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ABSTRACT
Chromatin insulators 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 (fiz). In this project, we identified the SF2 insulator between the fiz gene
downstream enhancer and the Scr enhancers in the distal region. Both SF1 and SF2 locate
precisely at the boundaries of polycomb-mediated silent chromatin domains and known insulator
proteins bind to both SF1 and SF2 in 0-12 fly embryos as well as cell lines from different
developmental origins. 3C experiments showed that interaction between SF1 and SF2 is
developmentally regulated. By using a transgene assay, we showed that SF2 has strong enhancer
blocking activity and pairing of SF1 and SF2 cancels enhancer blocking activity in an orientation
dependent manner. We also demonstrated that both SF1 and SF2 insulators are functionally
conserved in distantly diverged Drosophila species. CRISPR-Cas9 mediated knockout of SF1 or

SF2 not only leads to the misregulation of Scr and fiz genes, but also affected stage- and tissue-



specific chromatin architecture in the Antennapedia complex. Flies with SF1 or SF2 deletion
have significantly reduced overall-fitness during development.

SF1 and SF2 flank an evolutionarily inverted f#z gene unit in the genus of Drosophila.
The breakpoints of this inversion map immediately to the inner sides of the loop anchor sites. We
further demonstrated the precise matching of independent inversion breakpoints and insulator
sites at the Dfd Hox gene locus. Both pairs of insulator sites form long-range chromatin loops in
Drosophila embryos and their homologs from distantly related Drosophila species also show
conserved insulator activity. Through genome wide analysis, we further demonstrated the precise
association between evolutionary breakpoints and chromatin insulator sites in several Drosophila
species that diverged from Drosophila melanogaster 15 to 60 million years ago. Together, we
provide evidence that chromatin insulator formed loops may contribute both to the formation and

fixation of evolutionary rearrangement.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Nuclear organization and genome function

Chromosomes inside of a nucleus carry the genetic information of an organism. They
meet the dual challenges of packaging long linear genomic DNA into the small nuclear space,
while at the same time, enabling proper access to genetic information by spatiotemporal
requirement. In the past two decades, benefiting from advance in technology, the organization of
genomic DNA has increasingly been recognized as important for the function of the genome
(Misteli, 2007; Bickmore and van Steensel, 2013; Belmont, 2014; Pombo and Dillon, 2015;
Bonev and Cavalli, 2016). Mountains of evidence from both case studies and genome wide
analysis indicate that chromatin organization interplays with essential biological functions of the
genome, including transcription, replication, DNA repair, genome rearrangement and alternative
splicing (Pope et al., 2014; Berthelot et al., 2015; Ruiz-Velasco et al., 2017; Fabre and Zimmer,
2018; Li et al., 2018). However, despite the quick progress in the chromatin organization field,
we still understand little about the underlying mechanism of how chromatin organization is
established, regulated and maintained. Also, very little is known about the mechanisms of how
chromatin organization affects different aspects of the genome functions.
1.1.1 Nuclear organization at different scale

To fit an entire genome into the confined space of the nucleus, genomic DNA needs be
compacted thousands of folds. In human, a diploid human genome DNA measures about 2

meters long, which needs to be packed into a nucleus of ~6um in diameter. The model organism



Drosophila melanogaster’s genome measures ~1 10cm long and must be packaged into a nucleus
of ~5um. DNA is known to assemble with histones and other proteins into higher order
chromatin structures. The long-standing text-book model of chromatin organization is that the
primary “beads-on-the-string” 11nm nucleosomes assemble into 30nm fibers that further fold
into 120nm chromonema, 300 to 700nm chromatids, and ultimately mitotic chromosomes.
Further extrapolating from this model, silent chromatin is generally in the status of 30nm and
120nm compact fiber which restricts the access of transcription factors (Pierce, 2006). However,
recent evidence from both chromatin conformation capture, cryo-EM and X-ray scattering
analysis, call into questions of 30nm chromatin fiber in interphase genome (Dekker, 2008; Eltsov
et al., 2008; Ahmed et al., 2010; Fussner et al., 2012; Maeshima et al., 2014; Sanborn et al.,
2015). Instead, it seems that chromatin is mainly configured as irregularly folded 10nm
chromatin fibers in both open and closed domains, and nucleosomes are assembled in
heterogeneous groups, called “clutches”, in a cell-type dependent manner (Maeshima et al.,
2014; Ricci et al., 2015). The canonical hierarchical model of chromatin was also challenged by
recent microscopic observations. A comparative study with cryo-EM and conventional EM on a
special region in human HL-60 cells found that the 30nm fiber in this region could be observed
only following aldehyde fixation, but not in cryo-sections. This suggests that the 30nm fiber
visualized by conventional EM could be an artifact (Eltsov et al., 2008). New observation of
chromatin structure in the nucleus using the new method ChromEM, which combines electron
microscopy tomography with a labeling method that selectively enhance the contrast of DNA
also does not support the existence of 30nm or larger chromatin fibers (Ou et al., 2017). In
contrast to the previous in vitro structures, ChromEM method showed that chromatin is a flexible

and disordered 5-24nm diameter granular chain that is packed together at different concentration



densities (Ou et al., 2017). High resolution microscopic analysis and high-throughput
chromosome conformation capture assay (HiC) in many species revealed that eukaryotes’
genome is organized at different scales: chromosome territories, chromatin compartments,
Topologically Associated Domains (TADs, also called physical domains), and chromatin loops
(Ou et al., 2017; Serizay and Ahringer, 2018).

Chromosome territories and chromosome compartments

The concept of chromosome territories was first proposed by Carl Rabl in 1885, where he
believes the DNA of each chromosome occupies a defined volume of the nucleus and only
overlaps with its immediate neighbors. Early fluorescent in situ hybridization microscopic
evidence confirmed the existence of chromatin territories in multiple eukaryotic species (Cremer
and Cremer, 2010). Studies of genome organization using high-throughput chromosome
conformation capture technique also supported the chromosome territory concept by showing
chromatin interactions predominantly happen within each chromosome (Lieberman-Aiden et al.,
2009; Stevens et al., 2017).

The first high-throughput HiC by Lieberman-Aiden et al. revealed that the entire human
genome is portioned into two spatially separate compartments such that greater frequency of
interaction occurs within each compartment rather than across compartments (Lieberman-Aiden
et al., 2009). Compartment A is more closely associated with open, accessible, actively
transcribed chromatin, and compartment B is associated with silent chromatin (Lieberman-Aiden
et al., 2009; Rao et al., 2014). Recent higher resolution HiC suggested that the A/B
compartments can be further subdivided into two A and four B subcompartments, including the
polycomb-mediated facultative heterochromatin subcompartments (Rao et al., 2014). Stevens et

al. conducted HiC on single-cell and provided a new view of the spatial localization of the A and



B compartments inside of nucleus. This study showed that the silent B compartment chromatin is
located near the nuclear periphery and center nucleoli, while the active A compartment is
organized in an inner ring-structure in between the peripheral and center layers of B
compartment (Stevens et al., 2017). These are consistent with microscopic observations of the
locations of active and silent chromatin within nucleus (Croft et al., 1999; Kind et al., 2013).
Chromatin compartments are highly associated with chromatin state domains defined by
active or repressive histone marks, and they are dynamic during development. Dixon et al. found
that about 36% of active A compartment and silent B compartment altered during human ES cell
differentiation (Dixon et al., 2015). Artificially altering local chromatin state through targeting
histone modifiers at “unlocked” loci can drive repositioning to different compartment (Wijchers
et al., 2016). Chromatin compartmentalization is only observed during interphase and it
disappears in the mitotic stage across the genome (Naumova et al., 2013). However, chromatin
compartmentalization pattern could be inherited in the daughter cells, potentially due to
chromatin bookmarking (Giorgetti et al., 2013). The recent ChromEM study also showed
evidence inside of nuclei that the overall primary structure of chromatin polymer does not
change but instead collapses into compact loops and interaction arrays in mitotic chromosomes,
which also helps explain the rapid dynamic of chromatin condensation and the inheritance of
chromatin organization through cell division (Ou et al., 2017). Depletion of CTCF and cohesin
eliminates Topologically Associated Domains, but does not significantly affect chromatin
compartment formation and linear chromatin histone modification domain pattern (Nora et al.,
2017; Rao et al., 2017). These data suggest a model where the formation of chromosome
compartments relies on linear chromatin domains instead of TADs (Carelli et al., 2017; Rao et

al., 2017).



Topologically associated domains

Topologically associated domains (TADs), also called physical domains or contact
domains, is one of the most interesting discoveries about the chromosomal secondary structure in
recent high-throughput chromosome conformation capture studies. It was discovered that
chromosomes are topologically segregated into sub-megabase sized domains, TADs, and regions
within the same TAD interact with each other much more frequently than regions from different
TADs (Lieberman-Aiden et al., 2009; Dixon et al., 2012; Sexton et al., 2012; Sexton and Cavalli,
2015). TADs are generally considered to be relatively conserved among different cell types and
even across different species (Dixon et al., 2012; Rao et al., 2014; Vietri Rudan et al., 2015).
However, to what extent of this conservation is uncertain. This uncertainty is partially due to the
difference in sequencing depth of current data sets, different analysis algorism, and the nested
feature of TADs where a large TAD could be further divided into smaller subTADs. Significant
reorganization of the 3D genome at TADs level has been observed during cell lineage
specification, animal development, and environmental stimulation (Andrey et al., 2013; Phillips-
Cremins et al., 2013; Dixon et al., 2015; Li et al., 2015a; Beagan et al., 2016). TAD structures
seems to also be variable from cell to cell as revealed by single cell HiC experiments (Stevens et
al., 2017) and polymer modeling (Giorgetti et al., 2014). This suggests that TADs reflect an
average of interactions at the single cell level where enhancer-promoter contacts emerge as
probabilistic events. This is consistent with the previously observed cell to cell transcriptional
heterogeneity (Boettiger and Levine, 2009; Vera et al., 2016; Mohammed et al., 2017).

Many evidences from TAD associated features support the view that TADs represent
functional domains. The spatial segregation of the genome into TADs correlates very well with

many genomic features such as histone modification domains, gene activity domain, lamina



association, and genome replication timing (Handoko et al., 2011; Sexton et al., 2012; Pope et
al., 2014; Rao et al., 2014). In Drosophila, HiC achieves a higher resolution due to the ~17-fold
smaller genome comparing to mammalian genome. Sexton ef al. found that TADs are
significantly associated with four major classes of epigenetic marks, as defined by cluster
analysis of protein binding and histone modification pattern (Sexton et al., 2012). Out of the four
classes, “null” domains are weakly enriched with the insulator protein Su(Hw) and are not
enriched for any available marks. These null domains on average have normal levels of gene
density, but lower transcriptional activity output. They span about half of the genome (Sexton et
al., 2012). Transcriptionally active domains are associated well with H3K4me3, H3K36me3, and
hyperacetylation, and they comprise 42% of the domains and 22% of the genome(Sexton et al.,
2012). Enhancers and their target genes are typically restricted within the same active TAD
domain (Symmons et al., 2014; Grubert et al., 2015). There are two classes of repressive
domains, one is marked by polycomb-group proteins and associated with H3K27me3, and the
other is bound by the heterochromatin proteins, HP1 and Su(var)3-9 , and associated with
H3K9me2 (Sexton et al., 2012). Similar correlation between TADs and domains of epigenetic
marks was also observed in mammals (Dixon et al., 2012; Rao et al., 2014). In addition, strong
correlation between TADs and genome replication timing domains has been observed in
mammals and yeast (Pope et al., 2014; Dileep et al., 2015; Eser et al., 2017).

However, it remains uncertain whether TADs constitute a structural blueprint for the
regulatory landscapes, or if TADs are a result of transcriptional silencing and activation
machineries. Pharmaceutical inhibition of transcription in Drosophila early stage embryos
showed that TAD formation emerges during zygotic genome activation independent of

transcription (Hug et al., 2017). However, Hug et al. used two inhibitors specific to transcription



elongation process, which made it the relationship between TADs and transcription initiation and
pre-initiation process uncertain. In both Drosophila and mammals, poised interaction between
distant enhancers and promoters has been detected before gene activation. Ablation of
H3K27me3 in mouse ES cells by knockout of polycomb group gene Eed had no significant
effect on the overall TAD structure at X-inactivation center (Nora et al., 2012). In some case
studies, knockouts of CTCF sites led to the spreading of either H3K4me3 or H3K27ac marked
active chromatin (Narendra et al., 2015; Willi et al., 2017) or H3K27me3 marked repressive
chromatin (Luo et al., 2018). RNA1 knock downs of insulator proteins in Drosophila caused
spreading of 75% repressive H3K27me3 spreading, but not the actively transcribed domains
(Schwartz et al., 2012). However, targeted degradation of CTCF in mammalian cells only caused
a restricted local gain of the H3K27me3 signal at the initially bound CTCEF site, but did not
trigger spreading of H3K27me3, even though it caused extensive ectopic contacts across the
initial TAD boundary (Nora et al., 2017). Acute depletion of cohesin eliminated almost all
TADs. Surprisingly similar to CTCF depletion, chromatin compartments and histone
modification domains were not significantly affected upon cohesin depletion (Rao et al., 2017).
Restoration of CTCF and cohesin, respectively, led to the reformation of TADs pattern(Nora et
al., 2017; Rao et al., 2017). Although current observations seem conflicting, more and more
evidence support the view that linear chromatin domains may provide a primary level of 11nm
chromatin organization and regulation upon which higher-level organization mechanisms act.
The organization mechanism seems to also include organism-specific additions (Schwartz et al.,
2012; Feng et al., 2014; Grob et al., 2014; Gabdank et al., 2016).

In addition, although the widespread TAD structures described in mammals and

Drosophila are considered as functional units of the genome, they are not observed in



Caenorhabditis elegans (Crane et al., 2015; Gabdank et al., 2016) and Arabidopsis thaliana
(Moissiard et al., 2012; Feng et al., 2014; Grob et al., 2014). Both C. elegans and A. thaliana
chromosomes are demarcated by alternating chromatin domains of active and repressive histone
marks (Feng et al., 2014; Evans et al., 2016), which is similar with what’s been observed in
mammals and Drosophila (Sexton et al., 2012; Rao et al., 2014). This difference may be due to
technical or biological limitations, such as sequencing depth of HiC and compactness of genome.
But it is also possible that TADs are not a general genomic structure in all organisms. Rowley et
al. have proposed an CTCF-independent model of higher genome organization formation
(Rowley et al., 2017). By using high resolution HiC map in Drosophila cell lines, Rowley et al
found that the boundaries of many TADs are formed by smaller domains, which they termed
compartment domains. A compartment domain is comprised of one or more genes of the same
transcription status and it physically clusters with other compartment domains that share the
same transcriptional status in the absence of CTCF. Simulation based on this model showed that
transcriptional status of genes are good predictors of overall genome structure both in
Drosophila and other species. Especially, simulation of Arabidopsis thaliana and Caenorhabditis
elegans genome structures showed a consistent interaction map compared to the actual HiC map.
A large domain observed in the actual HiC aligns very well with blocks of silenced regions
separated by a small transcribed region. This domain is also captured in the computer simulation
which is based on transcriptional status. Furthermore, according to this model, the rather constant
transcriptional status pattern along chromatin is consistent with the actual HiC map. This study
provides a novel insight into genome structure by showing that transcriptional status may play a
critical role in higher order chromatin organization formation in all eukaryotes, with insulators

playing an important role in domain formation in some organisms.



Chromatin loops

The idea that chromatin fiber is looped is one of the oldest in cell biology. A chromatin
loop forms when two genomic sites are brought into closer physical proximity of each other than
to intervening sequences. The earliest direct evidence for chromatin loops came from the
observation of “lamp-brush” chromosomes by Walther Flemming in 1882 (Andraszek and
Smalec, 2011). Chromatin loops are clearly seen in lamp-brush chromosomes during the
prolonged meiotic prophase in oocytes of many species. These loops are sites of intense
transcription as oocytes prepare to store huge amount of components needed for rapid cell
division after fertilization (Andraszek and Smalec, 2011). Similar loops, called “puffs”, have also
been observed in Drosophila polytene chromosomes under stress condition (Zhao et al., 1995).
Recent 3C-based experiments demonstrated that chromatin loops have been implicated in
virtually all levels of chromatin organization. Chromatin loops include, but are not limited to,
enhancer-gene loops, silencer-engaged loops, insulator engaged loops, enhancer-terminator
loops, promoter-intron loops, and other uncharacterized loops. However, due to the limitation of
resolution, it is difficult to study local chromatin loops using an unbiased genome wide approach.
Therefore, the current understanding of local chromatin loops comes mainly from single-locus
studies.

Local chromatin loops are critical in both positive and negative gene regulation. In
mammals, the mouse and human f-globin loci have been extensively studied as models for long
range developmentally regulated enhancer-gene loops. This gene cluster contains a distant locus
control region (LCR) and a cluster of S-globin genes that are active at different developmental
stages. LCR has been shown to specifically interact with only one S-globin gene promoter at a

time in a developmental stage and tissue specific way(Palstra et al., 2003). Multiple CTCF



insulator protein binding sites have been found within LCR involved in mediating long-range
enhancer-promoter interactions. CTCF-based interactions form a pre-structure that brings
regulatory sequences located 130kb away and the S-globin cluster into proximity (Drissen et al.,
2004). These pre-formed loops, also called poised enhancer-gene loops, provide physical
proximity of genes and their regulatory elements, which is believed to facilitate timely regulation
of transcription upon developmental or environmental stimuli. Additional tissue specific
transcription factors such as EKLF and GATA1 mediate the final step of LCR to promoter
interaction (Drissen et al., 2004; Vakoc et al., 2005). The mouse TH2 locus revealed tissue
specific poised loops formed by promoter-promoter interaction and promoter-enhancer
interaction (Spilianakis and Flavell, 2004). The mouse sonic hedgehog (shh) gene requires an
enhancer 800kb away in the zone of polarizing activity. Shh is expressed in all the cells in this
zone and 3C experiments in the limb buds detected interactions between sik and this enhancer.
However, looping between this distant enhancer and the s#4 gene is only observed in 18% of
cells, which suggests that long range interactions are transient (Amano et al., 2009). This long-
range enhancer-promoter loop at si/4 locus is also a pre-formed structure independent from the
transcription activity as it was also found at sA/ inactive limb bud cells (Amano et al., 2009;
Dixon et al., 2012). Mouse Igf2/H19 locus demonstrated that chromatin loops may also
contribute to gene silencing and the formation of loops can be regulated through the methylation
of architectural protein binding sites. The accessibility of a distal enhancer to H/9 and Igf2 genes
is regulated by the methylation status of CTCF binding sites near the promoters and enhancer.
On the maternal allele, the CTCF sites are unmethylated, which allows interactions and loops out
Igh?2. This looping-out of H19 restricts the accessibility of the enhancer and keeps maternal /gh?2

allele silent. There is still much to learn about the contacts between enhancers, promoters, and
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silencers, which can be highly flexible, diverse and dynamic rather than following a single
pattern of multiple enhancers clustering around a promoter.

Local chromatin loops are also important in maintaining the individuality and specific
gene-expression properties of neighboring genes. In Drosophila, insulator-mediated loops have
been intensively studied in gene regulation. Insulators have been identified by their ability to
impede the spreading of heterochromatin and communication between promoter and distal
enhancers. It has been observed at numerous genomic loci that insulators form loops through
physical interactions. The current model proposes that chromatin loops anchored by insulators
ensure the fidelity of enhancers and their promoters. The specialized chromatin structure (scs)
and scs’ were the first pair of insulators found flanking the Hsp70 “heat-shock puff” locus
(Udvardy et al., 1985). Scs and scs’, bound by Zw5 and BEAF respectively, were found to
physically interact and insulate the flanked gene from the influence of surrounding chromatin
(Blanton et al., 2003). Almost at the same time, studies from the gypsy retrotransposon revealed
a new insulator called gypsy insulator, which is bound by the SuHw protein (Holdridge and
Dorsett, 1991; Geyer and Corces, 1992). When the gypsy insulator is located in between, it
blocks the distal enhancer from activating the promoter in a directional manner. Pairing of two
copies of gypsy insulators allows bypass of the distal enhancer (Cai and Shen, 2001; Muravyova
et al., 2001). This bypass of insulator pairing is insulator-insulator specific and orientation
dependent (Majumder and Cai, 2003; Kyrchanova et al., 2008a; Kyrchanova et al., 2013;
Kyrchanova et al., 2016). A list of insulator elements was discovered in the Drosophila bithorax
complex. The ~300kb region contains three HOX genes Ubx, Abd-A, and Abd-b, which
determine the anterior-posterior body segments identity. Three genes are divided into nine

functionally independent regulatory unit by insulator mediated interactions (Maeda and Karch,
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2007; Kyrchanova et al., 2011). Interactions between insulator elements can also mediate vast
long range intra-chromosomal loops and transvection between loci located on different
chromosomes (Savitskaya et al., 2006; Schoborg et al., 2013; Fujioka et al., 2016). Studies from
the Drosophila eve locus demonstrate that loops formed between two insulators, Homie and
NHomie, not only insulate the eve locus from adjacent repressive chromatin spreading but also
promote distal enhancer-promoter communication (Fujioka et al., 2009; Fujioka et al., 2013).
Developmentally regulated insulator-insulator interaction was also reported in Drosophila to
keep fiz gene insulated from neighboring HOX genes in early embryos (Li et al., 2015b). A novel
stage specific protein complex, ELBA, has been identified responsible for Fab7 insulator
mediated insulation in Drosophila embryos (Aoki et al., 2008; Aoki et al., 2012).

Long range interactions engaged by silencers are best represented by polycomb mediated
repression in Drosophila. Silencers, such as polycomb response elements (PRE), repress
promoters at a distance by nucleating complexes. In Drosophila, the Mcp PRE in the bithorax
complex could control the expression of Abd-B gene over a distance of 60kb and the Fab7
insulator/PRE contributes to the silence of ANT-C over 10Mb (Bantignies et al., 2011). PREs
pair/cluster into polycomb bodies. Upon heat shock, the 3D genomic organization widely
reorganize. Polycomb group proteins bind to enhancers and gene promoters to form silent
polycomb bodies (Li et al., 2015a). Silent chromatin loops also form through lamina associated
domains (LADs) and matrix attachment regions (MARs). Genes may be brought close to the
silent nuclear periphery or nuclear matrix region by LADs or MARs (van Steensel and Belmont,
2017).

Chromatin looping might be more prevalent and important for gene expression than what

is commonly thought. Studies from both yeast and human found that gene-looping, which is also
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called promoter-terminator looping, appears to be a general phenomenon of RNAPII transcribed
genes (Tan-Wong et al., 2008; Laine et al., 2009; Tan-Wong et al., 2012; Bratkowski et al.,
2018). It was found that gene looping could not only guide the proper orientation of RNAPII, but
also facilitates transcription memory (Laine et al., 2009; Tan-Wong et al., 2012). In Drosophila,
chromatin insulators located immediately downstream of reporter gene were found looping with
their target promoters in transgenic lines, which supported the basal activity of the reporter gene
(Erokhin et al., 2011). Ruiz-Valasco et al. recently demonstrated that CTCF-mediated chromatin
loops between promoters and intragenic regions regulate alternative splicing. When exons are in
physical proximity with their promoters, CTCF binding correlates with exon inclusion in spliced
mRNA (Ruiz-Velasco et al., 2017). I speculate that future studies that focus more on the local
scale chromatin loops will unravel novel general principles of chromatin loops, and its role in
gene regulation.

Several approaches have been utilized in determining the formation of long range
chromatin loops. Currently, the most widely used experimental approaches are 3D-FISH and
chromosome conformation capture (3C) based methods. The FISH method directly measures the
distance of two or more loci inside of nuclei, but is limited by its hypothesis-driven characteristic
and 1s low throughput. 3C-based methods indirectly reflect physical distance in high resolution
by measuring proximity-based ligation frequency at population average level. 3C derived HiC
method enables mapping of chromosomal interactions at a genome wide scale, however, its
effective resolution, which is contingent on sequencing depth and restriction fragments, limit the
characterization of specific chromatin loops. Novel enhanced Hi-C derived methods, such as
ChiA-PET (Fullwood and Ruan, 2009), Capture HiC (Jager et al., 2015) , and HiChIP

(Mumbach et al., 2016), have been developed to either allow more efficient characterization of

13



chromatin loops at global scale, or allow protein factor-centric chromatin conformation
investigation. The CRISPR affinity purification in situ of regulatory elements (CAPTURE)
approach was recently developed to unbiasedly identify locus-specific chromatin-regulating
protein/RNA complexes and single locus to whole genome long-range DNA interactions (Liu et
al., 2017).
1.1.2 Factors involved in formation of higher order chromatin organization

An important remaining question in the field of chromatin is how the structural features
of the chromatin are established, maintained and regulated. Progress achieved in the recent years
by the development of 3C-based techniques and the availability of genome wide maps of
chromatin binding proteins have made it possible to correlate protein occupancy with higher
order chromatin structures, as well as point-to-point loop interactions. The factors and processes
involved in the establishment, maintenance and regulation are largely unknown, but mediator
complex, insulator binding proteins, polycomb group complex, and noncoding RNAs are
emerging as likely candidates of essential architectural factors (Van Bortle and Corces, 2012).
Architectural factors for Insulator-mediated chromatin interactions

Insulators are DNA-protein complexes that are experimentally defined by their ability to
impede the spreading of silent chromatin and/or their ability in blocking distal enhancers from
activating the promoter. It has also been found enriched at TAD boundaries in both mammals
and flies (Sexton et al., 2012; Rao et al., 2014). Different species seem to utilize a different set of
components in order to establish higher order structures of chromatin. In fruit flies, several
architectural proteins are enriched at loop anchors and TAD boundaries (Sexton et al., 2012; Van
Bortle and Corces, 2012). This allows fruit flies to build different TAD boundaries or different

chromatin loops by using different combinations of architectural proteins (Phillips-Cremins et
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al., 2013; Van Bortle et al., 2014). However, in vertebrates, a partially different set of factors
may fulfill the similar role (Ong and Corces, 2014).
-CTCF

CTCEF is perhaps the factor that received the most attention in chromatin organization.
CTCEF is characterized as an insulator protein with enhancer blocking activity (Kurukuti et al.,
2006). It is an evolutionarily conserved 11-zinc-finger DNA binding protein and is ubiquitously
expressed (Klenova et al., 1993). Studies in Drosophila later identified the ortholog dCTCF with
similar zinc-finger domains and insulator activity (Moon et al., 2005). Despite the conserved
zinc-finger domains from fruit fly to human, it can bind to the conserved target motif with a
variety of DNA sequence variations (Holohan et al., 2007). The variant sequences to which
CTCEF binds and the protein factors with which CTCF interacts have been suggested to
contribute to the different roles CTCF plays (Ghirlando and Felsenfeld, 2016). Binding of CTCF
to genomic DNA could be affected by the DNA methylation status (Kurukuti et al., 2006). Only
some CTCF motifs contain a CpG island at the correct place to be used for regulation of CTCF
binding (Flavahan et al., 2016). Between ~30-60% of CTCF binding sites are cell type specific
across 38 human cell types (Chen et al., 2012).The neighboring binding sites for other factors
may also modulate CTCF function (Weth and Renkawitz, 2011). For example, Smad associates
with CTCF at the Igf2/H19 locus (Bergstrom et al., 2010) as well as many other sites in fruit fly
in a CTCF dependent manner, which indicates it has a potential role in BMP signaling response
at certain genomic loci (Van Bortle et al., 2014). CTCF/cohesin complex can also recruit the core
promoter factor TAF3 and form a TAF3 dependent loop with the promoter, which often brings
distant enhancers into close physical proximity of its target promoter (Liu et al., 2011). It has

been demonstrated that CTCF could also undergo poly(ADP) ribosylation, sumoylation and
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phosphorylation to modify its activity (Klenova et al., 2001; MacPherson et al., 2009;
Guastafierro et al., 2013).

In mammals, CTCEF is highly associated with cohesin complex at the loop anchors and is
especially enriched at TADs boundaries. Using a very stringent criteria, Rao et al. found CTCF
and cohesin occupy about 86% of the identified loops in human and mouse cell lines. And the
vast majority (92%) of the identified loops contain convergent CTCEF sites at the anchors (Rao et
al., 2014). A large fraction of identified loops (38%) coincide with interactions between adjacent
TAD boundaries (Rao et al., 2014). However, many short-range CTCF-mediated loops and more
weakly formed loops, which are often located within TADs, do not involve convergent CTCF
sites (Tang et al., 2015). It has been revealed in human cell lines that boundary strength is
associated with CTCF signal strength and super-enhancers are usually insulated by strong
boundaries (Gong et al., 2018). This indicates that strong CTCF mediated loops demarcate the
boundaries of contact domains. Additionally, deletion of CTCEF sites at TAD boundaries result in
the extension of TAD (Narendra et al., 2015; Willi et al., 2017; Luo et al., 2018). Inversion of
CTCEF sites with a flanked enhancer in the protocadherin locus rewire the enhancer-promoter
interaction (Guo et al., 2015). This further supports the model that CTCF mediated loops may be
directional.

However, Drosophila CTCF (dCTCF) seems to differ fundamentally in its function from
the human homolog in TAD formation. In contrast to humans and mice, dCTCF sites are found
in less than one third of the TAD boundaries, and they show no directional preference when
interacting with other sites along the chromosome. CTCF enriched TAD boundaries mostly flank
inactive chromatin (Ramirez et al., 2018). Drosophila cohesin complex could bind to

transcriptionally active genes independently of dCTCF (Misulovin et al., 2008). The
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colocalization between dCTCF and cohesin complex in Drosophila is still under debate.
Bartkuhn et al. mapped the ancillary cohesin subunit, Scc3, using ChIP-chip and found no strong
overlap of dCTCF with Scc3(Bartkuhn et al., 2009). However, Van Bortle et al. later showed the
opposite result by mapping the binding profile of the essential cohesin subunit Rad21(Van Bortle
et al., 2014). Nearly half of all high confidence dCTCEF sites overlap with Rad21, similar to
percentages originally identified in Hela cells (Wendt et al., 2008). Instead of cohesin, dCTCF is
commonly thought to rely on a Centrosomal Protein 190 kDa (CP190), which contains BTP/POZ
domains that are capable of forming stable multimers (Bonchuk et al., 2011; Van Bortle and
Corces, 2012). 62% of dCTCEF sites colocalize with CP190 (Schwartz et al., 2012), but
dCTCF/CP190 is only enriched in a small subset of TADs boundaries that mainly flank
repressive domains in the sub-kb resolution HiC map(Ramirez et al., 2018; Wang et al., 2018).
Nevertheless, CTCF mediated insulator loops still carry conserved function between Drosophila
and vertebrates. It has been reported that Nuclear Remodeling Factor (NURF) and d(REAM
complexes bind to CP190 and are required for enhancer blocking activity (Bohla et al., 2014).
NUREF is highly conserved and is found to interact with CTCF in mammals (Qiu et al., 2015).
-Drosophila specific insulator proteins

In Drosophila, many DNA-binding insulator proteins have been identified: dCTCEF,
Su(Hw), Boundary Element Factor 32 (BEAF-32), Zest-White 5 (zw5), GAGA factor (GAF),
Elba, Pita, ZIPIC, Insulator binding factor 1 (Ibfl), Ibf2 (Bushey et al., 2009; Aoki et al., 2012;
Cuartero et al., 2014; Maksimenko et al., 2015). Although each DNA-binding protein has its own
preferred DNA binding motif sequence, many of them are found to be colocalized throughout the
genome in different combinations (Bushey et al., 2009). Different subclasses of insulator protein

combination have been found to be associated with different genomic locations, different gene
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activities and TAD boundary strength (Bushey et al., 2009; Negre et al., 2010; Schwartz et al.,
2012; Van Bortle et al., 2014; Ramirez et al., 2018). Different from vertebrates, CTCF enriched
boundaries only represent a small fraction of boundaries flanking inactive chromatin (Schwartz
et al., 2012; Sexton et al., 2012; Ramirez et al., 2018; Wang et al., 2018). The chromatin
interaction network mediated by these insulator proteins have been probed more and more in
depth, however, the mechanism of how these insulator mediated loops regulate gene expression
is still uncertain. It has been pointed out that, unlike the prototype insulators, the majority of
these insulator binding sites do not show robust enhancer blocking activity as assayed in
transgenic flies and the insulator activity of a given site with certain combination of insulator
proteins is often genomic context dependent (Schwartz et al., 2012).

Drosophila insulator proteins have been shown to anchor chromatin loops and are
enriched at TAD boundaries (Sexton et al., 2012; Van Bortle et al., 2014; Ramirez et al., 2018;
Wang et al., 2018). In contrast to vertebrate, Drosophila insulators do not rely on cohesin to
establish loop interactions. Instead, the BTB/POZ domain proteins, CP190 and Mod(mdg4), play
important role in forming insulator-mediated chromatin loop interactions in Drosophila. CP190
and Mod(mdg4) could directly interact with DNA-binding insulator proteins and form a
homodimer or homomultimer, which bridges long range interactions (Cubenas-Potts and Corces,
2015; Ali et al., 2016). Additionally, other factors including DNA replication Related Element
binding Factor (DREF), cohesin, condensin, Chromator, L3(mbt), DNA Topoisomerase II, and
MI1BP have also been identified to associate or colocalize with insulator proteins. Clustering of
these factors are strongly associated with enhancer blocking activity and TAD boundary strength
(Van Bortle et al., 2014; Ramirez et al., 2018). High occupancy insulator protein binding sites

associate with robust formation of TAD boundaries and insulation strength. Low occupancy sites
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appear to associate with gene-specific loops within TAD (Van Bortle et al., 2014). Except the
developmental stage specific factor, Elba, most Drosophila insulator binding proteins are
ubiquitously expressed. However, a subset of insulator protein binding sites are found to be cell
type specific (Bushey et al., 2009), which suggest the existence of cell type specific regulation of
insulator protein loading. Modifications of CP190 and Mod(mdg4) by sumoylation have been
reported to affect their insulator activity in a partner-dependent manner (Capelson and Corces,
2006; Golovnin et al., 2012; Jox et al., 2017). Furthermore, different subclasses of insulator sites
may recruit distinct factors to achieve spatiotemporal loading of the architectural proteins and the
loop interactions.
-tDNA related factors

tRNA genes were first discovered as a barrier of silent chromatin at the HMR locus in
Saccharomyces cerevisiae (Donze et al., 1999). It’s insulator activity is subsequently found
conserved throughout yeast, fruit fly, mouse, and human (Scott et al., 2006; Ebersole et al., 2011;
Raab et al., 2012; Van Bortle et al., 2014). However, not all tDNAs are insulators. TFIIIC
binding at tRNA promoters is essential for tDNA mediated insulator activity (Donze and
Kamakaka, 2001; Ebersole et al., 2011; Raab et al., 2012). Furthermore, TFIIIC also binds to
many loci throughout the genome that do not have RNAPIII, which is called Extra TFIIIC (ETC)
and exist in yeast, fruit fly, mouse and human (Moqtaderi and Struhl, 2004; Mogqtaderi et al.,
2010; Ebersole et al., 2011; Raab et al., 2012; Van Bortle et al., 2014). TFIIIC sites have been
shown to form long range chromatin interactions specifically with other TFIIIC sites, not with
intervening RNAPII transcribed genes (Raab et al., 2012). A cohesin complex mutation in yeast
disrupted tDNA mediated boundary activity (Donze et al., 1999). Several studies from yeast,

mouse, fruit fly, and human subsequently suggest that TFIIIC/Cohesin association is highly
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conserved (Ebersole et al., 2011; Van Bortle et al., 2014; Yuen et al., 2017). TFIIIC and CTCF
has been found both enriched at TAD boundaries in Drosophila, mouse, and human(Van Bortle
et al., 2014; Yuen et al., 2017). This suggests that TFIIIC may plan an important role in
eukaryotic genome organization.

tDNA sites cluster in the nucleolus in a condensin-dependent manner, but loss of
condensin mediated clustering of tDNA at the nucleolus do not significantly change the tDNA
transcription (Haeusler et al., 2008). ETC loci in yeast localize to the nuclear periphery in a
TFIIIC dependent manner, however, loss of ETC localization to periphery does not affect
insulator function (Hiraga et al., 2012). Cohesin depletion in human cells eliminated almost all
TADs but did not cause spreading of repressive chromatin domain (Rao et al., 2017). Which
further questions the function of tDNA as barriers at chromatin domain boundaries. All these
observations in yeast bring up the questions of how TFIIIC functions in genome organization,
which remains unclear.
Architectural factors for enhancer-gene chromatin interactions
-Mediator complex

Enhancer-promoter interaction is important for driving high-level and spatiotemporally
regulated gene expression. It accounts for a large proportion of chromatin loops. A mediator
complex is a transcriptional coactivator in all eukaryotes that is found at both enhancers and
promoters of actively transcribed genes. This complex is evolutionarily conserved with
compositional variations among different species (Allen and Taatjes, 2015). It could interact with
cohesin independently from CTCF to bring enhancers and promoters into physical contacts

(Kagey et al., 2010). Knockdown of mediator components weakens the chromatin looping
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(Kagey et al., 2010; Phillips-Cremins et al., 2013). Mediator complex has also been implicated
in the formation of promoter-terminator looping in yeast genes (Mukundan and Ansari, 2013).
-Yin and Yang 1

Yin and Yang 1 (YY) is a zinc-finger protein that binds hypomethylated DNA
sequences. It is ubiquitously expressed and capable of forming homodimers, which could
facilitate loop formation (Lopez-Perrote et al., 2014). Recent work from Weintraub et al. showed
that YY1 preferentially binds to interacting enhancers and promoters and functions as a
structural mediator of enhancer-promoter loop interactions (Weintraub et al., 2017). Deletion of
YY1 motif in the promoters resulted in reduced YY1 binding and reduced contact frequency
between the enhancers and the promoters. Acute YY1 protein depletion significantly reduced
Y'Y 1-occupied enhancer-promoter interactions and expression of thousands of genes was
changed (up and down), with the greatest changes in genes that originally were occupied by YY1
(Weintraub et al., 2017). Requirement of YY1 in formation of cell type specific enhancer-
promoter interactions has been reported at several loci (Hwang et al., 2013; Kleiman et al., 2016;
Beagan et al., 2017; Ou et al., 2018; Zaprazna et al., 2018). These evidences argue that YY1 is
more of a general structural regulator of enhancer-promoter interactions for a large collection of
genes, including cell type specific loops. Cell-type-specific loops are reflection of the cell-type-
specific enhancers. YY1 is also found capable of recruiting polycomb complex to DNA target,
which plays an important role in silencing genes (Zlotorynski, 2018).
Polycomb proteins

The polycomb group complex (PcG) is one of the prominent epigenetic silencing systems
that play important role in cell differentiation and cell identity maintenance (Di Croce and Helin,

2013).PcG proteins are chromatin-associated factors that could locally modify chromatin through
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histone modifying activities to regulate their target genes. The core components and silencing
mechanism are generally conserved throughout fungi, plant, insects, and mammals (Del Prete et
al., 2015). PcG is recruited to thousands of repression initiation sites by various recruitment
factors, including DNA binding proteins and noncoding RNAs (Del Prete et al., 2015). However,
the recruitment mechanism diverges significantly from fruit fly, to plants, to mammals. In
Drosophila, PcG is recruited at a Polycomb Response Element (PRE), which are clustered
binding sites for proteins that recruit PcG and TrxG complexes. However, the existence of PRE
in plants and mammals is poorly defined. GAGA sites, CpG islands, and long noncoding RNA
have been shown to play an important role in recruiting PcG in plants and mammals (Del Prete et
al., 2015; Entrevan et al., 2016). PcG is crucial in establishment and maintenance of silent
chromatin compaction in H3K27me3 marked domains and block the deposition of activating
histone marks. Other than the regulatory role at the linear chromatin level, recent studies also
revealed that PcG participates in chromatin looping and long-range interactions between TADs
marked by H3K27me3 (Sexton et al., 2012; Eagen et al., 2015).

The first evidence for chromatin loops formed by physical interactions of PREs with each
other and with target promoters was from Drosophila Biothorax complex (Lanzuolo et al., 2007).
All the polycomb bound elements form a clustered configuration, while active promoter loops
out from the cluster in corresponding cells. The PRC2 component, EZH2, was subsequently
shown to mediate multi-loop organization formation and gene silencing of the GATA-4 locus in
mammalian cells (Tiwari et al., 2008). In both Drosophila and mouse, polycomb mediated
clustering could also bring together polycomb regulated regions that are separated over several
Mb apart or even on different chromosomes to coordinate and maintain the repressive status

(Bantignies et al., 2011; Denholtz et al., 2013). Interestingly, in the mouse Meis2 locus,
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disruption of RING1B mediated loop between a silencer and Meis2 promoter is required to allow
the enhancer to activate Meis2 gene in midbrain. RING1B is also required to bridge the
interaction between the enhancer and promoter (Kondo et al., 2014). However, Li et al
demonstrated in one Drosophila PRE, Mcp, that insulators, not RRE, are required for long-range
interactions between polycomb targets(Li et al., 2011). He also showed subsequently that
insulator proteins target both transgenes containing a PRE and endogenous PcG regulated genes
to polycomb bodies when two genes are repressed (Li et al., 2013a). This indicates that PcG
mediated loops are complex and may also involve other looping factors including insulator
proteins.

In addition, PRC2 loss showed no effect on TAD boundaries or global contact pattern of
the X chromosome in mouse ESCs (Nora et al., 2012). Targeted recruitment of PcG can
reposition the original active chromatin compartment into the repressive chromatin compartment
(Wijchers et al., 2016). This suggest that PCGs help maintain the repressive chromatin but do not
facilitate TAD boundary establishment.

Non-coding RNAs

High throughput analysis of mammalian transcriptome revealed that ~75% of the human
genome is transcribed, however, only less than 2% encodes proteins (Tomita et al., 2017).
Although, whether all of these are functional is still under debate, it is evident that there are
many functional noncoding RNAs. This includes thousands of long noncoding RNAs (IncRNA)
of which the transcription is highly regulated during development in both Drosophila and
mammals (Chen et al., 2016; Tomita et al., 2017). The major functional mechanism for ncRNAs
discovered so far is to engage in RNA-DNA, RNA-protein, RNA-RNA interactions through their

primary sequences and secondary structures (Guttman and Rinn, 2012). These physical
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interactions help recruit transcriptional regulators to a specific locus and regulate target gene
expression. Short noncoding RNAs (ncRNA) also play a very important role in heterochromatin
formation and maintenance, and in protecting genome stability through suppressing transposon
activities (Tomita et al., 2017). Besides its important role in epigenetic regulation in the linear
dimension of the genome, ncRNA has started to emerge as an important player in organizing
higher order chromatin structures.

Evidence from many organisms revealed that ncRNAs participate in nuclear
organization, including establishing insulators and domain boundaries, mediating long-range
chromatin loops, forming polycomb bodies and insulator bodies, and anchoring nuclear
periphery/matrix associated silencing (Clemson, 1996; Ong and Corces, 2008; Cohen and Jia,
2014; Nwigwe et al., 2015). Drosophila RNA1 machinery has been reported to influence nuclear
organization and function of gypsy and dCTCF insulators (Lei and Corces, 2006; Moshkovich et
al., 2011). Other than the small ncRNA, mRNA was also found to be a functional component of
Drosophila gypsy insulator complex (Matzat et al., 2013). Some of the classic chromatin
insulators, such as Fab8 and Scr DTE, are transcribed (Zhou et al., 1999; Calhoun and Levine,
2003). During X chromosome inactivation, the ncRNAs Xist not only targets the silencing
histone modification and mediates the relocation of inactive X chromosome to the nuclear
lamina, but also causes significant large-scale remodeling of the 3D architecture of the inactive
X chromosome. Typical TAD structure disappears and two new ‘mega-domains’ form across the
inactive X chromosome (Nora et al., 2012; Giorgetti et al., 2016). The architectural protein
CTCF and mediator complex have been found to be able to directly bind RNA. The mediator
complex member, MED12, was reported to bind specifically to ncRNAs called enhancer RNAs

(eRNAs, also called activating ncRNA) (Lai et al., 2013). eRNA is a type of relatively short
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ncRNA that is transcribed from the enhancer region. Knock down of these eRNAs causes
decreased binding of mediator to ncRNA regulated genes and diminishes loop formation
between the enhancer and its target gene (Lai et al., 2013). CTCF protein can also directly bind
to many ncRNAs and have different effects on regulation. Some ncRNA binds to CTCF and
enhance the insulator function by acting as scaffold to stabilize the interaction between CTCF
and other factors that mediate looping (Yao et al., 2010). Conversely, some other ncRNAs
directly binds to CTCF and interfere with the binding of CFCF to DNA (Sun et al., 2013).
Architectural protein YY1 was also recently shown to bind RNA, which was suggested to
reinforce transcription factor binding at the regulatory element (Sigova et al., 2015).
Additionally, ncRNA transcription could be controlled by signaling factors, such as p53,
estrogen receptor a, and NOTCH (Li et al., 2013b; Melo et al., 2013; Trimarchi et al., 2014).
This indicates that ncRNAs may help establish and regulate cell type specific enhancer-promoter
loops.

However, the current understanding of IncRNAs are mostly based on single IncRNA case
studies. This is partially due to the considerable lag and difficulties in IncRNA annotation when
compared to protein-coding genes. Although it seems very promising, it’s difficult to tell for now
whether establishing and maintaining chromatin structure is a general function of ncRNAs.

1.1.3 Mechanism of higher order chromatin organization formation
Loop extrusion with barrier model

The mechanism of higher order chromatin organization formation remains unknown.
Most of the current evidence favors the loop-extrusion model. The loop extrusion model
proposes that “loop extrusion factors” (LEFs) translocate along chromatin DNA, holding

together progressively more distant genomic loci along chromosome and produce dynamically

25



expanding chromatin loop until they encounter a boundary element that prevent further
translocation (Fudenberg et al., 2016). Cohesin and condensin may function as loop extrusion
factors, and CTCF and other insulators function as boundaries. This model recapitulates many
features of the interphase chromosome organization revealed by HiC and other methods. In
addition, cohesin complex is found located at the inner side of loop relative to CTCF sites (Nagy
et al., 2016). Since CTCF and cohesin are considered as the major players in the loop extrusion
model. Perturbations of CTCF and cohesin would be crucial for testing this model. Recent
evidence from CTCF depletion (Nora et al., 2017), cohesin depletion(Rao et al., 2017), and
cohesin loading factor, Wapl, depletion (Haarhuis et al., 2017; Wutz et al., 2017) in human cells
all strongly supported the role of loop extrusion in interphase chromatin organization. CTCF
depletion disrupts CTCF-mediated chromatin looping and TAD insulation (Nora et al., 2017).
Cohesin depletion eliminates almost all TADs and chromatin loops(Rao et al., 2017). Wapl
depletion led to the loss of restriction of cohesin at CTCF boundary.

An important element of the loop-extrusion model is the active translocation of cohesin
along chromatin rather than static interaction. Condensin has been demonstrated as a molecular
motor capable of ATP-dependent translocation along DNA (Terakawa et al., 2017) and form
chromatin loop by extrusion (Ganji et al., 2018). However, to date, there is no evidence to
support the active translocation capability of cohesin as a driver. Transcription process has been
shown to act as driving force of chromatin loop extrusion during formation of loops and TADs in
interphase chromosome (Ocampo-Hafalla et al., 2016; Racko et al., 2018), but the cohesin-
dependent feature in both active and inactive region argues against Polll as the primary driving
force for loop extrusion. Additionally, not all the loop anchors associate with cohesin. It would

be interesting to find out whether this model also applies to cohesin independent loop formation.

26



Another important question with this model is how the cohesin and condensin complex
successfully slide through loop anchors that are not domain boundaries and, how they only stop
at domain boundaries.

Phase separation model

The loop extrusion with barrier model does not explain all the features of the higher order
genome organization. Upon cohesin or CTCF depletion, chromatin loops and TAD structures are
disrupted, however, chromosomal A/B compartment organization is largely unaffected (Nora et
al., 2017; Rao et al., 2017). This indicates that chromosomal compartment organization may use
a different mechanism compared to chromatin loops and TAD structures.

A growing body of work has shown that liquid-liquid phase separation can drive the
formation of non-membrane compartments inside of the nucleus and cytoplasm (Mitrea and
Kriwacki, 2016). The phase separation model proposes that the cooperative binding of specific
combination of factors to chromatin DNA leads to high local density of proteins and nucleotide
concentration. Such high concentration of multi-molecule assemblies form gel-like phase-
separated compartment, also called membrane-less organelles. This model is supported by
numerous evidences of the liquid-feature of the nucleus (Mitrea and Kriwacki, 2016). Examples
of such phase-separated compartments in the nucleus include nucleoli, which are the largest and
best studied phase separated compartment for rapid ribosome biogenesis (Boisvert et al., 2007);
nuclear speckles, which are strong compartments for mRNA splicing factors (Boisvert et al.,
2007); and Cajal bodies, which are sites for small nuclear RNPs assembly (Morris, 2008). This
model is consistent with most of the recently discovered features of the genome organization.
Rao et al and Nora et al showed that depletion of CTCF or cohesin in mammals disrupts TADs,

but do not significantly affect active/repressive chromatin domains and the active/repressive
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compartments (Nora et al., 2017; Rao et al., 2017). Transcriptional status-based genome
structure simulation generates genome contact maps that largely agree with the actual HiC map
from many organisms, especially in C. elegans and A4. thaliana which don’t have TAD structures
(Rowley et al., 2017). The interactions detected between the compartmental domains of the same
transcriptional status (Rowley et al., 2017) and the evidence for enrichment of house-keeping
genes at a fraction of TAD boundaries in mammals (Dixon et al., 2012) are consistent with the
phase separation model.

Phase separation model has been proposed to explain the established and recently
described features of transcriptional control via enhancers (Hnisz et al., 2017). These features
include super-enhancer clustering, high vulnerability of super enhancers, transcriptional bursting
patterns of enhancers, and the ability of an enhancer to produce simultaneous activation of
multiple genes (Hnisz et al., 2017). Furthermore, two independent groups recently reported that
HP1 bound heterochromatin show liquid-like properties and phase separate into liquid droplets
both in Drosophila embryos and human cell lines (Larson et al., 2017; Strom et al., 2017). This
is consistent with the observations that heterochromatin is assessible to some large protein
complexes, such as DNA repair machinery, but is restricted to transcription factors (Watts,
2016). In addition, phosphorylation of HP1 was shown to promote the formation of phase-
separated droplets, which suggests that post-translational modifications could be a way of
regulating the access to such phase-separated compartment.

3D genome organization might also provide other possible mechanisms of creating novel
patterns of gene expression. Local genomic rearrangement is often observed at TAD boundaries
in cancer cells. Disruption of TADs usually led to fusion of neighboring TADs, which would

bring together previously insulated regions (Guo et al., 2015; Lupianez et al., 2015; Sanborn et

28



al., 2015; Flavahan et al., 2016; Hnisz et al., 2016). Acemel et al. proposed a new model that
processes such as gene duplication and neofunctionalization, which classically thought to occur
in a stepwise manner, can actually occur simultaneously with the formation of neo-TADs
(Acemel et al., 2017).
1.2 Genome organization and genome evolution

The transcriptional regulatory function of cis-regulatory elements on genes put
evolutionary selection pressure on genome rearrangement that breaks the synteny between
regulatory elements and their target gene. Considering that TADs might represent the
functionally isolated units of the genome, they might also provide structural basis for genome
evolution. Consistently, it has been showed that the synteny blocks of regulatory elements and
gene tend to be conserved, and the boundaries of synteny blocks coincide with the boundaries of
TADs (Berthelot et al., 2015). (Harmston et al., 2017). Most examples in the literature that
reported TADs disruption are associated deleterious effect (Trimarchi et al., 2014; Guo et al.,
2015; Lupianez et al., 2015; Flavahan et al., 2016; Hnisz et al., 2016; Luo et al., 2018). The
relative conservation of TADs across different species indicates that genetic alterations that
disrupt TADs are negatively selected during evolution. For instance, about 76% of mouse TAD
boundaries are also boundaries in human, and about 54% of human boundaries are also
boundaries in mouse (Dixon et al., 2012). These are all consistent with the proposed scenario that
TAD:s, as a functionally isolated structural unit, might be shuffled in an evolutionarily neutral
fashion during evolution (Berthelot et al., 2015). However, current understanding of the
association of synteny block breakpoints and TAD boundaries is mainly based on these low-
resolution studies. In Harmston’s experiment, the synteny block borders and TAD boundaries

matching was counted within a range of a few hundred kb to 1Mb. Only 29% of synteny blocks
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overlap within 120kb of TADs in human (Harmston et al., 2017). In Dixson’s analysis of TAD
conservation, the comparison is based on low resolution HiC map (20kb) and relatively relaxed
boundary size cutoff (size less than 400kb), which may neglect the changes in smaller scale.
Rowley et al. showed in a high-resolution HiC map in Drosophila that TAD boundaries revealed
in low resolution (10-40kb) are actually composed of smaller compartment domains which
contains one or multiple genes of the same transcriptional status (Rowley et al., 2017). This
makes it hard to understand the mechanistic relationship between genomic rearrangement
breakpoints and TAD boundaries at such low resolution.

Although a genome rearrangement that disrupts a TAD is disfavored during evolution,
analysis from the evolutionary perspective demonstrated that TADs may facilitate the
appearance of new CREs by allowing the interactions of these novel CREs with their potential
target genes that may be located a few hundreds of kilobases away but in the same TAD (Acemel
et al., 2017). Changes in 3D structures at certain loci have been shown to be required for new
regulatory mechanisms associated to morphological novelties during evolution. The best
example is the Hox cluster. HoxA and HoxD clusters are essential for proper limb development.
The proper regulation of each of these two clusters is closely linked to two neighboringTADs,
with a developmentally shifting boundary dividing the cluster into two parts. This 3D
configuration facilitates Hox genes on each side of the TAD boundary to preferentially contact
regulatory elements located either on the anterior or posterior side of the Hox cluster (Andrey et
al., 2013). The developmentally controlled shifting of TAD boundary between central Hox genes
is critical for proper limb development (Andrey et al., 2013). Comparative genomic study from
Acemel et al showed that the conserved synteny block of the Hox cluster in vertebrates includes

both 5’ and 3’ regions, which contain the regulatory regions (Acemel et al., 2016). However, in
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amphioxus, which is an invertebrate chordate, the Hox cluster synteny blocks only share with the
vertebrate on the 3’ side. Subsequent reconstructed 3D architecture revealed that amphioxus Hox
cluster is only imbedded in a single TAD. This indicates that there must be a chromosomal
rearrangement that brought a new genomic region to the 5’ side of the Hox cluster between the
last common ancestor of chordates and the last common ancestor of vertebrates. The new
bisected TADs at this locus provided structural basis for the possibility of switching two separate
sets of long range interactions, which is required for the limb development in vertebrates.

1.3 Three-dimensional genome organization and known human disease

Disruption of TAD boundaries causes pathogenic rewiring of gene-enhancer interactions
in mammal’s limb development (Lupianez et al., 2015). Distinct human limb malformation is
associated with deletions, inversions, or duplications in the WNT6/IHH/EPHA4/PAX3 locus
(Lupianez et al., 2015). A CRISPR-cas9 mediated mouse model that mimics the human disease
alleles demonstrated that disruption of CTCF-associated boundary cause ectopic wiring of
EPHA4 enhancers with nearby developmental genes and drive ectopic expression in the limb
(Lupianez et al., 2015).

Evidence for disruption of chromatin organization in cancer has been reported as a result
of either chromosomal rearrangements or compromised CTCF binding near oncogenes or tumor
suppresser genes (Hnisz et al., 2016; Luo et al., 2018). Hox gene dysregulation is a common
feature of acute myeloid leukemia. Disruption of CTCEF sites in mouse HoxA cluster
demonstrated its role in regulating Hox gene expression and maintaining the oncogenic
transcription program for leukemic transformation (Luo et al., 2018). Hypermethylation of these
binding sites caused CTCF insulator dysfunction which causes upregulation of the oncogene in

IDH mutant gliomas (Flavahan et al., 2016). Chromosomal rearrangements, a hallmark in
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cancers, often lead to the loss of insulation and activate oncogenes by exposing them to new
enhancers. Microdeletions at boundary elements are often found in leukemia patient genomes
(Hnisz et al., 2016). Genome regional mutation rate has been shown to be associated with DNA
accessibility (Schuster-Bockler and Lehner, 2012). Indeed, CTCF/cohesin has been reported as a
major mutational hotspot in multiple cancer types (Katainen et al., 2015). Recurrent genomic
breakpoints of translocations in leukemia correlates with disruption of TAD boundaries (Valton
and Dekker, 2016). In addition, topoisomerase II mediated the release of torsional strain at
chromosomal loop anchors which generates DNA double-strand breaks that drive multiple
oncogenic translocations (Canela et al., 2017). All these evidences suggest that higher order
genome organization is crucial for maintaining proper gene regulation.
1.4 Manipulate chromatin organizations

Approaches that can efficiently manipulate linear and 3D organization of genome are key
to determine the functional significance of genome organization. As the importance of chromatin
organization emerging, manipulation of chromatin organization has been attempted to either
reinstate the silent status of heterochromatin region or dissect the function of 3D genome
organization in gene regulation. These manipulation methods include but are not limited to
targeted DNA sequence manipulation (Guo et al., 2015; Lupianez et al., 2015; Narendra et al.,
2015; Willi et al., 2017; Luo et al., 2018), architectural protein depletion (Van Bortle et al., 2012;
Nora et al., 2017; Rao et al., 2017; Wutz et al., 2017), forced chromatin looping (Ahanger et al.,
2014; Deng et al., 2014; Hao et al., 2017), targeted local chromatin remodeling (Casas-Delucchi
et al., 2012; Wijchers et al., 2016), and the chemically inducible CRISPR-mediated

chromosomal looping (Morgan et al., 2017).
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With the prevalent use of homologous recombination-based genome editing and
CRISPR-cas9 based genome editing techniques, targeted genome sequence manipulation is no
longer a big challenge. Deletion, or inversion of boundary element containing CTCF sites led to
mis-regulation of genes, spreading of active/repressive chromatin domains, and reorganization of
local chromatin structure (Bantignies et al., 2011; Guo et al., 2015; Lupianez et al., 2015;
Narendra et al., 2015; Willi et al., 2017; Luo et al., 2018). Inducible depletion of architectural
proteins recently has been used to address the relationship between genome architecture and
gene regulation (Nora et al., 2017; Rao et al., 2017; Wutz et al., 2017). The inducible
degradation system of the plant hormone, auxin, enables acute conditional and reversible
depletion of proteins in vivo (Zhang et al., 2015). The forced protein-protein interaction in
combination of targeted protein binding to specific loci allow researchers to dissect the
relationship 3D organization and regulatory genomic functions. Programable DNA binding zinc-
finger proteins or CRISPR/dCas9(endonuclease defective cas9) have been used to target protein
of interest to a specific locus in the genome. Fusing a forced protein-protein interaction system to
the targeted DNA binding protein allows artificially forming chromatin loops inside of nucleus
(Ahanger et al., 2014; Deng et al., 2014; Hao et al., 2017; Morgan et al., 2017). Adding a
chemically inducible protein-protein component in the bivalent dCas9 system even allows
precise temporal control of chromatin loop formation in vivo. However, the potential influence
of the widely used chemical inducer, plant hormone auxin or ABA, on animal cells is under
debate (Vildanova and Smirnova, 2016). The efficiency of chromatin loop formation in the
bivalent dCas9 system still needs to be improved (Hao et al., 2017). Nevertheless, the forced
(inducible) chromatin looping technique will significantly aid the understanding of endogenous

loops and enabling creation of new regulatory connections. Targeted local chromatin remodeling
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has also been demonstrated to be an effective method in manipulating higher order genome
organization. Heterochromatin targeted MeCP2 reinstate the de-repressed heterochromatin in rett
mutant cells (Casas-Delucchi et al., 2012). Wijchers used lacO/lacR system fused with NONOG,
SUV39HI1, or EZH2 demonstrated “locked” and “unlocked” genomic region in the context of 3D
genome. Targeted modification of local chromatin status at the “unlocked” locus is capable of
driving the switching between A/B compartments (Wijchers et al., 2016).

The fast development of these new tools that allows direct manipulation of 3D genome in
vivo will significantly help researchers to dissect the detailed mechanisms of higher genome
organization formation and the relationship between 3D chromosomal organization and genome

function.
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CHAPTER 2

CHROMATIN LOOP ANCHORED BY INSLATOR SF1 AND SF2 REGULATES PROPER

SCR/FTZ GENE EXPRESSION DURING DROSOPHILA EMBRYONIC DEVELOPMENT
2.1 Introduction

Three-dimensional organization of the eukaryotic genome are highly complex, both in

terms of its complex dynamic organization, and its relationship to genome function. Recent
chromosomal conformation capture (3C)-based experiments, in junction with microscopy-based
evidence, revealed that local scale chromatin loops consist the basic unit of the eukaryotic
genome (Kantidze and Razin, 2009; Sexton et al., 2012; Maeshima et al., 2014; Rao et al., 2014;
Ou et al., 2017). A major subset of these loops is mediated by a specialized DNA-protein
complex called chromatin insulators, also called chromatin boundary elements (CBEs).
Chromatin insulators have been well characterized by their ability to block distal regulatory
elements (such as enhancers and silencers) from acting on the promoters and restricting the
spread of repressive/active chromatin domains (Valenzuela and Kamakaka, 2006; Gurudatta and
Corces, 2009; Van Bortle and Corces, 2012; Ali et al., 2016). In addition, evidence from the
genome wide 3C based-experiments showed that chromatin insulators are enriched at
Topologically Associated Domain (TAD) boundaries as well as local chromatin loop anchors,
which are mostly located in the intergenic regions. These observations suggest that chromatin
insulators play important role in insulating genes from neighboring genes as well as organizing

the higher order chromatin organization. However, the mechanistic relationship between
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insulator mediated chromatin loops and gene regulation at the endogenous genomic context is
still unclear.

Current understanding of insulator functions mainly comes from enhancer blocking
activity tests and the heterochromatin barrier activity test on transgene constructs. Genome-wide
mapping of chromatin insulator sites revealed that insulator proteins localize to thousands of
sites characterized by conserved motifs. About 50-80% of these sites are located in the intergenic
regions in both Drosophila and mammals (Kim et al., 2007; Bushey et al., 2009; Jiang et al.,
2009; Negre et al., 2010). Furthermore, chromatin insulators also localize to the borders of
repressive/active chromatin domains throughout yeast (Donze et al., 1999; Scott et al., 2006),
Drosophila (Bushey et al., 2009; Negre et al., 2010; Van Bortle et al., 2012), and mammals
(Cuddapah et al., 2009). The genome distribution of the insulator sites is consistent with the
chromatin insulator model learnt from experiments done in various artificial transgene systems.
However, a recent study in Drosophila demonstrated that most of these insulator binding sites
have little enhancer blocking activity and the enhancer blocking activity of a given insulator site
is insertion site dependent (Schwartz et al., 2012). This suggest two possible scenarios of these
many thousands of insulator sites: chromatin insulator may function in a genomic context
dependent manner; Or unlike the prototype insulators, the majority of the insulator binding sites
in the genome don’t have robust enhancer blocking activity. Recent depletion of CTCF protein in
mammalian cells supports the first scenario. Upon CTCF depletion, many genes are upregulated
due to loss of insulation from their neighboring enhancers (Nora et al., 2017). However, the
functional role of insulator sites at their endogenous genomic context remains largely unclear.

Drosophila has been the pioneering model organism used in chromatin insulator studies.

In contrast to vertebrates, multiple insulator proteins including, dCTCF, BEAF-32, Su(Hw), zwS5,
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GAF, CP190, Mod(mdg4), Elba, Pita, ZIPIC, Ibfl, and Ibf2 have been identified in Drosophila
(Bushey et al., 2009; Aoki et al., 2012; Cuartero et al., 2014; Maksimenko et al., 2015).
Intensively studied chromatin insulator elements in Drosophila include but are not limited to
Mcp, Fab7, and Fab8 elements in the Bithorax complex, the SF1 insulator in the Antennapedia
complex, Homie and Nhomie insulators in the eve locus, scs and scs’ insulators in the Asp70
locus, and gypsy insulators. The Drosophila Hox cluster has been used as a model locus to study
the function of insulators in regulating developmental genes. It has been postulated from
transgenic studies that multiple insulators located within the regulatory sequences of Abdominal
B (Abd-B) gene restrict the expression of 4bd-B into segment-specific domains. However,
studying of chromatin insulators at their endogenous genomic context has been very rare (Wolle
etal., 2015).

We have previously identified a chromatin insulator, named SF1, within the large
regulatory region of the homeotic gene Sex comb reduced (Scr) (Belozerov et al., 2003). The Scr
locus in the Drosophila Antennapedia complex serves as a very good model to study all the
proposed functions of chromatin insulators that we learnt from transgenic systems, which
includes enhancer blocking, barrier, and loop formation. The Scr upstream regulatory region is
interrupted by a nested non-homeotic gene, fushi tarazu (ftz). The ~14kb fiz gene unit splits the
Scr regulatory region into proximal and distal cis-regulatory regions (Fig. 2.1B). The distal cis-
regulatory region contains key cis-regulatory elements of Scr, including the parasegment 2 (PS2)
and thoracic segment 1 (T1) enhancers which activate Scr in the PS2 and T1 tissue during
embryogenesis and a polycomb response element (PRE) that maintains the Scr repression in late
development stages (Fig. 2.1B) (Pattatucci et al., 1991; Gindhart et al., 1995). The ftz gene unit

also contains multiple distal enhancers (Hiromi et al., 1985; Pick et al., 1990; Schier and

37



Gehring, 1993). Despite such complex cis-regulatory network and the juxtaposition of the f#z and
Scr, these two neighboring genes are expressed in distinct spatial-temporal patterns. It has been
suggested that SF1 may insulate the Scr gene from its neighboring cis-regulatory elements of the
ftz gene (Belozerov et al., 2003). However, it remains unclear how the fiz gene is insulated from
the Scr distal cis-regulatory elements and how Scr distal enhancers overcome the long genomic
distance (~25kb) and the block of the SF1 insulator (Fig. 2.1B). Furthermore, fiz is active in
tissues where Scr may be repressed. How is fiz protected from the polycomb silenced chromatin
that maintains the repression of Scr? We hypothesize that the SF1 insulator may interact with a
yet unknown boundary downstream of fiz, designated SF2, to form a chromatin loop. This
putative loop would insulate f#z gene from influence by the Scr enhancers as well as insulate fiz
enhancers from acting on Scr promoters. Both insulators will also function as barriers to the
neighboring silent chromatin.

In this project, we identified the SF2 insulator located between the fiz gene downstream
enhancer and the Scr enhancers in the distal region. Both SF1 and SF2 are bound by known
insulator associated protein factors in 0-12 hours old embryos as well as in cell lines derived
from different developmental origins. SF1 and SF2 locate precisely at the boundaries of
polycomb-mediated silent chromatin domains. 3C experiments showed that interaction between
SF1 and SF2 is developmentally regulated. By using a transgene assay, we showed that SF2 has
strong enhancer blocking activity and pairing of SF1 and SF2 cancels enhancer blocking activity
in an orientation dependent manner. We also demonstrated that both SF1 and SF2 insulators are
functionally conserved in distantly diverged Drosophila species. CRISPR-Cas9 mediated

knockout of SF1 or SF2 not only leads to the misregulation of Scr and f#z genes, but also affected
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the chromatin architecture in the Antennapedia complex. Flies with SF1 or SF2 deletion have
significantly reduced overall-fitness during development.
2.2 Results
2.2.1 Identification of SF2 in the Scr distal regulatory region.

To search for potential insulators that loop with SF1, we used 3C to search the entire Scr
distal regulatory region for DNA sequences that capture SF1 in early (4-8hrs) and late stage (10-
14hrs) fly embryos (Fig. 2.1C). Since genomic sites located within 100kb are known to capture
each other at relatively high background frequencies, a distance-frequency background reference
curve was used (dashed curve in Fig. 2.1C). Among the eleven EcoRI fragments (named R1 to
R11 in Fig. 2.1C), R1, R5-R6, and R10 capture SF1 in the early stage at a frequency of 50% or
higher above the expected distance-capture frequency background (Fig. 2.1C). In contrast, other
regions capture SF1 at near or below background level (Fig. 2.1C). R1 and R5-R6 frag only
capture SF1 in the early stage (4-8hrs), but not in the late stage (10-14hrs) embryos. These
results indicate that SF1 interacts with multiple DNA elements in the f#z downstream Scr distal
regulatory region to form developmentally regulated chromatin loops in fly embryo. It is worth
noting that R1 is located in between fiz stripe 1/5 enhancer and the Scr distal regulatory region,
where the hypothesized SF2 is located (Fig. 2.1B). Interaction between R1 and SF1 could loop
out fiz gene, bringing the distal enhancers closer to the Scr promoter. Similarly, SF1-R6 fragment
pairing could facilitate interactions between Scr promoter and the late polycomb response
element (PRE). The relatively high capture of R4 to R7 in the early stage (4-8hrs) embryos and
low capture frequency of R4 to R6 in the late stage (10-14hrs) embryos coincide very well with
the expression pattern of a developmentally regulated long ncRNA (Fig. S2.1). Long ncRNA has

been shown to interact with insulators in cis and paly important role in both Drosophila and
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mammals (Clemson, 1996; Ong and Corces, 2008; Cohen and Jia, 2014; Nwigwe et al., 2015).
However, whether this IncRNA is involved in the loop formation and Scr/ftz gene regulation in
this region still needs to be further tested and is not the focus of the current study. R10 is located
at the end of Scr distal regulatory region. This region is bound by multiple insulator proteins
(Negre et al., 2010) and has been shown to also tether promoter region (Calhoun and Levine,
2003). An SF1-R10 loop could separate Scr enhancers from the neighboring Antp gene.

Although SF1 interacts with multiple DNA element in the Scr distal regulatory region,
my project mainly focused on the R1 fragment, which I thought would be the best candidate for
SF2 insulator. The timing of loop formation and the extent of SF1-R1 coincide precisely with the
timing of fiz gene activity (Fig. 2.5A-F) and the limit of ftz gene domain (Fig. 2.1B, Fig. 2.3B).
The strong capture of SF1 and R1 occurs at a time where both Scr and fiz genes are activated by
their long-range enhancers. Ectoderm expression of the fiz gene stops after ~8hrs in fly embryos
(Fig. 2.5E-F) (Kellerman et al., 1990), and SF1-R1 loop falls apart in the late stage embryos (10-
14hrs) (Fig. 2.1C).
2.2.2 A conserved 2kb sub-fragment of R1 fragment contains insulator activity

Since the 3.9kb R1 fragment was arbitrarily generated by the restriction enzyme used in
the 3C experiment, we further narrowed down the SF2 candidate sequence to a 2kb sub-fragment
of R1 fragment by referring to the major known insulator proteins’ binding profiles (Fig. 2.3A)
(Negre et al., 2010). Known insulator proteins, such as CTCF, CP190 and Mod(mdg4), bind both
at SF1 and the 2kb SF2 candidate in 0-12hrs old embryos. In addition to those classic insulator
factors, newly discovered insulator protein, ZIPIC equally binds both SF1 and the 2kb SF2
candidate. Insulator binding factor (Ibfl) and Ibf2 preferably bind to the 2kb SF2 candidate over

SF1 in S2 cells (Fig. S2.3) (Maksimenko et al., 2015). Su(Hw) and Mod(mdg4) only bind to SF2
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in S2 cells (Fig. S2.3). These suggests that this 2kb sub-fragment may be a good candidate of the
SF2 insulator. Furthermore, Ibf1/Ibf2 complex has been reported to be required for CP190
associated insulator and may function independently from CTCF. High affinity binding of Ibf1/2
complex and Su(Hw)-mod(mdg4) complex at SF2 suggest that SF2 may be different in protein
complex components than SF1.

To test whether SF2 has enhancer-blocking activity, we tested this 2kb SF2 candidate for
enhancer blocking activity by using an established insulator assay in transgenic fly embryos
(Belozerov et al., 2003; Majumder and Cai, 2003). The assay transgene contains two tissue-
specific enhancers, Neuroectoderm (NEE) and Hairy strip 1 (H1), between two divergently
transcribed lacZ and miniwhite reporters (P BWNHZ, Fig. 2.2A). Previous studies have shown
that insulators such as SF1 can block the distal NEE enhancer and reduce /acZ reporter gene
expression in the horizontal stripes when inserted between NEE and H1 enhancers (Cai and
Levine, 1997; Belozerov et al., 2003; Majumder and Cai, 2003). When the 2kb SF2 candidate
sequence was inserted between NEE and H1 with either orientation, it significantly reduced the
NEE-driven lacZ expression without affecting the anterior vertical stripe driven by the H1
enhancer (Fig. 2.2F-G,Q). Consistently, SF2 also blocked the H1 enhancer without affecting
NEE function on the miniwhite reporter (Fig.2.2K). Work from our lab, as well as others, have
previously shown that two gypsy insulators flanking an enhancer increases the blocking
efficiency of the enclosed enhancer, possibly due to improved paring from the proximity of the
two insulators (Cai and Shen, 2001; Kyrchanova et al., 2013). To test whether SF1 in proximity
can augment the enhancer-blocking activity of SF2, we inserted a copy of SF1 distal to NEE in

the downstream region of miniwhite reporter gene (~4.5kb away from NEE, Fig. 2.2A). Indeed,
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increased blocking of NEE was observed in these transgenic embryos (Fig. 2.2H,Q). This result
suggests that SF1 and SF2 can loop with each other to better block the NEE enhancer.

We’ve also noticed that the f#z gene domain is presented in an inverted orientation in
some distantly diverged Drosophila species (Fig. 2.8). To see whether SF1 and SF2 are
functionally conserved among Drosophila species. We first aligned SF1 and SF2 sequences to
the other 11 Drosophila species whose genome has been sequenced. These 12 Drosophila
species represent a large range of divergence time (up to 40 million years) during evolution. Both
SF1 and SF2 are conserved at the DNA sequence level (Fig. S2.2A-B). We further tested the
enhancer-blocking activity of the SF1 and SF2 orthologs cloned from Drosophila willistoni,
which diverged from Drosophila melanogaster about 35-million years ago and has an inverted
ftz gene unit in Drosophila melanogaster transgenic embryos. Both SF1 and SF2 cloned from
Drosophila willistoni showed strong enhancer-blocking activity (Fig. 2.21-K), that are similar to
Drosophila melanogaster SF1 and SF2 (Fig. 2.2D,F,Q). These results suggest that SF1-SF2
formed chromatin loop plays a conserved role in regulating independent Scr/fiz gene expression
among Drosophila species.

2.2.3 SF1-SF2 paring facilitates enhancer bypass in transgenic embryos

A unique behavior called “enhancer bypass” has been reported for certain chromatin
insulators, in which the blocking of the distal enhancer is neutralized when a pair of such
insulators are put together in cis (Cai and Shen, 2001; Muravyova et al., 2001; Melnikova et al.,
2004; Kyrchanova et al., 2007; Kyrchanova et al., 2016). We have proposed in our hypothesis
that SF1 and SF2, when paired in vivo, could allow the Scr distal enhancers to bypass both
insulators to interact with the Scr promoter (Fig. 2.8). To test this hypothesis, we inserted both

SF1 and SF2 in tandem between the NEE and H1 enhancers in the enhancer-blocking transgene.
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Indeed, we observed a complete recovery of NEE-driven lacZ expression and H1-driven
miniwhite expression in these transgenic embryos (Fig. 2.2M). It’s worth noticing that SF1-SF2
pairing cancels enhancer-blocking activity in arrangement-orientation dependent manner (Fig.
2M-N). The SF1 and SF2 pair only cancel the enhancer blocking activity when they are arranged
in the same orientation (based on the orientation presented in the genome) (Fig. 2.2M). Pairs
arranged in opposite directions (Fig. 2.2N) not only do not allow bypassing of distal NEE
enhancer, but also enhances the enhancer blocking activity of each insulator alone (Fig. 2.2Q).
This is consistent with the orientation-dependent interactions observed in other insulators
(Kyrchanova et al., 2007; Kyrchanova et al., 2013; Rao et al., 2014; Fujioka et al., 2016). The
enhancer bypass activity of insulator pairing is considered as a strong evidence for insulator-
insulator interaction in vivo (Cai and Shen, 2001; Muravyova et al., 2001; Melnikova et al.,
2004; Kyrchanova et al., 2008b; Kyrchanova et al., 2016). To test if SF1-SF2 interaction
observed in Drosophila melanogaster is conserved in other distantly diverged Drosophila
species, we tested enhancer-bypass activity of SF1 and SF2 orthologs cloned from Drosophila
willistoni. The result shows that Drosophila willistoni SF1 and SF2 showed surprisingly similar
orientation-dependent enhancer bypass activity (Fig. 2.20-Q). This indicates that the SF1-SF2
formed loop may be a functionally conserved feature that is required for proper regulation of Scr
and ftz gene in Drosophila species. This is the first conserved enhancer bypass reported for two
endogenous pairing insulators.
2.2.4 SF1-SF2 loop demarcates the active ftz chromatin domain in Drosophila embryos
During embryogenesis, the fiz gene is highly expressed in many parasegments/segments
where Scr is repressed due to the assembly of polycomb mediated silent chromatin (Fig. 2.4A-E,

Fig. 2.5A-E) (Mahaffey and Kaufman, 1987; Doe et al., 1988; Krause et al., 1988; Pattatucci and
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Kaufman, 1991; Gindhart et al., 1995). Barrier activity has been known as one of the
characteristic features of chromatin insulators (Valenzuela and Kamakaka, 2006; Gurudatta and
Corces, 2009). To assess whether the SF1-SF2 formed loop plays any role in demarcating
distinct chromatin domain boundaries, we examined the histone modification profile of
Drosophila embryos in different developmental stages (ModENCODE data set:

http://gbrowse.modencode.org/fgb2/gbrowse/fly/) (mod et al., 2010). As shown in fig. 2.3B, the

SF1 and SF2 loop detected in the early stage (4-8hrs) embryos coincide precisely with a domain
of low H3K9me3 and H3K27me3 repressive chromatin markers at this stage. The highly active
transcription of the f#z gene in about half of the body segments during this stage is highly
associated with the strong depletion of repressive marks in this domain (Fig. 2.3B). Furthermore,
the disassociation of SF1-SF2 formed loop in the late stage (10-14hrs) embryos is accompanied
by the spreading of silent chromatin into the f¢z domain (12-16hr, Fig. 2.3B). The active/poised
enhancer marker, H3K4mel, are enriched at the enhancer elements in both f#z and Scr domains
during early development (Fig. S2.4), consistent with enhancer mediated activation of both genes
(Hon et al., 2009; Boros, 2012; Calo and Wysocka, 2013; Koenecke et al., 2017). The difference
of enhancer-driven transcription between Scr and f#z is also evident in their transcription starting
time during fly embryogenesis (Hiromi et al., 1985; Martinez-Arias et al., 1987; Doe et al., 1988;
Krause et al., 1988; LeMotte et al., 1989). Altogether, these evidences indicate that fiz and Scr
genes are independently regulated in separate domains and the dynamically regulated SF1-SF2
loop could underlie the chromatin domains in this region.
2.2.5 Knock-out SF1 cause mis-regulation of Scr gene

To further evaluate the functional importance of SF1 and SF2 insulator in Scr and fiz

gene regulation, we generated SF1 or SF2 knockout flies using CRISPR-Cas9 technique.
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Knockout mutant lines were backcrossed multiple generations with w!!!®

wild type to minimize
the variation from potential genomic background differences. RNA in situ hybridization against
Scr and ftz gene was applied to analyze the transcriptional pattern in SF1-knockout or SF2-
knockout mutant embryos. Deletion of SF1 or SF2 both caused enhancers-promoters cross-
communication between Scr and fiz gene.

Scr gene is expressed in parasegment 2 in early stage embryos (Fig. 2.4A-E) (Mahaffey
and Kaufman, 1987; Martinez-Arias et al., 1987; LeMotte et al., 1989), which is mainly driven
by the PS2 enhancer located ~25kb away in the Scr distal regulation region (Fig. 2.1Y) (Gindhart
et al., 1995). In SF1-knockout embryos, Scr gene is expressed in a 7-strip fiz gene pattern in all
even-numbered parasegments during early embryonic stage (Fig. 2.41-L). Not all the 7 strips are
stained equally: the first (parasegment 2) and the second (parasegment 4) stripes stain the
strongest, followed by the sixth strip, and the remaining four stripes show rather weak staining
(Fib 2.41-K). It has been reported that the relatively even-distributed f#z transcripts in 7 strips
(Fig. 2.5A-D) are achieved through the cooperation of multiple f#z enhancers (Hiromi and
Gehring, 1987; Schier and Gehring, 1993). The fiz distal enhancer cluster (red oval “D” in Fig.
2.4V) contains a separable PS4 enhancer sub fragment., which is located on the distal end from
ftz gene and is closet to Scr promoter (Hiromi and Gehring, 1987). Strong parasegment 4
expression of Scr gene after SF1 knockout may be due to the close proximity of this fiz PS4
enhancer to the Scr promoter.

Knockout of SF1 also abolished the long-range Scr PS2 enhancer-driven Scr expression
in parasegment 2 (Fig. 2.4J-L). In wild type, both Scr and fz are expressed in parasegment 2 at
the start of gastrulation (stage 5) and the fiz gene is more restricted to the anterior part of the

parasegment as the embryos further develop until the germ-band is fully extended (Fig 2.5 B-E)
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(Doe et al., 1988; Krause et al., 1988; Kellerman et al., 1990) The ectoderm 7-stripe expression
of the fiz gene starts to fade out around stage 8 (Fig. 2.5D) and completely disappears around
stage 10 (Fig. 2.5E). Stripe 1 of the fiz gene fades out relatively earlier comparing to the other
stripes (Fig 2.5C-E) (Krause et al., 1988; Kellerman et al., 1990). The Scr gene is expressed in
the full parasegment 2 throughout early embryonic stages (Fig 2.4A-E) (Mahaffey and Kaufman,
1987; Martinez-Arias et al., 1987). Starting around stage 8, the parasegment 2 expands in width
and Scr expression in the full parasegment 2 becomes further intensified (Fig. 2.4D-E) and the
mesoderm parasegment 3 expression starts to emerge (Fig 2.4E) (Mahaffey and Kaufman, 1987;
Martinez-Arias et al., 1987; LeMotte et al., 1989; Par¢ et al., 2009). However, in SF1-knockout
embryos, Scr transcripts in parasegment 2 shows very similar pattern to that of fiz gene during
early embryonic stages (Fig 2.5A-E). Parasegment 2 expression of Scr is restricted to the anterior
part of the parasegment 2 and it gradually fades out from stage 7 to stage 9 (Fig 2.4J-L). No Scr
transcripts are detected in the parasegment 2 except the residual level remaining near the anterior
border from stage 8 to stage 9 (Fig 2.4K-L), when the parasegments expand in width and
normally the Scr transcripts further accumulates in parasegment 2 (Fig 2.4C-D). This indicates
that the original long-range Scr PS2 enhancer-driven Scr expression in parasegment 2 seems to
be abolished and Scr expression is mainly driven by the ectopic fiz distal enhancers (Fig. 2.4Y).
After stage 10, Scr expression in the SF1-knockout embryos seem to be similar to the wild type
till the very late stage of embryogenesis (Fig. 2.4E-F,M-N). This suggests that the enhancer-
driven Scr expression switches to different enhancer(s) after mid-embryogenesis (Gindhart et al.,
1995). At the very late stage of embryogenesis, stage 15-17, SF1-knockout embryos show weak

ectopic Scr expression in a region between the labial and subesophageal ganglion of CNS (Fig.
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2.40-P). Salivary glands in SF1-knockout embryos also shows high frequency of abnormal
positioning and Scr staining (Fig. S2.5C-D,E).

SF2-knockout embryos did not show obvious mis-regulation of the Scr gene (Fig. 2.4Q-
X). In summary, deletion of the SF1 insulator not only leads to the loss of insulation between fiz
distal enhancers and the Scr promoter, but also abolished the long-range communication between
the Scr promoter and the Scr PS2 enhancer located 25kb away in the distal regulatory region (Fig
2.4Y).
2.2.6 Knockout of SF2 cause ectopic expression f#z gene in Scr pattern

In wild type, the fz gene is expressed in a distinct 7-stripe pattern in the ectoderm of all
odd-numbered parasegments during early embryonic stage (Fig. 2.4A-E) (Hiromi and Gehring,
1987; Krause et al., 1988; Schier and Gehring, 1993). The ectoderm expression of fiz completely
fades out around mid-embryogenesis when the germ-band is fully extended (Fig. 2.5A-E). fiz is
then transiently expressed a second time in the developing CNS (Fig. 2.5F-G) (Hiromi and
Gehring, 1987; Doe et al., 1988; Krause et al., 1988). To see if deletion of SF1 or SF2 cause
ectopic action of neighboring Scr regulatory elements on fiz gene, we analyzed the fiz transcript
pattern in wildtype, SF1-knockout, and SF2-knockout fly embryos. SF1-knockout embryos have
no obvious mis-regulation of the f#z gene (Fig. 2.5H-N). In SF2-knockout embryos, in addition to
the normal 7-stripe expression in the ectoderm during early embryonic stage, fiz gene is
ectopically expressed in ectoderm of parasegment 2 from stage 6 to late stage 10 (Fig. 2.50-T).
This ectopic expression in parasegment 2 coincides very well with the Scr PS2 enhancer activity
pattern (Fig. 2.4A-E,I-M), which suggests that Scr PS2 enhancer located in the Scr distal
regulatory region starts to act on the neighboring fiz gene promoter after the loss of the SF2

insulator (Fig. 2.5V).
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2.2.7 SF1 and SF2 insulators facilitate tissue- and stage-specific 3D chromatin organization
of Antennapedia complex

It has been reported that disruption of chromatin boundaries not only cause mis-wiring of
long-range enhancers, but also reorganized the three-dimensional TAD structure (Guo et al.,
2015; Lupianez et al., 2015). Unpublished data from our lab also suggests that SF1 function as
an organizational hub of many chromatin loops in the ~350kb Antennapedia complex (Li and
Ma, unpublished). To see if the deletion of SF1 or SF2 affects the local chromatin architecture,
we performed 3D DNA FISH with probes targeting the proximal, middle, and distal end of the
Antennapedia complex (Fig. 2.6A) at early and late embryonic developmental stages. Three
different tissues (head, thoracic segments, and posterior segments) represent different gene
activities of labial (lab), Scr, and Antennapedia (Antp).

In stage 5 embryos, deleting either SF1 or SF2 had little effect on the average three-
dimensional distance in the head tissue, but caused opposite effects in thoracic segments and
posterior segments tissues (Fig. 2.6B). In thoracic segments, deleting either SF1 or SF2
significantly decreased the average physical distance between the Scr and /ab gene when
compared to that in wild type (t-test, p = 0.01)(Fig. 2.6B). In contrast, deleting SF1 in the
posterior segments caused significant increase in average physical distance between each pair of
the three hox genes: Scr-lab (t-test, p = 0.004), Scr-Antp (t-test, p = 0.003), and lab-Antp (t-test,
p =0.04). All three genes, lab, Scr, and Antp genes are transcriptionally repressed in the
posterior segments epidermis (Tomancak et al., 2007; Bantignies et al., 2011). This indicates that
deleting SF1 leads to the overall decompaction of the Antennapedia complex in the posterior
segments. This is consistent with the finding in our lab that SF1 serves as an interaction hub

which selectively tethers multiple insulators across the Antennapedia complex, including an
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insulator (LP2) near the /ab gene and another insulator (AU1) near the Antp promoter (Li and
Ma, data not shown, unpublished). Comparing to SF1 deletion, deleting SF2 only led to
moderate increase of average physical distance between Scr and Antp in the posterior segments
(Fig. 2.6B). In Li’s unpublished 3C experiment, SF2 also strongly interacts with an insulator
(AUT1) near the Antp promoter region. Thus, knock-out of SF2 disrupts both SF1-SF2 formed
loop and SF2-AU1 formed loop, which might contribute to the increased distance between Scr
and Antp gene (Fig. 2.6B). Scr distal regulatory region also contains a major PRE, which plays
an important role in polycomb mediated silencing of Scr gene (Pattatucci et al., 1991). It is worth
noticing that in the SF1 knockout, disruption of SF1-SF2 loop not only led to the loss of
insulation between f#z distal enhancers and Scr promoter, but also abolished the silencing effect
from the PRE located in the distal regulatory region in the posterior segments epidermis (Fig.
2.41-L,Y) (Pattatucci et al., 1991). However, in the SF2 knockout, the insulation between fiz
distal enhancers and Scr promoter seems undisrupted (Fig. 2.4Q-X). This indicates that upon SF2
deletion, SF1 could still effectively insulate fz distal enhancer from activating Scr promoter,
possibly through looping with other insulators. The silencing effect from the PRE-element in Scr
distal regulatory region was not significantly affected in SF2 knock-out (Fig 2.4Q-X), which
suggests that the silencing effect on Scr promoter from this Scr distal PRE might depend on SF1,
but does not require the SF1-SF2 loop. Instead, the SF1-R10 formed loop does not changed
during embryonic development (Fig. 2.1C), which could bring this distal PRE close to the Scr
promoter and silence the Scr gene in the posterior segments. Long-range interaction between the
Scr proximal tethering element (PTE) near the Scr promoter and the R10 region is also known to
facilitate communication between the Scr promoter and Scr distal regulatory elements (Calhoun

and Levine, 2003).
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In the late stage of the embryo (stage 17), the overall chromatin architecture is more
compact than that in early stage embryos, which is consistent with the fact that Hox genes in
Antennapedia complex are mostly silent in the epidermis in late embryonic stage (Tomancak et
al., 2007). Deletion of SF1 or SF2 both led to a significant increase in the average physical
distance between all three pairs of probes (Fig. 2.6C), which suggests that deletion of SF1 or SF2
both led to significant decompaction of the Antennapedia complex in the thoracic region. SF1
deletion also led to the overall decompaction of the Antennapedia complex in the posterior
segments (Fig. 2.6C). SF2 deletion only caused an increase of the average physical distance
between Scr and Antp, which suggests that the interaction between SF2 and An¢p promoter in late
stage embryos. The SF1-SF2 formed loop is known to fall apart around mid-embryogenesis
when f#z gene expression fades out in the ectoderm tissue (Fig. 2.5E-F). However, deletion of
SF1 or SF2 in the late stage of the embryo both led to global decompaction of the Antennapedia
complex in thoracic and posterior segments (Fig. 2.6C). This suggests that SF1 and SF2 may still
interact with other insulators in the Antennapedia complex to facilitate the 3D chromatin
organization in the late embryonic stage.

In contrast to thoracic and posterior segments, SF1 or SF2 deletion had little effect on the
overall compactness of Antennapedia complex in the head tissue (Fig. 2-6B,C). This indicates
that SF1 and SF2 formed loops play little role in organizing 3D chromatin architecture in this
tissue. It is possible that at different stages or tissues, a different mechanism plays a dominant
role in organizing the local chromatin architecture.

We also noticed extensive variability in the 3D distance between the same pair of
genomic loci among different cells in the same tissue and developmental stage. This is consistent

with previous observations (Lanzuolo et al., 2007; Amano et al., 2009; Bantignies et al., 2011;
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Giorgetti et al., 2014) and the model that 3D chromatin organization of a local region at the
single cell level is probabilistic instead of being static (Stevens et al., 2017).

In summary, our data suggest that SF1 and SF2 insulators are participated in the dynamic
tissue- and stage-specific chromatin organization of Antennapedia complex in Drosophila.
2.2.8 SF1 or SF2 knock-out flies have significantly lower overall-fitness and survival rate

Although homozygous SF1-knockout or SF2-knockout flies are both viable, we have
noticed a significant degree of lethality at different stages of development, especially in stressful
conditions. To quantitively describe the over-all fitness of the SF1 or SF2 knockout flies during
development, we did a hatching and survival test in a Petri-dish chamber with apple juice plates
and yeast paste. Wild type w!!!'® flies showed very consistently high hatching/survival rate
throughout development with little variation among different repeats (Fig. 2.7B). In contrast, SF1
knock-out flies showed significantly lower hatching/survival rate at each developmental stage,
and SF2 knock-out flies have an obvious drop in egg hatching rate (Fig. 2.7B). Further
examination demonstrated that this egg hatching defect of SF2 knockout flies is due to egg
fertilization failure and the percentage of fertilized eggs in SF2-knock-out flies gradually drops
as they age (Fig. 2.7D). They become nearly infertile after two weeks. We further tested whether
this egg fertilization defect is gender-specific by crossing the same aged male or female with
wild type flies. The result showed that egg hatching rate of both w!!'83x SF2KO? and

SF2KOJdx w!'!8Q are intermediate compared to that of w'!!®

and homozygous SF2 knockout
flies (Fig. 2.7C). SF2 knockout males seems to have a more severe defect in fertilizing eggs. This

is coincided with the high expression of the fiz gene in adult testis (Chintapalli et al., 2007). It

will be interesting to see whether the SF2 knockout affected fiz gene expression in the adult testis
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and to figure out what caused the decrease of fertility in SF2 knockout flies. After hatching, the
survival rate of SF2 knockout flies seems to be similar to that of the wild type flies.

In addition, both SF1 and SF2 knockout flies showed high variation of survival at later
developmental stages (Fig. 2.7B), which are associated with more stressful living condition in
the Petri-dish chamber. Based on SF1 and SF2’s role in organizing the chromatin architecture in
Antennapedia complex, it is likely that the drop in their fitness is due to mis-regulation of the
spatial-temporal expression of genes in the Antennapedia complex, such as Scr and fiz.

2.3 Discussions

In the current study, we attempted to use Drosophila Scr-ftz gene locus in the
Antennapedia complex as a model to demonstrate at the endogenous locus the functional
importance of chromatin insulators in controlling gene activity and maintaining the regulatory
independence between neighboring genes. We have identified a developmentally regulated
chromatin loop anchored by two chromatin insulators, SF1 and SF2, flanking f#z gene unit in the
Drosophila Antennapedia complex. We showed that SF1 and SF2 are bound by known insulator
proteins and demarcate the boundary of active fiz gene domain in the early stage fly embryos.
We found that the deletion of SF1 or SF2 caused genomic context-dependent mis-regulation of
the Scr and f#z gene, which includes loss of insulation and abolishing long-range enhancer-
promoter interactions. In addition, we provided evidence that deletion of SF1 or SF2 causes
broader chromatin reorganization in the ~350kb Antennapedia complex. Flies with SF1 or SF2
deletion have significant lower overall fitness and survival rate.

2.3.1 Developmentally regulated chromatin loops anchored by two insulators
Although it has been reported both in Drosophila and mammals that chromatin insulators

form chromatin loops through tethering in long-distance, developmentally regulated chromatin
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loops anchored by insulators has been rare (Palstra et al., 2003). In the current study, together
with unpublished data generated by a previous lab member, Mo Li, we identified a
developmentally regulated chromatin loop in the in the Scr-fiz locus. Two insulators, SF1 and
SF2, form long-range interactions during early embryonic stage when the flanked f#z gene is
transcriptionally active. This loop isolates the fiz gene embedded in the Scr regulatory sequences.
The SF1-SF2 loop corelates well with the timing of the fiz gene activity in the epidermis tissue.
The ftz gene transcription is completely off when the germ-band starts to retract (around 7-8hrs
of development) (Fig. 2.4A-F). This correlates well with the SF1-SF2 anchored chromatin loop,
which is shown to fall apart at later stages (10-14hrs) when the f#z gene is completely off in the
epidermis. However, known insulator protein factors, CTCF and CP190, seem to constantly bind
to SF1 and SF2, as evidenced by the similar binding pattern in several Drosophila cell lines in
which both Scr and fiz genes are silent (mod et al., 2010; Negre et al., 2010). Other
developmentally regulated factors or post-transcriptional modifications that bridge the SF1-SF2
loop remain to be identified.
2.3.2 Regulatory role of SF1-SF2 formed chromatin loop in Scr-ftz region

By using CRISPR-Cas9 mediated deletion of SF1 or SF2 insulators in the current study,
we provided evidence that chromatin loops tethered by SF1 and SF2 could address several
challenges to proper gene regulation in the Scr-fiz gene region (Fig. 2.8).

i) Restriction of enhancer access. The Scr regulatory region contains a nested pair rule
gene, fiz, and their enhancers are scattered on both sides of the fiz gene (Fig. 2.1A, Fig. 2.8).
How are enhancer-promoter interactions specified for these two genes? Our lab has previously
shown in a transgenic assay that SF1 insulator is capable of blocking f¢z enhancers from

activating Scr promoters (Majumder and Cai, 2003). However, it remains unclear how fiz is
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insulated from the Scr regulatory elements located downstream of fiz and whether chromatin
insulator at its genomic context works the same way as that demonstrated in a transgene assay. In
the current work, we showed that SF1 and SF2 pair transiently to enclose the fiz gene domain,
including all its enhancers. The timing and extent of this loop coincides with the timing of the fiz
gene activity in the epidermis (Fig. 2.5A-F) and reduced access of fiz promoters to the outside
Scr enhancers in vivo (Li et al., 2015b). In transgenic embryos, inserting SF1 5kb distal to NEE
can augment the enhancer blocking activity by SF2 insulator (Fig. 2.2H,Q), supporting the
notion that the SF1-SF2 formed loop restricts enhancer access. Pairing of SF1 and SF2 is
orientation dependent to show enhancer bypass activity in our transgenic assay. This is consistent
with the finding in Drosophila Fab8 insulator. dCTCEF sites in Drosophila Fab8 is necessary for
the enhancer blocking activity but not sufficient for enhancer bypass (Kyrchanova et al., 2016).
Inversion of dCTCF sites only does not disrupt enhancer bypass activity of Fab§8 at its
endogenous locus (Kyrchanova et al., 2016). These observations indicate that the chromatin
insulator is a complex element consisted of multiple functional units, including asymmetrically
distributed components that account for its directional activities. We further examined the
function of SF1 and SF2 in regulating local enhancer trafficking at their original genomic
context. Knockout of SF1 leads to ectopic activation of Scr gene by fiz distal enhancers (Fig.
2.41-L) and SF2 deletion causes ectopic expression of the fiz gene by the nearby Scr PS2
enhancer (Fig. 2.5P-T). Our study further indicates that the SF1-SF2 loop correlates with
domains of enhancers access. Such delineation of enhancer domains by chromatin insulators is
reminiscent of the Fab insulators subdividing the iab enhancers into parasegment-specific

domains in the 4bd-B regulatory region. In addition, our data together further suggests that a
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chromatin insulator formed long-range loop could help establish physically separated chromatin
domains at a sub-TAD scale.

ii) Facilitation of the Scr distal enhancers. The Scr regulatory sequences are interrupted
by the ftz gene domain and multiple insulators, among which SF1 and SF2 contain strong and
ubiquitous enhancer blocking activity (Fig. 2.2D-G,K,Q). These could pose impediments to the
Scr distal enhancers communicating with Scr promoter. Previous studies have shown that pairing
of chromatin insulators in cis may lead to reduction or cancellation of their enhancer-blocking
activity due to changes in chromatin loop configurations (Cai and Shen, 2001; Muravyova et al.,
2001; Melnikova et al., 2004; Savitskaya et al., 2006; Kyrchanova et al., 2007; Kyrchanova et
al., 2008a; Kyrchanova et al., 2008b; Kyrchanova et al., 2016). Based on this, we have
postulated that pairing between SF1 and SF2 would loop out the fiz gene domain, allow the Scr
distal enhancers to bypass the block of both insulators, and facilitate the Scr distal enhancer by
bringing the distal enhancers physically closer to the Scr promoter. In this study, we have shown
that tandem arrangement of SF1 and SF2 indeed neutralizes the block of the distal enhancers in a
transgenic setting (Fig. 2.2M). The enhancer-blocking cancellation effect by SF1 and SF2
pairing is orientation dependent. They only show enhancer-blocking cancellation activity when
they are arranged together in the same relative orientations (SF1 forward + SF2 forward or SF2
forward + SF1 forward, Fig. 2.2M-N). This is consistent with the previous observation of
orientation-dependent loop formation in both Drosophila and mammals (Kyrchanova et al.,
2008a; Rao et al., 2014; Fujioka et al., 2016). In addition, knockout of the SF1 insulator not only
caused the loss of insulation, but also abolished the activity of the PS2 enhancer located ~25kb
away in the Scr distal regulatory region (Fig. 2.4J-L,Y). Surprisingly, deletion of SF2 did not

abolish the activity of this long-range enhancer (Fig. 2.4Q-U). This might be due to the

55



redundancy from multiple chromatin loops in this Scr-fiz region. In addition to SF2, SF1 also
strongly interacts with at least two chromatin insulators, R6 and R10, in the Scr distal regulatory
region during early embryonic stages (Fig. 1C) (Li et al., 2015b). Upon SF2 deletion, SF1 may
still interact with chromatin insulators in this region to facilitate the communication between Scr
promoter and Scr distal enhancers. This is consistent with the changes of Scr transcription
pattern in SF1 knockout and SF2 knockout embryos (Fig. 2.4-2.5). This hypothesis could be
further validated through deletion of other SF1-thethering insulator elements in the Scr distal
regulatory region in the future experiments. In addition to the SF1 anchored loops in the Scr-fiz
region, the Scr proximal tethering element located right upstream of the Scr promoter has been
reported to form long-range interaction with the Scr distal tethering element in the Scr distal
regulatory region (overlaps with our R10 fragment, Fig. 2.1B-C) to facilitate the communication
between the Scr promoter and the Scr distal regulatory elements (Calhoun et al., 2002; Calhoun
and Levine, 2003).

iii) Separation of distinct chromatin domains. The f#z gene is expressed in many
tissues where the Scr gene is repressed during early development. How does f#z remain active
amid the polycomb-mediated repressive chromatin assembled in the surrounding Scr regions?
Among the chromatin insulators identified in the Scr-fiz region, SF1 and SF2 precisely colocalize
with the transient boundaries of repressive/active chromatin domains at the fzz gene locus during
early embryonic stages (Fig. 2.3B). The active fiz gene domain is marked by low H3K9me3 and
low H3K27me3 at the early embryonic stage, surrounded by repressive chromatin domains
marked by high H3K9me3 and high H3K27me3 (Fig. 2.3B). Chromatin insulators are known to
function as barriers to heterochromatin, so we propose that SF1 and SF2 may also function as

barriers to restrict the spreading of polycomb-mediated repressive domain into the active fiz gene
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domain. To address this question, another lab member has begun H3K27me3 ChIP-seq
experiments in SF1-knockout and SF2-knockout embryos.

It has been reported in mammals that the disruption of the CTCF-binding site led to the
spread of either H3K4me3 or H3K27ac marked active chromatin domains (Narendra et al., 2015;
Willi et al., 2017), or H3K27me3 marked repressive chromatin domain (Luo et al., 2018).
Interestingly, three recent studies showed that the acute protein factor depletion of CTCF (Nora
et al., 2017), cohesin (Rao et al., 2017), or cohesin-loading complex member (WAPL) (Wutz et
al., 2017) in mammalian cell lines disrupted chromatin insulator formed loops but did not trigger
significant genome-wide H3K27me3 domains spreading. It has been previously shown in
chicken fS-globin locus that CTCF-dependent enhancer blocking activity and barrier activity are
separable features of insulator elements (Recillas-Targa et al., 2002). The Drosophila Mcp
insulator element also contains a separable insulator element and PRE-element that mediates
long range interactions (Li et al., 2011). These observations suggest that barrier activity is not a
universal feature of chromatin insulators. SF1 and SF2 might represent a class of composite
insulators which consists of enhancer-blocking, loop-tethering, and heterochromatin-barrier
function.
2.3.3 Broad influence on chromatin architecture in Antennapedia complex by SF1 and SF2

Previous 3C experiments in our lab revealed an organizational hub of chromatin loops
anchored by SF1 and multiple other insulators located in the ~350kb Drosophila Antennapedia
complex. In this study, we provided structural evidence that SF1 or SF2 deletion causes broad
changes of chromatin architecture in the~350kb region of Antennapedia complex. The changes
in chromatin organization upon SF1 or SF2 deletion differs in different tissues and

developmental stages (Fig. 2.6B-C). In thoracic segments of early stage embryos, deleting either
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SF1 or SF2 significantly decreased the average physical distance between the Scr and lab gene
when compared to that in wild type. In contrast, deleting SF1 led to the overall decompaction of
the Antennapedia complex in the posterior segments where the majority of the HOX genes in the
Antennapedia complex are silent (Fig. 2.6B). Deleting SF2 only led to moderate increase of
average physical distance between Scr and Antp in the posterior segments of early stage embryos
(Fig. 2.6B). In late embryonic stage, the overall chromatin architecture is more compact than that
in early stage embryos, which is consistent with the fact that Hox genes in the Antennapedia
complex are mostly silent in the epidermis in late embryonic stage. Although the SF1-SF2
anchored chromatin loop falls apart in the late embryonic stages, deletion of SF1 or SF2 both led
to different degrees of decompaction of the Antennapedia complex in the thoracic and posterior
segments (Fig. 2.6C). This suggests that SF1 and SF2 may still interact with other insulators in
the Antennapedia complex to facilitate the 3D chromatin organization. It will be interesting to
see how SF1 or SF2 anchored loop interactions reprogram during development as well as how
deletion of one insulator affects the “wiring” of the other insulators and broader gene activities in
the Antennapedia complex the in the future experiments.
2.4 Material and methods
2.4.1 Enhancer-blocking assay with transgenic Drosophila embryos

Enhancer-blocking assay including spacer- and SF1- containing transgenic Drosophila
lines were described previously (Cai and Levine, 1997; Cai and Shen, 2001; Belozerov et al.,
2003). The original pWNHZ vector was modified by adding a phiC31 attB site at the Nsil site
downstream of miniwhite reporter gene. The attB site was PCR cloned from the pBphi-yellow
vector, which as a gift from Dr. Chris Rushlow. The Individual chromatin insulator elements

were cloned by PCR (see table 2.1 for primers), TOPO-cloned, purified after further digestion,
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and inserted into the Ascl or Notl sites between the NEE and H1 enhancers in pPBWNHZ vector
(see Fig. 2.2A). All the transgene constructs were inserted at the VK33 attP docking site via
phiC-31 integrase mediated site-specific transformation. Microinjections were performed in the
Cai lab. In situ hybridization with lacZ and white anti-sense RNA probes were performed as
previously described (Cai et al., 2001). Whole mount in situ hybridization and visual assessment
of reporter expression were performed according to an existing procedure (Cai and Levine, 1997,
Cai et al., 2001; Belozerov et al., 2003). For each pPBWNHZ transgene, about 100 to 150
embryos were scored double-blindly. Briefly, blastoderm stage embryos were scored for lacZ
levels in the NEE domain (two horizontal strips in the lateral ventral ectoderm) against the H1
domain (vertical ring/strip in the head region) (Fig. 2.2B-P). Based on the intensity ratio of the
lacZ in HI/NEE domains, embryos were ranked into five categories from complete block:
NEE/H1 < 2%, strong block: 2% <NEE/H1 < 10%, medium block: 10% < NEE/H1 <40%,
weak block: 40% < NEE/H1 < 70%, no block: NEE/H1 > 70%.
2.4.2 3D DNA FISH

FISH analysis was performed following a published protocol (Dernburg, 2011). Loci of
interest were cloned from genomic DNA by PCR into the PCRII-TOPO vector (Invitrogen, CA)
with the following primers listed in table 2.1. The probes for lab, Scr, and Antp loci were made
from two neighboring 5 kb DNA fragments that were cloned separately. For fluorescence
labeling of probes, plasmid DNA were fragmented with six 4-base-recongnizing restriction
enzymes to ~100 bp and labeled with Cy3-, Cy5- or Dig-UTP in terminal transferase reactions
according to manufacturer’s instructions (TdT labeling kit, Roche). For embryo FISH, stage 4 to
stage 17 embryos were collected and fixed in glass vials containing 4ml of heptane and 4ml of

fixative (4% freshly prepared paraformaldehyde in PBS). Fixation was carried out by shaking the
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vial on an orbital shaker at 200rpm for 25 min. The hybridization and immunostaining steps were
performed as described (Dernburg, 2011). To simultaneously label the nuclear envelop, a rabbit
anti-lamin antibody (a gift from the Fisher Lab) was used in conjunction with Alexa Fluor® 647
goat anti-rabbit IgG. Confocal microscopy of the FISH and immunostaining experiments were
done using a Zeiss LSM 710 Confocal Microscope. The three-dimensional distance between
FISH signals were calculated using the distance measurement function of the Zeiss ZEN 2 (blue
edition) software.
2.4.3 Knockout of SF1 and SF2 via CRISPR-Cas9

CRISPR-Cas9 mediated knockout was generated according to an established protocol by
Fillip Port from CRISPR fly design (Port et al., 2014). Briefly, the protospacer sequences were
introduced into the pCFD4 vector by PCR using roche Tgo high fidelity DNA polymerase
(Roche, Cat. No. 0.186172001) (see primers sequences in table S2.1). Four different versions of
SF1 gRNA pairs (SF1_gRNAI1-1+SF1_gRNA2; SF1 gRNAI1-1+SF1+300bp gRNA2;
SF1_gRNAI1-2+SF1 gRNA2; SF1 gRNA1-2+SF1+300bp gRNA?2) and one version of SF2
gRNAs pair (SF2_ gRNA1+SF2 gRNA?2) were generated. pCFD4 vector was cut by Bbsl and
the larger backbone piece (6.4kb) was gel purified. The gel purified PCR insert and the BbsI-cut

vector backbone were treated with T4 DNA polymerase for 30mins at room temp (22 ° C), then

heat inactivated at 65 °C for 20min. The T4 DNA polymerase-treated insert and vector backbone
were mixed, incubated, then transformed to DH5a competent cells using the ligase-independent
cloning method (Li and Elledge, 2007). Recombinant plasmids were verified by Sanger
sequencing by using the following sequencing primer: GACACAGCGCGTACGTCCTTCG.
Transgenic flies carrying the pCFD4-gRNAs construct were made by microinjection in Cai lab.

The pCFD4-gRNAs transgene was inserted at the attP2 site via phiC-31 mediated integration.
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The phiC-31 integrase carrying X chromosome was replaced with y'v! X chromosome.
Homozygous actin5C-cas9 virgin females flies were mated with a homozygous transgenic fly
that express gRNAs. F1 was crossed with a double balancer fly and germline carried knockout
was screened in F2 (see screen primers in table S2.1). Each successful knock-out line was
backcrossed to w8 wild type for at least 8 generations, then kept as a homozygous line.
2.4.5 Hatching and survival assay

2-4 days old adult flies were fed with high protein yeast paste for three days in a
collection bottle with apple juice plate (plastic food bottle with many holes for aeration). Each
collection bottle contains about 200 female and 150 males. On day 4, eggs were collected on
apple juice plates (2% agar with 20% Kroger concentrated 100% apple juice) with a thin layer of
fresh yeast paste at 25 °C. For egg hatching rate over aging test, SF2-knockout flies are fed on
apple juice plate with yeast paste for various lengths of time before eggs were collected. Each
collection is limited in one-hour windows to achieve maximal synchronization of the eggs. A
total of 4 collections to be used for used for counting hatch/survival at 36hr (1 instar), 60hr (2
instar), 96hr (3" instar), 168hr (pupae), and 264hr (adults) (Fig. 2.7A). Each plate is divided into
3 equal sized pieces as replicates and the egg number is counted until 100. Excessive eggs on
each agar piece were removed. Then each piece of agar with 100 embryos were transferred onto
a fresh apple juice plate and kept in a 100mm Petri-dish plate chamber in a 25 °C ventilated
incubator with natural day/night light cycles. 3 layers of lcm x 2cm tissue paper with 100ul
ddH>O per day was add in the Petri-dish chamber to keep moister. Fresh 30% (w/v) yeast paste
was added to the center of the apple juice plate on day 2 (25ul), day 3 (100ul), day 4 (200pl),
day 5 (300ul), and day 6 (250ul). The hatching or survival rate at each stage was calculated by

dividing the total number of properly developed larvae by the total egg number (100). Each of

61



this assay was repeated at least three times for each group. And the survival rate plot was
generated by using GraphPad Prism 7 software.
2.4.6 Processing of ChIP-seq data

Raw ChIP-seq data in Drosophila S2 cells were obtained from the SRA database: Trl
(GSE40646), BEAF-32 (GSE52962), CP190, CTCF, Mod(mdg4) and SuHw (GSE41354), Ibfl
and Ibf2 (GSE47559), ZIPIC and Pita (GSE54337). The sequencing reads were mapped to dm6
genome assembly with bowtie 2 with default settings, then the mapped bam files were
normalized to 1x genome coverage using the bamCoverage tool in the deeptools tool set. The
mapped bam files were visualized in EaSeq version 1.05. Chr3R:6842900-6898714 is visualized
by using a filled tracks tool. The X-axis represents the 55778 bp surrounding the positions and

was segmented in to 400 bins and smoothed for 1 bin.
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Table 2.1 DNA primer sequences

Primer Name

Sequences (5°->3’)

Ascl SF1 F AGGCGCGCCACGCTTGATTACCACGTGC
Ascl SF1 R AGGCGCGCCGGATTCCCCATCCTATACCC
Nsil AttB F CCAATGCATGTCGACGATGTAGGTCACG
Pstl AttB R AACTGCAGTTCGGCTTGTCGACATGC

Notl SF2 F TGCGGCCGCCCATCCTCTTGTGAGGCTGG
Notl SF2 R TGCGGCCGCCTGATTGACGAATTGCGTGCG

D.wilistoni SF1 F

TTGCGGCCGCAAAAACTCCTTTCGCTTTGGC

D.wilistoni SF1 R

TTGCGGCCGCAATCGCAGCTCAAATTGAAGTC

D.wilistoni SF2 F

TCAACAATTTTGGCATCTAGGCA

D.wilistoni SF2 R

CTGATTGACGAATTGCGTGC

D.virilis SF1_F TTGCGGCCGCTGTTTGCCATTTCGTGAGCG

D.virilis SF1 R TTGCGGCCGCGCATATGGCTTTGGGCCTC

D.virilis SF2 F AGGCGCGCCGGTTATTTCAAAAATGAGAACGACATGC
D.virilis SF2 R AGGCGCGCCTGTCGTTCTGATTGACGAATTGC

D.mel DS1 F TTGCGGCCGCTGTAAAACCTGATCGTAATGTTTC
D.mel DS1 R TTGCGGCCGCGCTTAACCAGATATGTACGTATAAATG
D.mel DP1 F AGGCGCGCCCTCTTCCTTCTCCTCCTCCTC

D.mel DP1 R AGGCGCGCCGCAAACATCAATGTCAACTGTAACG

D.mel DP1 ChIP-peak F

AGGCGCGCCGGATTAACATAAACTGAATGCCTGGA

D.mel DP1_ChIP-peak R

AGGCGCGCCTTGTGCGGACATTGCAACG

D.virilis DS1 F TTGCGGCCGCCTCTCAGCTTTACTTGAGTGAGC
D.virilis DS1 R TTGCGGCCGCCCAAGGGCTGGCTATTTACAC
D.virilis DP1 F AGGCGCGCCGAGGGACTGGTACCATCTGC
D.virilis DP1 R AGGCGCGCCATTCCAGAAGCCAACAGTGACC

D.virilis DP1-CTCF_F

AGGCGCGCCTGTAACTGCATTGGTAAGATCTCG

D.virilis DP1-CTCF R

AGGCGCGCCCCTTCAAGGTGTCCGTTCC

TATATAGGAAAGATATCCGGGTGAACTTCgctcttgaaatact

SF1_gRNAI-1 gcgccaGTTTTAGAGCTAGAAATAGCAAG

SF] eRNAI-2 TATATAGGAAAGATATCCGGGTGAACTTCGtgtccttctaaca
-5 ggttctGTTTTAGAGCTAGAAATAGCAAG

SF1_gRNA2 ATTTTAACTTGCTATTTCTAGCTCTAAAACactccgaattcaa

ctccaacGACGTTAAATTGAAAATAGGTC

SF1+300bp gRNA2

ATTTTAACTTGCTATTTCTAGCTCTAAAACatgcttctatgcga
cagctCGACGTTAAATTGAAAATAGGTC

63




SF2_gRNAI

TATATAGGAAAGATATCCGGGTGAACTTCGgaggatggtttg
0atcgcGTTTTAGAGCTAGAAATAGCAAG

SF2_ gRNA2

ATTTTAACTTGCTATTTCTAGCTCTAAAAC Cgatatttctgtttact
tgcCGACGTTAAATTGAAAATAGGTC

SF1 del screen F

GTGGATTGTTGCGCATGTC

SF1 del screen R

CAACTGTTCAGTGATATTGTAGGAGTG

SF2 del screen F

ACAAATGTACACTTCCCAGTGTC

SF2 del screen R

GAGTTGCTCTCGCTGGATT

Lab probelstSk F

GCAGTCGTATCGTGGTATCTACA

Lab_probelstSk R

TGGCCTTAGACTCTTTTGACCG

Lab probe2ndSk F

AAGGCTAGGCTCCTTGGGATT

Lab_probe2ndSk R

GGACAATATGATGGACGTAAGCAGC

Scr_probelstSk F

GAGGACATCGCAAAACAGTCG

Scr_probelstSk R

GAACTTATGTAGCAATATTTGGTCTAAAGC

Scr_probe2nd5k F

GCTTTAGACCAAATATTGCTACATAAGTTC

Scr_probe2nd5k R

CTTGACATATGAATGAATCAGGTGG

Antp probelstSk F

TGAAAAACAAGAGACCCGGCG

Antp probelst5k R

AAACCGTTACGGCTGCCATTT

Antp probe2nd5k F

AATCTGTTTTAAATTATTTTCCCTTCGC

Antp probe2ndS5k R

TGGCGACATGAGTCGGTTAATTA

Scr_sharedExonPprobe F

CCATGGCAATCGAACCGAG

Scr_sharedExonProbe R

CAGGTACTGTGAATGCCAATGG

ftz RNAprobe F

TTTGCTATATATGCAGGATCTG

ftz RNAprobe R

TGTGCAACTCATCGCGTCG
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Figure 2.1 Identification of SF1-tethering elements in the Drosophila ftz-Antp interval. (A)
Schematic representation of Drosophila Hox cluster, which consists of the Antennapedia
complex and the Bithorax complex that are about 10Mb apart. Hox genes are represented as
filled pentagon arrows. (B) Schematic representation of zoomed-in Scr-Antp region of the
Antennapedia complex. Filled boxes represents the Scr (green), fiz (red), and Antp (yellow)
genes. Horizontal arrow heads and horizontal ovals represent promoters and enhancers,
respectively. Red enhancers: D, fiz distal enhancer; A, fiz AE1 enhancer; N, fiz neurogenic
enhancer; Z, ftz zebra enhancer; 1/5, fiz strip 1/5 enhancer. Labeled green enhancers: 3, Scr PS3
enhancer or Scr T1 enhancer; 2, Scr PS2 enhancer; PRE, Scr PRE. Vertical green/red hybrid oval
represents SF1 insulator. Curved black arrow represents the fiz enhancer-promoter interaction.
Dashed green arrow represents long-range Scr enhancer-promoter interaction. Solid black line
under the green ovals marks the Scr distal regulatory region. The vertical black arrow marks the
expected position of SF2 insulator. (C) SF1 insulator interacts with multiple DNA elements in
the fiz-Antp interval. Chromosomal conformation capture (3C) frequencies between SF1 and R1
to R11 fragments were quantitated by qPCR and plotted over distance to SF1 insulator. Dashed
curve, a distance-frequency power trend line (Li et al., 2015b). Capture frequencies from the
early stage (4-8hrs) and late stage (10-14hrs) are represented in orange and purple color,
respectively. Vertical shaded bars indicate regions of interest (orange, R1; gray, R2, R6, and
R10). At the bottom, a genomic map of the Scr-Antp region, drawn to scale. EcoR1 sites are
marked in yellow and labeled numerically from R1 to 11. SF1-tethering elements are shown as

blue ovals.
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Figure 2.2 SF1 and SF2 show strong enhancer-blocking activity in transgenic Drosophila.
(A) Diagram of the pPBWNHZ transgene vector containing divergently transcribed miniwhite and
lacZ reporters flanking the NEE and H1 enhancers. Red oval with label “I”, insulator or spacer
control between NEE and H1; Red oval with label “SF1”, SF1 insulator inserted in the SF1-WN-
SF2-H transgene (see materials and methods for details). (B-E, M-P) Representative enhancer-
promoter communication of the tested reporter gene is represented with a schematic diagram.
The green curve arrow represents active enhancer-promoter interaction, dashed red line
represents restricted enhancer access. Enhancers, insulators, and reporter gene are represented
the same as in (A). The blue dashed lines between the two insulator ovals of the diagram in (M)
and (N) represent interaction between insulators). (B to P) Representative images of transgenic
embryos after whole-mount in sifu hybridization with the anti-/acZ (B, D, F-J, M-P) or the anti-
white (C, E, K, L,) RNA probe. The transgene contained in these embryos are labeled at the
bottom left of each photo, with probe indicated (Z, lacZ; MW, miniwhite). Embryos are shown in
sagittal views with anterior to the left and dorsal up. The arrow on top of the transgene label
represents the orientation of the insulator elements under the arrow. The orientation is
determined by comparing to the orientation of the insulator in the genome of Drosophila
melanogaster. (Q) Quantitation of NEE-blocking in the whole neuroectoderm in transgenic

embryos stained with the anti-/acZ probe (see Methods and Materials for details).
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Figure 2.3 SF1 and SF2 insulators demarcate the boundaries active ftz domain. (A)
Screenshot of the binding profile of the Drosophila classic insulator protein factors in Scr-Antp

interval from modENCODE GBroswer (http://gbrowse.modencode.org/fgb2/gbrowse/fly/)

(Negre et al., 2010). (B) Screenshot of the repressive histone modification ChIP-seq profile in
Scr-Antp region throughout differnet developmental stages

(http://gbrowse.modencode.org/fgb2/gbrowse/fly/). Vertical shaded red boxes in (A) and (B)

mark the SF1 and SF2 insulators, rescpectively.
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Figure 2.4 Knock-out SF1 causes misregulation of the Scr gene in fiz gene pattern. (A-X)
Representative embryo images after RNA in situ hybrydization with the Scr probe. Black arrows
mark the boundaries of parasegment 2 and 3. PS2 (parasegment 2) and PS3 (parasegment 3) are
marked between arrows. Red arrows point to the ectopic expression of Scr gene. Black
arrowheads in (G) and (O) mark the position of the salivary gland. Embryos are shown in
saggital view with anterior to the left and dorsal up except in (G,0,U, which are show in
transverse view, with vental side facing the reader). (A-H) Representative wild type embryos in
differnent stages (labeled on the left side). (I-P) Representative SF1-knockout embryos in
different stages. (Q-X) Representative SF2-knockout embryos in different stages. (Y)
Summarized model on Scr misregulatioin after SF1 deletion. Diagram is drawn similarly to
Fig2.1B. The red-green hybrid-color curved arrow represents the ectopic action of fiz distal
enhancers on Scr promoter. And the green dash curve with a red block represents the blocked

communication between Scr PS2 enhancer and Scr promoter.
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Figure 2.5 Knock-out SF2 causes ectopic expression of f¢z gene by neighboring Scr
enhancer. (A-U) Representative embryo images after RNA in situ hybrydization with fiz probe.
Black arrows mark the boundaries of parasegment 2 and 3. Parasegment 2 (PS2) is marked
between black arrows. Red arrows point to the ectopic expression of the Scr gene. Embryos are
shown in saggital view with anterior to the left and dorsal up except in (B, I, P, which are show
in transverse view, with vental side facing the reader). (A-G) Representative wild type embryos
in differnent stages (labeled on the left side). (H-N) Representative SF1-knockout embryos in
different stages. (O-U) Representative SF2-knockout embryos in different stages. (V)
Summarized model on f#z gene misregulatioin after SF2 deletion. Diagram is drawn similarly to
Fig2.1B. The green-red hybrid-color curved arrow represents the ectopic action of Scr PS2

enhancer on the neighoring fiz promoter.
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Figure 2.6 Chromatin architectural change after SF1 or SF2 knockout as revealed by 3D
DNA FISH. (A) A schematic diagram represents the Drosophila Antennapedia complex. Hox
genes are represented as filled grey pentagon arrows. The fiz gene is represented by filled red
pentagon arrow. Genomic target locations of lab probe (green), Scr probe (purple), and Antp
probe (red) are marked with horizontal bars on top of the corresponding Hox gene. (B) Represent
measurement from stage 5 embryos. (C) Represent measurement from stage 17 embryos. (B-C)
Box plot of 3D distance between pairs of probes. Measurements are presented by tissues (marked
by horizontal black bar) and probe-pair (marked by vertical black bar). P-values (ns, p>0.05; *,
p=<0.05; ** p<0.01; *** p<0.001; **** p<0.0001) of unpaired t-test between WT and knockout

groups are indicated on top. Each group has at least 40 nuclei measured.
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Figure 2.7 Knockout of SF1 or SF2 reduces overall fitness during Drosophila development.
(A) Represents the hatching/survival test schedule. The horizontal bar with time represents the
key transition point between stages during Drosophila development. Blue arrows point to the
time for hatching or survival count at each stage. (B) Hatching/survival rate test in wild type
(WT), SF1-knockout (SF1KO), and SF2-knockout (SF2KO) flies. (C) Egg hatching rate test in
different male and virgin female crosses (See materials and methods for details.). (D) Egg

1118

hatching rate test over age of SF2-knockout flies and w'''° wild type. Error bars represent the

standard deviation.
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Figure 2.8 Model showing SF1-SF2 loop remodels enhancer traffic and modulate
chromatin structure in Scr-Antp regioin. SF1-SF2 interaction forms a chromatin loop that
includes that entire f#z gene unit. The loop restricts the access between enhancers and promoters
of neighoring genes (blocked dash arrows). It facilitates the Scr distal enhancer PS2 to bypass
both SF1 and SF2 and act on the Scr promoter over long-distance. This loop may also insulate fiz
gene unit from the encroachment of polycomb mediated repressive chromatin assembled on Scr
and Antp genes. Genes, promoters, enhancers, promoter-enhancer communication and insulators
are represented similarly as in Fig. 2.1. The grey forbiden-sign represent the polycomb mediated
silent chromatin. The two horizontal arrows below represent the evolutionarily conserved but
flipped fiz gene domain in Drosophila melanogaster and Drosophila willistoni (Aka Powell

Conserved Region)
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Figure S2.1 RNA-seq profile during different embryonic stages in the ftz-Antp interval. This
is a snapshot of flybase GBrowser with EcoR1 restriction site track, gene span track and RNA-

seq track of whole fly embryos at different developmental stages (http://flybase.org/cgi-

bin/gbrowse2/dmel/)(Graveley et al., 2011). The EcoR1 fragments, R4-R6 and R9-R10, that

overlap with IncRNAs are marked in the restriction sites track. The bottom tack displays the log>

RNA expression data (citation).
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Figure S2.2. SF1 and SF2 contains conserved sequence blocks in Drosophila species. Both
(A) and (B) are captured images of UCSC Genome Browser displaying user defined insulator
track, phastCons 27 insects’ conservation track (Green), and multiz Alignment track for 12
Drosophila species. Black blocks in the bottom multiz alignment represents conserved sequences

(https://genome.ucsc.edu). Single or double line in the multiz alignment track represent

alignment gaps due to insertion or deletion (Kent et al., 2002). (A) Represents the SF1 region.
(B) Represent the SF2 region. Red shaded box marks the mapped rearrangement breakpoints

region.
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Figure S2.3 Insulator protein factors bind to SF1 and SF2 in S2 cells. Tracks of Trl(GAF),
BEAF-32, CTCF, CP190, SuHw, Mod(mdg4), Ibfl, Ibf2, Pita, and ZIPIC ChIP-seq profile
displaying the Scr-Antp interval. Vertical red shaded box marks the position of SF1 and SF2
insulators. Bottom track displays the gene features in this region. The X-axis represents the

chr3R:6842900-6898714 and was segmented in to 400 bins and smoothed for 1 bin.
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Figure S2.4 H3K4mel profile during embryonic development in Scr-Antp interval. This is a
snapshot of the modENCODE GBrowser displaying the H3K4mel track of different embryonic

stages (http://gbrowse.modencode.org/fgh2/gbrowse/fly/). Blue peaks represent the ChIP signal

and the y-axis value means the times of standard deviation (SD) (mod et al., 2010). Light red-
shaded boxes mark the position of SF1 and SF2 insulator. The f#z gene domain is marked with

the red horizontal bar at the bottom.
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Figure S2.5 Abnormality in salivary gland in late stage SF1 knockout embryos. (A-D)
Representative embryo images of normal salivary glands positioning in wild type (A-B) and
abnormal salivary glands positioning in SF1 knockout mutant embryos (C-D) in late embryonic
stages. Embryos were relatively stained more heavily with RNA in situ hybridization probe of
Scr gene. Transverse view with ventral side facing reader and anterior side to the left. The red
arrows point to the ectopic expression of Scr. The solid black arrow heads points to the position
of stained developed salivary glands. (C-D) Representatives of abnormal salivary gland staining
with one side missing (C), or both sides missing (D). (E) Quantitative analysis of embryos from
stage 15 to stage 17 on the positioning of stained salivary glands in wild type, SF1-knockout and

SF2-knockout.
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CHAPTER 3
CHROMATIN INSULATORS PROTECT GENOME FUNCTION FROM GENOMIC
REARRANGEMENT DURING EVOLUTION
3.1 Introduction
Genomic rearrangements are a major source of evolutionary divergence in eukaryotic

genomes, as well as a major cause of genetic diseases and many cancers. It has been shown both
in cancer genomes and in evolution that breakpoints of genome rearrangement occur non-
randomly (Hinsch and Hannenhalli, 2006; Gordon et al., 2009; Quinlan et al., 2010; Gostissa et
al., 2011; Drier et al., 2013) for reasons that remain unclear. The observed non-random
distribution of rearrangements breakpoints has been interpreted mainly from two non-exclusive
perspectives: 1) a direct reflection of rearrangements preferentially occurring at “fragile regions”,
or ii) a result of surviving rearrangements from the selection pressure on those that occur in
functional regions where breakages are highly deleterious. Studies from cancer genomes and cell
lines have revealed that certain chromosome regions are prone to higher frequency of breakage
both naturally and under stress (Tsai and Lieber, 2010; Gostissa et al., 2011; Drier et al., 2013).
These regions are statistically associated with high GC content, repeated sequences, gene
densities and DNA hypomethylation (Gordon et al., 2009; Drier et al., 2013). On the other hand,
certain functional units, such as gene, co-expressed gene clusters, and conserved genomic
regulatory blocks (GRBs), have been reported to exert strong constraints on chromatin

reorganization (Hinsch and Hannenhalli, 2006; Bhutkar et al., 2008; Lemaitre et al., 2009;
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Berthelot et al., 2015; Harmston et al., 2017). However, the mechanism underlying the
occurrence and evolutionary fixation remain largely unclear.

At the DNA level, chromosomal rearrangements are thought to mainly result from
erroneous double-strand break repair when simultaneous breaks occur in close physical
proximity in the nucleus (Quinlan et al., 2010; Zhang et al., 2012; Seeber and Gasser, 2017).
Thus, mechanistic factors that could influence the occurrence of rearrangements may include the
double-strand breakage frequency at breakpoints and the physical proximity of breakpoint loci
inside of the nucleus. Eukaryotic chromosomes are known to occupy distinct nuclear territories
(Cremer and Cremer, 2010) and are further organized into physically insulated domains by
chromatin loops at different scales including active/repressive compartments, TADs, and long-
range chromatin loops (Lieberman-Aiden et al., 2009; Sexton et al., 2012; Rao et al., 2014;
Serizay and Ahringer, 2018). Chromatin insulators have been revealed as a major evolutionarily
conserved player in long-range chromatin loop formation and 3D genome organization
(Cubenas-Potts and Corces, 2015; Ghirlando and Felsenfeld, 2016; Acemel et al., 2017,
Harmston et al., 2017; Serizay and Ahringer, 2018). In both Drosophila and mammals,
chromatin insulator anchored loops are distributed throughout the genome, creating a network of
long-range contacts spanning multiple scales, including not only loops between borders of
strongly demarcated TADs but also local scale loops within these domains (Bushey et al., 2009;
Dixon et al., 2012; Sexton et al., 2012; Phillips-Cremins et al., 2013; Rao et al., 2014). Such a
highly organized feature of genomic DNA led to the question of whether such close spatial
proximity of loop anchors promotes preferential rearrangement.

It has been previously reported in the mouse pro-B cell that RAG endonuclease mediated

chromatin rearrangement at the antigen receptor locus is one important double-strand break
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partner for recurrent translocations that activates various oncogenes in lymphoid malignance
(Gostissa et al., 2011). Such translocations in leukemia were subsequently shown to be highly
enriched with double-strand break loci that are in close spatial proximity (Zhang et al., 2012).
However, this correlation is based on a very low resolution of HiC map (1Mb), which makes the
link between chromatin loop anchors and genome rearrangement remain inclusive.

We have recently identified a developmentally regulated chromatin loop anchored by two
chromatin insulators, SF1 and SF2, in the Drosophila Antennapedia complex (Fig. 2.1C). This
SF1-SF2 anchored loop flanks a non-Hox f#z gene that is nested inside of the upstream cis-
regulatory region of the Hox gene, Scr. Both fiz and Scr are independently regulated through
gene specific long-range enhancers during early embryogenesis (Pick et al., 1990; Pattatucci et
al., 1991; Gindhart et al., 1995; Calhoun and Levine, 2003). We have shown that interaction
between SF1-SF2 not only loops out the complete f#z gene unit and insulates the cross-talk
between enhancers and promoters of Scr and fiz, but it also facilitates the long-range interaction
between Scr distal enhancers and the Scr promoter. Furthermore, the SF1 and SF2 flanked fiz
gene unit has been found in an inverted orientation in several distantly diverged Drosophila
species, including Drosophila willistoni. The breakpoints of this inversion were precisely
mapped immediately to the inner sides of the loop anchor sites. To further investigate whether
anchors of the loop formed by chromatin insulators could facilitate rearrangement near insulator
sites and help fix the rearrangement during evolution, we first examined two inversion cases in
the highly conserved Antennapedia complex in the genus of Drosophila. We demonstrated the
conserved function of chromatin insulators in gene insulation in Drosophila species that are
distantly related to Drosophila melanogaster. Then, we showed the precise association between

evolutionary breakpoints and chromatin insulator sites in several Drosophila species that
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diverged from Drosophila melanogaster 15 to 60 million years ago. Together, we provide
evidence that chromatin insulator formed loops may contribute both to the formation and fixation
of evolutionary rearrangement.
3.2 Results
3.2.1 Conserved SF1 and SF2 insulator sequences demarcate the evolutionary breakpoints
of ftz gene inversion

In chapter 2, we demonstrated in Drosophila melanogaster that the interaction between
SF1-SF2 insulators loop out the fiz gene unit and insulate the cross-talk of enhancers and
promoters of Scr and fiz gene. This long-range interaction also facilitates the communication of
the Scr PS2 enhancer that is located 25kb away on the other side of the fzz gene and Scr
promoter, and it also potentially prevents the spread of the polycomb mediated silent chromatin
domain (Fig 2.8). The complete fiz gene unit, which includes all the identified cis-regulatory
sequences and gene sequences, is inverted in several Drosophila species that diverged from
Drosophila melanogaster about 60 million years ago (Fig. 2.8, fig 3.2). Both breakpoints of the
inversion are mapped immediately inside of SF1 and SF2 insulators. This led us to ask the
question: did the SF1-SF2 mediated loop facilitate the formation or fixation of this inversion
event? If the interaction between SF1 and SF2 observed in Drosophila melanogaster did play a
positive role in this inversion event during evolution, we would expect SF1 and SF2 to be
functionally conserved. To test the conservation, we first examined the conservation at DNA
sequences level. The multiple-species DNA alignment showed that both SF1 and SF2 contains
conserved sequence blocks (Fig S2.2). SF1 contains three conserved blocks. Previous work from
our lab demonstrated that the full insulator activity of SF1 requires all three regions of sequences

((Belozerov et al., 2003), and unpublished data). SF2 contains a highly conserved sequence
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block that is located immediately outside of the inversion breakpoint in all four species that have
the inverted f#z (Fig S2.2). We further tested the enhancer blocking activity of the SF1 and SF2
homologs cloned from two of the most distantly diverged Drosophila species, D. virilis and D.
willistoni in D. melanogaster transgenic embryos. SF1 and SF2 cloned from both D. virilis and
D. willistoni showed strong enhancer blocking activity (Fig. 2.2H-J,Q, fig. 3.1B-C,P).
Furthermore, pairing of the Dv.SF1 and Dv.SF2 also displayed orientation-dependent enhancer
blocking-cancellation activity (Fig 2.2M-P,Q, fig. 3.1J-K,Q). This unique behavior observed in
certain chromatin insulator pairs is also called “enhancer bypass”, which indicates the direct
interaction between paired insulators (Cai and Shen, 2001; Muravyova et al., 2001; Majumder
and Cai, 2003; Melnikova et al., 2004; Kyrchanova et al., 2007; Kyrchanova et al., 2008a;
Kyrchanova et al., 2008b; Kyrchanova et al., 2016). In summary, these results suggest that the
insulator activity of SF1 and SF2 are functionally conserved in Drosophila species that diverged
from Drosophila melanogaster about 60 million years ago. The enhancer-bypass activity of SF1
and SF2 cloned from Drosophila virilis and Drosophila willistoni in the transgene assay further
indicates that the chromatin loop mediated by SF1 and SF2 interaction may also be functionally
conserved among the Drosophila species.
3.2.2 Functionally conserved chromatin insulators mark the evolutionary breakpoints of
independent Dfd Hox gene inversions in Drosophila

Hox genes are a set of highly conserved transcription factors that specify body segment
identity. Unlike most of the genes that scatter about randomly inside of genomes, Hox genes are
tightly clustered together with a conserved 3’ to 5° gene order during evolution (Lemons and
McGinnis, 2006; Negre and Ruiz, 2006; Noordermeer et al., 2011). The 3’ to 5° order of Hox

gene in the cluster reflects an anterior to posterior order of expression both in Drosophila and
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vertebrates (Lemons and McGinnis, 2006; Negre and Ruiz, 2006). Within the cluster, due to the
shared global control regions that activate Hox genes over long-range, the order and orientation
of Hox genes play a critical role in the spatiotemporal activation of Hox genes in vertebrates
(Negre and Ruiz, 2006; Narendra et al., 2015; Acemel et al., 2016). In Drosophila, Hox genes
rely on gene-specific local enhancers rather than remote shared enhancer clusters (Acemel et al.,
2016). All Hox genes in the sequenced Drosophila species, which spans up to ~60 million years
of evolution (Singh et al., 2009; Gregg and Matthew, 2017), are still arranged in an
evolutionarily conserved single orientation within the cluster, except the Dfd gene (Fig 3.2)
(Negre and Ruiz, 2006). This reflects the functional constraint on the Hox gene order and
orientation. However, the Dfd gene has at least independently inverted twice among the
sequenced Drosophila species (Fig 3.2). In addition, it has been shown that chromatin insulators
play an important role in demarcating insulated enhancer domains or gene domains between
neighboring Hox genes in the Drosophila Bithorax complex (Moon et al., 2005; Aoki et al.,
2008; Kyrchanova et al., 2008b; Kyrchanova et al., 2011; Wolle et al., 2015). Within the
Antennapedia complex, we have identified SF1 and SF2, which keeps the independent regulation
of Scr and ftz (Belozerov et al., 2003). To investigate whether interactions between chromatin
insulators has played a role in the inversions of the Dfd locus in the genus of Drosophila. We
examined the inversion breakpoints of the Dfd locus. The result shows that the inversion
breakpoints from multiple Drosophila species all map to the same loci on both sides of the Dfd
gene that co-localize with known insulator protein binding sites (Fig 3.2B, fig. S3.1). In addition,
DS1 and DP1 insulators also precisely mark the boundaries of the polycomb mediated repressive
chromatin domain throughout embryonic stages (Fig. S3.1). We cloned these two insulator

elements (Fig 3.2B), at the Dfd inversion breakpoints and their homologs in the Drosophila
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virilis which diverged from Drosophila melanogaster around 60 million years ago (Fig 3.2A)
(Singh et al., 2009; Gregg and Matthew, 2017). Insulator activity was tested in an established
enhancer-blocking activity transgene assay in Drosophila melanogaster embryos (Cai and
Levine, 1997; Cai and Shen, 2001; Belozerov et al., 2003). The results show that both DS1 and
DP1 from D. melanogaster and D. virilis have medium to strong enhancer blocking activity (Fig.
3.1E-L,Q). Pairing of DS1 and DP1 from both species show orientation-dependent “enhancer
bypass” activity (Fig. 3.1L-0,Q). Enhancer bypass activity of insulator pairing has been shown
to only form between selected insulator pairs that directly interact with each other (Cai and Shen,
2001; Muravyova et al., 2001; Calhoun and Levine, 2003; Majumder and Cai, 2003; Melnikova
et al., 2004; Kyrchanova et al., 2007; Kyrchanova et al., 2008a; Kyrchanova et al., 2008b).
Direct long-range interaction between DS1 and DP1 region is confirmed in the Recent high-
resolution HiC maps generated from early stage fly embryos (Fig S3.2B) (Stadler et al., 2017). A
HiC map in embryo-origin Kc cells also shows strong interaction between DS1 and DP1 loci
(Juicebox archive, data not shown) (Durand et al., 2016; Cubenas-Potts et al., 2017).

Altogether, our result suggests, like the SF1 and SF2 interaction, that the interaction
between DS1 and DP1 loops out Dfd locus and insulate it from the influence of nearby regions.
This insulation effect from insulator mediated loops may reduce or prevent the potential mis-
regulation of Hox genes in this region caused by Dfd inversion. Furthermore, the close physical
proximity between DS1 and DP1 might also potentially contributed to the formation of
rearrangement between these two anchors.

3.2.3 Genome-wide identification of evolutionary breakpoints in Drosophila
To analyze the correlation between evolutionary breakpoints and chromatin insulator

sites genome wide, we first developed a tool to identify the evolutionary rearrangements from
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whole genome pair-wise alignment. We selected 14 Drosophila species to compare to
Drosophila melanogaster in this study because they have comparable high-quality genome
assemblies and span at least 60 million years of evolution (Fig 3.2A) (Singh et al., 2009; Obbard
et al., 2012; Gregg and Matthew, 2017). New high-quality genome assemblies of these 14
species have recently been generated by using the long-reads Oxford Nanopore sequencing
technology (Miller et al., 2018). Benefiting from the long reads length, 5.9kb on average, these
newly generated high-quality genome assemblies significantly reduce the gaps present in the
current published reference genomes (Miller et al., 2018), which could minimize false positive
breakpoints caused by large gaps in the reference genome assembly compared to the previously
published short-reads genome assembly (data not shown). Whole genome pairwise alignment
against Drosophila melanogaster was done using the improved whole genome pair-wise
alignment pipeline (Kent et al., 2003; Harris, 2007). The alignment data consists of consecutive
alignment blocks generated from the chaining and netting process (Kent et al., 2003). These
consecutive alignments, called fills, are ordered hierarchically according to alignment, which
contains information about genome rearrangements (Kent et al., 2003). We developed a tool that
extracts the breakpoints of a rearranged fill by comparing it to the corresponding parental level
gap (parent-child finder) and breakpoints of a rearranged fill by comparing to its surrounding
sibling fills at the top level (between-siblings finder) (Fig S3.3, also see materials and methods
for details). To overcome potential alignment artifacts and smaller local variations between
genomes, we artificially applied a minimum rearranged fragment size filter of 10kb.
Rearrangement events reported within the Drosophila melanogaster heterochromatin region are
also removed due to the nature of high repeat sequences and low assembly quality (See table 3.1

for included non-heterochromatin regions).
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We fist examined the distribution of the rearranged fragment size. The size of the
rearranged fragment ranges from a few kilo base pairs to a million base pairs in length, with
more small-sized fragments than large-sized fragments (Fig S3.4). This indicates that our tool
could identify both small and large rearrangements and is consistent with the character of the
alignment netting process (Kent et al., 2003). The breakpoints identified from all 14 Drosophila
species are in a single base-pair resolution, and the majority of them are smaller than 1kb (Fig.
S3.5). A very small proportion of breakpoints span a large distance (3-8% are larger than 2kb,
Fig S3.5), which is mostly because of either the large-repeat sequences being removed from the
alignment process or missing alignments. To get more accurate enrichment test of chromatin
insulator protein factors at rearrangement breakpoints, we only kept breakpoints that are smaller
than 2kb (Fig. S3.5). After applying the filters, we then examined the total number of identified
rearrangements between Drosophila melanogaster and the other 14 Drosophila species. As
expected, Drosophila species distantly related to Drosophila melanogaster have more
rearrangement events identified compared to the species that are more closely related to
Drosophila melanogaster (Fig 3.3A). This reflects the divergence time from Drosophila
melanogaster. In addition, the inverted f#z locus and Dfd locus have both been precisely
identified (Fig. 3.3B-C), which further confirms the sensitivity and accuracy of our tool.

In summary, we have identified about 200 to 1300 high-quality evolutionary breakpoints
in those Drosophila species that diverged from Drosophila melanogaster 15- to 60-million years
ago (Fig 3.3A). The number of identified rearrangements reflects the divergence time. This is a
good sample size for the downstream protein factors enrichment analysis. Species that are very

closely related to D. melanogaster, including D. sim, D. mau, D. sec, D. ere, and D. yak, have
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too few rearrangements of which the quality needs more complex examination (see discussion).
Thus, they are not included in the downstream protein factors enrichment analysis.
3.2.4 Chromatin insulators are enriched at evolutionary breakpoints

To investigate whether the coincidence observed between chromatin insulator sites and
rearrangement breakpoints at SF1-SF2 flanked f#z locus and DS1-DP1 flanked Dfd locus is true
genome wide, we examined the enrichment of chromatin insulator proteins around evolutionary
breakpoints. ChIP-chip data of chromatin insulator proteins in 0-12 hour old wild type fly
embryos was obtained from modENCODE database and was plot around the breakpoints pooled
from all the species. Among the six classic chromatin insulator-associated factors, BEAF-32,
dCTCF, CP190, Su(Hw), and Mod(mdg4), all show significant enrichment at evolutionary
breakpoints (Fig3.4A-B). BEAF-32, dCTCF, and CP190 show higher enrichment than Su(Hw)
and Mod(mdg4). GAF factor shows weak enrichment near breakpoints but not significantly
different from the simulated intergenic breakpoints controls (Fig 3.4A-B). Although each
individual insulator protein often binds to their target sequence independently, subclasses of
different insulator proteins often found jointly bound at insulator sites (Negre et al., 2010;
Schwartz et al., 2012). BEAF, dCTCF, and CP190 are often clustered together. Mod(mdg4)
binds to insulator sites through the BTB domain mediated interaction with Su(Hw) protein. GAF
mostly does not cluster with any of the other five insulator proteins (Negre et al., 2010). It has
also been reported that clustering of insulator proteins also scales with TAD border strength (Van
Bortle et al., 2014), which indicates importance of these jointly bound insulator sites in
chromatin looping formation. These observed enrichment pattern at rearrangement breakpoints
reflect the joint binding of BEAF-32, dCTCF and CP190 sub-class, as well as the association of

Su(Hw) and Mod(mdg4) (Fig 3.4B).
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Based on our previous study of SF1 and SF2 flanked ftz locus and DS1 and DP1 flanked
Dfd locus, we have previously hypothesized that the close physical proximity between anchors of
chromatin insulator loops might facilitate the rearrangement between anchor sites. The precise
matching of chromatin insulator sites and evolutionary breakpoints (Fig 3.4A-B, Fig 3.5) seems
to favor this hypothesis. However, it is also very likely that rearrangements occurred within the
gene region have been lost during evolution due to deleterious effect. Thus, evolutionary
breakpoints would enrich in the intergenic region. Genome-wide mapping of Drosophila
chromatin insulator sites showed that chromatin insulators are mostly located in the intergenic
regions suggesting their role in insulating neighboring genes (Negre et al., 2010). In addition,
compared to mammalian genomes, Drosophila genome are known to be much more compact,
with an average intergenic region of 5.5kb (Fig. S3.6). To investigate whether this enrichment of
chromatin insulator proteins at evolutionary breakpoints is simply because chromatin insulators
are enriched in the relatively small intergenic regions, we have simulated breakpoints located
only in the intergenic region, with the same sample number, breakpoint size and chromosome
distribution compared to the evolutionary breakpoints identified from each species. As shown in
Fig. 3.4A, unlike the simulated random breakpoints in the genome, simulated intergenic
breakpoints show enriched insulator protein ChIP signals around the breakpoints, but they are
less centered and weaker on average (Fig 3.4A, fig. S3.7). This is consistent with the
compactness of the fly genome. However, further clustering analysis of the ChIP signal
demonstrated that, unlike evolutionary breakpoints, the majority of the simulated intergenic
breakpoints do not precisely match the insulator ChIP signal peaks (Fig 3.4C). In contrast,
insulator proteins are strongly enriched at least at half of the breakpoint centers within about a

1kb range (Fig. 3.4B). In addition to these strongly enriched sites, about another 25%
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breakpoints show relatively weaker insulator protein enrichment at both the center of breakpoints
and nearby regions (cluster 2 and 3 in Fig 3.4B). These results suggest that the enrichment of
insulator proteins at evolutionary breakpoints are not simply due to the compactness of the fly
genome and the enrichment of insulator sites in intergenic regions. Enrichment analysis in
breakpoints identified from each species showed similar or better matching of insulator signals
around the center of breakpoints (Fig S3.7, data not shown). Permutation test of breakpoints with
1x10° simulations in the intergenic region show that the matching of insulator sites with
breakpoints is significant (p=0.0003 for D.eug and p<10 for all other species, Fig 3.6A). This
further suggests the direct link between chromatin insulators and breakpoints of evolutionary
rearrangement.

To further test our hypothesis, we also analyzed the matching of insulator sites and
breakpoint pairs. Each rearrangement event will generate a pair of breakpoints. If the close
physical proximity brought by anchors of chromatin insulator loops facilitate genome
rearrangement at anchor sites, one would expect both breakpoints to match insulator sites in the
common ancestral genome where the rearrangement occurred. Considering the conserved
function of insulators within the genus of Drosophila and between Drosophila and mammals, we
may speculate that most of these insulator sites are kept during evolution in the descendent
Drosophila melanogaster. ChIP signal enrichment analysis at breakpoint pairs of insulator
proteins show that about half of the pooled breakpoints show both ends match insulator sites.
Breakpoints pairs with only one side matched to an insulator site, only represent about 30-40%
(Fig 3.5B). The ratio of breakpoint pairs with both end match insulator site is far more than the
expected ratio by chance (9-16%). Further analysis using breakpoints identified from each

species showed the same pattern as the pooled breakpoints (data not shown). Permutation test in
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each species shows that the matching of both breakpoints of a rearrangement with insulator site
within a 1kb range from the center of the breakpoint is highly significant for all the tested species
(p<107® for all the species with 10° simulations, fig 3.6B-C)
3.3 Discussion and conclusions

Inspired by the precise matching of breakpoints of an evolutionary inversion at the fiz
gene locus in Drosophila, we have hypothesized that the close proximity brought together by
interactions between chromatin insulators might contribute to evolutionary rearrangement in at
least two different aspects. Firstly, the close physical proximity between the chromatin insulator
anchors may directly facilitate the double-strand breaks mediated by rearrangement between
anchor sites. Secondly, the insulation effect from the enhancer-blocking activity and boundary
activity of chromatin insulators could help prevent potential deleterious effects from rearranging
the relative locations of enhancers and promoters near the rearrangement breakpoints.
3.3.1 Inversion of chromatin insulator loops in the highly conserved Hox cluster

To test our hypothesis described above, we first demonstrated that SF1 and SF2 insulator
elements are functionally conserved in Drosophila species that diverged from Drosophila
melanogaster about 60 million years ago. Homologs of SF1 and SF2 in Drosophila willistoni,
and Drosophila virilis both show strong enhancer blocking activity and orientation dependent
enhancer-bypass activity. In addition to the SF1 and SF2 flanked ftz gene locus inversion, one of
the Hox genes, Dfd, is independently inverted at least twice during evolution (Fig 3.2A).
Breakpoints of these independent inversion also map precisely to two functionally conserved
chromatin insulators in Drosophila melanogaster (Fig. 3.1, figS3.1). In addition, a previously
published high resolution map in both early fly embryo mixed tissue and embryonic origin Kc

cells shows a strong long-range interaction between these two insulators (Fig S3.2, Juicebox
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archive, data not shown) (Cubenas-Potts and Corces, 2015; Stadler et al., 2017). Results from
these two highly conserved and developmentally regulated loci in Drosophila indicates that
chromatin insulators may play an important role in chromatin rearrangement.
3.3.2 Quality of identified rearrangement breakpoints

The total number of breakpoints identified by our methods using the newly published
genome assemblies of 14 Drosophila species well reflect the divergence time between
Drosophila melanogaster and each of these species. Among these 14 species, 5 of them are very
closely related to Drosophila melanogaster (diverged less than 5 million years ago). Very few
(~15 to 50) rearrangements larger than 10kb were identified in these species. Upon close
examination, most of these rearrangements are at the top level that represent assembled scaffolds
or scaffolds broken by large repeated sequences (data not shown). Those 14 newly sequenced
genomes are assembled into large scaffolds/contigs, which means DNA sequences are not
assembled fully intro chromosomes. The breakpoints reported at the border of each contig may
or may not be the true breakpoints. Considering that it only consists of a small proportion in
those more distantly related Drosophila species, we did not remove them from the downstream
analysis. Better assembled reference genomes in those species would reduce the false discovery
rate of such events. The breakpoints are mapped mostly in a small range, about 90% within 2kb
and about 80% within 1kb, which indicates precise mapping of rearrangement breakpoints.

Previous studies have reported that transposon mediated rearrangement and processed
pseudogenes may result in short non-syntenic alignment fills (Kent et al., 2003; Mills et al.,
2006). We applied a 10kb minimum size filter to avoid potential bias from local chromatin
variation and transposon mediated re-arrangements. The goal of this study is to find evidence of

correlation between evolutionary breakpoints and anchors of long-range loops mediated by
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chromatin insulators. Analyzing rearrangements larger than an artificial 10kb threshold seems
not biasing the result.
3.3.3 Active facilitation or negative selection?

The majority of these identified rearrangement are likely to be functional elements as
evidenced by their conservation over long evolutionary periods, and they almost all contain at
least one complete gene unit (data not shown). It is likely that rearrangements that disrupted
these functional elements were selected against, and, therefore, are not present in the population.
This is consistent with reports in the literature that genomic regulatory blocks (GRB) and genes
are highly conserved during evolution (Hinsch and Hannenhalli, 2006, Bhutkar et al., 2008;
Lemaitre et al., 2009; Berthelot et al., 2015; Harmston et al., 2017). Previous studies also showed
that TADs are conserved ancient domains that coincide with synteny blocks (Berthelot et al.,
2015; Dixon et al., 2015; Harmston et al., 2017). These observations suggest that 3D
organization plays an important role in gene evolution. Insulation of TADs from the neighboring
genome might protect rearrangements that contain a complete TAD from having deleterious
effects. However, current understanding of the association of synteny block breakpoints and
TAD boundaries are mainly based on low-resolution analysis. In Harmston’s experiment,
matching between synteny block borders and TAD boundaries was counted within a range of
hundred kilobases to 1Mb, and only 29% of synteny blocks overlaps within 120kb of TADs in
humans (Harmston et al., 2017). In Dixson’s analysis of TAD conservation, the comparison is
based on low resolution HiC map (20kb) and relatively relaxed boundary size cutoff (size less
than 400kb). Rowley et al. recently showed in Drosophila that TAD boundaries viewed in low
resolution (10-40kb) are actually composed of smaller compartment domains which contain one

or multiple genes of the same transcriptional status (Rowley et al., 2017). It is hard to understand
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the mechanistic relationship between genomic rearrangement breakpoints and TAD boundaries
at such a low resolution.

The availability of 15 complete high-quality genomes of various species of the genus
Drosophila provide a unique opportunity to analyze genome-scale rearrangements among a
group of related species over a large range of divergence time up to ~60 million years (Fig
3.2A). Our study reported evolutionary breakpoints in single base pair resolution. Around 85%
of the total breakpoints span less than 1kb and 60% are mapped within 500bp in the Drosophila
melanogaster genome. Those breakpoints were identified through pair-wise genome alignments
between two species that diverged 15-60 million years ago. The insulator protein factors are
found precisely enriched at the center of breakpoints (Fig 3.4A-B, fig 3.5) within a range of
~1kb. About half of the rearrangements have both ends matching insulator sites within a 1kb
distance from the center of the breakpoint (Fig 3.5B). This ratio is significantly higher than the
possibility of both ends matching insulators by chance. Our results strongly support the direct
relationship between chromatin insulator sites and evolutionary breakpoints. Our data does not
exclude the possibility of negative selection, most of the breakpoints are located within the
intergenic region and nearly half of the breakpoints do not match or precisely match chromatin
insulator sites (Fig 3.4B). Results from simulated breakpoints in the intergenic region argues
against the possibility that the enrichment of insulator sites at breakpoints are simply because of
the compactness of the fly genome and the enrichment of insulator sites in the intergenic region
(Fig 3.4C).

Topoisomerase II (TOP2) is known to cut both strands of DNA through an ATP
dependent manner. TOP2B activity in mammals is critical to release torsional stress at sites of

active transcription. TOPO2 inhibition induces increased genome rearrangement (Kantidze and
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Razin, 2009; Canela et al., 2017). In vertebrates, DNA topoisomerase II beta (TOP2B) has
recently been reported to physically interact with cohesin and CTCF at TAD boundaries
(Uuskiila-Reimand et al., 2016; Barutcu et al., 2017). Recent work showed that TOP2B is
enriched at the loop anchors at the B-cell receptor locus, which may directly drive the
rearrangement (Canela et al., 2017). A paper published earlier this year demonstrated that CTCF
sites mediate accessibility of RAG endonuclease substrates to initiate antibody heavy chain
variable region recombination (Jain et al., 2018). These studies indicate that chromatin insulators
may directly interact with DNA nucleases. Nucleases such as topoisomerase II at the loop
anchors may cause increased vulnerability to TOPII mediated double stranded breaks.
Drosophila topoisomerase Il has been shown to modulate the function of the Su(Hw) insulator
(Ramos et al., 2011). These results suggest the direct interplay between chromatin insulators and
DNA nucleases. Considering the well-known role of chromatin insulators in forming chromatin
loops, our data suggest that, together with negative selection, the close physical proximity
brought by the loops formed between chromatin insulators may have directly contributed to the
formation of evolutionary rearrangement. The enhancer-blocking and boundary activity of
insulator anchored chromatin loops may have contributed to the fixation of such rearrangements
during evolution. Interaction between chromatin insulators with nucleases, such as
topoisomerase, may directly contribute to the vulnerability of double strand breaks formation.
3.4 Materials & Methods
3.4.1 Enhancer-blocking assay with transgenic Drosophila embryos

Enhancer-blocking assay including spacer- and SF1- containing transgenic Drosophila
lines were described previously (Cai and Levine, 1997; Cai and Shen, 2001; Belozerov et al.,

2003). The original pWNHZ vector was modified by adding a phiC31 attB site at the Nsil site
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downstream of miniwhite reporter gene. The attB site was PCR cloned from the pBphi-yellow
vector, which as a gift from Dr. Chris Rushlow. The Individual chromatin insulator elements
were cloned by PCR (see table 3.2 for primers), TOPO-cloned, purified after further digestion,
and inserted into the Ascl or Notl sites between the NEE and H1 enhancers in pPBWNHZ vector
(see Fig. 3.1A). All the transgene constructs were inserted at the VK33 attP docking site via
phiC-31 integrase mediated site-specific transformation. Microinjections were performed in the
Cai lab. In situ hybridization with lacZ and white anti-sense RNA probes were performed as
previously described (Cai et al., 2001). Whole mount in situ hybridization and visual assessment
of reporter expression were performed according to an existing procedure (Cai and Levine, 1997,
Cai et al., 2001; Belozerov et al., 2003). For each pPBWNHZ transgene, about 100 to 150
embryos were scored double-blindly. Briefly, blastoderm stage embryos were scored for lacZ
levels in the NEE domain (two horizontal strips in the lateral ventral ectoderm) against the H1
domain (vertical ring/strip in the head region) (Fig. 2.2B-P). Based on the intensity ratio of the
lacZ in HI/NEE domains, embryos were ranked into five categories from complete block:
NEE/H1 < 2%, strong block: 2% <NEE/H1 < 10%, medium block: 10% < NEE/H1 <40%,
weak block: 40% < NEE/H1 < 70%, no block: NEE/H1 > 70%.
3.4.2 Breakpoints deification

Newly published genome assemblies by Miller et al were obtained from

https://github.com/danrdanny/Drosophilal 5GenomesProject. Then each genome was aligned to

Drosophila melanogaster (dm6) genome using lastz. chrUn and chr ** random were not
included. The alignments are further processed into long consecutive blocks through chaining

and netting process as describe previously (Kent et al., 2003). Then the net file was further
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annotated by netSynteny and netClass tools developed by the UCSC Genome Browser team. Pre-

compiled unix tools were obtained from http://hgdownload.soe.ucsc.edu/admin/exe/.

The net file was used to extract rearrangements between Drosophila melanogaster and
the species of interest. Two different methods were used to identify breakpoints. The first
method utilizes the hierarchy structure of alignment fills presented in the net files. By comparing
the fill of a child level to the gap in the parent level, the child level fill is reported as a rearranged
fragment with breakpoint coordinates defined between the edges of the gap and the edges of the
fill (illustrated in Fig. S3.3). If a large gap contains multiple child level fills, then the breakpoint
of a fill is narrowed down to edges of the qualified neighboring fills. The parent-child method
searches through all levels in the net file. The second method complements the parent-child
method by identifying the rearrangements presented only at the top level. Each fill at the top
level is reported as a rearrangement event with breakpoints reported between the edges of this fill
and its qualified neighboring fills. Rearrangements identified through this method might be
affected by the assembly quality as each contif/scaffold is treated as a chromosome. Result from
both methods includes the chromosome name, start and end of the first breakpoint, start and end
of the second breakpoint, and the type of breakpoint.

Identified breakpoints were subjected to further filtering. Breakpoints located in the
heterochromatin regions are removed (see table 3.1 for the included chromatin region).
Breakpoints with either end larger than 2kb were removed.

3.4.3 Visualizing alignment data in UCSC Genome browser

In order to visualize the net files, a local version of UCSC Genome browser site was built

following the “Installing a Genome Browser locally with the GBiC installer” user guide. All the

14 genomes of Drosophila species were loaded onto the local Genome Browser by following the
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instructions at UCSC genomewiki site
(http://genomewiki.ucsc.edu/index.php/Building a new genome database). Then the alignment
chain and net files were loaded to the local genome browser database by using the hgl.oadNet

and hgloadChain tools of the kent tree utilities (http://hgdownload.soe.ucsc.edu/admin/exe/).

Then the loaded net tracks in the genome browser were used to visually evaluate the breakpoints.
3.4.4 Chromatin insulator proteins enrichment analysis
Protein enrichment analysis at breakpoints

For the enrichment analysis at breakpoint center, all the breakpoint pairs are pooled into
one set to breakpoints in bed format with redundant breakpoints removed. Then this list of
breakpoints was used as region set for the computeMatrix tools in the deeptools v.3.1.0 tool set.
Drosophila 0-12h embryos ChIP-chip data of chromatin insulator proteins were obtained from
modENCODE with accession ID: BEAF, #21; CP190, #22; CTCF-C, #769, CTCF-N, #770;
Su(Hw), #27; Mod(mdg4), #24; GAF, #23. Wig files were lifted from dm3 to dm6 based
coordinate by using UCSC liftover tool. Then the wig file is converted to bigwig format using
the wigToBigWig tool developed by UCSC Genome browser team. Then these bigwig format
ChIP-chip signal files were used as score files for the computeMatrix tools in the deeptools
v.3.1.0 tool set. Heatmap was generated using the plotHeatmap tool. Breifly, all the regions are
centered at the breakpoint center, and the ChIP-signals are aligned to the region and recoded as
one line in the heatmap. The signals are reflected through the color. The clustering analysis was
done using the -kmeans option of the plotHeatmap tool.
Protein enrichment analysis at both breakpoints of a rearrangement

For enrichment analysis at both rearrangement breakpoints, deeptool computeMatrix

scale-region tool was used to generate the matrix of the heatmap, which is subsequently plotted
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by using plotHeatmap tool. Breifly, two breakpoints of a pair were aligned at the centers of both
breakpoints. Then the region in between was scaled to the same length. To preserve the true
signal around the breakpoint, 4kb upstream and downstream of each breakpoint center were not
scaled. The clustering analysis was done using the -kmeans option of the plotHeatmap tool.
Breakpoints simulations

Control breakpoints were simulated in two ways. The simulated random breakpoints were
generated by randomly choosing breakpoint pairs in the genome, with the same breakpoint size,
the same rearrangement fragment size, and the same distribution of chromosomes. The simulated
intergenic breakpoints were generated by randomly choosing a single breakpoint in the
intergenic region only. Simulated breakpoints of this type were not in pairs. Each simulated
intergenic breakpoint was generated with the same breakpoint size, and same chromosome name.
Breakpoint simulation from both methods excluded the heterochromatin area (see table 3.1 for
the included chromatin region).
3.4.5 Permutation test of breakpoints and insulator sites matching

A simulation test was performed by simulating at least 10° samples and examining the
matching rate of the breakpoint to the peak annotation of insulator sites. The annotated peaks of
the insulator protein ChIP-chip experiment were obtained from modENCODE (Negre et al.,
2010). The average matching rate from the simulations were taken and the p-value of the
simulation test was recorded. For the simulation test of both ends match, matching rate of
rearrangement with both ends match and with single end match were recoded separately. The
average matching rates were also calculated separately, as well as the p-value of the simulation

test.
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Table 3.1 Coordinates of non-heterochromatin regions used in filtering breakpoints (dm6)

Chromosome Name Start Coordinate End Coordinate
chr2L 5370 22415564
chr2R 4130838 25257890
chr3L 21890 24550420
chr3R 4174280 32069400
chrX 122507 23020445
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Table 3.2 DNA primer sequences

Dm DP1 F CTCTTCCTTCTCCTCCTCCTC

Dm DPl R GCAAACATCAATGTCAACTGTAACG

Dvir DS1 F CTCTCAGCTTTACTTGAGTGAGC

Dvir DS1 R CCAAGGGCTGGCTATTTACAC

Dvir DP1 F TGTAACTGCATTGGTAAGATCTCG

Dvir DP1 R GAGGGACTGGTACCATCTGC

Dvir SF1 F TTGCGGCCGCCTCATTTGTGTTCATTATCGTCCTG
Dvir SF1 R TTGCGGCCGCTCGACATAGGTGTGTGTAAGC
Dvir SF2 F GTTTCATGCTGTGGCCACA

Dvir SF2 R TGTCGTTCTGATTGACGAATTGC
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Figure 3.1 Enhancer-blocking activity assay in transgenic Drosophila. (A) Diagram of the
pBWNHZ transgene vector containing divergently transcribed miniwhite and lacZ reporters
flanking the NEE and H1 enhancers. Red oval with label “I”, insulator or spacer control between
NEE and H1. (B-O) Representative enhancer-promoter communication of the tested reporter
gene is represented with a schematic diagram on top of the embryo image. The green curve
arrow represents active enhancer-promoter interaction, dashed red line represents restricted
enhancer access. Enhancers, insulators, and reporter gene are represented the same as in (A). The
blue dashed lines between the two insulator ovals of the diagram in (J, L, N) represent interaction
between insulators. Representative images of transgenic embryos after whole-mount in situ
hybridization with the anti-lacZ RNA probe. The transgene contained in these embryos are
labeled at the bottom left of each photo, with probe indicated (Z, lacZ). Embryos are shown in
sagittal views with anterior to the left and dorsal up. The arrow on top of the transgene label
represents the orientation of the insulator elements under the arrow. The orientation is
determined by comparing to the orientation of the insulator in the genome of Drosophila
melanogaster. “Dv” the transgene name represents Drosophila virilis. (P,Q) Quantitation of
NEE-blocking in the whole neuroectoderm in transgenic embryos stained with the anti-lacZ

probe (see Methods and Materials for details).
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Figure 3.2 Evolutionary inversions in the Drosophila Antennapedia complex. (A) A
schematic representation of genes in the Antennapedia complex region among different species
of the Drosophila genus. The phylogeny tree was modified from (Gregg and Matthew, 2017).
Species that has been recently sequenced by using the long-reads Nanopore technology are
included. The gene orientation was generated based on the comparison to Drosophila
melanogaster by using pairwise-alignment net tracks and gene orientation in Drosophila
melanogaster. Green arrows represent Hox genes and red arrows represent Hox-derived protein
coding genes that already lost homeotic functions. The size of and distance between genes are
not in scale. The back crosses between genes of different species represent evolutionary
inversion. Inversions are mapped onto the phylogeny tree through comparative analysis. (B) Net
tracks generated from pair-wised whole genome alignment between Drosophila melanogaster
and other Drosophila species are displayed in the UCSC Genome browser. The colors in the net
track were automatically generated to represent chromosomes. The color is not comparable
between different tracks due to the nature of the unfinished scaffold genomes. Arrows in the
colored boxes in each track represent the relative alignment direction to Drosophila
melanogaster. Vertical red shaded boxes mark the cloned DP1 and DS1 locations. Black line at

the bottom marks the complete Dfd gene domain.
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Figure 3.3 Total number of rearrangements in each species reflects evolutionary divergence
time in genus of Drosophila. (A) total number of rearrangements of each species plotted in a
column bar graph. Y axis represents the total count. X axis represents each species arranged with
increasing divergence time from Drosophila melanogaster. (B) Representative inversion
identified in the previously characterized fiz locus. The red shaded vertical boxes mark the
location of cloned SF1 and SF2 insulators. The black line at the bottom marks the inverted fiz
gene region. (C) Representative inversion identified in the previously characterized Dfd locus
(B-C) The net tracks of pair-wise alignment are displayed in the UCSC Genome browser. The
UCSC annotation of RefSeq track is displayed on top. Level 1 represents the top level, level 6
represents the lowest level in the hierarchy structure of net track. Chromosomes marked in
different color are automatically assigned in each track. Colors between different genomes are
not comparable. The direction of alignment are marks with arrows inside of the colored
horizontal boxes (fills). The red shaded vertical boxes mark the location of cloned DP1 and DS1

insulators. The black line at the bottom marks the inverted Dfd gene region.
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Figure 3.4 Chromatin insulators are enriched at evolutionary breakpoints. (A) Heatmap of
chromatin insulator protein enrichment in a £3kb region around the center of pooled breakpoints
from all the species. Top profile plot represents the average signal around the center of all
breakpoints. Lines in different colors represent different groups of breakpoints: evolutionary
breakpoints, simulated intergenic breakpoints, and simulated random breakpoints (see materials
and methods). Regions in each group are sorted on a descending order of the mean signal
intensity. Signal intensity is represented by the darkness of the blue color. (B-C) Heatmap of
chromatin insulator protein enrichment in a +£3kb region around the center of breakpoints by
using kmeans clustering analysis with kmeans=5. (B) Represents the clustering analysis at
evolutionary breakpoints. (C) Represents the clustering analysis of at the simulated intergenic
breakpoints with kmeans=5. (A-C) The center of heatmap represent the center of breakpoints.

The +3kb distance from the center of breakpoints is marked at the bottom of each heatmap.
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Figure 3.5 Chromatin insulators are enriched at both breakpoints of a rearrangement. (A)
Heatmap of chromatin insulator protein enrichment at the centers of both breakpoints of a
rearrangement, and the region in between. Pooled rearrangement from all the distantly related
species are used (see methods and materials for details). 4kb regions both upstream and
downstream of each breakpoint center not scaled to guarantee the true representation of signal
around breakpoints. The rest of the region in between are scaled to the same length. Top profile
plot represents the average signal. Lines in different color represent different groups of
breakpoints: evolutionary breakpoints, and simulated random breakpoints (see materials and
methods). Regions in each group are sorted on a descending order of the mean signal intensity.
Signal intensity is represented by the darkness of the blue color. (B) Heatmap of chromatin
insulator protein enrichment at the centers of both breakpoints of a rearrangement, and the region
in between by using kmeans clustering analysis with kmeans=6. (A-B) 1 and 2 marks the center
of breakpoint #1 and #2 of a rearrangement. Unscaled region around breakpoint centers are

marked. The center regions between the inner two marks are scaled to the same length.
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Figure 3.6 Permutation test of matching between breakpoints and insulator sites. (A)
Permutation test of breakpoints matching insulator sites using simulated intergenic breakpoints.
The blue bars represent the matching rate of evolutionary breakpoints with insulator sites within
1kb range from the breakpoint center. The orange bars represent the average matching rate from
the simulated intergenic breakpoints. (B) Permutation test of rearrangements with only single
end matching insulator sites. Blue bars represent the matching rate of evolutionary breakpoints
with insulators sites within a 1kb range from the breakpoint center. Orange bars represent the
average matching rate from the randomly simulated breakpoints. (C) Permutation tests of
rearrangements with both ends matching insulator sites. Blue bars represent the matching rate of
evolutionary breakpoints. Orange bars represent the average matching rate of randomly

simulated samples. (A-C) Error bars represent the standard deviation.
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Figure S3.1 DP1 and DS1 insulators demarcate the boundaries Dfd gene domain. (A)
Screenshot of the binding profile of the Drosophila classic insulator protein factors in the Dfd

regioin from modENCODE GBroswer (http://gbrowse.modencode.org/fgh2/gbrowse/fly/)

(Negre et al., 2010). (B) Screenshot of the repressive histone modification ChIP-seq profile in
Dfd region throughout differnet developmental stages

(http://gbrowse.modencode.org/fgb2/gbrowse/fly/). Vertical shaded red boxes in (A) and (B)

mark the location of DP1 and DSI1 insulators. Black line at the bottom marks the complete Dfd

gene domain.
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Figure S3.2. Long- range interactions observed in the ffz and Dfd regions in early stage
embryo HiC. (A) HiC interaction map showing the Scr-Antp region. Strong long-range
interaction forms between SF1 and SF2 insulators. 3’ end of Antp region (our R9-10 region
described in chapter2) also shows extensive interactions with SF1 and Scr promoter region. The
number 1 to 4 marks the four anchors of strong crossing-TAD long-range loop interactions.
Number 2 and 3 are SF1 and SF2, respectively. (B) HiC interaction map showing the Dfd locus.
DP1 and DS1 form strong interactions at the borders of the Dfd gene domain. Vertical red
shaded box marks the location of insulators on the HiC map. This HiC map is adopted from
Stadler et al’s publication on elife with a Creative Commons Attribution license (Stadler et al.,

2017).
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Figure S3.3 Illustration of breakpoints extraction strategy. (A) Diagram illustrating the
parent-child breakpoint finding method. Consecutive alignment blocks (fills) are represented by
horizontal arrows. Parent level means alignment fills with higher score. Gaps in the parent level
fill are represented by the dashed horizontal line in between the black arrows. Arrows at the child
level are alignment blocks that map to the gap of parent level fill in the target genome
(Drosophila melanogaster). Regions between the gap edges and child level fill edges represent
the breakpoints, which are marked with the blue vertical dashed lines. PC_BP represent
breakpoints identified through the parent-child finding method. Different chromosomes
(scaffolds) are marked with different colors. #1 to #3 represent three different types of
rearrangements: #1 external translocation, #2 inversion or internal translocation, #3 internal
translocation (See materials and methods for classification details). (B) Diagram illustrating the
between-siblings breakpoint finding method. Fills at the top level usually represents the highest
score alignment blocks. Gap regions between neighboring top-level fills is extracted as
breakpoints. Gaps from two sides of a fill are reported as a pair. #1 to #3 represent three different
types of rearrangements: #1, external translocation and #2, 3, internal translocations. (See

materials and methods for classification details).
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Figure S3.4 Size distribution of identified rearrangements in genus of Drosophila. Six
species were selected to represent closely and distantly related Drosophila species to Drosophila
melanogaster (refer to Fig 3.2). Total rearrangements (after the 10kb minimum size filter)
identified between Drosophila melanogaster and the representative species (marked in the title
section of each plot) were plot using histogram, with bin size of 20kb. Y axis represents the

count of rearrangement. X axis represents the fragment size groups in kb.
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Figure S3.5 Size distribution of identified breakpoints in genus of Drosophila. Six species
were selected to represent closely and distantly related Drosophila species to Drosophila
melanogaster (Refer to Fig 3.2). The breakpoints identified between Drosophila melanogaster
and the representative species (marked in the title section of each plot) were plot using a
histogram with bin size of 100bp. Y axis represent the count of breakpoint in each bin. X axis
represent the breakpoints sizes in bp. The red vertical dashed line marks the 2kb maximum size

cutoff applied before any downstream analysis.
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Figure S3.6 Size distribution of the intergenic regions in Drosophila melanogaster. The
distribution of intergenic regions is plot in a histogram. Intergenic regions were extracted from
the Ensemble genome annotation file using CDS (see materials and methods). Y-axis represents

the counts. X-axis represents the size groups in unit of kb.
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Figure S3.7 Chromatin insulators are enriched at evolutionary breakpoints in Drosophila
pseudoobscura. (A) Heatmap of chromatin insulator protein enrichment around the center of
breakpoints identified between Drosophila melanogaster and Drosophila pseudoobscura. Top
profile plot represents the average signal around the center of all breakpoints. Lines in different
colors represent different groups of breakpoints: evolutionary breakpoints, simulated intergenic
breakpoints, and simulated random breakpoints (see materials and methods). Regions in each
group is sorted on a descending order of the mean signal intensity. Signal intensity is represented
by the darkness of the blue color. (B-C) Heatmap of chromatin insulator protein enrichment
around the center of breakpoints by using kmeans clustering analysis with kmeans=5. (B)
Represents the clustering analysis at evolutionary breakpoints. (C) Represents the clustering

analysis at the simulated intergenic breakpoints with kmeans=5.
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