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Abstract

The Role of Insulators and Transcription Factors in Genome Organization and Function
in Drosophila

By Jingping Yang

Epigenetic changes can alter the genome function without altering their base
composition. These differences can be inherited and can provide an important source of
variation within populations that can be acted upon by natural selection. Epigenetic
changes in gene expression can take place via covalent modifications of histone or DNA
as well as the three-dimensional organization of chromatin in the nucleus. Insulators
mediate chromatin interactions in cis or trans between different regions of the genome
and may be important factors regulating the 3D organization of the genome. BEAF-32 is
an insulator protein highly conserved in Drosophila but not found in other species. Here |
describe an analysis of the epigenetic function of BEAF-32 in Drosophila. | identify the
BEAF-32 insulator as a cis regulatory element separating genes arranged in a head-to-
head orientation. | then compare the genome-wide binding landscapes of the BEAF-32 in
four different Drosophila species and highlight the evolutionarily conserved presence of
this protein between close adjacent genes. During the formation of new Drosophila
species, binding of BEAF-32 in the genome is altered along with changes in genome
organization caused by DNA re-arrangements. The alterations of BEAF-32 distribution
correlate with new gene expression profiles, which in turn translate into specific and
distinct phenotypes. Epigenetic information encoded in the 3D organization of the
genome mediated by insulators needs to be faithfully transmitted through mitosis and
meiosis in order to effect evolutionary change. To address this issue, | have also studied
the function of the Myc transcription factor. | found that a subset of Myc sites remain on
mitotic chromatin and overlap with aligned insulator proteins binding sites. These sites
are enriched at the boundaries of topological chromosome domains, suggesting they may
be important for maintaining chromosome structure throughout the cell cycle. Together,
these results suggest a mechanism for the establishment of differences in transcription
patterns during evolution and may help to decipher the role of epigenetic changes in
evolution.
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Chapter 1

Introduction



The genome of eukaryotic organisms is packed in the nucleus in a dynamic, yet
non-random structure. The DNA is wrapped around nucleosomes to form the 10 nm fiber.
Recent results suggest that, contrary to what was previously thought, the 10 nm fiber does
not further condense into higher-order structures such as the 30 nm fiber (Fussner et al.
2012). The specific structure of chromatin allows for the replication and transcription of
the genome, as well as the safe transmission of the genetic information from mother to
daughter cells. Changes in chromatin status are carried out through signals or switches in
DNA methylation, histone modifications, histone variants, and non-histone chromatin
proteins by altering the local chromatin structure. Some of these changes can be
transmitted from mother to daughter cells or even potentially from one generation to the
next. Epigenetics is the study of these heritable changes on chromatin which alter genome

function without changes to the DNA sequence (Probst et al. 2009).

Evolutionary biology explores the origins and patterns of diversity within
populations, the origination of new species, and the divergence between species over long
periods of time. Epigenetic changes that contribute to phenotypic variation without
altering DNA sequence may represent an important aspect of evolutionary biology, since
not all diversity can be explained by differences in base composition. For example, the
common European honeybee adopts very specific social behaviors. In the population,
there are a few queens overseeing many workers. The honeybee queen and worker differ
substantially in morphology, physiology, behavior, and reproductive potential, but they
have exactly the same DNA sequence. Although their DNA sequence is identical, the

queen honeybees are fed a chemically different diet than the worker bees. Dietary



differences result in significant changes in the methylation of DNA in genes involved in
metabolism and RNA synthesis (Lyko et al. 2010). When DNA methyltransferase Dnmt3
levels were significantly reduced in newly hatched honeybee larvae, the relative
abundance of queens and workers changed. Reduced Dnmt3 levels also changed DNA
methylation patterns at promoters of genes, especially those involved in developmental
processes and specific gene expression patterns (Kucharski et al. 2008). The epigenetic
marks that bridge diet and genome function make it possible for this species to develop

its social organization.

Epigentic mechanisms also play a role in dosage compenstation, a trait that
clearly evolves over time and varies between species. Species have developed various
epigenetic mechanisms for dosage compensation (Lucchesi et al. 2005; Chess 2012;
Conrad and Akhtar 2012). Epigenetic regulations enable the evolution of sex
chromosomes. Without changing the DNA sequence, epigenetic phenomena may
determine when, where, and how the genetic information should be read and interpreted.
Epigenetic changes can rapidly alter the behavior of genomes. Contrary to genetic
changes that are highly stable, epigenetic processes have a certain level of plasticity that
is inherently reversible. Epigenetic changes can occur in response to environmental like
temperature and diet. Then the variations in traits within populations can be acted upon

by natural selection to shape evolution.

Changes in epigenetic regulation can take place during the formation of the 10 nm
chromatin fiber by different mechanisms such as covalent histone modifications, use of

different histone variants, DNA methylation, and alterations induced by ATP-dependent



remodeling complexes. Histone acetylation can directly loosen histone-DNA interactions
through charge neutralization to allow binding of other proteins (Bannister and
Kouzarides 2011). Acetylation and other histone modification such as methylation or
phosphorylation, as well as DNA methylation, can serve as a platform for recruiting other
chromatin associated factors, including chromatin-remodeling factors, and factors
involved in transcription and replication (Bannister and Kouzarides 2011; Jones 2012).
Chromatin-associated factors can also change chromatin modifications. For example, the
chromatin-associated factor Males absent On the First (MOF) in the Male-Specific Lethal
(MSL) complex induces histone H4 lysine 16 acetylation (H4K16ac) involved in dosage
compensation in Drosophila. The increase of MOF on chromatin and the resulting
histone modifications are required for the increase recruitment of RNA polymerase 11

(RNAPII) at promoters of X-linked genes (Conrad et al. 2012a; Conrad et al. 2012b).

Genome-wide distribution of histone modifications, non-histone chromatin
proteins, Deoxyribonuclease | (DNase 1) hypersensitivity sites, as well as Global Run-On
sequencing (GRO-seq) reads, revealed chromatin landscapes that characterize different
regions of the Drosophila genome (Filion et al. 2010; Kharchenko et al. 2011). The
combination of chromatin features indicates the function and status of specific regions of
the chromosome. For example, regions containing Polycomb (Pc) and histone H3 lysine
27 trimethylation (H3K27me3) and regions containing heterochromatin protein 1 (HP1)
and histone H3 lysine 9 dimethylation (H3K9me2) are silenced whereas regions
containing histone H3 lysine 4 trimethylation (H3K4me3) are transcribed (Filion et al.

2010; Kharchenko et al. 2011). In the Drosophila genome, the domains marked by



histone modifications range from 1 to 52 kb with a median size of 6.5 kb. There are 441
domains larger than 50 kb and 155 domains larger than 100 kb, with the largest domain at
737 kb (Filion et al. 2010). These results suggest that the genome is organized into

regions.

Regulatory mechanisms involved in proper expression of the genome required
interactions between distant sequences and their bound proteins. These three-dimensional
(3D) long-range chromatin interactions are necessary for nuclear processes such as
transcription, DNA replication, recombination and DNA repair. For example, Polycomb
group (PcG) proteins bound to chromatin tend to cluster in the nucleus to form Pc bodies.
These interactions are required for proper silencing of the genes bound by Pc (Bantignies
et al. 2011). Similarly to gene silencing, activation of transcription requires interactions
between regulatory sequences such as enhancers and promoters. These and other
interactions can be detected with Chromosome Conformation Capture (3C) and related
techniques. Results from this type of experiments suggest that chromosomes are divided
in topological domains, characterized by a high number of interactions, separated by
boundaries across which interactions take place infrequently. This topological domain
organization has been observed in Drosophila, mice and human (Dixon et al. 2012; Hou
et al. ; Sexton et al. 2012). Genes in each domain are coordinately regulated during
development. Deletion of a boundary between domains leads to ectopic interactions

between domains and misregulation of gene expression (Nora et al. 2012).

Recent results suggest that boundaries between topological domains form at

regions of high gene density containing actively transcribed genes and clusters of



insulator proteins named “aligned insulators”. Insulators are DNA-bound protein
complexes that can mediate interactions in cis or trans between different regions of the
genome (Phillips and Corces 2009) and are good candidates for the factors regulating the
3D arrangement of the chromatin fiber in the nucleus. Insulators have now been found in
most eukaryotes, from yeast to humans. They were originally described in Drosophila
and this organism remains noteworthy for the number of characterized insulators.
Drosophila insulators share two proteins, modifier of mdg4 (Mod(mdg4)) and
Centrosomal protein 190kD (CP190), which interact with a variety of DNA binding
proteins named Suppressor of Hairy wing (Su(Hw)), CCCTC-binding Factor (CTCF) and
Boundary element-associated factor of 32kD (BEAF-32) whose function appears to be
limited to the recruitment of the shared components to different genomic locations, where
they may play distinct roles (Bushey et al. 2009). Insulators in S. cerevisiae and S. pombe
are mostly limited to RNA polymerase 111 (RNAPIII) promoter sequences containing
binding sites for Transcription factor I1IC (TFIIIC) (Noma et al. 2006; Valenzuela et al.
2009; Iwasaki et al. 2010). In vertebrates, the most widely studied insulator is CTCF,
which requires cohesin for functionality and also associates with other co-factors,
although their general requirement for CTCF function is not clear (Parelho et al. 2008;
Rubio et al. 2008; Wendt et al. 2008). SINE elements and their associated RNAPIII
promoters have been also shown to act as insulators but the relevance of this initial
observation has not been pursued in detail (Lunyak et al. 2007). New results suggest that
RNAPIII promoters in human tDNA genes can act as both enhancer-blocking and barrier
insulators (Raab et al. 2011). It is not clear at this point whether this property can be

exclusively assigned to the presence of TFIIIC. Insulator function of these sequences



correlates with their ability to mediate interactions with other tDNAs in the genome. One
possible interpretation of these results is that these interactions mediate the formation of
RNAPIII transcription factories. Interestingly, TFIIIC sites are often found adjacent to
CTCEF sites in the genome, suggesting that the two proteins may function together to

establish long-range interactions (Carriére et al. 2011).

In Drosophila, immunofluorescence microscopy using antibodies against Su(Hw),
Mod(mdg4), CTCF and CP190 shows the presence of these proteins in a punctuated
pattern. These structures, called insulator bodies, are preferentially located around the
nuclear periphery, and it has been suggested that they represent sites where several
individual insulator sites coalesce to mediate intra- and/or inter-chromosomal interactions.
The morphology of the insulator bodies is disrupted by mutations in lamin, the main
component of the nuclear lamina, and various insulator components (Gerasimova et al.
2000; Pai et al. 2004; Gerasimova et al. 2007). The fact that different DNA-binding
insulator proteins colocalize at insulator bodies suggests that the various Drosophila
insulators are able to interact with each other. In support of this conclusion, chromatin
immunoprecipitation with microarray (ChIP-chip) analyses indicate that Su(Hw), BEAF
and CTCF overlap at 9-24% of sites where only the DNA consensus sequence for one of
the proteins is present, suggesting interactions between two or more different insulators at
these sites (Bushey et al. 2009). Interactions between insulator sites have been visualized
by fluorescence in situ hybridization (FISH), showing that two individual Su(Hw)
insulator sites come together to form a loop. Insertion of an additional insulator between

the original two Su(Hw) sites leads to the formation of two smaller loops (Byrd and



Corces 2003). Using 3C (Dekker et al. 2002), it has been shown that a Drosophila
insulator containing the CTCF and CP190 proteins is induced at the Eip75B gene after
cells are treated with the steroid hormone ecdysone. This insulator prevents an ecdysone
enhancer from activating transcription of genes that are not regulated by this hormone
(Wood et al. 2011). 3C has also been used to show that two Su(Hw) insulators can
interact and loop out the intervening sequences to bring an upstream Polycomb response
element (PRE) close to a downstream promoter. When one insulator is deleted, the PRE
cannot associate with the promoter and H3K27me3 present at the PRE is lost at the
promoter region after the interaction between the two sequences is disrupted (Comet et al.
2011). The Fab7, Fab8 or Mcp insulators, which use CTCF as the DNA binding protein,
have also been found to mediate intra-chromosomal interactions. The Fab7 and Mcp
insulators target the abd-B and Antp genes, which are located approximately 10 Mb apart
in chromosome 3R. These two loci colocalize in nuclei of cells in which both genes are
repressed, but deletion of Fab7 or Mcp results in a reduction of the interaction and
colocalization, suggesting an important role of these two insulators in the interaction
(Bantignies et al. 2011). The Fab7 and Fab8 insulators have also been shown to interact
with a CTCF site located in the abd-B promoter region by testing the expression of a
reporter (Kyrchanova et al. 2008). Consistent with this result, the abd-B promoter and the
Mcp, Fab7 and Fab8 elements have been found to cluster in the S2 cells or fly head tissue,
where abd-B is repressed, but not in tissues where abd-B is expressed (Cleard et al. 2006;
Lanzuolo et al. 2007). Other work has shown that the insulator sequences present in these
regulatory elements, rather than other potential regulatory elements such as PREs, are

responsible for these interactions (Xiao et al. 2011). These results suggest a general role



for insulators in mediating intra-chromosomal interactions in order to modulate different

transcriptional regulatory processes.

Recently, in mouse ES cells Chromatin Interaction Analysis by Paired-End Tag
(ChIA-PET) identified 1480 cis interactions mediated by CTCF genome wide (Handoko
et al. 2011). Clustering of histone modifications in/around the chromatin loops created by
these interactions classified 5 types of distinct patterns. Category | loops contain active
chromatin marks such as histone H3 lysine 4 monomethylation (H3K4me1l), histone H3
lysine 4 dimethylation (H3K4me2) and histone H3 lysine 36 trimethylation (H3K36me3),
whereas repressive marks like methylation at histone H3 lysine 9 (H3K9), histone H3
lysine 20 (H3K20) or histone H3 lysine 27 (H3K27) are depleted. Category Il is opposite
to the first class with extensive methylated H3K9, H3K20 and H3K27 in the loops, which
indicate repressive domains. The two types of interactions may create independent
domains for differential regulation of gene expression. Category Il loops are suggested
as hubs for enhancer and promoter activities. These loops are enriched in H3K4mel and
H3K4me2 at enhancers inside the loop and H3K4me3 at promoter at the end of the loops.
These interactions could bring enhancers closer to the target promoters. For genes and
their distal enhancers, if they fall into category Il loops, the frequency of upregulated
genes in Embryonic stem (ES) cells compared to Neural stem (NS) cells is significantly
higher than the ones not encompassed by the loops. Category IV loops show opposite
chromatin states flanking the ends of the loops, but do not exhibit any specific pattern of
histone modifications inside the loops. Category V loops do not show any specific

signatures. The function of the last two types of loops is not yet clear.
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Interactions mediated by CTCF have been shown to be important for genome
function at various loci and for different cellular processes. These interactions can
mediate enhancer promoter contacts and direct spatial and temporal promoter selection.
Targeting the right promoter is an important pre-requisite for regulatory elements to
guide proper transcription. For pairs of regulatory element and single target promoters,
the chromosome interactions mediated by insulators have been shown to help promoter
targeting by either blocking or facilitating communication between the regulatory
elements and the promoter (Hadjur et al. 2009; Comet et al. 2011). Insulators accomplish
this function by changing the spatial proximity of enhancers and promoters. In addition to
the on/off decision for a single promoter, insulators also play a role in promoter selection
for regulatory elements shared by more than one competent target promoter. The three
dimensional structure established by insulator-mediated interactions may orchestrate
on/off effects for each promoter to contact the right target and/or shift the balance of
promoter competition by increasing the targeting potential of certain promoter. The
resulting selection of specific promoters may coordinate regional gene expression or even
switch transcription programs important for specific differentiation outcomes. One
interesting example is the use of CTCF for promoter selection and control of the latency
cycle in Epstein-Barr virus. In the virus genome, the enhancer OriP is shared by two
downstream promoters, the C promoter (Cp) and the Q promoter (Qp). Cp determines the
type 111 gene expression pattern for latency cycle 111 and Qp determines the type |
expression program for latency cycle | (Chau et al. 2006; Tempera et al. 2010; Tempera
et al. 2011). CTCF binds upstream both of Cp and Qp. The default selection for OriP is

the proximate promoter Cp. When Cp is active, depletion of CTCF do not affect the
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utilization of Cp (Chau et al. 2006; Tempera et al. 2010; Tempera et al. 2011). However,
when CTCF dependent interactions bring distal Qp close to OriP, Cp is turned off. At this
stage, mutations in the either of the CTCF binding sites disrupt the interaction between
OriP and Qp and lead to the reactivation of Cp transcription (Tempera et al. 2011).
Although Cp is silent in wild type and active in virus carrying a deletion of the CTCF
binding site at Qp, it is also observed that the proximity of Cp to the enhancer is not
changed (Tempera et al. 2011). Thus, insulator mediated chromatin 3D structure
contributes to the promoter selection probably by increasing the competence of Qp to
compete out Cp. When Qp is not competent, Cp is selected as default. It is not known yet
whether the Qp is necessary in addition to the 3D structure to silence Cp. The same
mechanism may also work in other systems with shared regulator elements and
alternatively active promoter like imprinted genes. It is known that CTCF at the
imprinting control region (ICR) of the 1gf2/H19 locus determines different chromatin
conformations and controls the expression pattern of the two genes in mammals
(Kurukuti et al. 2006; Nativio et al. 2009). Thus, for both single promoter or multi
promoter systems, insulator interactions facilitate the selection of the appropriate

promoter by regulatory elements.

Insulator mediated interactions can also play a role in the regulation of gene
networks. In contrast to alternative expression, certain genes need to be controlled by the
same regulatory sequences and long-distance physical interactions may be required to
accomplish this goal. These interactions have been found to be mediated by insulators.

For example, the Major Histocompatibility Class Il (MHC-11) genes HLA-DRB1 and
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HLA-DQAlare recruited together by CTCF under the induction of cytokine when both

genes are activated (Majumder et al. 2008). CTCF also mediates interactions between

enhancer sequences present in the Insulin (INS) and the promoter of the Synaptotagmin
VI (SYT8) genes, which is located over 300 kb away. SYT8 is required for insulin

secretion in islets (Xu et al. 2011).

Loops formed by contacts between insulator sites cannot only determine
interactions between regulatory sequences but they can also establish distinct domains of
chromatin structure defined by the presence of specific histone modifications. Genome-
wide studies of CTCF distribution have uncovered a subset of CTCF sites localized at
boundaries between active and repressive chromatin domains marked by histone H2A
lysine 5 acetylation (H2AK5Ac) and H3K27me3, respectively (Cuddapah et al. 2009).
These regions are different between HelLa and CD4+ T cells, suggesting a possible role
for CTCF-delimited domains in establishing lineage-specific gene regulation. The
functional significance of the chromatin domains demarcated by CTCF is beginning to
emerge from studies of specific loci. In human lung fibroblasts IMR90 cells the HOXA9-
13 genes are silenced but other genes in the HOXA locus are transcriptionally active (Kim
et al. 2011). Consistent with this transcription pattern, the region containing HOXA9-13 is
rich in H3K27me3 while the adjacent region containing the active HOXA1-7 genes is
marked by H3K4me2, H3K4me3 and H3K36me3. The distribution of the repressive
marks depends on the interaction between two CTCF insulators flanking HOXA9-13.
Knockdown of CTCF results in the disruption of loop formation and spreading of

silencing histone modifications, which causes downregulation of the adjacent HOXA6-7
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genes (Kim et al. 2011). A second example of CTCF-delimited chromatin domains in the
control of gene expression and the establishment of cell fates is that of the Wilm’s tumor
protein (Wt1) in the regulation of epithelial-mesenchymal transitions during the
development of the epicardium and the kidney. These processes are controlled by Wt1
through the regulation of the expression of the Wnt4 gene (Essafi et al. 2011). Wt1 binds
to the promoter of Wnt4 in both tissues with opposite outcomes. In kidney cells, Wtl
recruits the CREB-binding protein (CBP)/p300 coactivators and turns on transcription of
Wnt4. In epicardial cells, Wtl recruits the Brain acid soluble protein 1 (Baspl) co-
repressor to silence Wnt4. These Wtl-induced changes in Wnt4 expression correlate with
changes in chromatin structure. Kidney cells, in which the Wnt4 gene is active, contain
H3K4me3, H3K9ac and histone H3 lysine 14 acetylation (H3K14ac) in the Wnt4 locus.
Epicardial cells, where Wnt4 is silenced, contain H3K27me3 instead. The Wt1-dependent
changes of chromatin marks in the Wnt4 locus are confined to a region of the genome that
is delimited by CTCF. The formation of a loop enclosing the Wnt4 locus may be the basis
for the functional chromatin domain established by Wt1. In the absence of CTCF, the
chromatin domain created by Wt1 spreads outside of its normal boundaries and alters the

transcription of neighboring genes (Essafi et al. 2011).

It is becoming increasingly clear that the role of insulators is to mediate inter- and
intra-chromosomal interactions between different regions of the genome. In so doing,
insulators can establish a specific 3D organization of the genome within the nucleus of
eukaryotic cells. In the cases described above, insulators mediate intra- and inter-

chromosomal interactions in order to elicit a specific transcriptional response during
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interphase, when cells are transcriptionally active. It is possible that patterns of 3D
architecture of the chromatin fiber established by insulators are cell-type specific and
responsible for distinct blueprints of gene expression during development. If this is the
case, this organization of the chromatin may need to be preserved during mitosis. During
mitosis, the compaction of the chromatin fiber is dramatically altered, and it is possible
that insulators are involved in regulating this re-arrangement of the 3D organization of
the DNA. Examination of the inheritance of insulator proteins and the 3D architecture
mediated by insulators remains one of the main challenges for research in the field. Most
transcription factors fall off the chromatin during mitosis but a few selective ones remain.
The role of these proteins during mitosis is unclear but it has been hypothesized that they
remain on chromosomes at specific sites in order to allow early transcription of specific
genes at the M/G1 boundary. Two transcription factors that have been shown to persist in

mitotic chromatin are Bromodomain-containing protein 4 (Brd4) and Myc.

Myc is a sequence specific DNA binding protein (Blackwell et al. 1990) that can
bind to both the canonical (CACGTG or CATGTG) and non-canonical CA--TG E box
sequences (Blackwell et al. 1993). It has been suggested as a transcription factor that
regulates the expression of genes (O'Donnell et al. 2005; Aguda et al. 2008; Chang et al.
2008; Lovén et al. 2010) and plays critical roles in cancer initiation and metastasis of may
different types of tumors (Wolfer and Ramaswamy 2011; Dang 2012). Genomic searches
for Myc target genes have uncovered a role for this protein in the regulation of hundreds
of genes involved in cell cycle progression, differentiation, apoptosis, DNA repair,
angiogenesis, chromosome instability, and ribosome biogenesis(Meyer and Penn 2008;

van Riggelen et al. 2010; Dang 2012). In addition to its association with genes Myc is
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also found in non-promoter sequences. These non-promoter Myc sites may function as
transcriptional regulatory elements, such as enhancers, but their role has not been studied
in detail. Myc controls a variety of cellular processes required for cell differentiation and
is essential for cellular reprogramming to induce pluripotency and stem cell renewal
(Smith et al. 2010; Varlakhanova et al. 2010; Moumen et al. 2012). The role of Myc in
these cellular processes may be a consequence of its effects on gene expression at the
local level but other evidence suggests that Myc can also affect chromatin more globally
(Varlakhanova and Knoepfler 2009). It is possible that those Myc sites at non-promoter
regions play roles in regulating chromatin status. An important property of Myc that has
been largely ignored when considering potential mechanisms by which this protein can
affect gene expression is that it reminds bound to DNA during mitosis (O'Donovan et al.
2010; Ohta et al. 2010), raising the question of whether some of the functions ascribed to

this protein are actually a consequence of its presence in mitotic chromosomes.

In this thesis, | investigate the relationship between insulators and gene expression
patterns in the context of genome organization in Drosophila. There are several types of
insulators in Drosophila that have been studied in detail. BEAF-32 is one of the insulator
proteins that is restricted to Drosophila species (Schoborg and Labrador 2010). Analysis
of the genomic localization of BEAF-32 in different Drosophila species may enable us to
analyze the possible role of epigenetic processes in evolution. In addition, analysis of the
relationship between Myc and insulator proteins in mitosis may further our understanding

of how epigenetic information is transmitted throughout the cell cycle.



16

Chapter 2

The BEAF-32 insulator coordinates genome organization and function during the

evolution of Drosophila species

This manuscript has been published on Genome Research: Yang J, Ramos E, Corces VG.
(2012) The BEAF-32 insulator coordinates genome organization and function during the
evolution of Drosophila species. Genome Research 22(11): 2199-2207.
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Abstract

Understanding the relationship between genome organization and expression is central to
understanding genome function. Closely apposed genes in a head-to-head orientation
share the same upstream region and are likely to be co-regulated. Here we identify the
Drosophila BEAF-32 insulator as a cis regulatory element separating close head-to-head
genes with different transcription regulation modes. We then compare the binding
landscapes of the BEAF-32 insulator protein in four different Drosophila genomes and
highlight the evolutionarily conserved presence of this protein between close adjacent
genes. During the formation of new Drosophila species, binding of BEAF-32 to sites in
the genome is altered along with changes in genome organization caused by DNA re-
arrangements or genome size expansion. The cross talk between BEAF-32 genomic
distribution and genome organization contributes to new gene expression profiles, which
in turn translate into specific and distinct phenotypes. The results suggest a mechanism

for the establishment of differences in transcription patterns during evolution.
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Introduction

Eukaryotic genomes are not organized randomly. Rather, genes and their
regulatory elements are arranged in a manner that allows for the correct function of the
genome. Genes that show similar function or expression tend to be clustered on the
chromosomes (Kamath et al. 2003; Pal and Hurst 2003; Hurst et al. 2004; Batada and
Hurst 2007), but not all adjacent genes are co-regulated. One interesting feature of
eukaryotic genomes is the head-to-head juxtaposition of genes with two adjacent
transcription start sites (TSS). Approximately 10% of genes in vertebrates are arranged in
a head-to-head orientation and located closer than 1 kb from each other (Adachi and
Lieber 2002; Yang et al. 2008). The proportion of close head-to-head gene pairs in the
genome correlates with gene density (Li et al. 2006; Yang and Yu 2009), and Drosophila
shows a higher than expected proportion of genes in this type of arrangement (Koyanagi
et al. 2005; Yang and Yu 2009). The intergenic regions of close head-to-head gene pairs
are referred to as bidirectional promoters, indicating the two TSSs are close enough to
share the same upstream regulatory region (Adachi and Lieber 2002; Koyanagi et al.
2005). Genes positioned in a head-to-head orientation show overall higher correlation of
expression than those arranged in other orientations (Herr and Harris 2004; Yang and Yu
2009). However, there are also head-to-head gene pairs whose expression is not
correlated or is negatively correlated in both humans and Drosophila (Herr and Harris
2004; Li et al. 2006). Interestingly, close head-to-head gene pairs in Drosophila species
tend to have higher rearrangement rates during evolution (Weber and Hurst 2011),

suggesting they are not constrained in their genomic location and they do not share
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common regulatory sequences. Drosophila must then possess mechanisms to functionally
separate closely apposed genes in a head-to-head orientation in order for these genes to

be independently regulated.

Insulators have been shown to contribute to the establishment of specific patterns
of chromatin organization important for regulation of transcription by, at least in part,
regulating interactions between enhancers and promoters (Phillips and Corces 2009;
Handoko et al. 2011; Yang and Corces 2011). In Drosophila there are several types of
insulators differentially distributed throughout the genome in a manner suggestive of
distinct functions in gene expression (Bushey et al. 2009; Negre et al. 2010). BEAF-32 is
the DNA-binding protein for one of these insulators with a role in the recruitment of
other components to specific sites in the genome. In D. melanogaster, BEAF-32
associates preferentially with actively transcribed genes, although the specific mechanism
by which it affects gene expression is not known (Bushey et al. 2009; Jiang et al. 2009).
Here we identify the BEAF-32 insulator as a cis element located between head-to-head
genes to attain differential regulation of transcription. Changes in cis regulatory
sequences represent an important source of variability necessary for divergence between
species (Borneman et al. 2007; Odom et al. 2007; Schmidt et al. 2010). A large number
of chromosome rearrangements have taken place during Drosophila speciation that have
resulted in changes in the location of genes in the genome (Consortium 2007). Given the
presence of the BEAF-32 insulator between close head-to-head gene pairs, we mapped
the binding profiles of BEAF-32 in different Drosophila species and investigated changes

in the pattern of BEAF-32 localization during the evolution of Drosophila species.



Comparison between changes in BEAF-32 insulator distribution and gene location in
different Drosophila species enabled us to establish correlations between changes in

genome organization and function.

20
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Results

BEAF-32 specifically associates with close head-to-head gene pairs

We first used the latest annotation of the D. melanogaster genome to examine the
frequency of gene pairs. We found that 28% of genes are in a head-to-head orientation
with intergenic regions shorter than 1 kb. This fraction is much higher than that found in
other eukaryotes, including other insect species, in which the proportion of close head-to-
head gene pairs ranges between 8% and 18% (Figure 2-1A, Table 2-1) (Li et al. 2006;
Dhadi et al. 2009). It is unlikely that such large numbers of genes are co-regulated in
Drosophila but not in other species, suggesting the existence of Drosophila-specific
mechanisms to maintain independent regulation of close head-to-head gene pairs.
Insulators are good candidates to perform such function given their ability to regulate
enhancer-promoter interactions. More specifically, the BEAF-32 insulator protein is
highly conserved in Drosophila and its presence appears to be restricted to this genus
(Schoborg and Labrador 2010). We therefore examined the genome-wide distribution of
BEAF-32 in D. melanogaster embryos using ChlP-seq, and found BEAF-32 frequently
located between close adjacent genes oriented head-to-head (Figure 2-1B). This is
consistent with previous reports suggesting that about 50% of BEAF-32-associated genes
are arranged in a head-to-head orientation (Jiang et al. 2009). Based on the genomic
distribution of BEAF-32 relative to genes, 50% is significantly greater than expected
(p<1x10™) (Figure 2-1C, Figure 2-2). This enrichment is unique to BEAF-32 but not to
transcription factors, factors for general transcription, other promoter-associated factors

or other insulator proteins (Figure 2-1C and Figure 2-3).
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One consequence of the arrangement of genes in pairs in a head-to-head
orientation is shorter distances between the TSSs compared to other possible orientations
(head-to-tail, tail-to-tail, or tail-to-head) (Figure 2-4A-B). We thus examined the distance
between TSSs flanking BEAF-32 binding sites in D. melanogaster and confirmed that
BEAF-32-associated TSSs have a close neighboring TSS. The distance between the two
TSSs peaked at 300-400 bp (Figure 1D and Figure 2-4C). A total of 66% (1042/1563) of
close head-to-head gene pairs (distance <500 bp) contain BEAF-32 binding sites while
only 36% (506/1400) distant head-to-head gene pairs (distance>1 kb) contain BEAF-32
binding sites between the two genes (p<1x10™). Thus, BEAF-32 preferentially associates

with close head-to-head gene pairs.

BEAF-32-associated close head-to-head gene pairs are not co-expressed

Close head-to-head genes tend to be co-regulated in D. melanogaster compared to
distant head-to-head genes or genes not in a head-to-head orientation, as there is a higher
proportion of co-expression for close head-to-head gene pairs (Figure 2-5A and Figure 2-
6). However, the correlation in expression for the two genes in close head-to-head gene
pairs is spread over a broad range. In addition to a peak of high correlation, the
distribution also shows a second peak at a value indicative of no correlation (Figure 2-
5A). Therefore, there are close head-to-head gene pairs whose expressions are not
correlated or are negatively correlated (correlation < 0.1). For these gene pairs, about 60%

(150/251) have BEAF-32 binding sites between the genes. In contrast, less that 20%
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(6/33) of highly co-expressed gene pairs (correlation > 0.9) have BEAF-32 (p<4x10°).
Over 80% (27/33) of highly correlated head-to-head genes do not harbor BEAF-32
binding sites between them. Herr and colleagues have examined the co-expression of 8
head-to-head gene pairs spatially and temporally during embryonic stages of Drosophila
development (Brogiolo et al. 2001; Renault et al. 2002; Herr et al. 2003; Herr et al. 2004;
Herr and Harris 2004). For the two gene pairs found to be highly co-expressed, we
examined the presence of BEAF-32 and found that there is no BEAF-32 binding signal
between the genes. A similar analysis shows that BEAF-32 is present in the two gene
pairs containing genes that are expressed differently (Figure 2-5C, Table 2-2). These
results suggest a correlation between the presence of BEAF-32 between two close

adjacent genes and their ability to be independently regulated.

BEAF-32 separates close head-to-head genes with different patterns of transcription

regulation

To understand the mechanisms by which the presence of BEAF-32 allows genes
to be differentially regulated, we compared the distribution of BEAF-32 binding sites
with the mapped landscape of histone modifications in the D. melanogaster genome
(Kharchenko et al. 2011; Negre et al. 2011). We aligned the map of BEAF-32 binding
sites with histone modification data, both obtained in S2 cells (Figure 2-7A and Figure 2-
8). Consistent with the association between BEAF-32 and active genes, we found that

BEAF-32 clusters with active histone marks and not with repressive marks. Histone
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marks for active TSSs, such as H3K4me3, are present on both sides of BEAF-32 binding
sites between pairs of genes oriented head to head (Figure 2-7B-C). Interestingly, histone
modifications such as histone H4 lysine 8 acetylation (H4K8ac), histone H3 lysine 18
acetylation (H3K18ac) and histone H3 lysine 27 acetylation (H3K27ac) are present at
only one of the TSSs of the two genes in each pair, and the signal is reduced to
background levels at the other TSS (Figure 2-7D-F). In Drosophila, H3K18ac and
H3K27ac are thought to be produced by the acetyltransferase CBP, which is present at
enhancers and promoters (Tie et al. 2009). The presence of these histone modifications
adjacent to TSSs is suggestive of interactions between the enhancer and promoter that
lead to activation of transcription. Thus, the asymmetric distribution of histone marks at
the two TSSs suggests that BEAF-32 may separate two genes that are differentially

transcribed, even though they share the same upstream region.

If this conclusion is true, changing the effect of putative regulatory sequences
located in the intergenic region would only affect one of the genes but not the other.
However, if the two genes in a pair are not separately regulated, they are likely to respond
in the same way to changes in regulation. To test this hypothesis, we examined changes
in the transcription profile resulting from mutations in SOX14, which is a D.
melanogaster transcription factor (Ritter and Beckstead 2010). Among the 271 genes not
associated with BEAF-32, 68 (25%) change their transcription in the same direction as
their neighbor when SOX14 is mutant. However, only 4 out of 88 (4.5%) of BEAF-32-
associated genes change simultaneously with their neighbor (p<2x107), a five-fold

difference with respect to genes not associated with BEAF-32 (Figure 2-7G).
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Other histone modifications characteristic of transcription activation, such as
histone H4 lysine 5 acetylation (H4K5ac), histone H4 lysine 8 acetylation (H4K8ac) and
H4K16ac, are also distributed differently at the two sides of BEAF-32 binding sites
(Figure 2-7A,D). H4K5ac has been reported as a histone modification present in genes
bookmarked during mitosis (Zhao et al. 2011), and H4K16ac is the product of the
acetyltransferase MOF, which functions at enhancers and promoters of X-linked and
autosomal genes (Zippo et al. 2009). Both modifications are indicative of transcription
activation, enforcing the conclusion that BEAF-32 is present between close head-to-head
genes in small genomes, such as those of Drosophila species, to separate the TSSs of two

different genes that need to be differentially regulated.

Conservation and diversity of BEAF-32 insulators across Drosophila species

Since BEAF-32 appears to functionally separate close head-to-head genes, gain or
loss of BEAF-32 binding during evolution may prevent or allow adjacent genes to be
affected by neighboring regulatory sequences, leading to changes in gene expression. In
order to investigate the role of BEAF-32 during the evolution of Drosophila species, we
systematically compared its binding site distribution in four Drosophila genomes, D.
melanogaster, D. simulans, D. pseudoobscura and D. virilis. For the larger genome of
species such as D. virilis, we sequenced twice the number of tags as in D. melanogaster
to reach equal coverage for all the genomes studied (Table 2-3). Genome wide, BEAF-32

shows a similar binding distribution with respect to TSSs, gene bodies, and intergenic
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regions across the four species, with a preference for sequences close to TSSs (Figure 2-
9A). The association of BEAF-32 with head-to-head gene pairs is conserved in all four
species (Figure 2-9B), suggesting a conserved function in Drosophila. The consensus
motifs identified for BEAF-32 binding sites are virtually identical among the four species
(Figure 2-9C), consistent with the protein conservation, particularly in the DNA binding

domain.

Since BEAF-32 is significantly associated with gene pairs, in order to investigate
changes in the profile of BEAF-32 binding in the genome of different Drosophila species
we developed a gene-pair-centric analysis pipeline. To do so, we examined whether a
BEAF-32 binding site present in the intergenic region of a gene pair in one species was
also present in the corresponding intergenic region of the gene pair in the second species
(see Material and Methods). With this pipeline, we pooled all the BEAF-32 binding sites
from the four species and scored the presence of BEAF-32 at each site in each of the
species. Using Cluster 3.0, we then clustered the pattern of BEAF-32 binding among the
four species. The results of this clustering agree well with the evolutionary tree of these

species (Figure 2-10A).

To quantitatively investigate differences in the distribution of BEAF-32 sites
between species using this pipeline, we then analyzed the conservation of BEAF-32
binding between D. melanogaster, which has the best-annotated genome, and other
species. In this D. melanogaster-centric comparison, we examined the occupancy of
BEAF-32 on orthologous chromosomal regions between D. melanogaster and each of the

three other species. The fraction of non-conserved binding sites ranges from 3% in D.
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simulans to 29% in D. virilis (Figure 2-10B). The difference increases appropriately with
the molecular distance between these genomes, suggesting the divergence follows the
molecular clock. This relationship fits a simple linear regression, with an estimated
divergence rate of BEAF-32 binding of 0.6% per Myr (R-squared>0.99) (Figure 2-9D).
This estimate may be affected by the quality of the data, although ChIP-seq gives
relatively low false positive or negative results. This divergence rate is higher than the
non-synonymous nucleotide substitution rate of 0.4% per Myr, but lower than the
synonymous nucleotide substitution rate of 6.34% per Myr (Consortium 2007),
suggesting that the binding of BEAF-32 in the genome is under selection. We thus
examined possible changes in the DNA sequence at BEAF-32 binding sites. Since the
motif for BEAF-32 binding is conserved in the four Drosophila species (Figure 2-9C),
we searched for the presence of this motif at the orthologous regions in their genomes.
The results confirm changes in the DNA sequence consistent with the loss of the BEAF-
32 binding motif specifically in the species where BEAF-32 binding is lost (Figure 2-9E-
F). Thus, the function of BEAF-32 is conserved in Drosophila species, but gain or loss of

specific binding sites is under selection during the evolution of these species.

Changes of BEAF-32 insulator localization correlate with alterations in genome

organization during Drosophila evolution

Two obvious changes affecting Drosophila genomes during evolution are

alterations in genome size and chromosome rearrangements. How does BEAF-32
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contribute to the function of the genome after such changes? Since BEAF-32 is
preferentially located between close divergently transcribed genes, BEAF-32 binding
sites may change along with variations of distance between the genes. The four
Drosophila species examined show differences in gene density across their genomes.
Compared to D. melanogaster, the genome size of D. virilis is 46% larger and gene
density decreases from 116 to 85 genes per Mb (Consortium 2007). At the same time, 32%
of all gene pairs have BEAF-32 binding sites in D. melanogaster whereas the fraction is
reduced to 15% in D. virilis (Figure 2-11A). For example, the intergenic region between
the genes myoglianin and eyeless contains a functional BEAF-32 binding site in D.
melanogaster(Sultana et al. 2011) but not in D. virilis. The distance between the two
TSSs increased 10 times in D. virilis, and this change correlates with the loss of the
BEAF-32 binding site in this species or the gain in D. melanogaster (Figure 2-11B). For
D. simulans and D. pseudoobscura, the fraction of gene pairs remains around 28% and
their gene density is similar to that of D. melanogaster (Figure 2-11A). Therefore, BEAF-
32 may be recruited to intergenic regions between close TSSs when the distance between

the two genes decreases or may be lost when the distance between genes increases.

When we examined the association between non-conserved BEAF-32 sites and
chromosome rearrangements we found two types of non-conserved BEAF-32 binding
sites. For the first type, the changes of BEAF-32 binding co-occur with chromosomal
rearrangements, since the genes flanking these BEAF-32 binding sites have different
neighbors in the two species. In this case, BEAF-32 binding is gained or lost when the

arrangement between gene pairs is altered. There are 87%, 41% and 55% non-conserved
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BEAF-32 binding sites at regions where genes have been rearranged in D. simulans, D.
pseudoobscura, and D. virilis, respectively (Figure 2-11C). Most non-conserved binding
sites in D. simulans are of the first type. For the second type of non-conserved BEAF-32
binding sites, gain/loss of binding sites does not associate with changes in chromosomal
organization, as they are located at intergenic regions between the same gene pairs in the
two species being compared. There are only 9 (13%) non-conserved binding sites of the
second type in D. simulans. However, D. pseudoobscura and D. virilis show a higher
frequency of changes in BEAF-32 binding not associated with rearrangements compared
to D. melanogaster; the number of these events are 145 (59%) and 308 (45%),
respectively (Figure 2-11C). Phenotypically, D. simulans looks more like D.
melanogaster, while the other two species are more different. The results may suggest
that the first type of non-conserved binding sites may help maintain proper expression
patterns in newly rearranged genes, whereas the second type may result in alterations in
the regulation of transcription of flanking genes that may contribute to phenotypic

differences between the species.

Alterations in BEAF-32 insulator localization correlate with changes of genome

function during Drosophila evolution

Genes flanking BEAF-32 sites are preferentially involved in metabolic processes
that are also known to affect body size (Carreira et al. 2008; Bushey et al. 2009). Thus, it

is possible that changes in gene expression arising as a consequence of the gain or loss of
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BEAF-32 binding may affect body size, which is also one of the most obvious
phenotypic differences among the Drosophila species studied. In a screen for mutations
that alter body size in D. melanogaster, 26 mutations were identified containing P
element insertions in intergenic regions (Carreira et al. 2008). We examined these
mutations and found that 8 of them map to regions containing BEAF-32 binding sites.
Out of these 8 regions, 6 (75%) show loss of BEAF-32 binding in D. virilis (Table 2-4,
Figure 2-11D). These changes in BEAF-32 binding cannot be explained solely by the
increase in genome size and distance between genes that took place in D. virilis, as the 75%
difference is significantly higher than the overall genome-wide difference for BEAF-32
binding (29%) between the two species (p<4x107). For these intergenic regions, the
distance between genes has not changed appreciably, but BEAF-32 binding is lost in D.
virilis compared to D. melanogaster. Gain or loss of BEAF-32 binding may alter the
expression of one or more genes flanking BEAF-32 sites in this region which may lead to

changes in body size.

Thus, during Drosophila evolution, BEAF-32 binding sites are gained or lost with
or without change in gene location, to either maintain transcription or allow for diversity.
After the genomic location of genes is altered, genes may be brought close to a new
neighboring gene, and the proximity to new regulatory sequences in the adjacent gene
may alter their expression pattern. The presence of BEAF-32 binding sites may permit
the two new neighboring genes to maintain their original expression patterns (Figure 2-

12). In addition, in the absence of chromosome rearrangements, alterations in BEAF-32
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binding may result in changes in the expression profile of one or more genes, resulting in

the appearance of new complex traits, such as those affecting body size (Figure 2-12).
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Discussion

Here we show that the presence of BEAF-32 between close adjacent genes
arranged in a head-to-head orientation correlates with different transcription regulatory
patterns in the two genes of the pair in Drosophila. Close head-to-head gene pairs exist in
almost all eukaryotes but it is not known whether other species also use this strategy in
order to maintain independent regulation of adjacent genes. In humans, genes present in
head-to-head gene pairs also show a bimodal distribution in the correlation of expression
(Li et al. 2006). In addition to the peak indicative of high correlation, there is also a peak
of enrichment of gene pairs whose expression is not correlated. For these pairs, it is
reasonable to predict the existence of regulatory mechanisms that functionally separate
the two genes in order to attain the observed differential transcription. BEAF-32 is
restricted to Drosophila species (Schoborg and Labrador 2010) and mammalian cells
may use other insulator proteins to accomplish this goal. In Drosophila there are several
types of insulator elements that show different genomic distributions with respect to
genes (Bushey et al. 2009; Negre et al. 2010). The distribution of the dCTCF insulator
partially overlaps that of BEAF-32. Since CTCF is conserved between Drosophila and
humans (Moon et al. 2005; Schoborg and Labrador 2010), it is possible that this protein
functionally replaces BEAF-32 in maintaining differential transcription programs in
genes located in close head-to-head gene pairs. When the human genome was specifically
examined for the organization of close head-to-head gene pairs, those containing CTCF
showed lower correlation of expression, suggesting that this mechanism may be also

conserved in humans (Xie et al. 2007).
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The organization of the genome that provides the highest fitness should be
selected during evolution. If co-expression of close head-to-head gene pairs provides
lower fitness, selection should favor re-arrangements that result in physical or functional
separation of the two genes. A comparative analysis of head-to-head gene pairs in
different species revealed that these pairs are more conserved in vertebrate lineage than in
Drosophila species (Yang and Yu 2009; Weber and Hurst 2011). Drosophila has more
close head-to-head gene pairs than mammals but the conservation of these pairs is 3-fold
lower (Yang and Yu 2009). This suggests that some of the head-to-head gene pairs in
Drosophila arise from genome compaction rather than selection for this specific
organization. For these gene pairs, maximum fitness will select for separation of the
genes in order to attain differential expression of the two genes in the pair. One strategy
to accomplish this is functional separation by recruiting insulator proteins. Alternatively,
chromosomal re-arrangements may physically separate the two genes. However, in an
already compact genome like that of Drosophila, it may be difficult to organize all non-
co-expressed genes apart from each other. Thus, a strategy relying on functionally
separating the members of head-to-head gene pairs may be more effective. Our analysis
has concentrated on close adjacent genes that are divergently transcribed because this
arrangement facilitates analysis of the correlation between the location of BEAF-32 and
transcription patterns of the two genes. Nevertheless, 38% of BEAF-32 binding sites
associate with non head-to-head gene pairs. It is possible that BEAF-32 plays a similar
role in this situation in order to control interactions between regulatory sequences located
in the 3' region or introns of genes and adjacent promoters from other genes. Although

information on the location of regulatory sequences in the Drosophila genome is
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becoming available, it is not yet known which sequences regulate which genes. In the
absence of this information, it is not possible at this time to evaluate the possible role of
BEAF-32 in maintaining independent regulation of genes that are far apart and not in a

heat-to head orientation.

The organization of head-to-head gene pairs in both humans and Drosophila is
conserved during evolution, but the two members of each pair are not precisely co-
regulated. The distribution of expression correlation suggests that most gene pairs do not
show either high correlation or no correlation, but rather a relative level of correlation
(Figure2A) (Li et al. 2006), suggesting that they may be co-regulated in certain
developmental stages or specific tissues. Co-expression is still important for the genes,
but they are not co-regulated all the time. Thus, the head-to-head orientation needs to be
maintained for co-expression, but it is also necessary to separate genes when they are not
co-regulated. The profiles of genome distribution of different insulator proteins in
different cell types suggest a certain degree of cell type specificity in both humans and
Drosophila (Kim et al. 2007; Bushey et al. 2009; Cuddapah et al. 2009). These
observations point to a role for insulators in coordinating genome organization and

function during evolution.
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Methods

Fly stocks and other reagents

Oregon R was used as the wild type strain for D. melanogaster. Strains for other species
were obtained from the UC San Diego Drosophila Species Stock Center. Stock numbers
are ID 14021-0251.195 for D. simulans, ID 14011-0121.94 for D. pseudoobscura and ID
15010-1051.87 for D. virilis. Flies were grown at 25 °C. BEAF-32B is the main BEAF-
32 isoform and its sequence is highly conserved (Figure 2-13). BEAF-32B antibodies
were generated against amino acids 1-83 of BEAF-32B in D. melanogaster(Bushey et al.
2009). The polyclonal antibody cross-react s with BEAF-32 orthologs in other
Drosophila species and recognizes specific bands on polytene chromosome squashes

from salivary glands of the species examined (Figure 2-14).

ChlP-seq

Chromatin IP was carried out using embryos. To match specific developmental stages for
embryos from each species, we determined the collecting time based on the length of the
life cycle of the various species (Markow and O'Grady 2005). The age of the embryos
used for chromatin immunoprecipitation was 0-8 hr for D. melanogaster, 0-8 hr for D.
simulans, 0-10 hr for D. pseudoobscura and 0-12 hr for D. virilis. ChIP was performed
following published procedures (Sandmann et al. 2007) with the following adjustments.
Two grams of embryos were used for two chromatin preparations and extracts were

sonicated 20 cycles (10s on/30s off) on a Branson Sonifier 250 with output control set at
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1.5. Libraries were prepared with the IlluminaTruSeq DNA Sample Preparation Kit and

sequenced at the HudsonAlpha Institute for Biotechnology.

Sequence analysis

For analysis of sequence data, we used genome sequence and annotations released on
Flybase, dmel_r5.39, dsim_r1.3, dpse_r2.22 and dvir_r1.2. Sequences were aligned to
genomes using Bowtie with indexes built for each genome. The output map files were
converted to bed format for each chromosome arm using the VVancouverShort package.
Only aligned reads on the main chromosomes were used to call peaks, as the small
chromosome segments are not well annotated. The main chromosomes include D.
melanogaster: chr2L, chr2LHet, chr2R, chr2RHet, chr3L, chr3LHet, chr3R, chr3RHet,
chr4 and chrX; D. simulans: chr2L, chr2R, chr3L, chr3R, chr4, and chrX; D.
pseudoobscura: chr2, chr3, chr4_groupl-5, chrXL_groupla/le/3a/3b,
chrXR_group3a/5/6/8; D. virilis: scaffolds with more than 1000 reads. Peaks were called
using CCAT3.0 (Xu et al. 2010). BEAF-32 associated genes were defined as genes
closest to each peak and BEAF-32 associated pairs were defined as non-overlapping gene
pairs flanking each peak. Both genes in a gene pair are defined as BEAF-32 associated
genes if they flank BEAF-32 binding sites and are arranged in a head-to-head orientation.
For other orientations, only the closest gene is defined as a BEAF-32 associated gene.
Overlapping gene pairs were discarded. Associated genes or pairs were called using a
custom script (available upon request). Only pairs with well-mapped intergenic regions
and a gap of less than 10% of the length of the region or 300 bp were defined as well-

mapped pairs.


http://www.hudsonalpha.org/
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Fraction of genes in head-to-head gene pairs in different species

Genome annotations for each species were downloaded from the UCSC genome browser.
For genes with alternative transcripts, only the longest transcript was considered for
analysis. We then created a list of all possible non-overlapping gene pairs and counted
the number of unique genes in all gene pairs as A. We then selected the gene pairs in
head-to-head combination and closer than 1 kb. We counted the number of unique genes
in these head-to-head gene pairs as B. The fraction of genes in head-to-head gene pairs is
B/A. For D. melanogaster, we used four different annotation versions. The flybase-
dmel5.39 annotation includes both coding and non-coding genes, and the others include
only coding genes. The results are the same for all different versions. We carried out a
similar analysis with the latest genome annotation for H. sapiens and M. musculus. The
results are comparable to the values previously reported (Table 2-1). Values for genome
size and percentage of genes in head-to-head orientation shown in figure 1A for H.

sapiens, M. musculus, O. sativa and A. thaliana were obtained from the literature.

Calculation of the fraction of gene pair combinations associated with various

proteins

To calculate the expected fraction, we call P; the fraction of TSSs containing binding
sites for a specific protein located in the 500 bp upstream region of a gene in the genome,

and P, the fraction of protein binding sites 500 bp downstream of the TTS. For all the
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gene pairs in the genome, there are N1, N», N3 and Ny pairs for the head-to-tail, head- to-
head, tail- to-tail and tail- to-head combinations, respectively. The expected number of
gene pairs bound by a specific protein is Vi x A -0 —=F) xA—=F,) |

N, x(A=A-F)xA-F) Ny x(A-A-P)=xA-F) N, xA-A-F)>xA-F) for
each combination. The expected fraction for each combination is then determined as the
expected numbers divided by the total number of gene pairs. To calculate the observed
fraction, we count the number of gene pairs (X) in each category (head-to-tail, head- to-
head, tail- to-tail and tail- to-head) present in the pool of total gene pairs associated with
the different proteins (T). Then the observed fraction is obtained by dividing X by T for

each category.

Gene co-expression analysis

The expression value for each gene in each gene pair was extracted from the table in
modENCODE_3305
(http://submit.modencode.org/submit/public/download/modENCODE_3305?root=data),
which includes expression scores for different cell lines and developmental stages from
embryo to adult. Pearson correlations were calculated for the expression scores for the

two genes in each pair across the cell lines and developmental stages.

Alignment of BEAF-32 and histone modifications

The clustering of BEAF-32 sites and alignment of BEAF-32 with histone modifications

were carried out using ChromasSig (Hon et al. 2008). Since Drosophila genomes are
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smaller than the mammalian genomes for which this program was originally written, we
changed several parameters as follows: STAT_HALF_WINDOW_SIZE = 1000 and
OVERLAP_HALF_WINDOW_SIZE = 1000. The output of ChromaSig was viewed
using custom scripts (available upon request) and TreeView (Saldanha 2004). To
distinguish the differences between the two sides flanking BEAF-32 binding sites, the
direction information from the ChromaSig output was also incorporated for graphical
viewing.

Gene-pair-centric conservation analysis

BEAF-32 associated pairs are two non-overlapping genes flanking a BEAF-32 binding
site. For a BEAF-32 associated pair composed of genel and gene2 in species A,
orthologous genes are found in table gene_orthologs_fb_ 2011 07.tsv from Flybase. Then
the BEAF-32 binding signal is examined for the corresponding intergenic region for
genel or gene2 in the second species-species B. The term "corresponding intergenic
region" signifies that this region should be downstream of genel or upstream of gene2 in
species B if it is downstream of genel and upstream of gene2 in species A. If BEAF-32 is
found at the corresponding intergenic region in species B, it is determined to be
conserved. For clustering analysis, all BEAF-32 binding sites from the four species were
pooled together. Each site in each species is assigned a value of 1 if BEAF-32 is present,
-1 if BEAF-32 is not present, 0 if no ortholog is found and NA if the site is not mapped
by ChlP-seq. The created matrix is then clustered using hierarchical clustering in Cluster
3.0 and the results were viewed using TreeView. For comparisons among species, the
conservation score was calculated based on the peaks called by CCAT 3.0 using default

parameters (enrichment value of 5). For the quantitative comparison between D.
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melanogaster and other species, peaks used were called with an enrichment of 10 for D.
melanogaster and an enrichment of 3 for other species. Thus, the regions called as non-
conserved are the ones with at least 10-fold enrichment in D. melanogaster and at most 3-
fold enrichment in other species. At least a 3-fold difference was required to call a gain or
loss of protein binding. To count the co-occurrence of non-conserved BEAF-32 sites and
chromosome rearrangements, gene pairs flanking non-conserved BEAF-32 sites in D.
melanogaster are searched for their orthologous presence in other species. If the two
genes in the gene pair are still next to each other and in the other species, it is counted as

non rearranged. Otherwise it is counted as having undergone a rearrangement.

Motif analysis

Consensus sequences were discovered using Weeder (Pavesi et al. 2004) to analyze
BEAF-32 binding sequences obtained from peak files called with CCAT 3.0. Changes of
sequences in the BEAF-32 binding sites were determined based on the 5 bp motif

sequence CGATA or its reverse complementary sequence TATCG in intergenic regions.

Other datasets

ChlP-chip results for BEAF-32, other insulator proteins, JIL1 and histone modifications
in S2 cells were obtained from modENCODE

(www.modencode.org/publications/integrative_fly 2010/) (Consortium et al. 2010).

ChlP-seq results for Twist and Snail in embryo were obtained from the EMBL-EBI


http://www.modencode.org/publications/integrative_fly_2010/

website under accession code E-MTAB-376 (He et al. 2011). ChlIP-chip data for Smcl
was obtained from GEO under accession number GSE9248 (Misulovin et al. 2008).
Expression data for Sox14 mutant animals is from GSE23355 (Ritter and Beckstead

2010).
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Data access

ChlP-seq data are deposited in NCBI’s Gene Expression Omnibus (GEO)

(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE35648.
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Table 2-1. Percentage of genes in head-to-head (<1kb) gene pairs for different species.

For each species, the denoted genome annotation was used to calculate the percentage of
genes in head-to-head gene pairs. The annotations were obtained from Flybase or from
the UCSC genome browser. The name also indicates the version and track of the
annotation. The term "all pairs™ indicates all possible non-overlapping gene pairs found
using each genome annotation. hh<1 kb pairs are gene pairs in which the two genes are in
head-to-head orientation and the two are separated by less than 1 kb. All genes are unique
genes in all pairs and hh<1 kb genes are unique genes in head-to-head orientation
separated by less than 1 kb. Percentage indicates the fraction of hh<1 kb genes out of all
genes. Percentage in literature is the value previously reported in the literature as

mentioned in text.



Species Annotation All hh<l | All | hh<l % % from
pairs kb | genes | kb literature
pairs genes
D. flybase- 12563 | 2125 | 1488 | 4250 | 28.5
melanogaste | dmel5.39 8 %
r
D. UCSC-dm3- | 12395 | 2038 | 1459 | 4076 | 27.9
melanogaste | flyBaseGen 6 %
r e
D. UCSC-dm3- | 11950 | 1997 | 1442 | 3994 | 27.7
melanogaste refGene 1 %
r
D. UCSC-dm3- | 12395 | 2038 | 1459 | 4076 | 27.9
melanogaste ensGene 6 %
r
A. gambiae UCSC- 13686 | 644 | 1433 | 1288 | 9.0%
anoGam1- 0
ensGene
A. mellifera UCSC- 11955 | 473 | 1326 | 946 | 7.1%
apiMel2- 4
ensGene
C. elegans UCSC- 18695 | 1609 | 1983 | 3218 | 16.2
cel0- 5 %
refGene
H. sapiens UCSC- 27858 | 1462 | 3445 | 2924 | 8.5% 9.4%
hgl19- 4
GencodeV1
2
H. sapiens UCSC- 20488 | 1030 | 2320 | 2060 | 8.9% 9.4%
hgl19- 8
refGene
M. musculus UCSC- 21155 | 1017 | 2305 | 2034 | 8.8% 8.2%
mm10- 2
refGene
O.sativa 9%
A.thaliana 18%
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Table 2-2. Expression information for genes in Figure 2-5C.

Pearson score 1 is the correlation of expression across developmental stages for the two
genes. The value is calculated as described in methods for co-expression analysis.
Pearson score 2 is the correlation score reported previously (Herr and Harris 2004). Co-
expression level and expression pattern in embryos have also been reported previously

(Herr and Harris 2004).
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Pearson | Pearson Co- Embryoni | Embryoni
score 1 | score 2 | expressio c c
n expression | expression
FBgn003539 | FBgn005248 | 0.77 N/A +++ Syncytial | Syncytial
0 4 blastoder | blastoder
m, stage m, stage
7-9 7-9
PMG/AM | PMG/AM
G; stage G; stage
12-13 12-13
mesoderm | mesoderm
FBgn003542 | FBgn003542 | 0.72 0.855 ++++ Syncytial | Syncytial
0 1 blastoder | blastoder
m m
FBgn003977 | FBgn003977 0.08 —0.640 - Stage 10— | Stage 10-
3 4 13 13
prohemoc | prohemoc
ytes; stage | ytes; stage
16 PMG 16 PMG
FBgn003731 | FBgn005154 | -0.15 N/A - Absent Absent
5 2




Table 2-3. Summary of sequence data.
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Species Aligned Reads Genome Gene BEAF-32
Chip Input size number peaks
D. melanogaster 11590739 | 15801184 | 129316289 15021 5121
D. simulans 10261595 | 11124982 | 109695738 14496 3383
D. pseudoobscura | 20683221 | 20884796 | 127291806 15305 2070
D. virilis 20915794 | 17095302 | 173705494 14886 1974




50

Table 2-4. Summary of BEAF-32 binding sites at intergenic regions affecting body size.

Test line indicates the ID for the fly strain tested by Carreira and colleagues (Carreira et
al. 2008). P-element insertions in these lines affect body size of D. melanogaster. In these
strains, P-elements are inserted at intergenic regions that also contain BEAF-32 binding
sites. Homologous gene pairs are found in the four Drosophila species and BEAF-32
binding between the gene pairs was analyzed for the gene pairs in each species. If BEAF-
32 binds between the two genes or close to one of the genes, it is denoted as y. If BEAF-
32 is not found in the gene pairs, it is denoted as n. The largest difference is observed

between D. melanogaster and D. virilis.
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D. melanogaster D. simulans
BG02199a | FBgn0011577 | FBgn0020633 FBgn0185823 | FBgn0185824
BG01011 | FBgn0010905 | FBgn0010909 FBgn0185100 | FBgn0185099
BG02435a | FBgn0036490 | FBgn0029114 FBgn0186213 | FBgn0084138
BG02131b | FBgn0032078 | FBgn0032079 FBgn0193781 | FBgn0193780
BG01613b | FBgn0259212 | FBgn0037296 FBgn0191130
BG01563c | FBgn0250746 | FBgn0037315 FBgn0191116 | FBgn0191115
BGO01713 | FBgn0053100 | FBgn0039149 FBgn0189856 | FBgn0192519
BG02118 | FBgn0020386 | FBgn0035099 FBgn0185255 | FBgn0185256

D. psuedoobscura D. virilis
BG02199a | FBgn0078566 | FBgn0078570 FBgn0200305 | FBgn0200306
BGO01011 | FBgn0074159 | FBgn0245725 FBgn0203234 | FBgn0199618
BG02435a | FBgn0249992 | FBgn0079928 FBgn0199157 | FBgn0201068
BG02131b | FBgn0081836 | FBgn0076562 FBgn0201353 | FBgn0201349
BG01613b FBgn0248710 FBgn0200551
BG01563c | FBgn0071377 | FBgn0074124 FBgn0197337 | FBgn0197336
BGO01713 | FBgn0247893 | FBgn0074959 FBgn0201748 | FBgn0201414
BG02118 | FBgn0249759 FBgn0199737 | FBgn0199738
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Figure 2-1. BEAF-32 specifically associates with close head-to-head gene pairs.

(A) Genome size and percentage of genes in head-to-head gene pairs in different
eukaryotic genomes. There is a high proportion of head-to-head gene pairs in the compact
D. melanogaster genome compared to other species. (B) Snapshot of two regions of the
D. melanogaster genome showing BEAF-32 binding sites associate with close head-to-
head gene pairs. The top track represents genes. Genes above the line are transcribed
from the plus strand and genes below the line are transcribed from the minus strand. The
bottom track represents sites of BEAF-32 localization in the region; signal corresponds to
the number of raw reads from ChlP-seq analysis. (C) Percentage of head-to-head gene
pairs flanking different proteins. BEAF-32 associated pairs are significantly enriched for
head-to-head gene pairs compared to the genome wide expectation as well as compared
to other proteins. The error bars are from the results of different datasets. The expected
and observed fraction of gene pairs was calculated independently for each dataset, and
the mean and standard deviation were then determined. For BEAF-32, we used datasets
obtained using embryos from this study and modEncode, and S2 cells. For twi or sna, we
used datasets from different biological repeats. For Smcl, we used datasets for cell lines
Kc, S2 and Bg3. (D) Distribution of distances between TSSs for genes flanking BEAF-32
and transcription factors. The number in parentheses is the total number of gene pairs in
each category. BEAF-32 frequently associates with adjacent gene pairs close to each

other.
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Figure 2-2. BEAF-32 is enriched between head-to-head gene pairs.

(A) A simulation was carried out to determine the fraction of gene pairs that are
associated with BEAF-32. Three groups were investigated, all gene pairs in the genome,
head-to-head gene pairs (hh pairs), and non-hh pairs. For each group, 2000 gene pairs
were randomly chosen, and the fraction of gene pairs that associate with BEAF-32 was
determined. The process was repeated 10,000 times to obtain the distribution shown.
Differences in the distribution was tested by t-test. (B) A second simulation was carried
out to determine the fraction of hh gene pairs for two groups, BEAF-32 associated gene
pairs and non-BEAF-32 associated gene pairs. For each group, 2000 gene pairs were
randomly selected and the fraction of hh gene pairs was determined. The process was
repeated 10,000 times to create the distribution. Differences in distribution were tested by
t-test. (C) Different window sizes were used to determine the fraction of hh orientation in

BEAF-32 associated gene pairs as described in Figure 2-1C.
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Figure 2-3. Percentage of head-to-head gene pairs in protein associated gene pairs.
Observed and expected percentage of all gene pair combinations flanking different
protein factors. In addition to BEAF-32, fractions are examined for various other proteins.
JIL1 is a general transcription factor, twist and snail are transcription factors, and Smcl is

a protein associated with TSSs.
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Figure 2-4. Distance between TSSs of gene pairs.

(A) Distance between the two TSSs in different gene pair combinations. The green arrow
indicates the direction of transcription and the red line indicates the location of the TSS.

The distance between the two TSSs is shortest in the head-to-head (hh) combination. (B)
Distribution of the distances between head-to-head and other gene pairs. (C) Distribution

of the distances between genes flanking BEAF-32 and other insulator proteins.
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Figure 2-5. BEAF-32-associated close head-to-head genes are not co-expressed.

(A) Distribution of the correlation of expression for the two genes in close head-to-head
gene pairs (distance < 500bp). Red arrow indicates a secondary peak for enrichment of
genes that are not co-regulated. (B) Percentage of gene pairs associated or not-associated
with BEAF-32 binding sites present between co-expressed and non-co-expressed genes in
close head-to-head gene pairs. (C) Examples of BEAF-32 location in co-expressed and
non-co-expressed gene pairs. The blocks indicate genes with flybase 1Ds. Blocks on top
of the track are transcribed from the plus strand, and blocks at the bottom of the track are
transcribed from the minus strand. The tracks under the gene tracks show the location of
BEAF-32 signal with raw reads from ChlIP-seq. The symbol ‘co-ex’ represents the level
of co-expression between the two genes. Detailed information about the expression of

these genes is presented in Table 2-2.
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Figure 2-6. Correlation of expression for gene pairs.

(A) Distribution of the correlation of expression for distant head-to-head gene pairs
(distance >1kb). (B) Distribution of the correlation of expression for non-head-to-head

gene pairs.
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Figure 2-7. BEAF-32 separates close head-to-head gene pairs to achieve differential

regulation of transcription.

(A) Alignment and clustering of BEAF-32 and histone modifications in D. melanogaster
S2 cells. All sites were identified and aligned using ChromasSig. Each vertical stripe
represents a 3 kb region. Clusters I-V grouped here are clusters with BEAF-32 binding
from Figure 2-8. (B-F) Mean value of enrichment for sites in cluster 1. Site 0 is the site
where BEAF-32 is enriched. Each figure represents a 3 kb region flanking site 0. Each
colored line represents a different type of gene pair arrangement case in cluster I: head-
to-head (red), tail-to-head (blue) and head-to-tail (green). (G) Fraction of gene pairs
whose expression changes significantly in the same up or down direction in Sox14 mutant

animals. Changes are considered significant when the difference is at least 3-fold.
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Figure 2-8. Clustering of BEAF-32, other Drosophila insulator proteins, and various
histone modifications in D. melanogaster S2 cells. Clusters containing BEAF-32 are

displayed in Figure 2-7A. The numbers indicate the corresponding cluster in Figure 2-7A.
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Figure 2-9. Conservation and divergence of BEAF-32 sites in Drosophila species.

(A) Distribution of BEAF-32 binding sites with respect to various gene landmarks. (B)
Percentage of various gene pair combinations flanking BEAF-32 binding sites; ht, head-
to-tail; hh, head-to-head; tt, tail-to-tail; th, tail-to-head. BEAF-32 association with head-
to-head gene pairs is conserved. (C) Consensus motif for BEAF-32 occupied sequences
in the four species. (D) Correlation of BEAF-32 binding divergence with evolutionary
distance between D. melanogaster and other species. The Y axis represents the
percentage of BEAF-32 binding sites that are not conserved in the other three species
with respect to all BEAF-32 binding sites in D. melanogaster. (E-F) Species-specific loss
of BEAF-32 binding associates with species-specific loss of the BEAF-32 motif in the
DNA sequence. Dark blue bars represent the background absence of BEAF-32 motif for
all BEAF-32 associated gene pairs in each species. Light blue bars represent absence of
the BEAF-32 motif for a group of gene pairs with BEAF-32 binding lost only in D.

pseudoobscura(E) or only in D. virilis(F).
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Figure 2-10. BEAF-32 binding across Drosophila species.

(A) Clustering of BEAF-32 binding pattern. Red is binding, green is not binding, black
indicates lack of an ortholog, and grey indicates intergenic regions that are not well
mapped. (B) Distribution of BEAF-32 binding diversity between D. melanogaster and

each of the other three species.
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Figure 2-11. Changes in BEAF-32 binding correlate with changes in genome

organization and function.

(A) BEAF-32 density decreases as gene density declines. The left Y axis represents the
percentage of gene pairs containing BEAF-32 with respect to all well mapped gene pairs
and is a measure of BEAF-32 density. The right Y axis indicates the number of genes per
Mb as a measure of gene density. (B) Arrangement of the myoglianin and eyeless genes
and location of BEAF-32 binding sites. Light green shadowing indicates the orthologous
genes in D. virilis. (C) Percentage of divergent BEAF-32 binding sites either associate or
not associate with chromosome rearrangement between D. melanogaster and the species
listed. The numbers above the bar indicate the number of cases in each category. (D) An
example of gene arrangement and location of BEAF-32 binding sites in a region whose
mutation affects body size in D. melanogaster is shown for four different species. The
mutation affecting body size results in alteration of sequences in the intergenic region
encompassing the BEAF-32 binding site in D. melanogaster. Light green shadowing

represents the four orthologous regions in each of the Drosophila species.
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Figure 2-12. Simplified models for the role of BEAF-32 during evolution of Drosophila
species. (A) Two alternative possibilities explaining how alterations in BEAF-32 binding
may affect transcription. Blocks indicate genes. Black and white indicate different
transcription regulatory modes of the genes. Grey means converged regulation for the
two genes. Gain or loss of BEAF-32 binding when gene pairs are reorganized to maintain
proper transcription (top).Gain or loss of BEAF-32 binding when gene organization does
not change to create transcription diversity (bottom). (B) Phylogeny and phenotype of

Drosophila species analyzed in this study.
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Figure 2-13. Conservation of BEAF-32 protein sequences in the four Drosophila species
analyzed. The blue and green lines indicate the two functional regions of the BEAF-32
protein. The red box indicates the conserved region used to generate the BEAF-32

antibody.
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Figure 2-14. Immunofluorescence microscopy of polytene chromosomes of different
Drosophila species using an antibody against the D. melanogaster BEAF-32B sequence

shown in Figure 2-13. The antibody recognizes BEAF-32B protein in all four species.
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Chapter 3

A specific subset of Drosophila Myc sites remains associated with mitotic

chromosomes co-localized with insulator proteins
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Abstract

Myc has been characterized as a transcription factor that activates expression of genes
involved in pluripotency and cancer, and as a component of the replication complex.
Here we find that Myc is present at promoters and enhancers of D. melanogaster genes
during interphase. Myc co-localizes with Orc2, which is part of the pre-replication
complex during G1. As is the case in mammals, Myc associates preferentially with
paused genes, suggesting that it may also be involved in the release of RNAPII from
promoter proximal pausing in Drosophila. Interestingly, about 40% of Myc sites present
in interphase persists during mitosis. None of the Myc mitotic sites correspond to
enhancers and only some correspond to promoters. The rest of mitotic Myc sites overlap
with multiple insulator proteins that are also maintained in mitosis. These results suggest

alternative mechanisms to explain the role of Myc in pluripotency and cancer.
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Introduction

Myc has been extensively studied as an oncogene that plays critical roles in
cancer initiation and metastasis of may different types of tumors (Wolfer and
Ramaswamy 2011; Dang 2012). Myc is a sequence specific DNA binding protein
(Blackwell et al. 1990) that can bind to both the canonical (CACGTG or CATGTG) and
non-canonical CA--TG E box sequences (Blackwell et al. 1993). Although Myc has been
found to regulate various cellular processes including cell growth, cell proliferation, and
cell differentiation, the mechanisms by which it elicits neoplastic transformation are not

well understood.

Myc is a basic-helix-loop-helix leucine zipper (bHLH-Zip) transcription factor
that regulates the expression of protein coding genes and microRNAs (O'Donnell et al.
2005; Aguda et al. 2008; Chang et al. 2008; Lovén et al. 2010). Genomic searches for
Myc target genes have uncovered a role for this protein in the regulation of hundreds of
genes involved in cell cycle progression, differentiation, apoptosis, DNA repair,
angiogenesis, chromosome instability, and ribosome biogenesis (Meyer and Penn 2008;
van Riggelen et al. 2010; Dang 2012). Results suggest that Myc may regulate expression
of these genes, at least in part, by interacting with P-TEFb to release RNA polymerase 11
(RNAPII) from promoter proximal pausing and bring about productive elongation
(Kanazawa et al. 2003; Gargano et al. 2007; Rahl et al. 2010). Most genome-wide studies
of Myc in mammalian cells have focused on its presence at promoter regions (Li et al.
2003; Guccione et al. 2006; Kidder et al. 2008). However, Myc is also found in non-

promoter sequences. For example, Myc is enriched in the first intron of genes, and about
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10% of Myc sites are present in intergenic regions (>100 kb from genes) in human B

cells (Zeller et al. 2006). In mouse fibroblasts, 30.4% of Myc sites are intergenic (>1 kb
from genes) and 22.4% are intragenic (1 kb downstream of TSS to 3’ end) (Perna et al.
2012). These non-promoter Myc sites may function as transcriptional regulatory elements,

such as enhancers, but their role has not been studied in detail.

In addition to its role in transcription of genes encoding proteins involved in DNA
replication, Myc may also regulate this process directly. Cells overexpressing Myc
become polyploid but do not enter mitosis (Li and Dang 1999). In Drosophila, Myc is
required for endoreplication (Maines et al. 2004; Pierce et al. 2004), and it has been
suggested that the role of Myc in replication is independent of transcription (Dominguez-
Sola et al. 2007). In human cells, the Myc protein interacts with the pre-replication
complex and it has been shown to be required for recruitment of Mcm proteins at specific
loci (Dominguez-Sola et al. 2007; Swarnalatha et al. 2012), but whether this is a general
phenomenon, and Myc co-localizes genome-wide with the origin recognition complex,

has not been investigated.

Myc controls a variety of cellular processes required for cell differentiation and is
essential for cellular reprogramming to induce pluripotency and stem cell renewal (Smith
et al. 2010; Varlakhanova et al. 2010; Moumen et al. 2012). The role of Myc in these
cellular processes may be a consequence of its effects on gene expression at the local
level but other evidence suggests that Myc can also affect chromatin more globally
(Varlakhanova and Knoepfler 2009). An important property of Myc that has been largely

ignored when considering potential mechanisms by which this protein can affect gene
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expression is that it remains bound to DNA during mitosis (O'Donovan et al. 2010; Ohta
et al. 2010), raising the question of whether some of the functions ascribed to this protein
are actually a consequence of its presence in mitotic chromosomes. However, the location
and function of Myc in mitotic cells has not been explored. Here we examine the
distribution of Myc during interphase and mitosis in Drosophila Kc cells. We find that
Myc co-localizes extensively with Orc2 during interphase, supporting a generalized role
for Myc in the pre-replication complex. In addition to promoters, Myc is also present at
enhancers of Drosophila genes. Interestingly, only a specific subset of interphase Myc
sites remain in mitotic chromosome. Mitotic Myc sites include a fraction of promoter
regions and aligned insulators, where several insulator proteins co-localize within a 300
bp region. These results suggest that Myc may have an as of yet unappreciated role in the
maintenance of chromosome structure and epigenetic information during the cell cycle

that may explain some of its effects in tumorigenesis and pluripotency.
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Results

Myc is present at the promoters of paused genes

In order to study changes in the distribution of Myc, we performed chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq) in D. melanogaster Kc
cells using an antibody against Myc. To distinguish possible roles of Myc in mitosis
versus other stages of the cell cycle, we partially synchronized the cells, labeled them
with antibodies to Lamin DmO, and separated the mitotic and interphase populations as
previously described (Gurudatta et al, 2012). In order to determine whether the role of
Myc in transcription and replication is conserved in Drosophila, we first mapped the
binding sites for this protein in interphase when the cells are undergoing a process of
biomass accumulation and preparing for the next cell cycle. We identified approximately
4000 Myc binding sites across the genome of interphase cells (Table 2-1). Analysis of
these data indicates that Myc associates with coding and non-coding genes (Figure 3-1A,
left and right panels, respectively). Myc binds preferentially to promoter proximal
regions (between TSSs and -200 bp). Only 8% of Myec sites fall in exons, including 5’
and 3° UTRs. In addition to promoter regions, Myc also binds significantly in introns (21%

of sites) and intergenic regions (17% of sites) (Figure 3-1B).

Myc has been extensively characterized as a transcription factor in
mammals. In Drosophila 53% of Myc sites are located in the promoter regions of genes
and 4% in the 5’UTR (Figure 3-1B). These sites of Myc associate with genes involved in

rRNA synthesis, cell cycle, and development (Table 2-2). To understand how Myc
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regulates adjacent genes, we examined their expression status. Generally Myc associates
with genes that also have RNAPII at the TSS, suggesting they have undergone
transcription initiation. However, the difference in RNAPII levels between the promoter
region and the gene body is larger for genes with Myc than for genes without Myc
(Figure 3-1A). These observations suggest that Myc-associated genes have high pausing
indexes. In mammalian cells, Myc plays a role in the release of RNAPII from promoter-
proximal pausing (Rahl et al. 2010). We therefore examined whether Drosophila Myc is
also associated with paused genes by determining the pausing index, which is a measure
of the difference in RNAPII levels between the promoter and gene body. The results
indicate that Myc preferentially associates with paused genes in Drosophila. More Myc-
associated genes show high pausing index than the average genome level. Around 41% of
Myc associated genes show pausing indexes higher than 1, while only around 16% of all
genes show a pausing index larger than 1 (K-S test, p<2x10™*°) (Figure 3-1C). Although
Myc-associated genes show high pausing indexes, they are also highly expressed. About
50% of Myc-associated genes belong to the group with the highest transcription levels
(Figure 3-1D), suggesting that RNAPII in Myc-associated paused genes is quickly

released into productive elongation.

The role of Myc at non-promoter regions

As previously observed in mammalian cells (Zeller et al. 2006; Perna et al. 2012),

Drosophila Myc also binds to non-promoter regions (Figure 3-1B). Genome-wide studies
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of Myc distribution have been carried out in different types of mammalian cells but no
detailed analysis of the function of these non-promoter sites is available. We therefore
examined the distribution of histone modifications and RNAPII enrichment at these non-
promoter Myc sites. Results indicate that a subset of these Myc sites show chromatin
signatures characteristic of enhancers (Figure 3-2A and 2B). Myc sites at promoter
regions are enriched in H3K4me3 and RNAPII. In contrast, a subset of Myc sites at non-
promoter regions show H3K4mel while H3K4me3 and RNAPII are absent (Figure 3-2B).
Enrichment in H3K4mel without H3K4me3 is characteristic of enhancers (Heintzman et
al. 2007). These Myc sites also contain H3K27ac, indicating they correspond to active
enhancers (Figure 3-2B). We have previously identified all enhancers in Drosophila Kc
cells (Kellner et al. 2012) and we used this information here to compare enhancers with
and without Myc. The results suggest that most active enhancers containing H3K27ac
also have Myc, while inactive enhancers lacking H3K27ac are depleted of Myc (Figure
3-2C). Thus, a subset of non-promoter Myc sites appears to be present at active enhancers.
However, not all the non-promoter Myc sites show enhancer-like chromatin features. A
second subset of non-promoter Myc sites (denoted with a question mark in Figure 3-2B)
is depleted of H3K4mel, H3K4me3, and H3K27ac and, therefore, it does not correspond

to enhancers or promoters.

Myc associates with Orc2 genome-wide in D. melanogaster

In mammalian cells, the Myc protein interacts with the pre-replication complex

and it has been found at specific DNA replication origins with Origin recognition
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complex (Orc) proteins (Dominguez-Sola et al. 2007). To test whether this is also the
case in Drosophila, and some of the sites with unknown function in Figure 3-2B
correspond to replication origins, we compared the binding profiles of Myc and the Orc2
component of the complex. The signals for the two proteins show significant overlap in
specific regions of the genome (Figure 3-3A). We then examined genome-wide
correlations between the two proteins using heatmaps to visualize the information. The
results indicate that Orc2 is present at most Myc sites in the genome and vice versa
(Figure 3-3B). Interestingly, the correlation between the amount of Myc and Orc2 in the
genome is higher at Orc2 sites than at Myc sites (Figures 3-3C and 3-3D). Thus, Myc co-
localizes with Orc2 genome-wide in Drosophila cells at both promoter and non-promoter

regions.

A distinct subset of Myc sites remains bound to chromosomes during mitosis

Myc has been shown to be present in mitotic chromosomes (O'Donovan et al.
2010; Ohta et al. 2010) but its specific distribution in chromatin during mitosis has never
been analyzed. The presence of Myc in mitotic chromosomes may be critical for its role
in transcription. To gain further insights into mechanisms by which Myc affects gene
expression, we mapped Myc binding sites in mitotic cells and compared the distribution
of this protein between interphase and mitosis. The results indicate that all Myc mitotic
sites are also occupied by this protein during interphase, but not all Myc sites in

interphase are retained in mitosis (Figure 3-4A). Myc sites in the genome can therefore
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be classified as interphase-specific (Class 1) or common to mitosis and interphase (Class
I1). We will refer to this second group as mitotic sites, although they are also present in
interphase (Figure 3-4A). In interphase, the average enrichment of Myc at Class 1 sites is
only about half of the average enrichment at Class I sites, but the enrichment is
significantly higher than background (Figure 3-4B, top panel). In mitosis, there is no
significant enrichment for Myc at Class I sites (Figure 3-4B, bottom panel). The
mechanism by which Myc persists at only a subset of interphase sites may depend on the
specific recognition sequence present at each class of sites. We therefore examined
potential differences in the consensus motif at Class I and Class 1l sites. E boxes can be
found in about 70% of Myc sites in either class, but the two classes show different
preferences for specific sequences. Myc sites in Class | preferentially contain the
canonical E box (CATGTG/CACGTG). In contrast, Myc sites in Class |1 sites are
depleted of the canonical E box and, instead, show enrichment for the non-canonical E
box (Figure 3-4C). The preference in utilization of each E box type is significant (chi
square p<0.0001) and may represent the underlying mechanism to select Myc sites that

will be maintained during the cell cycle.

The two classes of Myc sites may have different roles in gene expression

To gain insights into possible functional differences between interphase-specific
and mitotic Myc sites, we first performed GO analysis for genes associated with each
class. Class | Myc sites are enriched at genes involved in ribosome biogenesis, which is

important for biomass accumulation in G1. This is consistent with reports for Myc-
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regulated genes in interphase cells in mammals (van Riggelen et al. 2010). However,
genes associated with Class 11 Myc sites are not enriched for this category. Instead, there
is a higher enrichment for cell cycle or developmental genes (Figure 3-5A). In addition to
their presence at different target genes, the two groups of Myc sites may also affect gene
expression by different mechanisms. In interphase cells, Myc-associated genes generally
show higher pausing index than the average gene in the genome. We then parsed genes
into two groups based on their association with Class I or Class Il Myc sites. The results
suggest that genes associated with Class | Myc sites (interphase-specific) still show a
high pausing index, whereas genes associated with Class Il Myc sites (those also present
in mitosis) have lower pausing indexes (K-S test, p=2x10"®) (Figure 3-5B). Class | Myc
sites may then be involved in the release of paused RNAPII for productive elongation in
interphase cells, whereas Class Il Myc sites may play a different regulatory function on

transcription that is dependent on the presence of Myc protein in mitotic chromosomes.

Mitotic Myc sites are present at a subset of promoters but not enhancers

To further explore functional differences between the two classes of Myc sites,
we clustered all the sites with histone modifications characteristic of enhancers and
promoters using k-means clustering. The results reveal 5 clusters of Myc sites (Figure 3-
5C). Class | Myc sites are present in three different clusters whereas class Il Myc sites
associate with two clusters. Class I sites are present at enhancers (Cluster 1), promoters

(Cluster 111) and a cluster lacking either characteristic (Cluster I1). Class 11 sites are
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present at promoters (Cluster 1V) and a cluster of unknown function (Cluster V).
Therefore, Myc is present at enhancers only during interphase and persists during mitosis
at only a specific subset of all promoters occupied during interphase (Figure 3-5C).
Interestingly, Myc-associated promoters in both interphase and mitosis appear to cluster
in two groups with high or low levels of H3K4me3. In Drosophila, enhancers defined as
sequences enriched in H3K27ac and H3K4mel but lacking H3K4me3, are typically
found within intronic regions (Kharchenko et al. 2011). Consistent with the clustering
results, 55% of Class | non-promoter Myc sites are in introns while 70% of Class Il non-
promoter Myc sites fall in intergenic regions (p<0.0001) (Figure 3-5D). These results
suggest that Class 11 Myc sites do not function as enhancers and they may play a different
role in the genome independent of transcription. The possibility of a different role for
Class I sites is supported by the observation that these sites are further apart from each

other compared to Class I sites (Figure 3-5E).

Myc sites of unknown function associate with insulators

A subset of Myc sites in both Class | and Class Il are not present at either
enhancers or promoters. A third type of regulatory sequences found in eukaryotic cells is
represented by insulators, which mediate long-range interactions between different sites
in the genome. To test whether the Myc sites of unknown function are present at
insulators, we parsed ChlP-seq datasets of Drosophila insulator proteins BEAF-32,

dCTCF, Su(Hw), GAF and CP190 with the clusters shown in Figure 3-5C. The results
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show a dramatic difference between Class | and Class Il sites (Figure 3-6A). Class I sites
associate preferentially with GAF, both at enhancers and promoters where this protein
has been shown to be present (Negre et al. 2011), as well as in Cluster Il containing sites
not present at these two types of regulatory sequences. A subset of interphase-specific
Class | promoter sites present in Cluster 111, those containing high levels of H3K4me3
and presumably actively transcribed, contain BEAF-32 instead of GAF. Class Il sites, on
the other hand, associate with insulator proteins other than GAF (Figure 3-6A). In
particular, all Class I sites, including those in Cluster V, contain all four insulator

proteins tested, Su(Hw), BEAF-32, dCTCF and CP190 (Figure 3-6A and 6B).

Myc mitotic sites associate with mitotic insulator sites

The results presented above suggest a strong association between Class 11 Myc
sites and sites of specific insulator proteins from interphase cells. Since Class I sites
persist during mitosis, we wondered whether insulator proteins also remain at these sites
during mitosis. To test this possibility, we compared the distribution of Class Il Myc sites
with datasets of insulator protein localization in mitotic chromosomes (Gurudatta et al.
2012b). The results indicate that Myc overlaps extensively with insulator proteins during
mitosis (Figure 3-6C). All mitotic Myc sites contain dCTCF, DREF and CP190, and a
subset also contains BEAF-32. A fifth insulator protein, Su(Hw), is not present in

chromosomes during mitosis (Gurudatta et al. 2012b). Interestingly, a subset of the sites
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where Myc and Orc2 co-localize during interphase are sites where Myc persists during

mitosis (Figure 3-6C).

Mitotic Myc sites are enriched at the borders of topological chromosomal domains

The role of Myc during mitosis may be local i.e. to mark a subset of promoters or
origins of replication for rapid resumption of transcription or assembly of the pre-
replication complex at the beginning of G1. Alternatively, Myc may play a more global
role in chromatin organization. Recent work suggests that eukaryotic chromosomes
during interphase are organized into topological domains, characterized by high
frequency of interactions, and separated by domain borders (Lieberman-Aiden et al. 2009;
Dixon et al. 2012; Hou et al. 2012; Nora et al. 2012; Sexton et al. 2012). These borders
are enriched in insulator proteins, which may contribute to the formation of boundaries
that separate topological domains. It is possible that some of this organization persist
during mitosis, and that insulator proteins contribute to the maintenance of chromosome
architecture during the cell cycle. The fact that Myc persists at the same genomic sites as
insulator proteins in mitotic chromosomes suggest that it may also be present at domain
borders. To test this hypothesis, we compared the distribution of Class I and Class Il Myc
sites with respect to domain borders previously defined in Drosophila embryonic nuclei
(Sexton et al. 2012). The results suggest that this is indeed the case (Figure 3-6D). Class
I1 Myc sites that remain on chromosomes during mitosis are significantly enriched at

domain borders, whereas interphase-specific Class Il sites are significantly enriched
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inside domains. These results could be interpreted to suggest that a specific subset of
Myc sites may remain bound to chromosomes during mitosis to organize the higher order
structure of chromatin. Alternatively, the presence of Myc at domain borders may be a
consequence, rather than a cause, of chromosome organization. We have recently shown
(Hou et al. 2012) that domain boundaries are more open and accessible than the interior
of domains, suggesting that Myc may remain bound to these sequences during mitosis

because of their higher accessibility.
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Discussion

Myc is a bHLH-Zip sequence-specific DNA binding protein that plays a crucial
role in the regulation of critical cellular processes such as cell growth, cell division and
cell differentiation. Importantly, disruption of Myc levels in the cell lead to oncogenic
transformation (Dang 2012). Since Myc interacts with DNA in a sequence-specific
manner, its role in these various processes has been explained based on its ability to
control the expression of specific genes by activation or repression of transcription. The
effects of Myc in transcription and replication have been rationalized on the basis of its
involvement in the control of promoter-proximal pausing of RNAPII and its effects on
chromatin structure at the level of histone covalent modifications. Myc can induce H4
acetylation (Frye et al. 2007; Swarnalatha et al. 2012), which correlates with an increase
of H4K20me2 and a transient increase of H4K20mel (Frye et al. 2007). H4K20me1l can
function at the crossroad of genome integrity, cell cycle, and transcription (Beck et al.
2012), and H4K20me?2 is recognized by Orcl, which is a component of the Orc complex
mediating pre-DNA replication licensing. The bromo adjacent homology (BAH) domain
of Orcl specifically recognizes H4K20me2, a property common to BAH domains present
within diverse metazoan Orcl proteins(Kuo et al. 2012). The sole enzyme that catalyzes
H4K20mel is Setd8 (also known as PR-Set7 or KMT5a), which is an essential mediator
of Myc-induced epidermal differentiation. Deletion of Setd8 in Myc-overexpressing skin

cells blocks proliferation and differentiation (Driskell et al. 2012).

Although the ability of Myc to act as a sequence-specific transcription factor and

elicit changes in the 10 nm chromatin fiber may account for many of its effects on cell
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function, the finding of Myc in the proteome of mitotic chromosomes (Ohta et al. 2010)
represents an interesting puzzle. It is possible that Myc persistence on chromatin during
mitosis has no relevance to its role in nuclear biology. On the other hand, several aspects
of the distribution of Myc in mitotic chromosomes offer tantalizing explanations for some
of its effects on transcription and replication. By comparing Myc binding sites in cells at
interphase and mitosis we find two distinct groups of Myc sites. Class | sites only harbor
Myc during interphase but become devoid of this protein during mitosis. These sites are
adjacent to genes involved ribosome biogenesis, which have been reported to be cell type
and species independent Myc targets (Ji et al. 2011). In contrast, Class Il Myc sites that
persist during mitosis associate with genes that play roles in cell cycle or cell
differentiation. In mammalian cells, this includes genes important for maintaining
pluripotency and reprogramming (Ji et al. 2011). It is possible that the presence of Myc at
these genes during mitosis serves to preserve epigenetic memory of their expression

necessary for the maintenance of cell identity.

The striking overlap of Myc and insulator sites during mitosis points to a more
complex role for this protein in mitotic chromatin. Insulators have been shown to mediate
long-range intra- and inter-chromosomal interactions (Phillips and Corces 2009).
Although the role of some of these interactions may be to regulate enhancer-promoter
contacts, the finding of insulators at the boundaries of topological chromosome domains
points to a larger and more complex function of these proteins in higher-order chromatin
organization. The presence of Myc together with insulator proteins at these sites in

mitotic chromosomes may explain some Myc-dependent phenotypes, including its effects
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on genome integrity. Mouse induced pluripotent stem (iPS) cell lines induced with Myc
show a significantly higher frequency of translocation than those induced without Myc
(Chen et al. 2011). This result is Myc dependent, as deletion of Myc box Il reduces the
translocation frequency (Guffei et al. 2007). Myc overexpression also induces telomeric
aggregation in the interphase nucleus (Louis et al. 2005). These effects of Myc on
genomic integrity suggest that Myc may play a role in chromosome higher order structure
that may depend on its presence at insulator sites during interphase and/or mitosis. This
conclusion is further supported by the observation that mitotic Myc sites are enriched at
the borders of topological chromosome domains, which are also enriched in insulator
proteins. Domain boundaries are more accessible to the insertion of transposable
elements and allow higher expression of transgenes, suggesting that they represent
regions of the genome with more open higher-order chromatin (Hou et al. 2012).
Together, these observations agree with a model by which insulators organize the
chromatin in the interphase nucleus by mediating interactions that create chromosomal
domains. Transition from interphase to mitosis involves a condensation of the chromatin
that nevertheless maintains this organization via the persistence of insulator proteins at
domain boundaries. The boundary regions contain more open chromatin that may become
accessible to components of the transcription and replication apparatus earlier at the end
of M phase. The maintenance of Myc at these domain boundaries may ensure that
adjacent genes are transcribed early at the M/G1 transition and a subset of replication
origins assemble pre-replication complexes by recruiting Orc2 and, perhaps, determining
replication timing. Additional experiments will be necessary to test this speculative but

plausible model.
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Methods

Cell culture and flow cytometry

Drosophila Kc167cells were grown at 25°C in CCM3 media (Hyclone) to a density of
2X10°. Cells were synchronized and sorted as previously described (Gurudatta et al.
2012b). Briefly, cells were treated with hydroxyurea (1 mg/ml in ethanol to a final
concentration of 15 ng/ml) for 16 hr, incubated for 8 hr with nocodazole (5 mg/ml in
DMSO, to a final concentration of 2 ng/ml) and harvested. For flow cytometry, cells were
fixed for 10 min in 1% formaldehyde, blocked in suspension for 30 min in blocking
buffer, incubated overnight with rabbit a-H3S10ph at 1:5000 or mouse a-Lamin Dm0 at
1:500, washed 3 x 15 min in blocking buffer, and then incubated with secondary antibody
Alexa Fluor 488 a-rabbit at 1:5000. After a 30 min incubation in blocking buffer plus
propidium iodide (0.1 mg/ml), samples were passed several times through a 25-gauge
syringe to reduce clumping and sorted on a FACSAria Il cell sorter. Enrichment of the
mitotic and interphase cell populations was carried out by visualization of the mitotic
marker H3S10ph by immunofluorescence microscopy, showing 97-99% purity

(Gurudatta et al. 2012b).

ChlIP-seq analysis

ChIP was performed with ~4 x 107 cells. Cells were cross-linked with 1% formaldehyde

for 10 min at room temperature. Nuclear lysates were sonicated to generate 200-1000 bp
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DNA fragments. ChIP was then performed with 6 pL of Drosophila a-Myc antibody
(Santa Cruz Biotechnology, sc-28208). Libraries are prepared with the IlluminaTruSeq
DNA Sample Preparation Kit. Fragments in the 200-300 bp ranged were selected and
sequenced in an llluminaHiSeq sequencer at the HudsonAlpha Institute for

Biotechnology.

Bioinformatics analyses

Sequences were aligned to Drosophila dm3 using Bowtie. The output map files
were converted to bed format for each chromosome arm using the VVancouverShort
package. Peaks were called using CCAT3.0 (Xu et al. 2010) with the enrichment
parameter set to 15. Myc-associated genes were defined as genes with Myc binding sites

between -200 bp and the TSS or in the 5’UTR region.

In addition to the Drosophila Myc data obtained in this study, we used several
datasets obtained from public sources. Orc2 ChlIP-seq (modENCODE_2755),
RNAPIIChIP-chip (modENCODE_328) and RNA expression in Kc cells
(modENCODE_3305) were obtained from modENCODE. ChlP-seq data sets for
H3K4mel, H3K4me3 and H3K27ac are from GSE36374. ChlP-seq data sets for insulator
proteins are from GSE30740, GSE32584 and GSE39664. To build heatmaps, values for
each ChIP-seq dataset were extracted for the 2000 bp region around the summit of peaks
using custom R scripts (available upon request) and heatmap graphs were created using
TreeView(Saldanha 2004). Clusters in Figures 3-5C and 3-6A were created by k-means
clustering using Cluster3.0 based on the mean values of the 300 bp around Myc sites for

the samples listed.


http://www.hudsonalpha.org/
http://www.hudsonalpha.org/
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The pausing index of genes was calculated using ChlP-chip data sets of RNAPII
in Kc cells obtained from modENCODE. RNAPII at TSSs (Prss) was calculated as the
mean enrichment of RNAPII at the 200 bp region around each TSS. RNAPII in the gene
body (Pnody) Was calculated as the mean enrichment of RNAPII from +200 bp to the end
of the gene. The pausing index is defined as the different between the Prss and Ppogy.
Motif analysis of Myc binding sites was performed using Myc peak summits extend 50
bp on either side. The resulting 100 bp sequence for each peak was used to search for E
boxes using a custom Perl script available upon request. Gene ontology analysis for Myc

associated genes was performed with DAVID (http://david.abcc.ncifcrf.gov). Flybase 1Ds

were used to determine statistically enriched biological process categories on the basis of

a background list of all annotated genes in the Drosophila genome.


http://david.abcc.ncifcrf.gov/
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Data access

Sequence data have been deposited in NCBI’s Gene Expression Omnibus (GEO) under

accession number GSE39521.



102

Acknowledgements

We would like to thank members of the lab for helpful discussions and suggestions
during this study. We also thank The Genomic Services Lab at the HudsonAlpha Institute
for Biotechnology for their help in performing Illumina sequencing of ChIP-seq samples.
Research reported in this publication was supported by the National Institute of General
Medical Sciences of the National Institutes of Health under award number
R01GMO035463. The content is solely the responsibility of the authors and does not

necessarily represent the official views of the National Institutes of Health.



103

Figure 3-1. Characteristics of Myc-associated genes.

(A) Examples of Myc-associated genes. The signal for Myc is represented as the number
of raw reads from ChIP-seq and the signal for RNAPII is represented by the log2
enrichment from ChIP-chip. On the gene track, the genes above the line are transcribed
from the plus strand and the genes below the line are transcribed from the minus strand.
The two arrows on the left point to two protein coding genes associated with Myc that
also show high accumulation of RNAPII at the TSS. The two arrows on the right point to
two non protein-coding microRNA genes associated with Myc. (B) Genome wide
distribution of Myc binding sites with respect to various gene landmarks. Distal
intergenic region means regions that are at least 200 bp away from genes. (C) Cumulative
curve of pausing index for all coding genes in the genome (black) or coding genes
associated with Myc (green). (D) Distribution of expression levels of Myc target genes.
All genes in the genome were sorted according to their expression score and binned into
five groups (Group 1 with the lowest expression and Group 5 with the highest
expression). Myc target genes were assigned to one of the groups if their expression

scores fall into the range of expression levels for that group.
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Figure 3-2. A subset of Myc sites at non-promoter regions have characteristics of

enhancers.

(A) Examples of non-promoter Myc sites in the genome. The signals on the tracks of
Myc, H3K4mel, H3K27ac and H3K4me3, are represented by the raw reads from ChlP-
seq. The signal for RNAPII is represented by the log2 value from ChlIP-chip. The arrows
represent two Myc sites that display enhancer chromatin signatures (presence of
H3K4mel/H3K27ac and absence of H3K4me3). (B) Heatmaps showing the chromatin
features at promoter and non-promoter Myc sites. Each panel represents 2 kb upstream
and downstream of the Myc sites. The sites are ordered by signal of H3K4mel. (C)
Heatmaps showing chromatin features at all identified enhancers in Kc cells. The sites are

ordered by signal of Myc.
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Figure 3-3. Myc associates with Orc2 genome wide.

(A) Snapshot of a region of the Drosophila genome showing the distribution of Orc2 sites
compared with Myc. The signals represent the number of raw reads from ChlIP-seq data
sets across the region. (B) Heatmaps of Myc and Orc2 signal at all Myc and Orc2 binding
sites. Each panel represents 2 kb upstream and downstream of the anchor sites. The two
panels on the left are the signals at all Myc binding sites in Kc cells discovered in this
study ordered by Orc2 signal intensity. The two panels on the right are the signals at all
Orc2 binding sites obtained from modENCODE ordered by Myc signal. (C) Correlation
between the intensities of Orc2 and Myc at all Myc sites. (D) Correlation between the

intensities of Orc2 and Myc at all Orc2 sites.
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Figure 3-4. Properties of Myc sites in interphase and mitotic chromosomes.

(A) Heatmap showing signals of Myc in interphase or mitosis at all the Myc site in the
genome. The information indicates the existence of two groups of Myc sites in the
genome, one is interphase-specific (Class 1) and the second one is common to interphase
and mitosis (Class II). (B) Binding intensity at Myc sites during interphase or mitosis
plotted from the information displayed in panel A. The X axis represents distance from
Myec sites and ‘0’ is the summit of Myc sites. Negative values indicate upstream and
positive values indicate downstream of the Myc sites. (C) Usage of different binding

motifs by the Myc protein in interphase (Class I) or mitosis (Class I1).
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Figure 3-5. Myc sites occupied during interphase and mitosis have different

characteristics.

(A) Gene ontology of protein coding genes associated with the two classes of Myc sites.
(B) Cumulative curve of pausing index for protein coding genes associated with Class |
(red) or Class Il (blue) Myc sites. (C) Heatmaps showing chromatin features of Class |
and Class Il Myc sites. Each panel represents 2 kb upstream or downstream of the Myc
sites. Clusters were created using Cluster 3.0 based on the signal value for the listed
features at the Myc sites. (D) Distribution of Class | and Class 11 non-promoter Myc sites
in introns or intergenic regions. (E) Distance between Myc site pairs for Class | and Class

Il Myc sites.
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Figure 3-6. Myc sites present in mitotic chromosomes associate with insulator proteins.

(A) Heatmaps showing chromatin features at Class | and Class Il Myc sites. Each panel
represents 2 kb upstream or downstream of the Myc sites. Signals are represented by the
number of raw reads from ChIP-seq or enrichment log2 value from ChlIP-chip for the
listed proteins or histone modifications. (B) Heatmaps showing the overlap of the listed
protein at the two classes of Myc sites. (C) Insulator proteins and Myc persist on
chromatin during mitosis at Class Il Myc sties. (D) Distribution of Class I and Class Il

Myc sites with respect to topological domain boundaries.
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Chapter 4

Discussion and future directions
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Chromatin architecture and genome function

It is becoming increasingly evident that the genetic material is arranged in the
nucleus of eukaryotic cells in a non-random fashion. The eukaryotic genome is arranged
in the three-dimensional nuclear space by interactions between different types of proteins
that bring together distant genomic sequences. An important question arising from this
concept is whether this 3D arrangement plays exclusively a structural role than
determines function or whether the structure is a consequence of the functional output of
the genome. Current evidence appears to suggest that a combination of these two
processes may cooperate to establish the 3D organization of the genome and that this

arrangement may be cell type-specific and may carry epigenetic information.

Enhancers activate gene expression by looping out intervening sequences and
contacting the promoters of their target genes. In addition, enhancers appear to also
recruit gene promoters to transcription factories where genes are co-regulated. Therefore,
these two types of interactions may represent examples of processes where function gives
rise to structure in the nucleus. Insulators, on the other hand, may represent examples of
sequences whose primary role is to mediate contacts between distant sequences to affect
genome function. It is becoming increasingly clear that, in addition to their original role
in interfering with enhancer-promoter interactions, insulators can actually tether
enhancers to their target promoters. Therefore, insulators may be responsible for a subset
of the 3D organization of the genome that determines its functional outcome. In addition,
recent evidence suggests that a subset of insulator sites may have a purely structural role

and mediate a subset of interactions that are conserved during mitosis. These insulator



117

sites, called “aligned insulators”, contain binding sites for several insulator proteins
within a 200-300 bp region and they may represent specially strong insulator sites whose
function is to maintain chromosome structure throughout the cell cycle. Work described
here indicates that, in addition to insulator proteins, these sites are also enriched for Myc,

which until now has been considered a classical transcription factor.

As | have described above, the organization of the chromatin in the nucleus is
established by different factors that contribute to this process through their participation
in various aspects of genome function. For example, transcription factors such as ER-
alpha function by tethering regulatory elements to gene promoters to initiate
transcription, or bring coordinately regulated genes together (Fullwood et al. 2009). On
the other hand, insulator proteins like CTCF may mediate a subset of interactions
between distant sequences in the genome in order to separate differentially regulated
genes into separate domains (Handoko et al. 2011). Drosophila has at least four different
types of insulators and it is not known whether they play similar or distinct roles in
chromatin organization and gene regulation. Here | have taken an evolutionary approach
to dissect the role of the BEAF-32 insulator in nuclear biology. BEAF-32 has been
previously described as a protein whose role is to facilitate high levels of transcription
(Jiang et al. 2009). Mutation of BEAF-32 results in down-regulation of the expression of
some genes and up-regulation of others (Gurudatta et al. 2012a). The work described here
helps explain this apparently dual role of BEAF-32, suggesting that this protein acts as a
cis regulatory element that separates close head-to-head genes with different transcription

regulation modes. The mechanisms by which BEAF-32 performs this function are
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probably similar to those used by other insulator proteins such as mammalian CTCF. One
hypothesis to explain the role of BEAF-32 in transcription is that it can separate the two
adjacent genes into two different functional domains via interactions with other insulators
located in the vicinity. The domains formed by each of the two loops may
compartmentalize regulatory sequences from adjacent promoters to insure independent
regulation of the two genes. Additional experiments will be necessary to test this

speculative but plausible model.

Inheritance of chromatin higher-order structure

In interphase, chromatin architecture depends on all the interactions mediated by
various chromatin associated factors, including enhancers and insulators. When the cells
enter mitosis, most of these factors are removed from chromosome while only a few of
the proteins persist on the chromosomes (O'Donovan et al. 2010; Ohta et al. 2010). Thus,
some of the interactions will be disrupted, since the factors mediating these contacts are
no longer bound to chromatin. Nevertheless, the mother cell needs to transmit epigenetic
information to daughter cells to maintain cell identity. How can then cells precisely
remember the chromatin architecture present during G1 and recover this information in
the following interphase? Proteins retained on chromatin during mitosis are reasonable
candidates to play a role in epigenetic memory transmitted throughout the cell cycle. Myc
and insulator proteins CTCF/BEAF-32/CP190 are good candidates to play a role in this

process, since they persist on mitotic chromosomes (O'Donovan et al. 2010; Ohta et al.
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2010; Gurudatta et al. 2012b). Both Myc and insulator proteins have been associated with
different types of chromatin interactions (Handoko et al. 2011; Lin et al. 2012). Here, |
have described results indicating that Myc stays bound in mitotic chromosomes at sites
where it overlaps with insulator proteins. The role of Myc at these sites is unclear at this
time. Aligned insulator sites that persist during mitosis are preferentially located at the
borders of topological domains defined by Hi-C. These domain boundaries appear to
represent more accessible regions of chromatin. Therefore, it is possible that these
regions become de-condensed earlier during the M/G1 transition. It is possible that Myc
contributes to the maintenance of an open chromatin structure at these regions.
Alternatively, the presence of Myc at these sites may ensure transcription of adjacent

genes at the end of mitosis.

Chromatin architecture and evolution

It is clear from the previous discussion that chromatin interactions contribute to
the genome function. As a consequence, regulation of higher-order chromatin structure
may represent a strategy for the organism to re-program transcription and adapt to new
environmental conditions. For example, latency of Epstein-Barr Virus is controlled via
chromatin interactions that mediate crosstalk between a distal enhancer and different
promoters to start distinct transcription programs (Chau et al. 2006; Tempera et al. 2010;
Tempera et al. 2011). By regulating chromatin architecture, the virus can select when to

exit latency in order to take advantage of new environmental situations. More complex


http://www.cdc.gov/ncidod/diseases/ebv.htm
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eukaryotic organisms with larger genomes use similar strategies to respond to
environmental cues. These alterations in chromatin organization ensure that changes in
transcription are confined to specific regions without affecting the normal function of the
rest of the genome. For example, hormone treatment can induce chromatin interactions
that limit the impact to hormone responding genes without changing the expression of

surrounding genes (Wood et al. 2011).

Changes in the three-dimensional arrangement of chromatin may represent an
efficient strategy to control the transcription program of a cell or organism in order to
adapt to new environmental conditions. The change on chromatin architecture may
contribute to the phenotypic variations within species. These phenotypic variations could
provide resources for selection to shape evolution. It is possible that many nonsense
single-nucleotide polymorphisms (SNPs) observed within or between populations do not
alter protein coding regions but they may affect chromatin high order structure and
change the levels or developmental timing of genes. Analyses of possible effects of these
SNPs on the 3D arrangement of the chromatin may represent an important avenue for

future research in the evolution field.
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