strong association between SF1 and R1 occurs at a time
when both Scr and ftz genes are activated by their long-range en-
hancers. The timing of formation and the extent of the SF1-R1
loop, which coincides precisely with the limit of the ftz gene, sug-
gest that it may serve to prevent these long-range enhancers from
interfering with the inappropriate promoters. To test this hypoth-
esis, we probed the accessibility of the ftz promoter by the sur-
rounding Scr enhancers in 4- to 8-h as well as 10- to 14-h embryos.
Nine nonjoining EcoRI fragments surrounding the ftz promoter
were tested, including three within the SF1-R1 loop (F3 to F5), SF1
and R1, and four outside the loop (Scr-P, Scr-1, R2, and R3,) (Fig.
5). Our results show that DNA elements located within 10 kb of
the ftz promoter were captured at a reduced frequency, possibly
due to the constraint by the loop (Fig. 5) (35). The only exception
is F3, which contains a scaffold/matrix attachment region (S/
MAR) known to anchor chromatin (50–52). In addition, we no-
ticed that there was a general upshift in the capture frequency in
the 10- to 14-h embryos (Fig. 5). However, all of the fragments
located outside the SF1-R1 loop showed greater increases in their
capture with the ftz promoter at 10 to 14 h than the fragments
located inside the SF1-R1 loop (Fig. 5). This is consistent with the
SF1-R1 loop restricting access to the ftz promoter by the sur-
rounding Scr enhancers in early embryos. We also compared the

FIG 3 STEs demarcate domains of enhancer access in vivo. (A) 3C capture frequencies of 8 pairs of FA elements were quantitated by qPCR and plotted over
distance. Pairs captured at frequency above or below the expected frequency are in green or red, respectively. Dashed curve, a distance-frequency power trend line
by qPCR. (B) Diagram of genomic access domains based on panel A. Yellow boxes represent R1 to R11 elements, except STEs, which are represented by red ovals.
The gray vertical lines indicate the midpoint of each fragment. Curved arrows indicate captures between pairs of elements, with those across an STE drawn as
dashed curves and those not across any STEs as solid curves. Captures above or below the expected frequency are green or red, respectively. A map of the FA region
is shown at the top with EcoRI sites.
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interactions between SF1 and R1 with that with R-1, which is also
located within the loop, and observed a similar increase in the
capture during the late stage, suggesting that SF1-R1 interactions
may suppress other SF1 interactions (see Fig. S2 in the supplemen-
tal material).

The SF1-R1 loop defines the active ftz chromatin domain in
Drosophila embryos. During embryogenesis, ftz is highly ex-
pressed in many tissues in which Scr is inactive or repressed due to
the assembly of silent chromatin. To assess whether SF1-tethered
loops play any roles in organizing distinct chromatin structures,
we examined the histone modification profiles of the Scr-Antp
interval in the modENCODE data set (http://gbrowse.modencode
.org/fgb2/gbrowse/fly/) (14). As shown in Fig. S3 in the supple-
mental material, the SF1-R1 loop detected in 4- to 8-h embryos
coincides precisely with a domain of low H3K9me3 repressive
chromatin marks (red bracket) at this stage. The H3K27me3 re-
pressive chromatin marks also show a similar, albeit more mod-
erate, depletion in this domain (see http://gbrowse.modencode
.org/fgb2/gbrowse/fly/). The highly active ftz transcription in
multiple body segments at the 4- to 8-h stage is likely responsible

for the strong depletion of the repressive marks. Furthermore, the
disruption of the SF1-R1 loop in 10- to 14-h embryos is accom-
panied by an increase of repressive marks in the ftz domain and a
slight decrease of these marks in the surrounding Scr regions. In
16- to 24-h embryos, the boundary at R1 in the H3K9me3 profile
gradually disappeared. In contrast to the strong but transient bor-
der at R1, a weaker border at R2 persists through late development
in the H3K9me3 profile. This demarcation could reflect the more
stable SF1-R2 association (see Fig. S3). The H3K4me1 marks are
enriched around regulatory elements in both the ftz and Scr do-
mains during early development, consistent with enhancer-medi-
ated activation of both genes (53–56). These marks appear to peak
earlier in the ftz domain (0 to 4 h) than in the Scr domain (4 to 8 h),
echoing the different transcriptional onset of the two genes (57).
Finally, the histone modification signatures around R10 are per-
sistent throughout embryogenesis, reflecting its stable genomic
association revealed by 3C (Fig. 1C and 4). Taken together, the
histone modification profiles in the Scr-Antp region suggest that
the dynamic interactions between SF1 and STEs could underlie
the chromatin domains in this region. The R1 element, positioned

FIG 4 SF1-STE associations are developmentally regulated. 3C capture frequencies between SF1 and R1-R11 in 4-h to 8-h (orange line) and 10-h to 14-h (purple
line) embryos were quantitated by qPCR and plotted over distance. Dashed curve, a distance-frequency trend line generated by qPCR. Vertical shaded bars
indicate regions of STEs (orange, R1; gray, R2, R6, and R10). At the bottom, a genomic map of the Scr-Antp region, drawn to scale, is shown with EcoRI sites. R1
to R11 elements are marked in yellow and labeled numerically (see Fig. 1C). STEs are shown as blue ovals.
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at the distal end of the ftz domain, loops with SF1 to insulate ftz
and Scr genes by blocking their long-range enhancers and delim-
iting their distinct chromatin structures in vivo. It displays a strong
fit to the defining criteria of the hypothetical SF2 and is therefore
named so from here on.

STEs contain diverse enhancer-blocking activity. The abili-
ties of STEs to tether loops as well as to constrain promoter and
enhancer access reflect key characteristics of insulators (31, 32). A
survey of the genome-wide chromatin immunoprecipitation
(ChIP) data reveals that STEs also bind to distinct sets of insulator
proteins (see Fig. S4 in the supplemental material) (15, 40, 45–47).
We tested STEs for enhancer-blocking activity using an estab-
lished insulator assay in transgenic fly embryos (21, 38). The assay
transgene contains two tissue-specific enhancers, Neuroectoderm
(NEE) and Hairy stripe 1 (H1), between divergently transcribed
lacZ and miniwhite reporters (pWNHZ) (Fig. 6A). Previous stud-
ies have shown that insulators such as SF1 can block the distal NEE
enhancer and reduce lacZ expression in the horizontal stripes
when inserted between NEE and H1 (Fig. 6B, C, and K; see also
Materials and Methods) (21, 38, 58, 59). We first tested SF2B, a
2-kb subfragment of SF2 that spans the major insulator binding
peaks. When inserted between NEE and H1, SF2B significantly

reduced NEE-driven lacZ expression without affecting the ante-
rior vertical stripe driven by the H1 enhancer (Fig. 6D and K). We
further showed that SF2B can block the H1 enhancer without
affecting NEE function on the miniwhite reporter (Fig. 6I and L).
These results indicate that SF2B contains strong insulator activity.
We have previously shown that two Gypsy insulators flanking an
enhancer increases the block of the enclosed enhancer, possibly
due to improved pairing from the proximity of the two insulators
(31). To test whether SF1 can augment the insulator function of
SF2B, we inserted a copy of SF1 (green oval) distal to NEE in the
downstream region of miniwhite (pFWNHZ) (Fig. 6A). Indeed,
increased blocking of NEE was observed in these transgenic em-
bryos (Fig. 6E and K). This result suggests that SF1 and SF2B can
loop with each other to better restrict the NEE enhancer. It also
suggests that pairing between SF1 and SF2B can occur indepen-
dently of their endogenous genomic contexts and in multiple
body segments. We also tested a 2-kb element consisting of R10
and part of R9 (R9/10) that includes major peaks of insulator
proteins. We found that R9/10 also displayed a strong enhancer-
blocking activity (Fig. 6H and J to L). Together, these findings
suggest that both SF2B and R9/10 exhibit ubiquitous insulator
activities in early embryos.

FIG 5 SF1 and R1 restrict access to the ftz promoter in early embryos. (Top) 3C capture frequencies between the ftz promoter and nine surrounding nonjoining
EcoRI elements in 4-h to 8-h and 10-h to 14-h embryos were quantitated by qPCR and plotted over distance. EcoRI fragments tested in the capture drawn as boxes
with an Scr-Antp genomic map, both to scale with the plot above (see also Fig. 1C). (Bottom) Percentage increase of capture frequency between 4- to 8-h and 10-
to 14-h stages. Data for SF1 and R1 are shown in gray.
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However, little ubiquitous insulator activity was observed for
R2, R6, or R10 alone (Fig. 6K). Insertion of SF1 distal to NEE failed
to significantly improve enhancer-blocking function by these ele-
ments (Fig. 6F and G and K). Intriguingly, we observed reduced
lacZ expression in a small anterior region of the NEE stripe in
pFWNHZ-R2 and pFWNHZ-R6 embryos but not in pFWNHZ-
R10 or control embryos (Fig. 6F and G, N to O, and S). Such a gap
was consistently observed in multiple transgenic lines (see Fig. S5E
to M in the supplemental material). The endogenous Scr expres-
sion extends from posterior maxillary to anterior thoracic tissues
in early fly embryos (27, 28, 60–62). Double staining using lacZ
and Scr probes revealed that cells in the gap are positive for Scr
transcripts, indicating that they are a part of the Scr-expressing
labial and first thoracic segments (see Fig. S5N to Q). Further-
more, staining with a miniwhite probe showed little difference
between the experimental and control embryos, consistent with a

localized NEE-blocking activity in these transgenes (Fig. 6P to R
and T). These results suggest that R2 and R6 may depend on tis-
sue-specific protein factors to tether loops with SF1.

SF1-SF2 pairing facilitates enhancer bypass in transgenic
embryos. A unique behavior called “enhancer bypass” has been
reported for certain CBEs, in which a block of distal enhancers is
neutralized when two such CBEs pair in cis or in trans (31–33,
63–67). We have hypothesized that SF1 and SF2, when paired in
vivo, could allow the Scr distal enhancers to overcome both
boundaries to interact with the Scr promoter (Fig. 7D). To test this
hypothesis, we inserted both SF1 and SF2B in tandem between the
NEE and the H1 enhancers in the enhancer-blocking transgene
(Fig. 7A). Indeed, we observed a strong recovery of NEE-driven
lacZ expression and H1-driven miniwhite expression in these
transgenic embryos (Fig. 7B and C). This result indicates that
pairing of SF1 and SF2B can neutralize their enhancer-blocking

FIG 6 STEs exhibit diverse enhancer-blocking activity in transgenic Drosophila. (A) Diagram of the pWNHZ-STE transgene vector containing divergently
transcribed lacZ (blue arrow) and miniwhite (mw; red arrow) reporters flanking the NEE and H1 enhancers (see Materials and Methods). Red oval, STEs or
spacer control (Spcr) between NEE and H1; green oval, SF1 inserted in a subset of transgenes (pFWNHZ). (B to J) Representative images of transgenic embryos
after whole-mount in situ hybridization with the anti-lacZ (B to H) or the antiwhite (I and J) RNA probes. Transgenes contained in these embryos are labeled at
the bottom of each photo, with probes indicated (Z, lacZ; mw, miniwhite). Embryos are shown in sagittal views with anterior to the left and dorsal up. (K)
Quantitation of NEE blocking in the whole neuroectoderm in transgenic embryos stained with the lacZ probe (see Materials and Methods for details). (L)
Quantitation of H1 blocking in the head stripe in transgenic embryos stained with the miniwhite probe. (M to R) Representative images of embryos after
whole-mount in situ hybridization with the anti-lacZ (M to O) or the antiwhite (P-R) RNA probes. Transgenes in these embryos are labeled at the bottom of the
photo, with probes indicated. Anterior region of embryos are shown in ventral lateral views, anterior to the left and dorsal up. (S) Quantitation of NEE blocking
in the labial thoracic tissues (gap) in embryos stained with the lacZ probe (see Materials and Methods for details). (T) Quantitation of the labial thoracic gap in
embryos stained with the miniwhite probe.
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activity. This is the first enhancer bypass reported for two endog-
enous pairing CBEs in the Drosophila Antennapedia complex.

DISCUSSION

The genomes of insects and mammals are widely populated with
CBEs that may serve as anchoring sites for chromatin loops. An
increasing body of evidence suggests that in addition to the CBEs
that reside between genetic loci and insulate genes, some CBEs can
also be found in the introns and in regulatory sequences of a single
gene (15). Using the Drosophila Scr locus as a model, we have
attempted to elucidate the roles of this new class of CBEs in gene
regulation. We have found that within a 50-kb Scr regulatory re-

gion, there are at least four CBE-like elements that interact with
SF1. We provide evidence that SF1 tethers multiple developmen-
tally regulated chromatin loops through selective and dynamic
pairing with these STEs during development. One subset of the
loops functionally isolates the ftz gene embedded in the Scr regu-
latory sequences, while others subdivide and possibly facilitate the
Scr early and late regulatory elements. In particular, an STE we call
SF2 loops with SF1 to enclose and insulate ftz from Scr by blocking
the Scr long-range enhancers and repressive chromatin structures.
Importantly, association of SF1-SF2 facilitates enhancer bypass in
transgenic embryos, suggesting a mechanism that could assist the
Scr distal enhancers in circumventing the ftz domain in vivo. These

FIG 7 The SF1-SF2 loop remodels enhancer traffic and modulates chromatin structure in the Scr-Antp region. (A) Diagram of the enhancer bypass transgene
containing tandemly paired SF1 and SF2B insulators between NEE and H1 in the pWNHZ vector (see Fig. 6A and Materials and Methods). (B) Representative
images of transgenic embryos containing the bypass transgene after hybridization with anti-lacZ (top) or antiwhite (bottom) RNA probes. (C) Quantitation of
NEE blocking in pWNHZ-SF1SF2B bypass transgenic embryos stained with the lacZ probe. Quantitation of spacer and single insulator controls are from Fig. 6K.
(D) Model showing SF1 attached to SF2, leading to the formation of a chromatin loop that contains the entire the ftz transcription unit. The loop may restrict
access between enhancers and promoters of neighboring genes (blocked arrows). It may allow the Scr distal enhancers and PRE element to bypass the SF1 block
(long curved arrow). The loop may also insulate the ftz domain from the encroachment of repressive chromatin assembled on Scr and Antp genes in the anterior
tissues (shaded block signs). Arrows below the map show the evolutionarily conserved Powell genomic region (see Discussion).
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findings validate a mechanism that not only allows CBE-like ele-
ments to be tolerated within gene regions but also may provide
diverse utility in other genomic functions. Our study provides a
comprehensive analysis of how an endogenous CBE network, cen-
trally orchestrated by SF1, might provide multilayered control of
Scr and ftz gene activities by coordinating dynamic and selective
formation of chromatin loops in rapidly developing embryos.

Potential regulatory roles of chromatin loops in the Scr-ftz-
Antp region. The chromatin loops tethered by SF1 and STEs may
address several major challenges to proper gene regulation in the
Scr-ftz-Antp gene region (Fig. 7C).

(i) Regulation of enhancer access. The Scr regulatory region
contains a nested pair rule gene, ftz. The Scr and ftz promoters are
located close to each other, and their enhancers are scattered on
both sides of ftz (Fig. 1A and 7D, green and red ovals). How are
enhancer-promoter interactions specified for these two genes? We
have shown that SF1 may play a role by blocking an intergenic
enhancer from a Scr-like promoter (D in Fig. 1A) (21). However,
it remains unclear how ftz is insulated from Scr in the downstream
direction. In this work, we showed that SF1 and SF2 pairs tran-
siently to enclose the ftz gene domain, including all its enhancers.
The timing and extent of the loop coincide with a reduced access
of the ftz promoter to the outside Scr enhancers in vivo. In trans-
genic embryos, SF1 inserted distal to NEE can also augment the
block of the enhancer by SF2B, supporting the notion that an
SF1-SF2 loop restricts enhancer access.

Our study further indicates that the SF1-STE loops correlate
with domains of enhancer access for the Scr distal regulatory ele-
ments. By pairing individually with SF1, these loops could facili-
tate selected access of these elements to the Scr promoter. Such
delineation of enhancer domains by CBE-like elements is reminis-
cent of the Fab boundaries subdividing the iab enhancer domains
in the Abd-B regulatory region (16, 18, 20, 22, 25, 68). Compared
to Fab-7, which was shown to restrict enhancer domains in a tis-
sue-specific fashion, the STEs appear to separate the Scr distal
regulatory sequences into early and late regulatory domains (18).
Our data further show that the R9/10 region contains a constitu-
tive boundary that may separate as well as insulate neighboring Scr
and Antp genes (14–16, 40, 45–47). This region was also known to
tether to both Scr and Antp promoters, possibly regulating the
access or activity of the Scr distal enhancers (23, 29, 44).

(ii) Separation of distinct chromatin structure. The ftz gene is
transcribed in many tissues in which Scr is inactive during early
development, and the two genes continue to be expressed in dis-
tinct tissues in later stages. How does ftz remain active amid the
repressive chromatin assembled in the surrounding Scr regions
(Fig. 7D)? Among the STEs, both SF2 and R2 are located at the end
of the ftz domain (44, 50, 69–72). We show that the transient
SF1-SF2 loop in 4- to 8-h embryos indeed defines the active ftz
domain marked by low H3K9me3 and low H3K27me3 at this
stage. The stable SF1-R2 loop also correlates with a small but vis-
ible border of distinct chromatin structures between the two genes
during late development, possibly protecting ftz from the en-
croachment of PRE-mediated silencing.

(iii) Facilitation of the Scr distal enhancers. The Scr regula-
tory sequences are interrupted by the ftz gene domain and multi-
ple CBEs, among which SF1 and SF2 contain strong and ubiqui-
tous enhancer-blocking activity. These could pose impediments
to the Scr distal enhancers. Previous studies have shown that tan-
dem arrangement of CBEs may lead to reduction or cancellation

of their enhancer-blocking function due to changes in chromatin
loop configurations (31, 33, 63, 64). Based on this, we have pos-
tulated that pairing between SF1 and SF2 would loop out the ftz
domain and allow the Scr distal enhancers to “bypass” the block of
both boundaries (Fig. 7D, long curved arrow). In this study, we
have shown that tandem arrangement of SF1 and SF2 indeed neu-
tralizes the block of the distal enhancers in a transgenic setting.
This provides a potential mechanism for the Scr distal regulatory
elements to overcome multiple CBEs to interact with the Scr pro-
moter.

Our study suggests that the unique SF1-SF2 loop may fulfill
multiple functional roles as listed above. Interestingly, the SF1-
SF2 interval corresponds to an evolutionarily conserved genomic
block (Powell conserved region) that contains the entire ftz gene
and is found in a “flipped” orientation in several Drosophila spe-
cies (Fig. 7D, horizontal arrows at bottom) (73). These observa-
tions suggest that chromatin loops may shield gene regulation
from local chromosome rearrangements, resulting in intermin-
gling as well as interdependence of genes and their regulatory en-
vironment during evolution.

Diverse enhancer-blocking behaviors by STEs. Among the
CBEs in the Scr-Antp interval, SF1, SF2, and the R9/10 element
exhibit strong and ubiquitous enhancer-blocking activities in the
transgenic insulator assay. Genome-wide chromatin immunopre-
cipitation (ChIP) studies showed that these three elements asso-
ciate with distinct sets of insulator proteins. While SF1 and SF2 are
bound by dCTCF, CP190, and SuHw, R9/10 exhibits strong bind-
ing to GAF and Mod(mdg4) (15, 40, 45–47). Although GAF binds
only weakly to SF1, it has been shown to be critical for the enhanc-
er-blocking activity of an SF1 subfragment (21). GAF also foot-
prints weakly with SF2 but in a nonoverlapping pattern with other
insulator proteins. Mod(mdg4) is the only insulator factor that
binds significantly to all three elements. These observations sug-
gest that although most known insulator proteins are ubiquitously
expressed, selective or combinatorial recruitment of these pro-
teins to various genomic sites by developmentally regulated fac-
tors may be involved in regulated boundary activity.

Two other STEs, R2 and R6, did not exhibit ubiquitous en-
hancer-blocking activity. Our data suggest that R2 and R6 may
contain enhancer-blocking activity in labial and thoracic seg-
ments. These are the tissues in which Scr and Antp are expressed.
In the insulator ChIPseq profile, the R6 region appears to be over-
depleted for known insulator proteins compared with the sur-
rounding genome, suggesting that another protein factor(s) may
bind there and possibly facilitate interactions with SF1 and other
STEs (15, 40, 45–47). Our results further indicate that although
SF1-STE interactions appear to modulate the access of endoge-
nous enhancers, they may not be sufficient to block heterologous
enhancers in our insulator assays (30). It is possible that the
strength of endogenous chromatin loops is adapted to neighbor-
ing regulatory interactions, rather than universally strong. A pre-
viously reported endogenous boundary, the 1A2 region in the
Drosophila yellow locus, interacts with a full-length Gypsy insula-
tor but exhibits relatively weak enhancer-blocking activity (74).
Our results also suggest that major chromatin boundaries, such as
SF1, may interact with diverse partners to organize local networks
of chromatin loops. These loops may vary in strength, duration, or
the tissues in which they form, but they are all physiologically
relevant for local gene regulation.

Certain CBEs are known to allow enhancers to “bypass” when
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they are arranged in tandem or interacting in trans (31–33, 63–
67). This was taken as evidence that CBEs block enhancers by
tethering chromatin loops. An enhancer flanked by pairing CBEs
is enclosed in a chromatin loop and blocked from promoters out-
side the loop, whereas an enhancer and a promoter separated by
paired CBEs can interact with each other. Enhancer bypass was
first demonstrated for the Gypsy insulator in transgenic Drosoph-
ila (31, 32, 65–67). Recent studies had shown that boundaries
from the Bithorax complex, including Fab-7 and Fab-8, also in-
teract with each other and mediate bypass of heterologous en-
hancers (75–77). Interestingly, our previous data showed that
pairing of the full-length Fab-7 and Fab-8 elements did not lead to
enhancer bypass in transgenic embryos (39). This might be due to
the absence of the pairing partners in the genome vicinity, an
indication of the diverse interactions that could occur between
CBEs. The enhancer bypass we observed in SF1-SF2 paring is the
first such example mediated by two authentic pairing CBEs from
the Drosophila Antennapedia complex. It provides an explanation
of why CBEs not only are tolerated within gene regions but also,
indeed, could perform essential functions during gene regulation.
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