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SUMMARY

The role of genome organization in the control of gene expression persists as a central problem 

of regulatory biology. Most efforts have focused on the role of CTCF enriched boundary elements 

and TADs, which enable long-range DNA-DNA associations via loop extrusion processes. 

However, there is increasing evidence for long-range chromatin loops between promoters and 

distal enhancers formed through specific DNA sequences, including tethering elements, which 

bind GAGA-Associated Factor (GAF). Previous studies showed that GAF possesses amyloid 

properties in vitro, bridging separate DNA molecules. In this study we investigated whether 

GAF functions as a looping factor in Drosophila development. We employed Micro-C assays to 

examine the impact of defined GAF mutants on genome topology. These studies suggest that the 

N-terminal POZ/BTB oligomerization domain is important for long-range associations of distant 

GAGA-rich tethering elements, particularly those responsible for promoter-promoter interactions 

that coordinate the activities of distant paralogous genes.

eTOC Blurb

How genome organization controls gene expression remains unsolved. Li et al. present evidence 

that the pioneer factor GAF mediates long-range promoter-promoter interactions in the Drosophila 

genome. The POZ domain of GAF was found to be particularly important for these loops, and 

inactivation of this domain alters gene expression.
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INTRODUCTION

How enhancers control gene expression over distances of tens to hundreds of kilobases 

persists as a major challenge in regulatory biology 1–5. A variety of studies have identified 

potential looping factors that might participate in this process, including YY1, Lbd1, 

and CTCF 6. Here, we explore the role of GAF (GAGA-Associated Factor) encoded 

by Trithorax-like (Trl) in the long-range associations of “tethering elements” that foster 

enhancer-promoter and promoter-promoter interactions during Drosophila development 7,8. 

Genome databases suggest that GAF binds to most or all of the nearly 400 tethering 

elements scattered across the Drosophila genome 7,8.

Past in vitro assays suggested that GAF possesses amyloid properties by virtue of an 

N-terminal POZ/BTB oligomerization domain 9–11 and a C-terminal low complexity moiety 

(Q-rich) 12,13. GAF aggregates were shown to mediate a potential looping activity by 

bridging separate DNA molecules 9,14. In addition, GAF can stimulate gene expression by 

distal regulatory sequences in yeast, consistent with its role as a looping factor 15. Here, 

we explore the possibility that GAF serves as an endogenous looping factor in Drosophila 
embryos and imaginal discs.

Using a combination of multiple quantitative measurements, including Micro-C assays, 

CUT&Tag, RNA-seq and HCR in situ detection methods, we present evidence that GAF-

GAF associations are important for long-range looping of a subset of tethering elements, 

particularly those located in promoter-proximal regions that connect distant paralogous 

genes (Levo et al. 2022). We also show that mutant forms of GAF lacking a functional 
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BTB/POZ oligomerization domain cause a disproportionate reduction in long-range looping 

as compared with mutants lacking the Q-rich moiety. We discuss the significance of these 

findings for long-range gene regulation.

RESULTS

We used high resolution Micro-C assays to examine the consequences of depleting GAF in 

2–2.5 hr Drosophila embryos (Fig. 1A, 1B). Depletion was achieved by expressing an F-box 

protein fused to a nanobody recognizing GFP to ubiquitinate GFP-tagged GAF, which was 

highly expressed in 0–2 hr embryos using the nanos (nos) promoter 16. The ubiquitinated 

GFP-GAF is degraded by the proteasome complex 17, and depletion was as efficient as 

previously reported (Fig. S1A, S1B, S1C). Whole-genome analysis identified losses of 12 

of 186 long-range focal contacts in early embryos 8(Fig. 1B, 1C). Many of these occur at 

linked paralogous genes (also known as “topological operons” 8) (Fig. 1D). For example, the 

promoter regions of the smal (smoke alarm) and Ddr (Discoidin domain receptor) paralogs 

are associated by tethering elements (Fig. 1A; arrow, top panel). This contact is lost upon 

depletion of GAF (Fig. 1A, bottom panel).

We observed similar losses or reduction of long-range focal contacts at a number of 

additional linked paralogs, including scyl (scylla)/chrb (charybde), bab1/2 (bric a brac 1/2), 

and upd1/2 (unpaired 1/2) (Fig. 1B). Moreover, several loops connecting distant intergenic 

regions with specific target promoters are also affected, as seen for the hid (head involution 
defective) locus (Fig. S1D). These observations raise the possibility that GAF functions as 

a looping factor in vivo. We further explored this possibility by examining mutations in the 

endogenous Trl locus (Fig. 2).

Previous studies demonstrated that high concentrations of bacterially expressed GAF can 

form amyloid fibrils in vitro and multimers link separate DNA molecules, as visualized 

by EM studies 9,13. These behaviors were shown to depend on two domains in GAF, the N-

terminal BTB/POZ oligomerization domain, and the C-terminal LCR/IDR (Low Complexity 

Region / Intrinsically Disordered Region) containing a series of glutamine repeats (Q-rich) 
9–13,18. To determine whether either domain is important for the formation of chromosomal 

loops in vivo, we used previously manipulated endogenous alleles of Trl (summarized in 

Fig. 2A) 19. A segment of DNA encoding the Halo fluorophore moiety was attached to the 

5’ end of the GAF coding sequence and a series of deletions were introduced, including 

removal of 30 codons in the POZ coding sequence (ΔPOZ), as well as mutations causing 

frame shifts and truncations of the C-terminal Q-rich moiety (ΔQ). Homozygotes of the 

Halo-tagged wild-type and ΔQ alleles are viable, whereas ΔPOZ mutants are lethal during 

pupation. They nonetheless survive to sufficiently late stages to permit analysis of wing 

imaginal discs derived from climbing third instar larvae. We examined discs rather than 

embryos due to the high maternal stores of GAF that persist during early development.

High-resolution Micro-C contact maps were determined for both wild-type and mutant wing 

discs. These maps reveal a number of losses or reductions of focal contacts in ΔPOZ mutants 

(Fig. 2B, 2F), but most of these are unchanged in ΔQ (Fig. 2C). As seen in early embryos, 

there is a disproportionate loss of loops linking the promoter regions of paralogous genes 
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(Fig. 2B, 2G). For example, there is a loss of the focal contacts linking smal and Ddr (Fig. 

2D), as seen upon GAF depletion in embryos (Fig. 1A). We also observed a significant 

reduction in promoter-promoter focal contacts connecting tsh and tio (Fig. 2E, blue arrow 

on top). Interestingly, there are reduced associations of the tsh/tio intergenic region with the 

tsh promoter (Fig. 2E, blue arrow lower left), whereas focal contacts linking this region to 

tio is not significantly altered (Fig. 2E, black arrows). Altogether, 14 of 209 focal contacts 

are significantly reduced (6.7%), and 6 of these 14 altered focal contacts (>40%) link 

paralogous genes (Fig. 2F, G), a statistically significant bias (Fig. 2G; Fisher’s exact test 

p < 0.01). The contact maps also suggest that ΔPOZ mutants exhibit reduced insulation 

activities of anchor sequences at altered paralogs (Fig. S2A), but not unaffected loop anchors 

(Fig. S2A) or non-paralog loop anchors (Fig. S2B). These results highlight the asymmetric 

impact of POZ mutants on promoter-promoter associations as compared with all other focal 

contacts.

ChIP-seq datasets from previous publications 20–22 identified a number of transcription 

factors at tethering elements, including GAF and a few components of the Polycomb PRC1 

complex such as Polyhomeotic (Ph) and Polycomb (Pc). These proteins are preferentially 

enriched at promoter-promoter focal contacts as compared with intergenic-promoter contacts 

(Fig. S2C). There is a particular enrichment of GAF and Ph at linked paralogs. They are 

more enriched at altered linked paralogs, as compared with unaltered focal contacts (Fig. 

S2D). By contrast, Pleiohomeotic (Pho) has a higher enrichment at unchanged loop anchors 

as compared with those that are reduced in ΔPOZ mutants (Fig. S2D). It would therefore 

appear that the most severely affected tethering elements mediating promoter-promoter 

contacts contain the highest levels of GAF.

CUT&Tag assays were used to obtain a more quantitative assessment of the relationship 

between GAF binding and tether-tether loops. These experiments were performed with wing 

imaginal discs from Halo-tagged lines using anti-Halo antibodies. Over 85% of the peaks 

seen for all three forms of the GAF protein that were analyzed—wild-type (WT), ΔPOZ and 

ΔQ--contain at least one GAGAG motif (Fig. S3A), indicating there is no change in binding 

specificity for mutant proteins containing an intact DNA binding domain. Nonetheless, 

enrichment of ΔPOZ and ΔQ is significantly reduced when compared with WT peaks (Fig. 

S3B, S3D). The ΔPOZ mutant displays disproportionately lower median enrichments across 

non-overlapping GAGAG elements (Fig. S3C), consistent with previous findings that the 

POZ multimerization domain promotes cooperative binding at clustered GAGAG motifs 9.

There are higher levels of GAF at those loops that are lost or diminished in POZ mutants, 

as compared with loop anchors that are unaltered in these mutants (Fig. 3 and Fig. S2D). 

ΔPOZ proteins are greatly reduced at affected tethering elements (Fig. 3 and Fig. S3E, 

S3F), closely correlating with the loss of the corresponding loops in mutant wing discs. ΔQ 

mutants displayed milder reductions in binding at affected tethering elements, but did not 

cause significant changes in the resulting Micro-C contact maps (Fig. 3 and Fig. S3E, S3F). 

Moreover, there is a statistically significant correlation between reductions in the levels of 

ΔPOZ proteins at loop anchors and losses in corresponding focal contacts (Fig. S4A). By 

contrast, there is no such correlation for the ΔQ mutant (Fig. S4B), although ΔQ also affects 

GAF binding to DNA (Fig. 3 and Fig. S3B, S3D). These observations are consistent with 
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the possibility that GAF-GAF interactions mediated by the POZ oligomerization domain are 

essential for both cooperative binding to tethering elements and long-range associations of 

these elements at linked paralogs (see Discussion).

We next asked whether the loss of long-range loops in POZ mutants has a functional 

consequence on gene expression. RNA-Seq assays were performed on WT and POZ mutant 

wing imaginal discs. These assays identified substantial reductions in the expression of a 

number of linked paralogs (Fig. 4A). POZ mutants also exhibit changes in the expression 

of another ~1700 genes (Fig. S4C), and GAF binding is also reduced near the transcription 

start sites of these genes (Fig. S4D). The most affected paralog in ΔPOZ mutants is tiptop 
(tio), which is linked to teashirt (tsh) (Fig. 4A). There is a significant reduction in the 

promoter-promoter contacts of the two genes, which are separated by over 200 kb (Fig. 2E). 

Past studies have identified a series of shared wing margin enhancers that map just ~10–20 

kb downstream of the tsh transcription start site, but are located over 150 kb away from tio 
(Fig. 4E) 23. Whole mount Hybridization Chain Reaction in situ fluorescent hybridization 

(HCR-FISH) assays reveal a significant loss of tio (Fig. 4C, 4D) expression in POZ mutant 

discs as compared with tsh (Fig. 4B, 4D). These results suggest that the long-range loops 

mediated by GAF are functionally significant.

DISCUSSION

Previous molecular and biochemical assays provided initial evidence that GAF can function 

as a looping factor in vitro 9,14, although it is primarily known as a pioneer factor 

that facilitates chromatin accessibility in close collaboration with chromatin remodelers 
17,19,24–26. Using high-resolution Micro-C assays, we have provided evidence that it also 

participates in the formation of a subset of loops seen in Drosophila embryos and wing 

imaginal discs. The evolutionarily conserved POZ/BTB multimerization domain, but not the 

intrinsically disordered Q-rich moiety, was shown to be responsible for these long-range 

contacts, particularly long-range associations of the promoter regions of paralogous genes.

Overall, 20% of the best characterized linked paralogs are disrupted in Trl mutants (Fig. 

2G), as compared with only 4.5% of all other loops (Fig. S4E). The enrichment of GAF 

at promoter-proximal tethering elements might reflect its dual role as a pioneer factor and 

looping factor (Fig. 4F, 4G). It fosters the formation of loops and also recruits chromatin 

remodelers to create accessible space for transcription initiation. Deletion of the POZ 

domain and the accompanying reduction of GAF multimers results in disruption of focal 

contacts and reduced levels of transcription by distant enhancers (e.g., Fig. 2E, 4C, 4D, 

4G). It is possible that the ΔPOZ mutant retains at least some pioneering activity at target 

promoters. Although the total number of GAGAG repeats within all anchors is similar (Fig. 

S4F), affected anchors appear to contain a higher density of motifs than unaffected tethers 

(Fig. S4G), consistent with the cooperative binding activities of GAF 9,27.

The detailed mechanisms by which the POZ domain supports long-range tether-tether 

associations remains uncertain. There are two nonexclusive possibilities. POZ might permit 

GAF to form oligomers on individual tethering elements that subsequently interact to form 

tether-tether loops. Alternatively, it might help recruit additional factors required for looping. 
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We favor the view that GAF functions as a looping factor since there is no correlation 

between diminished binding of ΔQ mutants and looping (Fig. S4B). These results suggest 

that GAF influences the formation of loops over and above its DNA binding activities.

It seems likely that additional factors contribute to tether-tether interactions since most loops 

are unaffected in Trl mutants. Indeed, we observe a number of additional proteins associated 

with tethering elements, including Polycomb group proteins (Fig. S2C). Interestingly, Pho is 

preferentially enriched at anchors that are not disrupted by the ΔPOZ mutation (Fig. S2D), 

raising the possibility that it might serve as a looping factor at these anchors. Divergent 

protein binding profiles at different anchors raise the possibility of diverse subgroups of 

loops. We have focused on the subgroup that is formed by GAF, while others might depend 

primarily on Pho. Consistent with this possibility is the previous observation that Polycomb 

proteins can form repressive loops 28. Polycomb has also been implicated as a looping factor 

in mammalian stem cells 29.

There are additional candidate looping factors, including Clamp, Bab1/2 and Pipsqueak 

(Psq), which are known as oligomerizing proteins that bind to GA-repeats 30–37. 

Interestingly, Bab1/2 and Psq also contain POZ domains and can physically interact with 

GAF 30,38. These observations raise the possibility that mammalian transcription factors 

containing POZ domains, such as PLZF (promyelocytic leukemia zinc finger), could be 

involved in the formation of loops 39. It is possible that vertebrates also employ POZ-

mediated long-range focal contacts as a mechanism for enhancer-promoter and promoter-

promoter interactions.

LIMITATIONS OF THE STUDY

Our statistical analysis suggests that disruption of the POZ domain, but not the Q-rich 

moiety, affected the loops, although both mutants reduced GAF binding to the chromatin. 

These results are consistent with earlier in vitro studies implicating the POZ domain as an 

important mediator of loop formation. However, definitive evidence depends on the direct 

uncoupling of chromatin binding and loop formation.

STAR★Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources or reagents should be 

directed and filled by Michael Levine (msl2@princeton.edu).

Materials availability—All the materials generated in this study are accessible upon 

request.

Data and code availability

• All sequencing data generated by this work has been deposited to GEO with 

accession code: GSE218168. All the images used for this work has been 

deposited to Mendeley: DOI: 10.17632/g4w8kxv2xh.2
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• All the data was analyzed with published pipelines and packages as described in 

the detailed methods section.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The detailed fly strain and origin of the lines are described in KEY RESOURCE TABLE. 

All the flies were raised at 25 °C with 12h-12h day-night cycle on standard food. The GAF 

depletion embryos is obtained by first crossing sfGFP-Trl(N) with nos-deGradFP; sfGFP-
Trl(N)/TM6C, then crossing nos-deGradFP/+; sfGFP-Trl(N) female with sfGFP-Trl(N) 
male.

METHOD DETAILS

Micro-C library preparation and data processing—GAF deGradFP depleted 

embryos and controls were collected on apple juice agar plate and harvested 2–2.5 hr after 

fertilization. Embryos were dechorionated for 2 min in 50% bleach and rinsed with water. 

Initial fixation was performed in 3.5 ml PBST (0.1% Triton-X in PBS), 6.5 ml N-heptane 

and 1 ml fresh 16% formaldehyde in a horizontal shaker for 15 min at 250 rpm. 3.7 ml of 2 

M Tris-HCl pH 7.5 was added to terminate fixation. For wing imaginal discs, homozygous 

wandering 3rd instar larvae carrying Halo tagged GAF were collected and dissected in 

PBS. 90 discs were collected for each biological replicate and two replicates for each 

genotype were prepared. Discs were incubated in 500 μL 1% formaldehyde/PBST for 15 

min, passively rotating at room temperature. The fixation was terminated by addition of 370 

μL 2 M Tris-HCl pH 7.5. Secondary fixations with 3 mM DSG (Thermo Fisher Scientific) 

and EGS (Thermo Fisher Scientific) were performed as previously described 7,8.

The libraries were sequenced by the Princeton University Genomics Core Facility with 

NovaSeq S1 100nt Flowcell v1.5. The raw data were mapped onto the Dm6 reference 

genome as described by bwa 40. Validated paired reads were filtered and finalized using 

pairtools 41, and further processed into multi-resolution matrix by Cooler 42. HiGlass 43 

was used to visualize the map and generate the figures for example contacts. The detailed 

processing information is described in 7,8.

CUT&Tag library preparation and data processing—CUT&Tag libraries were 

prepared following the protocol described 44. 12 wing discs from homozygous wandering 

3rd instar larvae of Halo-GAF lines were collected for each biological replicate and two 

replicates for each genotype were prepared. The discs were incubated with 1:100 rabbit 

polyclonal Halotag antibody (Promega G9281) for Halo-GAF lines, and 12 wildtype discs 

were incubated with 1:100 rabbit anti-mouse IgG H&L (Abcam ab46540) as an IgG control. 

Ginea pig α-rabbit antibody (Antibodies online ABIN101961) was used at 1:100 dilution 

as secondary antibody. 0.1ng of E. coli Spike-in DNA (EpiCypher 18–1401) was added to 

each sample at the same step where pAG-Tn5 (EpiCypher 15–1117) was added. DNA was 

purified by phenol-chloroform extraction and ethanol precipitation, then universal i5 primers 

and uniquely barcoded i7 primers were added to the DNA with 14 cycles of PCR. Individual 

libraries were purified with Ampure XP beads (Beckman Coulter A63880) at 1.3:1 ratio 
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and eluted with 22 μL 10mM Tris-HCL, pH8. Mixed barcoded libraries were purified again 

with Ampure XP beads at 1.8:1 ratio and eluted with 20 μL μL 10mM Tris-HCL, pH8, the 

libraries were concentrated and the residual primers were eliminated after this step.

The libraries were sequenced by Johns Hopkins Genomics Core Facility with Illumina 

MiSeq. CUT&Tag data was processed using an integrated analysis pipeline for CUT&RUN 

and CUT&Tag, nf-core/cutandrun v2.0 45, with relax peak calling using SEACR 46. Non-

overlapping GAGAG elements throughout the Drosophila genome were identified with 

HOMER seq2profile.pl and scanMotifGenomeWide.pl 47; Occurrences of GAGAG elements 

within peak or loop anchor regions were quantified with bedtools intersect 48. Read counts 

for WT, ΔPOZ, and ΔQ in WT peaks were generated by featureCounts 49, normalized by 

multiplying with the spike-in scaling factor calculated by nf-core/cutandrun 45. The profile 

of CUT&Tag flanking TSS was generated by deepTools computeMatrix and plotProfile 50. 

Violin and bar plots were generated by ggplot2 51.

ChIP-seq data processing—ChIP-seq from previous publications 20–22,52 was mapped 

to Dm6 reference genome with bowtie2 53 and sorted with SAMtools 54. The signals 

were then normalized to input by MACS3 55 and converted to Bigwig format by 

bedgraphToBigwig from UCSC-tools 56. The profile and heatmap was generated by 

deepTools 50.

RNA-sequencing—30 wing imaginal discs were dissected from wandering 3rd instar 

larvae of Halo tagged lines in PBS and transferred to TRIzol (Thermo Fisher Scientific) for 

each biological triplicate. The total RNA was extracted based on standard protocols. The 

library preparation and sequencing were performed by the Princeton University Genomics 

Core Facility.

In situ HCR—The split probes were designed and generated by Molecular Instruments. 

The HCR buffers and HCR amplifiers were also purchased from Molecular Instruments. The 

tsh probe was associated with B1 amplifier sequences and tio probe was associated with B2 

amplifier sequences.

Wandering 3rd instar larvae were dissected in PBST and fixed in 4% formaldehyde/

PBST for 15min at room temperature. The sample was briefly rinsed by PBST twice 

and resuspended in 100% methanol at room temperature. The sample was passively 

rotated for 5min and treated with 75% methanol/PBST, 50% methanol/PBST, 25% 

methanol/PBST at room temperature for 5min each. The samples were rinsed in PBST 

3 times at room temperature for 5min. Then the samples were processed as described 

in https://files.molecularinstruments.com/MI-Protocol-RNAFISH-GenericSolution-Rev7.pdf 

with small modifications. Volumes for all the steps were reduced to 100 μL and 

concentrations for the probes were adjusted to 16 pmol. The hybridization incubation time 

was reduced to 90min. Hoechst 33342 was diluted in 5xSSCT at 1 μg/ml final concentration 

to label nuclear and applied at the first 30min final washing step. The sample was mounted 

in ProLong Gold Antifade Mountant.

Li et al. Page 8

Mol Cell. Author manuscript; available in PMC 2024 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://files.molecularinstruments.com/MI-Protocol-RNAFISH-GenericSolution-Rev7.pdf


Imaging—The discs were imaged by a Zeiss LSM 880 confocal microscope (Zen software 

2.3 SP1) with a Plan-Apochromat ×40/1.3 N.A. oil-immersion objective. For sfGFP-GAF 

depletion related images, laser at 488nm was used. The z-stack was taken 1.71 μm apart for 

18–26 steps and all steps were projected for the final figures and quantification. For the HCR 

in situ, three laser lines at 405 nm for Hoechst, 488 nm for B1–488 amplifier and 561 nm for 

B2–546 amplifier were used. The z-stack was taken 2 μm apart for 18–22 steps and 10 steps 

in the middle sections were projected for the final figures, 25 steps in the middle section 

were projected for quantification. The pictures were adjusted in ImageJ 57.

QUANTIFICATION AND STATISTICAL ANALYSIS

Systematic loop calling and differential looping analysis—We used previous lists 

of loops in the early embryo for our analysis 8. Focal contacts in wing imaginal discs 

expressing Halo-GAF were detected by SIP 58 using newly created Micro-C maps. The 

parameters were set as -g 4.0 -min 2.0 -max 2.0 -mat 5000 -d 15 -res 400 –sat 0.01 -t 2800 

-nbZero 4 -factor 2 -fdr 0.1 -del true -cpu 16 -isDroso false. The called loops were further 

filtered with a “value” > 4.25 and with enough micro-C data coverage (filtered out anchors 

with marginals < 500). The loops were further filtered by removing loops associated with 

high CP190 (>10000) 52 by intersecting with BEDtools 48. The loops were first mapped to 

transcription start sites within 2500 bp of the loop anchor center using BEDtools 48. They 

were subsequently manually inspected to determine whether linked promoters correspond to 

paralogs.

The standard loop lists were used to obtain paired reads from individual samples. The 

dumped matrix with 100bp bin size from the cooler files were compared with the standard 

loop list with anchors normalized to 1.6kb for embryos and 3.2kb for discs using the 

pairToPair function from BEDtools 48. The reads were summed for each standard loop 

and summarized into a count table. The count tables were imported for differential looping 

analysis with DESeq2 59. P-value < 0.05 and log2FoldChange > 0.77 or < −0.77 was used 

for significant looping changes in embryo samples and p-value < 0.12and log2FoldChange 

> 0.5 or < −0.5 was used for changes in wing discs. The differential looping results were 

volcano plotted by ggplot2 51.

The insulation score was obtained with 3.2kb window from 400bp resolution Micro-C maps 

by cooltools 60 and plotted with deepTools 50.

Correlation between protein binding and looping level analysis—Correlation 

between log2FoldChange of Micro-C contact counts and log2FoldChange of CUT&Tag read 

counts were tested with lm (linear regression) function and plotted in R 61.

RNA-sequencing analysis—The sequence was aligned to Dm6 with RNASTAR 62 and 

count table was generated by featureCounts 49. The differential gene analysis was performed 

with DESeq2 59. Significantly differentially expressed genes were defined by adjusted 

p-value < 0.05. The results were visualized by ggplot2 51.

Imaging quantification—The total intensity of each channel was measured in ImageJ 57. 

The statistic was performed in excel with t.test, one-tailed, unpaired and plotted by ggplot2 
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51. The number of measured embryo and wing imaginal discs are included in the figure 

legend of Fig. S1 and Fig. 4. The individual measurements were included as single dots 

in Fig. S1C and Fig. 4D, and a boxplot was used in each panel to present mean ± SD as 

described in responding figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• GAF mediates long-range promoter-promoter interactions in the Drosophila 

genome

• Deletion of the POZ domain results in the loss of promoter-promoter 

interactions

• Loss of long-range loops correlates with reductions in gene expression
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Fig. 1. 
Contact changes in Trl knockout embryos. (A)The contact between paralog smal and Ddr 
is demolished (Arrow pointing to the contact); (B) Significantly changed contacts in Trl 
knockout embryos (labeled and in cyan); (C) Fraction of changed or unchanged contacts in 

Trl knockout embryos; (D) Fraction of changed or unchanged linked paralog contacts in Trl 
knockout embryos.
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Fig. 2. 
ΔPOZ but not ΔQ deletion causes decreased level of some contacts. (A) Illustration of 

Halo-Trl WT, ΔPOZ and ΔQ (ZF: Zinc Finger, FS: Frame Shift) ; Significantly changed 

(cyan) contacts in ΔPOZ (B) and ΔQ (C); Example Micro-C maps of decreased contacts 

between smal and Ddr (D) and tsh and tio (E) in wing imaginal discs (Arrow pointing to the 

contacts and the reduced ones are in blue); (F) Fraction of changed or unchanged contacts in 

ΔPOZ; (G) Fraction of changed or unchanged linked paralog contacts in ΔPOZ.
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Fig. 3. 
POZ domain deletion reduced GAF binding to contact anchors dramatically. (A) Enrichment 

of CUT&Tag reads for different form of GAF proteins around the contact anchors. (B) 

Example of IGV views of genomic loci smal, Ddr, tsh, and tio bound by Halo-Trl WT and 

mutants.
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Fig. 4. 
Some of the contact changes correspond to the differential transcription in ΔPOZ. (A) 

Dotplot on transcription changes in ΔPOZ wing imaginal discs; HCR shows different 

expression level of tsh (yellow) (B) and tio (magenta) (C) and quantification (D) in wing 

imaginal discs of Halo-Trl WT (n=8) and ΔPOZ (n=11); The scale bar in B is 50μm; 

Boxplot in D are represented as mean ± SD; (E) Genome elements within tsh-tio loci Purple 

(TE): tethering elements; Orange (WDE): Wing disc dorsal hinge enhancer; Cyan (WVE): 

Wing disc ventral hinge enhancer; Black (EE): Embryonic enhancer; (F) Chromatin loop 

brings tio to distant enhancer through Trl/GAF POZ domain; (G) Loss of POZ domain 
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disrupt the loop and reduced tio transcription. Blue arrow: active transcription; Green arrow: 

enhancer activates targe gene; Yellow arrow: chromatin remodeling.
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