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CHAPTER 1 : INTRODUCTION 

William Jordan, III1, Leila E. Rieder1,2, and Erica Larschan1 

Portions of this chapter have been published as a first author review that I wrote 

for Trends in Genetics (Diverse genome topologies characterize dosage 

compensation across species) and are reproduced here with many changes and 

additions. I wrote the original manuscript with editorial feedback from Dr. Leila 

Rieder, who prepared the figures, and Dr. Erica Larschan. I wrote the remainder 

of this chapter with editorial feedback from Dr. Erica Larschan.

                                                        
 
1 Department of Molecular Biology, Cellular Biology and Biochemistry, Brown University, 
Providence, RI 
2 Department of Biology, Emory University, Atlanta, GA 
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Composition of chromatin 

Within the eukaryotic cell nucleus, each chromosome consists of a single molecule 

of double-stranded DNA. Frequently thought of in linear space, these DNA 

molecules are compacted within the confines of the nucleus, as much as ten 

thousand-fold, by adopting diverse three-dimensional conformations. Despite 

extensive compaction of the chromosomes within the nucleus, specific sequences 

known as cis-regulatory elements need to be precisely identified to regulate genes 

spatially and temporally. 

 

At the most basic level, chromatin consists of a repeating array of nucleosomes, 

which are octamers of histone proteins, around which DNA is wrapped. There are 

two copies of each of the four core histone proteins (H2A, H2B, H3 and H4) within 

each nucleosome, which is surrounded by 146 bp of DNA (Dixon et al., 2016; 

Widom, 1989). Chromatin serves as the substrate for essential cellular processes 

such as transcription, replication, recombination and cell division (Widom, 1989). 

The idea of crumpled polymer globules, or the “beads on a string” framework for 

chromatin, was initially introduced forty years ago (Grosberg et al., 1993, 1988). 

Surprisingly, chromatin only accounts for roughly half of the available nuclear 

space (Rajapakse and Groudine, 2011): specialized nuclear bodies and diverse 

chromatin regulators reside in the remaining interchromatin space. Nuclear bodies 

are dynamic structures that often reflect a cell’s transcriptional state and serve as 
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sites of transcription or RNA processing (Aumiller Jr et al., 2014; Rajapakse and 

Groudine, 2011).   

 

Chromatin can be generalized into two contrasting types: euchromatin, which 

generally resides in the interior of the nucleus, and heterochromatin, which 

generally resides close to the nuclear envelope (Bonev and Cavalli, 2016). These 

types of chromatin differ in their accessibility: euchromatin is regarded as “active” 

because it contains gene-rich regions, and positively correlates with chromatin 

accessibility; heterochromatin is regarded as “inactive,” is gene poor, and 

negatively correlates with chromatin accessibility (Bonev and Cavalli, 2016; Gilbert 

et al., 2004; Solovei et al., 2013). Chromatin may vary dramatically between cell 

types because histone proteins, histone modifiers (or readers/writers), and other 

transcription factors are able to recognize and modulate specific loci, further 

differentiating chromatin compartments and fine-tuning gene expression. 

Therefore, while chromatin broadly influences gene regulation, it does not fully 

explain the modulation in activity of individual genes; rather chromatin establishes 

local environments that are more or less favorable for gene-specific expression 

(Barutcu et al., 2015; Cavalli and Misteli, 2013; Dixon et al., 2015; Li et al., 2015).  

 

In contrast to the local chromatin environment surrounding a particular gene, 

topologically associated domains (TADs), are physical megabase-sized partitions 

of the genome. Within an organism, TAD organization is believed to be largely 
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invariant and conserved across cell types (Dixon et al., 2016). Smaller domains 

are known by various names, including sub-TADs, chromatin loops, and 

neighborhoods. These smaller domains may be highly variable between cell types 

(Barutcu et al., 2015; Dixon et al., 2015) and thus play a fundamental role in 

genomic function and regulation.  

 

Across species, TAD boundaries are enriched for insulator elements, which are 

bound by a specialized class of insulator proteins that regulate three-dimensional 

genome organization (Bonev and Cavalli, 2016; Ramírez et al., 2015). TAD 

boundary regions are also enriched for active genes, though recent studies in 

Drosophila suggest three-dimensional chromatin organization is established 

during zygotic genome activation, independent of transcription (Hug et al., 2017). 

Few factors, including transcription factors and non-coding RNAs, modulate global 

genome organization (Bonev and Cavalli, 2016). Therefore, much remains 

unknown regarding how specific nuclear domains are established and how 

chromatin domains are targeted to modulate gene regulation. 

 

Transcriptional regulation mediated by cis-regulatory elements (CREs) 

The evolution of complex biological systems relies on the ability to precisely 

regulate gene networks which requires many diverse cis-regulatory elements 

(CREs) that recruit DNA-binding transcription factors. Many CREs are thought to 

have evolved from selective pressures on transposition of transposable elements 
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(TEs) that rely on the transcriptional machinery of the host cell for gene expression 

(Chuong et al., 2017). Consequently, many TEs evolved CREs that mimicked 

those already present in the host or that conferred new benefits (Chuong et al., 

2017). CREs can broadly be divided into the four following categories: promoters, 

enhancers, silencers, and insulators. Promoters are normally positioned upstream 

of a transcription start site and recruit transcriptional machinery to initiate 

transcription (Haberle and Stark, 2018; Zabidi and Stark, 2016). Enhancers are 

CREs that enhance or increase transcriptional activity (Haberle and Stark, 2018; 

Kolovos et al., 2012; Zabidi and Stark, 2016). Contrarily, silencers are CREs that 

silence or decrease transcriptional activity (Kolovos et al., 2012). Lastly, insulators 

are CREs that recruit architectural or insulator proteins that are capable of bridging 

long-range DNA interactions and thereby regulate three-dimensional genome 

organization (Sexton et al., 2012; Yang and Corces, 2012). Furthermore, many 

CREs are capable of regulating nearby genes in cis or trans; they are able to affect 

distal genes by taking advantage of three-dimensional organization (Zabidi and 

Stark, 2016). 

 

Transcription factors may regulate gene programs solely based on their 

abundance, through post-translational modifications, or the ability to recruit 

specific cofactors (Bar-Even et al., 2006; Hafner et al., 2017; Reiter et al., 2017). 

However, in order to mediate their diverse effects on gene regulation, transcription 

factors must first be able to recognize and bind to specific CREs (Reiter et al., 
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2017). Within the highly compacted chromatin environment of the nucleus, many 

transcription factors are initially incapable of binding the CREs they recognize. 

These factors rely on a small subset of transcription factors known as pioneer 

factors that are capable of displacing nucleosomes from DNA (Reiter et al., 2017). 

Histone modifications and chromatin accessibility also regulate transcription factor 

binding (Gertz et al., 2013; Reiter et al., 2017). However, it remains unknown how 

only a small fraction of CREs for a given factor are bound in vivo. Furthermore, the 

subset of bound sites may vary from cell to cell and function differently depending 

on their genomic context (Bradley et al., 2010; Gertz et al., 2013; Reiter et al., 

2017; Slattery et al., 2014; Voss and Hager, 2014). Therefore, little is understood 

about how transcription factors regulate genes in a context-specific manner. 

 

Overview of dosage compensation 

Diverse models of sex chromosome dosage compensation, in which the sex 

chromosomes are specifically targeted for transcriptional regulation, serve as 

model systems to study context-specific gene regulation. Moreover, analyses of 

dosage compensation across species have revealed the mechanisms by which 

large groups of genes are co-regulated within the context of three-dimensional 

genome organization. 

 

Sex chromosome dosage compensation is an essential, yet diverse, process in 

many species. There exist many distinct dosage compensation strategies to 
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equalize transcript levels of genes located on the sex chromosome(s) between the 

sexes (Deng et al., 2011; Ercan, 2015). A conserved first step in heterogametic 

XY species, including humans and Drosophila, is distinguishing the 

X-chromosome from the autosomes. For example, in many mammals, one female 

X-chromosome is singled out for inactivation. One conserved dosage 

compensation mechanism, first hypothesized by Susumu Ohno (Ohno, 1973), is 

shared across several species including mammals, C. elegans and Drosophila: 

upregulation of transcription of genes on the active X-chromosome to equalize 

their expression with that of autosomal genes (Deng et al., 2011, 2014; Ercan, 

2015) (Figure 1.1). 

 

In contrast to the X-chromosome, there are no known examples in which the Y-

chromosome is targeted for dosage compensation. The Y-chromosome is small 

and heterochromatic, though in some species it does carry specialized genes that 

have male sex-specific functions (Graves, 2006). X-chromosome upregulation was 

first proposed by Susumu Ohno (Ohno, 1973), who hypothesized that transcription 

of the X-chromosome in mammals was upregulated during early evolution of sex 

chromosomes in order to compensate for degeneration of the Y-chromosome 

(Veitia et al., 2015). Furthermore, Ohno theorized that X-chromosome 

upregulation was not limited to males but also occurred in females. Ohno proposed 

that X-chromosome downregulation evolved in mammals in order to counteract X 

upregulation in XX females, therefore maintaining equalized dosage with 
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autosomes (Veitia et al., 2015). This idea is widely known as Ohno’s hypothesis. 

Data exist that both support and oppose the existence of such a mechanism across 

species (Albritton et al., 2014; Deng et al., 2014; Veitia et al., 2015; Wheeler et al., 

2016). 

 

Figure 1.1. Dosage compensation strategies: the dosage compensated sex is 
represented in red. 
 

Mechanisms of dosage compensation 

In the nematode worm C. elegans, males carry a single X-chromosome and two 

copies of each autosome (XO, AA), while hermaphroditic females carry two copies 

of the X-chromosome and each autosome (XX, AA). An unknown mechanism is 

thought to upregulate expression of the X-chromosome in both sexes. A well-

defined dosage compensation complex (DCC) then down regulates gene 

expression for both X-chromosomes in hermaphrodites to equalize X-linked gene 
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expression to that of males (Albritton et al., 2017; Deng et al., 2011; Ercan, 2015; 

Meyer, 2005; Pferdehirt et al., 2011) (Figure 1.1A). The DCC initially localizes to a 

small number of X-linked X-chromosome “recruitment element on X” (rex) sites, 

which are located in regions of euchromatin and contain binding motifs that cluster 

in two- and three-dimensional space (Albritton et al., 2017). The process of C. 

elegans dosage compensation is believed to occur through X-chromosome 

compaction because compaction is lost in the absence of DCC activity and the 

X-chromosome becomes enlarged. Enlargement of the X-chromosome may 

contribute to upregulation of X-linked genes by a mechanism that likely involves 

the function of specific X-linked DNA sequences rather than global regulation of all 

genes on the X-chromosome (Lau et al., 2014; Wheeler et al., 2016). 

 

In the fruit fly Drosophila melanogaster, males carry a single X-chromosome and 

two copies of each autosome (XY, AA), while females carry two copies of the 

X-chromosome and each autosome (XX, AA) (Figure 1.1B). A dosage 

compensation complex known as the Male Specific Lethal complex (MSLc), is 

specifically assembled in males and upregulates transcription of the single male 

X-chromosome to approach levels of female X-linked gene expression. Similarly 

to C. elegans, the initial sites of MSLc recruitment, chromatin entry sites (CES), 

are located in euchromatin and contain binding motifs that cluster in two and three-

dimensional space (Alekseyenko et al., 2008; Kuzu et al., 2016; Ramírez et al., 

2015). However, the mechanisms by which this clustering occurs remains 
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unknown. Furthermore, H4K16ac, which is deposited by the MOF component of 

MSL complex is important for increasing transcript levels on the male 

X-chromosome (Armstrong et al., 2018; Copur et al., 2018).  

 

In mammals, such as mouse and human, males carry a single X-chromosome and 

two copies of each autosome (XY, AA), while females carry two copies of the 

X-chromosome and each autosome (XX, AA) (Figure 1.1C). In females, one copy 

of the X-chromosome is randomly inactivated in a process known as X-inactivation 

(XI), which normalizes female X-linked gene expression with that of males (Ercan, 

2015). X-inactivation is characterized by extensive DNA methylation that is thought 

to maintain the inactive state (Nozawa et al., 2013). 

 

In mammals, the inactive female X-chromosome forms two large compact domains 

(Giorgetti et al., 2016; Jansz et al., 2018). In C. elegans, compaction along the 

entire length of both X-chromosomes in the hermaphrodite is associated with 

reduced transcription levels (Lau et al., 2014). In Drosophila, the X-chromosome 

exhibits enhanced accessibility in both males and females independent of MSLc 

(Urban et al., 2017a). In the future, chromosome capture techniques could be 

applied to reveal which species-specific factors are important for setting up and or 

maintaining the three-dimensional chromosome conformation many dosage 

compensation complexes use to target an entire chromosome for specific 

regulation. 
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Techniques for probing chromatin structural dynamics 

Dosage compensation requires the targeting and regulation of an entire 

chromosome. Therefore, sex chromosomes represent a model that provides great 

insights into how smaller chromatin domains are targeted. Many improved 

techniques have had a substantial impact on the study of chromatin structure and 

function. While most of our understanding of dosage compensation comes from 

classical genetics and microscopy, which have been very powerful, these 

approaches do not address the heterogeneity of dosage compensation across 

cells and tissue types. Further application of the new approaches described below 

will allow for even greater insight into how specific parts of the genome may be 

regulated context-specifically at high resolution in single cells.   

 

Chromosome conformation capture (3C) 

The development of Chromosome Conformation Capture (3C) and the subsequent 

development of the current 3C family of techniques—chromosome conformation 

capture on chip (4C), chromosome capture carbon-copy (5C), and genome-wide 

chromosome conformation capture (Hi-C) (Dekker et al., 2002; Lieberman-Aiden 

et al., 2009; Simonis et al., 2006) have significantly contributed to our 

understanding of how three-dimensional genome structure contributes to genomic 

function (Figure 1.2A). There have been many recent improvements in this family 

of techniques. For example, in situ Hi-C may be performed in intact nuclei, which 

reduces experimental noise due to random ligation events and enables the 
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production of higher resolution data from fewer reads compared to the original 

technique (dilution Hi-C) (Rao et al., 2014). 4C has also been improved by the 

incorporation of unique molecular identifiers, which reduce the impact of PCR-

inflated ligation read counts, allowing the generation of 4C profiles with as few as 

100,000 reads per bait (Schwartzman et al., 2016) compared with 500,000 to 3 

million reads for traditional 4C-seq (Van De Werken et al., 2012).

 

Figure 1.2. Emerging technologies and their current impacts within the dosage 
compensation field 
 

Micrococcal nuclease sequencing (MNase-seq) and assay for transposases-
accessible chromatin using sequencing (ATAC-seq) 

MNase-seq and ATAC-seq are two popular methods for probing chromatin 

accessibility genome-wide (Buenrostro et al., 2013; Tolstorukov et al., 2010; Zhang 

and Pugh, 2011) (Figure 1.2B). ATAC-seq is a quick, cost-effective, two-step 
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procedure that is able to identify regions of open chromatin (highly accessible 

regions) and map nucleosome positioning and transcription factor binding sites 

genome-wide (Buenrostro et al., 2013). The latest version of MNase-seq, which 

utilizes a titration series, is able to measure relative chromatin accessibility as well 

as probe nucleosome positioning (lowest to highest regions of accessibility) 

genome-wide (Mieczkowski et al., 2016). While both techniques offer the ability to 

determine regions of open chromatin, MNase-seq with titration series offers the 

added benefit of providing relative chromatin accessibility genome-wide, allowing 

various regulatory regions throughout the genome to be directly compared.  

 

MNase-seq in Drosophila cultured cells revealed that MSLc regulates chromatin 

accessibility by modulating nucleosome positioning at CES (Ramírez et al., 2015). 

Furthermore, a non-sex-specific dosage compensation protein, Chromatin-Linked 

Adaptor for MSL Proteins (CLAMP), regulates chromatin accessibility at CES as 

well as globally across the entire male X-chromosome (Urban et al., 2017a).  

 

Cleavage Under Targets and Release Using Nuclease (CUT&RUN) 

CUT&RUN is a modification of chromatin immunoprecipitation (ChIP) that allows 

for simultaneous high-resolution chromatin mapping of specific factor localization 

and probing of the local chromatin environment (Skene and Henikoff, 2017) (Figure 

1.2C). CUT&RUN is performed in situ under native conditions. It requires only a 

tenth of the sequencing depth of traditional ChIP-seq and has the ability to map 
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histone modifications, even within compacted chromatin (Skene and Henikoff, 

2017). Furthermore, CUT&RUN may be used to map contact sites at near base-

pair resolution and differentiate direct protein binding sites versus indirect sites 

resulting from long-range interactions (Skene and Henikoff, 2017). This approach 

has not yet been applied to dosage compensation; however, it has great potential 

to contribute to better understanding the targeting requirements of various dosage 

compensation complexes by more accurately identifying binding sites and three-

dimensional interactions between transcription factors across species. 

 

Single-cell techniques 

Until recently, performing many of the techniques discussed above required large 

pools of cells. Fluorescence-Activated Cell Sorting (FACS) allows specific marked 

cell populations to be assayed, but still requires a large number of input cells 

(Griffiths et al., 2018) (Figure 1.2D). More recently, the modernization of genomic 

approaches allows them to be performed in situ. This has led to the ability to assay 

the genomic landscape in single cells. Single-cell approaches are powerful; no 

longer is an average reading recorded from a bulk sample. As a result, cell to cell 

heterogeneity is uncovered and cells may be clustered into a number of unique 

groups.  

 

Single-cell techniques are currently being used to probe chromatin accessibility 

(Buenrostro et al., 2015; Cusanovich et al., 2015), DNA variation (Zong et al., 
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2012), transcription factor binding sites (Rotem et al., 2015), methylation (Farlik et 

al., 2015) and three-dimensional genome structure (Nagano et al., 2013). 

Additionally, microscopy-based approaches such as single-molecule super-

resolution microscopy combined with Oligopaints — specialized FISH probes that 

allow for super-resolution microscopy and visualization of chromatin organization 

(Beliveau et al., 2015) — and assay of transposase accessible chromatin with 

visualization (ATAC-see) — a modification of ATAC-seq that reveals open 

chromatin regions targeted by transposons (Chen et al., 2016) — allow for single 

cell visualization of chromatin architecture. Single-cell methods have not yet been 

applied to study dosage compensation. However, these approaches have great 

potential to define how dosage compensation functions in different tissues and 

non-model organisms. 

 

Drosophila dosage compensation as a model for understanding context-
specific transcriptional regulation 

Dosage compensation systems provide excellent models for investigating context-

specific regulation of genomic loci. In Drosophila, dosage compensation occurs via 

one of the most conserved dosage compensation mechanism across species, 

which is the X-upregulation. Genes along the single male X-chromosome are 

upregulated approximately two-fold to equalize with transcription from the two 

female X-chromosomes. This process is mediated by MSLc. 
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MSLc is a ribonucleoprotein complex composed of the following male-specific 

lethal (MSL) proteins: MSL1, MSL2, MSL3, Maleless (MLE), and Males absent on 

the first (MOF), (Belote and Lucchesi, 1980). One of two functionally redundant 

long non-coding RNAs (lncRNAs) known as RNA on the X 1 and 2 (roX1 and roX2) 

are also required for complex formation (Ilik et al., 2013; Rattner and Meller, 2004). 

MSL1 is capable of dimerization and along with MSL2 serve as a structural scaffold 

for the complex (Zheng et al., 2014). A partial complex of MSL1 and MSL2 is 

sufficient for X-identification but is incapable of spreading (Kelley et al., 1999); the 

MSL3 component of the complex which contains a chromo domain is required for 

spreading (Sural et al., 2008). The MSL3 chromodomain has been shown to 

interact with H3K36me3 (Larschan et al., 2007). H3K36me3 is a histone 

modification associated with active genes (Consortium, 2007; Roy et al., 2010); 

therefore, it has been hypothesized that spreading of MSLc to active genes occurs 

through MSL3 recognition of H3K36me3 (Larschan et al., 2007). Mutations of 

mammalian homologs of MSL3 have been implicated in many disease states 

(Basilicata et al., 2018; Leiserson et al., 2013). 

 

In addition to MSL3, the MLE helicase has also been shown to be important for 

spreading of the complex (Kelley et al., 1999). MLE is a homolog of mammalian 

RNA helicase A (Lee and Hurwitz, 1993), its association with MSLc is dependent 

on the rox RNAs (Franke and Baker, 1999; Ilik et al., 2013; Quinn et al., 2014).  
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MOF is a non-sex-specific component of the complex and associates with other 

transcriptional complexes (Chatterjee et al., 2016). Furthermore, MOF is a histone 

acetyltransferase that is responsible for acetylating histone H4 at lysine 16 

(H4K16ac), another histone modification associated with active genes (Conrad et 

al., 2012; Taylor et al., 2013). Mammals and C. elegans contain homologs of MOF 

and associations between MOF and H4K16ac are capable of recruiting PolII-S5p, 

which is associated with transcription initiation at promoters (Deng et al., 2013) 

The histone acetyltransferase activity of MOF in the context of MSLc is dependent 

on roX lncRNA (Park et al., 2007).  

 

The roX1 and roX2 lncRNAs are thought to play additional structural roles in MSLc 

and interact with MSL2 only after MLE alters their structure (Maenner et al., 2013). 

The roX lncRNAs are functionally redundant, either is sufficient for complex 

assembly and targeting of the X-chromosome (Ilik and Akhtar, 2009; Ilik et al., 

2013). Despite this redundancy these lncRNAs have little similarity in sequence or 

length. However, the roX lncRNAs share a conversed secondary stem-loop 

structure that is required for the histone acetyltransferase activity of MOF (Conrad 

et al., 2012; Ilik and Akhtar, 2009; Ilik et al., 2013; Prestel et al., 2010). The 

genomic loci that encode the roX lncRNAs are thought to serve as the initial 

assembly sites for MSLc assembly (Bai et al., 2004; Kelley et al., 1999). Though 

the roX RNAs are normally transcribed on the X-chromosome it has been shown 

that this genomic positioning is not required for X-specific targeting of MSLc; the 
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roX lncRNAs are also capable of acting in trans when placed within an autosomal 

locus (Park et al., 2002). A significant amount is known about the biochemical and 

in vivo activities of the MSLc components; however, much less is understood about 

how the X-chromosome is specifically targeted for dosage compensation. 

 

X-identification by the Male specific lethal complex (MSLc)  

The most strongly enriched sites of MSLc occupancy, which include the roX 

lncRNA loci, are known as CES (Alekseyenko et al., 2008). Nearly all CES 

contain one or more, approximately, 21-base-pair (bp) GA-rich CREs, known as 

MSL recognition elements (MREs) (Alekseyenko et al., 2008). MREs are 

essential for MSLc localization and contain a highly conserved 8-bp GA-rich core 

motif that is enriched approximately two-fold on the X-chromosome in multiple 

Drosophila species (Alekseyenko et al., 2008, 2013; Ellison et al., 2019; Kuzu et 

al., 2016). CES are hypothesized to have independently evolved across many 

Drosophila species by GA-dinucleotide repeat expansions and transposition of 

transposable elements containing GA-rich sequences (Ellison and Bachtrog, 

2013; Ellison et al., 2019; Kuzu et al., 2016). Additionally, it has been reported, 

that mammalian X-chromosomes have also accumulated GA-rich sequences via 

similar transposition events (D’Souza et al., 2018).  

 

MSLc has been shown to be capable of directly binding MREs with low specificity 

in vitro (Albig et al., 2018). To allow MSLc to bind to MREs within the context of 
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chromatin, MSLc requires an adapter protein known as Chromatin-Linked 

Adapter for MSL Proteins (CLAMP) (Larschan et al., 2012; Soruco et al., 2013). 

CLAMP binds to MREs along the X-chromosome and stabilizes MSLc binding to 

MREs in vivo and in vitro (Albig et al., 2018; Soruco et al., 2013). Furthermore, it 

has been shown that CLAMP and MSLc exhibit cooperative synergy which 

increases the occupancy of both factors specifically at CES (Soruco et al., 2013). 

However, CLAMP is not sufficient for X-chromosome specificity because it is not 

restricted to the X-chromosome and binds to other GA-rich CREs present 

throughout the genome (Kuzu et al., 2016; Soruco et al., 2013). 

 

Context-specific functions of CLAMP 

CLAMP is an essential non-sex-specific protein that has two potential isoforms 

that differ by only four amino acids (Drysdale et al., 2005; Urban et al., 2017c). 

Though it is enriched on the X-chromosome, CLAMP binds to GA-rich CREs 

genome-wide. Furthermore, CLAMP is required for recruitment of the MSLc 

specifically to the X-chromosome (Soruco et al., 2013). Therefore, CLAMP 

serves as a model for understanding how transcription factors may function in 

different contexts such as on the X-chromosome compared with autosomes. 

 

 To date there is no evidence that suggests CLAMP is capable of recognizing or 

binding to any other, non GA-rich, DNA sequences (Albig et al., 2018; Soruco et 

al., 2013). Within the nucleus, CLAMP has been shown to directly interact, co-
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bind, or compete with many other diverse transcription factors (Bag et al., 2019; 

Kaye et al., 2017; Kyrchanova et al., 2018; Urban et al., 2017b). In addition to its 

role in dosage compensation (Albig et al., 2018; Soruco et al., 2013), CLAMP 

has been hypothesized to have additional roles throughout the genome including 

but not limited to regulation of transcription (Kuzu et al., 2016; Rieder et al., 2017; 

Urban et al., 2017c), chromatin accessibility (Urban et al., 2017a), and mRNA 

splicing (Urban et al., 2017b). Understanding the diverse roles of CLAMP at 

different locations throughout the genome will improve our understanding of the 

molecular mechanisms underlying the context-specific roles of transcription 

factors.  

 

I used diverse approaches from fly genetics to machine learning in order to 

investigate the context-specific function of CLAMP. First, I used luciferase 

reporter assays and in vivo fly genetics to define how subtle variations in CRE 

sequence composition, distribution, and location influence transcription factor 

recruitment in vivo (Chapter 2). Second, I used machine learning to identify novel 

candidate cofactors that are likely to influence the context-specific recruitment 

and function of MSLc on the X-chromosome (Chapter 3). Lastly, I used 

chromosome conformation capture to reveal new context-specific roles for 

CLAMP in three-dimensional genome organization and determine that CLAMP 

specifically regulates long-range interactions between regions of active chromatin 

including CES (Chapter 4). Overall, I provide key insight into how highly similar 
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CREs are capable of context-specific transcriptional regulation within a complex 

biological system. 
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Abstract 

Cis-regulatory elements (CREs) are capable of having many context-specific 

transcriptional effects. It is not well understood how many identical or highly similar 

CREs perform different functions dependent on their precise genomic locations. 

Drosophila dosage compensation offers a nice system to interrogate how specific 

subsets of similar CREs may precisely regulate gene expression in a context-

dependent manner. In Drosophila, a dosage compensation complex known as 

MSLc is recruited specifically to the X-chromosome. MSLc is enriched at specific 

X-linked loci, known as CES. CES often contain a high density of GA-rich CREs 

known as MREs. MSLc has low affinity for DNA binding in vivo and requires the 

presence of an adapter protein. CLAMP, to stabilize its binding to MREs. 

Moreover, unlike MSLc, CLAMP is not restricted to the X-chromosome and binds 

to many other GA-rich CREs. However, in comparison with other similar CREs, 

MREs are roughly two-fold enriched on the X-chromosome and have the highest 

genomic density and proximity specifically within CES. Furthermore, it has been 

demonstrated that the MREs present within CES are necessary and sufficient for 

MSLc recruitment. No other requirements for MSLc recruitment have been 

demonstrated in vivo. Therefore, we hypothesized that the MRE density and 

proximity promote accurate MSLc recruitment to the X-chromosome. We made 

synthetic perturbations of CES and autosomal loci containing various GA-rich CRE 

arrangements. Our analysis shows that subtle sequence variations, proximity, and 

density of GA-rich CREs regulate in vivo recruitment of MSLc.  
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Introduction 

Transcription factors regulate gene expression by recognizing and binding to 

specific DNA sequence patterns known as cis-regulatory elements (CREs). Many 

diverse CREs exist; CREs may recruit a single transcription factor or specific 

transcription factor combinations in order to precisely regulate genes. Only a small 

percentage of transcription factor recognition sites are actually bound in vivo by 

the transcription factor(s) they are capable of recruiting (Kaplan et al., 2011; 

Slattery et al., 2014; Wang et al., 2012). Furthermore, the subset of bound sites 

may vary from cell to cell and function differently depending on their genomic 

context (Bradley et al., 2010; Slattery et al., 2014; Voss and Hager, 2014). 

However, little is understood about how transcription factors function to regulate 

genes in a context-specific manner. 

 

Drosophila sex chromosome dosage compensation offers an excellent model to 

define how specific subsets of CREs are used to precisely regulate gene 

expression in a context-specific way because genes along the length of a single 

chromosome are co-regulated. In Drosophila, dosage compensation is mediated 

by a ribonucleoprotein complex known as the male-specific lethal complex (MSLc) 

that binds specifically to the X-chromosome. Though MSLc is recruited to specific 

CREs on the X-chromosome, known as MREs, many highly similar CREs are 

found throughout the genome (Chapter 1). MSLc is assembled only in males and 

specifically targets and upregulates transcription of the single male X-chromosome 
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in order to equalize X-linked gene expression with that of females (Chapter 1). The 

overall process of Drosophila dosage compensation has been proposed to occur 

in three steps: 1) MSLc recognizes the transcription sites of RNA on the X (roX) 1 

or 2, which are two functionally redundant long noncoding RNA components of 

MSLc (Franke and Baker, 1999; Kelley et al., 1999, 2008; Meller and Rattner, 

2002). 2) MSLc localizes to specific X-linked GA-rich CREs known as MSLc 

recruitment elements (MREs). Specific X-linked loci, including the roX loci, that 

have the highest occupancies of MSLc are known as “high-affinity” or “chromatin 

entry” sites (CES) (Alekseyenko et al., 2008; Straub et al., 2008). 3) MSLc spreads 

from CES to the bodies of active genes where it increases the rate of transcription 

elongation at active genes (Hamada et al., 2005; Kelley et al., 2008; Larschan et 

al., 2007, 2011; Ramírez et al., 2015; Schauer et al., 2017). MSLc requires an 

essential transcription factor known as chromatin linked adapter for MSL proteins 

(CLAMP) in order to target CES in vivo. Furthermore, synergy between CLAMP 

and MSLc increases the occupancy of both factors specifically at CES (Albig et al., 

2018; Soruco et al., 2013). 

 

CES are enriched for 21-base-pair (bp) MREs (Alekseyenko et al., 2008). MREs 

are essential for MSLc localization and contain a highly conserved repetitive 8-bp 

GA-rich core motif that is enriched approximately 2-fold on the X-chromosome in 

multiple Drosophila species (Alekseyenko et al., 2008, 2013; Kuzu et al., 2016). 

This conservation is striking because the sex chromosomes evolved 
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independently across many Drosophila species (Ellison et al., 2019; Lucchesi, 

1978; Zhou et al., 2013). CES also independently evolved in these species by GA-

dinucleotide repeat expansions or transposition of transposable elements 

containing GA-rich sequences (Ellison and Bachtrog, 2013; Ellison et al., 2019; 

Kuzu et al., 2016). CLAMP binds directly to GA-rich MREs in targeting MSLc 

specifically to the X-chromosome. However, unlike MSLc, CLAMP is not restricted 

to the X-chromosome and binds hundreds of similar GA-rich CREs genome-wide 

(Soruco et al., 2013). GAGA-associated factor (GAF), a similar transcription factor, 

also binds to GA-rich CREs throughout the genome (Farkas et al., 1994; 

Kasinathan et al., 2014). 

 

GAF preferentially binds shorter GA-rich sequences of approximately 5-bp, while 

CLAMP prefers longer GA-rich sequences that are approximately 15-bp in length 

and also exhibits more tolerance for variations in sequence composition within the 

GA-repeat (Kaye et al., 2018; Kuzu et al., 2016). Although the conserved core of 

the MRE motif is just 8-bp, the sequences immediately flanking the MRE core are 

also required for MSLc and CLAMP recognition because small changes in 

composition and length of candidate MREs can inhibit CLAMP binding 

(Alekseyenko et al., 2008; Kuzu et al., 2016). Subtle sequence variation within the 

GA-rich MREs enhance the binding affinity of CLAMP compared with GAF which 

is largely excluded from CES (Kaye et al., 2018). Furthermore, no other secondary 

sequences have been found that contribute or participate in MSLc recruitment 



 26 

(Alekseyenko et al., 2008). Therefore, it remained unknown how variation within 

seemingly similar GA-rich CREs allows for X-specific recruitment of MSLc. 

 

The longer GA-rich sequences that CLAMP preferentially binds are two-fold 

enriched on the X-chromosome (Kaye et al., 2018; Kuzu et al., 2016). Furthermore, 

given this enrichment, it is not surprising that these sequences are spaced closer 

to one another on the X-chromosome compared to the autosomes. However, the 

GA-rich sequences are in highest proximity to one another other specifically within 

CES, even when normalized for their increased density on the X-chromosome 

(Kuzu et al., 2016). Therefore, we hypothesized that, in addition to length, motif 

density (i.e. the number of motifs) and proximity (i.e. the spacing between motifs) 

promote accurate MSLc recruitment to the X-chromosome. 

 

Here we use a previously validated MSLc-dependent dual luciferase-based 

reporter assay (Alekseyenko et al., 2008) and in vivo insertion of synthetically 

modified genomic sequences containing GA-rich CREs to better define the precise 

linear recruitment requirements of MSLc. We showed that the density, as well as 

proximity, of individual GA-rich CREs drives recruitment of MSLc. Furthermore, we 

show that recruitment is influenced not only by the overall motif content, but also 

by variations within DNA sequences flanking MREs. Overall, we provide insight 

into how slight variations among similar GA-rich CREs found genome-wide 

promote accurate targeting of MSLc to the male X-chromosome. 
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Results 

CLAMP binding sequences are necessary but not sufficient for MSLc activity 

To define the precise targeting requirements of MSLc to CES we used a previously 

described CES5C2-6 luciferase-based reporter construct (Alekseyenko et al., 

2008); this construct holds a 268-bp CES fragment that contains three MREs. 

Alekseyenko et al. (2008), previously showed that the three MREs present within 

the CES5C2-6 reporter construct are sufficient for in vivo localization of MSLc to 

an autosomal insertion of CES5C2-6 and for MSLc-dependent luciferase reporter 

activity, even when the other remaining sequences within the CES are scrambled. 

Furthermore, mutation of each individual MRE decreases MSLc localization and 

simultaneous mutation of two or more MREs preventes MSLc localization 

(Alekseyenko et al., 2008). 

 

We transfected the wild-type CES5C2-6 construct into Drosophila male 

Schneider’s line 2 (S2) cells (Schneider, 1972) and compared its activity level 

following RNAi depletion of gfp (control), clamp, or msl2 (Hamada et al., 2005; 

Larschan et al., 2012; Soruco et al., 2013) in compared with a series of modified 

versions of the construct (Fig. 2.1A,B): 1) A negative control construct was created 

by replacing the MREs within the CES with lacO recognition sequences, which do 

not recruit CLAMP (Rieder et al., 2017) and therefore should not show MSLc-

dependent activity (Fig. 2.1A,C). 2) GAF preferentially binds to much shorter GA-
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rich sequences than CLAMP (Kaye et al., 2018). Therefore, to test that luciferase 

reporter activity is dependent on X-linked MREs and the presence of MSLc and 

CLAMP, we also swapped the conserved core of the MREs with a synthetic motif 

derived from the consensus GAF sequence (Kasinathan et al., 2014) (Fig. 2.1A). 

3) We replaced the entire CES5C2-6 region with the following autosomal loci of 

similar size that contain multiple GA-rich CREs resembling the MRE where CLAMP 

or GAF are known to bind: A) the well-studied GA-rich CREs within the Fab-7 

insulator, which are known to bind to CLAMP (Kaye et al., 2017; Kyrchanova et 

al., 2018; Wolle et al., 2015) (Fig. 2.1B); B) GA-rich CREs present at the Drosophila 

histone locus body (HLB) that are required for histone transcription (Duronio and 

Marzluff, 2017; Rieder et al., 2017; Salzler et al., 2013). 

 

First, we confirmed that activity of the wild type CES5C2-6 reporter is dependent 

on MSLc and CLAMP (Fig. 2.1C). Next, we determined that GAF recognition 

sequences or autosomal locations that contain multiple GA-rich CREs are not 

capable of driving MSLc-dependent reporter expression (Fig. 2.1D). Interestingly, 

for the full 1.2-kb length Fab-7 fragment and smaller subsections, we observed a 

consistent increase in reporter activity after clamp RNAi (Fig. 2.1D). These data 

suggest that CLAMP may be necessary for the repressive enhancer-blocking 

activity of Fab-7, which is known to be dependent on the presence of a subset of 

GA-rich motifs present within Fab-7 (Wolle et al., 2015). Furthermore, CLAMP is 
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part of an insulator complex called the late boundary complex that is present at 

Fab-7  (Kaye et al., 2017) and has insulator activity (Bag et al., 2019). 

 

 

Figure 2.1. CLAMP specific GA-rich CREs required for MSLc activity. 
(A) Experimental design of constructs used for dual luciferase reporter assay. (B) ChIP-
seq profiles for CLAMP and GAF in S2 cells along with predicted MREs for CES5C2 and 
the Fab-7 locus. (C) Control normalized luciferase activity for wild-type CES5C2-6 and 
LacO CES5C2-6 that has lacO recognition sequence in place of MREs following RNAi. 
(D) Control normalized luciferase activity for CES5C2-6 that has consensus GAF motif in 
place of core sequences within MREs along with subsets of autosomal loci containing GA-
rich CREs following RNAi. For all bar plots error bars represent +/- standard error of the 
mean (S.E.M). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, Welch’s t-test. 
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MSLc activity is maintained in the context of increasing the density of MREs 

On the X-chromosome, MREs are present at the highest density within CES (Kuzu 

et al., 2016). It has been reported that the number of homo- or heterotypic binding 

sites for a transcription factor may result in increased activity (Grskovic et al., 2007; 

Sharon et al., 2012; Smith et al., 2013). Additionally, in some cases, the presence 

of too many recognition sites for an activating transcription factor has the potential 

to have an inverse effect and result in repression instead of activation (White et 

al., 2016). Of the 29 CES tested by Alekseyenko et al. (2008), CES5C2-6 has the 

strongest activity, correlating with this locus containing three MREs. Therefore, we 

asked whether transcriptional activity of this system was already saturated or if the 

presence of additional MRE motifs within CES5C2-6 would result in further MSLc-

dependent transcriptional activation. We added six additional MREs with four 

motifs that were derived by duplicating two of the MREs already present in 5C2; 

the other two MREs were duplicated from another previously tested CES, 

CES11D1 (Alekseyenko et al., 2008) (Fig. 2.2A). We observed a significant 

increase in MSLc activity that is reduced following RNAi knockdown of msl2 or 

clamp (Fig. 2.2B). However, this construct with additional MREs exhibits increased 

reporter activity relative to the wild type CES5C2-6 reporter prior to and following 

RNAi treatment (Fig. 2.2B). This increased residual activity could be due to 

incomplete RNAi knockdowns and any residual protein remaining localizing to any 

of the nine recognition sequences present at the synthetic locus. Therefore, it 

remains inconclusive whether additional MREs lead to saturation of MSLc-
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dependent transcriptional activity. However, we show that the presence of 

additional MREs does not lead to an inverse repressive effect. 

 

Close proximity of MRE motifs to each other promotes MSLc activity 

Given their high density within CES, MREs are also in closest genomic proximity 

to one another at CES (Kuzu et al., 2016). To determine whether or not the close 

proximity of MREs within CES is required for their ability to recruit MSLc, we tested 

the spacing requirements for MREs in the context of the CES5C2-6 reporter. 

Within CES5C2-6, the three MREs are located in close proximity to each other 

near the center of the fragment with approximately 5-bp separating each motif. We 

spaced these MREs, approximately, 9X and 18X further apart than their normal 

spacing; we also placed two, equally spaced, lacO sequences between each MRE 

in an attempt to avoid the creation of cryptic MSLc recognition sequences (Fig. 

2.2A). When the spacing between MREs was increased to 46-bp we observed a 

2-fold reduction in reporter activity (Fig. 2.2C). When proximity was further reduced 

by spacing the motifs 92-bp apart we observed a further loss in reporter activity 

(Fig. 2.2C). Therefore, close proximity of MREs is more optimal for promoting 

MSLc activity of the CES5C2-6 reporter. 
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Figure 2.2. Close proximity of MREs within CES confers higher MSLc activity. 
(A) Design of sequences tested. (B) Control normalized luciferase activity after increasing 
MRE density within CES5C2-6 following RNAi. (C) Control normalized luciferase activity 
after decreasing the proximity of MREs within CES5C2-6. (D) Control normalized 
luciferase activity after Fab-7 GA-rich CRE and CES5C2-6 MRE swaps following RNAi. 
For all bar plots error bars represent +/- standard error of the mean (S.E.M). * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001, Welch’s t-test. 
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Wolle et al., 2015) (Fig 2.1B). In contrast to the 5-bp spacing at CES5C2-6, the 

GA-rich CREs we selected within the 400-bp subsection of Fab-7 are normally 

much further from each other (117-bp and 151-bp separation) (Fig 2.2A). 

 

We previously observed that increased MRE proximity promotes MSLc-dependent 

reporter activity (Fig 2.2C). Therefore, we hypothesized that, given the closer 

proximity of the GA-rich CREs in the modified CES5C2-6 construct with Fab-7 GA-

rich CREs, we would observe an increase in MSLc reporter activity (Fig 2.2A). 

Furthermore, given the decreased MRE proximity, we also hypothesized that we 

would observe a decrease in MSLc activity for the modified partial Fab-7 sequence 

(Fig 2.2A). 

 

Consistent with our hypothesis, MSLc-dependent reporter activity was observed in 

the modified CES5C2-6 construct (Fig 2.2A, D). However, MSLc-dependence of 

the reporter activity was of a much smaller magnitude than seen with the wild type 

MREs for CES5C2-6 (Fig 2.2D). Additionally, reporter activity for this construct was 

not CLAMP-dependent (Fig 2.2D). Therefore, the specific DNA sequences that 

constitute the MREs within CES are important and autosomal CLAMP binding sites 

are not fully functional when placed within CES. 

 

Remarkably, in contrast to our hypothesis, significant increases in MSLc and 

CLAMP-dependent activity were observed for the modified partial Fab-7 sequence 
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that contained MREs from CES5C2-6 (Fig. 2.2D). Moreover, this construct which 

has MREs that are spaced much farther apart than at CES5C2 showed much 

stronger MSLc and CLAMP-dependent activity than even that of the wild-type 

CES5C2-6 reporter (Fig. 2.2D). This observation was unexpected because the 

MREs inserted into Fab-7 are spaced even further apart than the 92-bp spacing 

within CES5C2-6 that displayed significant reductions in MSLc activity compared 

to wild type CES5C2-6 (Fig. 2.2C). We also did not observe any increases in 

reporter activity following clamp RNAi in contrast to the wild type construct (Fig. 

2.2D, Fig. 2.1D). It is possible that presence of other CREs results in much more 

efficient recruitment of CLAMP and MSLc or that repressive sites were ablated. 

Overall, we find that closer proximity of GA-rich CREs is optimal for MSLc targeting 

but there are contexts in which flanking DNA sequence can overcome sub-optimal 

spacing to successfully increase MSL-dependent activity. 

 

Next, we asked whether we could turn an autosomal site containing GA-rich CREs, 

into a CES by reducing the spacing between the CREs. Therefore, we synthetically 

modified two autosomal locations of similar size (268-bp) to the CES5C2-6 region 

in our reporter construct and the previously described 400-bp partial Fab-7 

sequence (Fig 2.1B, D). Each sequence contained three GA-rich CREs, 

resembling MREs (Soruco et al., 2013) (Fig. 2.3A). We name the selected 

autosomal sequences “autosomal sequence” 1 and 2 (AS-1 and AS-2). AS-1 is 

located at chr2L:22,024,319-22,024,586 and AS-2 is located at chr2L:22,377,310-
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22,377,579 (Fig. 2.3A). For each sequence we synthetically relocated the GA-rich 

CREs resembling MREs to the center of the sequence and increased their 

proximity to one another. We hypothesized that making autosomal sequences 

more “CES-like” may result in MSLc activation at some sites.  

 

The endogenous AS-1 sequence exhibited low but MSLc-dependent reporter 

activity. Reporter activity was not CLAMP-dependent, as a small, but not 

significant, increase was seen in reporter activity following clamp RNAi (Fig. 2.3D). 

When the GA-rich CREs of AS-1 were placed in closer proximity, a significant, 

approximately two-fold MSLc-dependent increase was observed in reporter 

activity (Fig. 2.3D). Though not statistically significant, a moderate reduction in 

reporter activity was observed following clamp RNAi (Fig. 2.3D).  

 

In verifying our constructs, we discovered an unannotated insertion within AS-2. 

This could be due to using S2 cell genomic DNA (gDNA) to clone our wild-type 

genomic sequences of interest. The modified construct which was created 

synthetically does not contain this insertion. The AS-2 sequence exhibited 

moderate MSLc and CLAMP-dependent reporter activity (Fig. 2.3E). The modified 

AS-2 sequence also exhibited moderate reporter activity but in contrast this activity 

was solely MSLc dependent and we observed no differences in reporter activity 

following clamp RNAi. Due to differences between AS-2 and modified AS-2 due to 
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the gDNA insertion, we do not draw any conclusions from this particular set of 

constructs. 

 

 
Figure 2.3. Artificially increasing proximity of autosomal GA-rich CREs in results in 
increased MSLc activity. 
(A) ChIP-seq profiles for CLAMP and GAF in S2 cells at selected autosomal loci 
containing multiple GA-rich CREs with high MRE similarity. (B) Design of sequences 
tested. (C) Control normalized luciferase activity of modified partial Fab-7 sequence 
following RNAi. (D) Control normalized luciferase activity of modified AS-1 following RNAi. 
(E) Control normalized luciferase activity of modified AS-1 following RNAi. For all bar plots 
error bars represent +/- standard error of the mean (S.E.M). * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001, Welch’s t-test. 
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However, we no longer observe any increase in reporter activity following clamp 

RNAi (Fig 2.3C). These findings are consistent with the results we obtained after 

swapping the GA-rich CREs from the partial Fab-7 sequence in place of the 

endogenous MREs present at close proximity at CES5C2-6 (Fig. 2.2D). Overall, 

we conclude that some autosomal GA-rich CREs such as those within AS-1 are 

sufficient for MSLc-dependent transcriptional activation; however, these sites have 

other features such as suboptimal proximity or neighboring sequences that reduce 

their potential for activation by MSLc.  

 

In vivo analysis of MRE proximity and density modifications  

In order to test whether modifications of the spacing between MRE or GA-rich 

CREs lead to loss or gain of MSLc recruitment, we selected the following modified 

sequences for in vivo study: 1) modified CES5C2-6 with MREs (46-bp spacing); 2) 

modified CES5C2-6 with MREs (95-bp spacing); 3) modified CES5C2-6 with 6 

additional MREs and 3) modified AS-1 (Fig. 2.2A). As a negative control for the 

modified CES5C2-6 sequences, we used the control CES5C2-6 construct in which 

MREs had been swapped with lacO recognition sequences and we used the wild-

type CES5C2-6 sequences as a positive control (Fig. 2.2A). For the modified 

autosomal construct, we also used the wild-type autosomal sequence as a 

negative control (Fig. 2.3B). We inserted each construct onto chromosome 2 at 

cytological location 37B7 using the PhiC31 integrase system in combination with 

recombinase-mediated cassette exchange (Bateman and Lee, 2006). 
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We assayed our transgenic insertions at the level of polytene chromosome 

immunostaining with anti-CLAMP and anti-MSL3 and antibodies. If MSLc localizes 

to any of our autosomal insertions, we would expect to see a single, consistent, 

autosomal MSL3 band in addition to MSL3 signal on the single male 

X-chromosome; we would also expect to detect a CLAMP band at that locus. We 

did not detect any aberrant MSL3 autosomal staining in our control LacO-CES5C2-

6 insertion animals (Fig. 2.4A). We also detected consistent, strong, MSL3 

autosomal signal in our wild type CES5C2-6 insertion animals (Fig. 2.4B). Our 

polytene spreads for our modified 9-MRE CES5C2-6 sequence insertion animals 

consisted of many thin and fragile polytene chromosomes. Despite this fragility we 

were able to detect autosomal MSL3 signal for one set of chromosomes (Fig. 

2.4C). We also were able to detect strong MSL3 signal for the modified CES5C2-

6 insertion with 46-bp spacing (Fig. 2.4D). We were unable to detect any strong 

autosomal MSL3 signal in our polytene spreads for animals corresponding to the 

modified CES5C2-6 insertion with 92-bp spacing, which exhibited lower MSLc-

dependent luciferase activity (Fig. 2.4E).  
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Figure 2.4. Select in vivo insertions validate luciferase reporter findings. 
(A) No robust aberrant MSL3 staining is detected for negative control LacO-CES5C2-6 
insertion. (B) Robust aberrant MSL3 staining is detected for positive control WT-CES5C2-
6 insertion. (C) Robust aberrant MSL3 staining is detected for 9MRE CES5C2-6 insertion. 
(D) Robust aberrant MSL3 staining is detected for 46-bp CES5C2-6 insertion. (E) No 
robust aberrant MSL3 staining is detected for 92-bp CES5C2-6 insertion. (F) No robust 
aberrant MSL3 staining is detected for control AS-1 insertion. (G) Variable aberrant MSL3 
staining is detected for modified AS-1 insertion. 
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reporter activity exhibited high background levels of MSL3; in one case we were 

able to detect a strong autosomal MSL3 band (Fig 2.4G). We plan to repeat the 

polytene staining for this line. Overall, our in vivo analysis recapitulates the findings 

of our luciferase reporter experiments and demonstrates that close proximity of 

GA-rich CREs is optimal for MSLc targeting in vivo. Furthermore, sequences 

flanking GA-rich CREs can also influence MSLc targeting in the context of sub-

optimal spacing between GA-rich CREs. 

 

Discussion 

We determined that precise sequence content, proximity, and density of MREs 

regulates MSL complex recruitment. However, much remains to be discovered in 

investigating how precise sequence variations of MRE flanking sequences 

contribute to MSLc recruitment in the presence of sub-optimal motif proximity or 

sequence. In addition to dosage compensation, GA-rich CREs have been shown 

to have many other functions throughout the genome including functions at 

insulators (Kaye et al., 2017; Wolle et al., 2015) and at the histone locus body 

(Rieder et al., 2017). We currently provide insight that simple spacing 

arrangements between certain GA-rich CREs is sufficient to promote MSLc 

recruitment in some genomic contexts. We also determine that not all GA-rich 

CREs are sufficient for MSLc recruitment, even when they are optimally spaced. 

This likely occurs because small variations in sequence composition can perturb 

recruitment of CLAMP or MSLc. Our current work is limited because luciferase 
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activity and MSL3 staining are not sensitive enough to determine the level of 

enrichment or spreading of MSLc in the context of our cell culture and in vivo 

experiments. Therefore, future work will require performing ChIP-qPCR on our 

transgenic animals to better quantify how MSLc localization is perturbed in the 

context of sub-optimal MRE proximity. This will also allow us to determine whether 

the three native MREs present in CES5C2-6 are sufficient for saturation of MSLc 

recruitment or if the presence of additional MREs leads to higher local enrichment 

of MSLc or spreading of the complex into neighboring regions. We will also retest 

our luciferase reporter constructs in female cells; a system that will remove the 

potential for incomplete RNAi knockdown and enable better assessment of MSLc-

dependent reporter activity. We will also generate additional constructs to further 

define the requirements for the context-specific recruitment of MSLc to X-linked 

sequences. 

 

Methods 

Plasmids and cloning 

Wild-type sequences were generated from S2 cell genomic DNA, otherwise all 

plasmids and predicted MRE sequences were obtained or generated as previously 

described (Alekseyenko et al., 2008).  

 

Dual Luciferase Reporter Assay 
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Luciferase reporter assays were conducted as previously described (Alekseyenko 

et al., 2008). Generation of dsRNA targeting gfp (control), msl2, and clamp for 

RNAi have been previously validated and described (Hamada et al., 2005; 

Larschan et al., 2012; Soruco et al., 2013). PCR product was used as template to 

generate dsRNA with an ambion T7 MEGAscript kit (ThermoFisher Scientific). 

dsRNAs were purified following DNase treatment with a Qiagen RNeasy kit 

(Qiagen). 

 

Fly Genetics and Transgenesis 

Transgenic animals were generated using recombination-mediated cassette 

exchange as previously described (Alekseyenko et al., 2008; Bateman and Lee, 

2006). 

 

Immunodetection 

Polytene squashes and subsequent immunodetection were performed as 

previously described (Kaye et al., 2018). 
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Abstract 

The mechanism by which transcript levels of X-linked genes are equalized 

between XY males and XX females is known as dosage compensation. A key first 

step for dosage compensation mechanisms across species is identifying the 

X-chromosome. In Drosophila, the Male Specific Lethal complex (MSLc) mediates 

dosage compensation by binding to the X-chromosome and increasing gene 

expression roughly two-fold. However, MSLc lacks the ability to strongly bind DNA 

and instead relies on interactions with a zinc finger adapter protein, Chromatin-

linked Adapter for MSL proteins (CLAMP). In contrast with MSLc, CLAMP is not 

restricted to the X-chromosome and binds loci throughout the genome. Therefore, 

it remains a mystery how MSLc localizes specifically to the X-chromosome. To 

further investigate this phenomenon, I sought to identify candidate genomic 

features or transcriptional regulators that may have roles in directing the X-specific 

recruitment of MSLc. I used many different types of next-generation sequencing 

based data and a supervised machine learning approach in order to find novel 

candidates that may have novel roles in X-identification. My work identifies many 

features that have been tangentially linked to X-identification in Drosophila or other 

species as well as novel candidates without established roles in X-identification. 

  



 45 

Introduction 

Sexual reproduction is critical for maintaining genetic diversity within species. In 

X/Y heterogametic species, females have two X-chromosome (XX genotype) and 

males have one X-chromosome and one Y-chromosome (XY genotype). Many 

essential genes are encoded on the X-chromosome, however, there exists an 

imbalance in the number of X-chromosomes in females versus males. As a result, 

the expression (dosage) of X-chromosome genes must be adjusted to balance 

gene expression between the sexes. This regulatory mechanism is broadly known 

as dosage compensation. Many dosage compensation mechanisms have evolved 

in different species to compensate for sex chromosome imbalanced gene 

expression. Despite differences, a key first step exists for all dosage compensation 

mechanisms: identifying the X-chromosome for precise regulation. How this 

conserved initial step of X-identification is achieved is not well understood. 

 

In the fruit fly Drosophila melanogaster, the Male Specific Lethal (MSLc) complex 

mediates dosage compensation by first localizing to specific sites on the single 

male X-chromosome known as “chromatin entry” sites (CES) (Alekseyenko et al., 

2008; Soruco et al., 2013). The complex then spreads out from these sites, 

eventually coating the entire X-chromosome, ultimately resulting in an 

approximately two-fold increase in gene expression of male X-linked genes, 

balancing with that of the two active X-chromosomes in females (Conrad et al., 

2012; Hamada et al., 2005; Straub and Becker, 2007). MSLc lacks the ability to 
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strongly bind DNA and instead relies on interactions with a DNA-binding zinc finger 

protein, Chromatin-linked Adapter for MSL proteins (CLAMP), to target the 

X-chromosome (Albig et al., 2018; Soruco et al., 2013; Villa et al., 2016). However, 

unlike MSLc, CLAMP targets sites throughout the genome. There is a modest 

enrichment of CLAMP on the X-chromosome compared to autosomes which is not 

sufficient for specifically targeting MSLc to the male X-chromosome (Kuzu et al., 

2016; Soruco et al., 2013). Therefore, I used machine learning to uncover new 

candidate factors that may allow MSLc to distinguish the X-chromosome from 

autosomes. 

 

Materials and methods 

Data collection, organization and cleaning 

To further investigate the process of X-identification, I used supervised machine 

learning, to model how MSLc specifically targets the Drosophila male 

X-chromosome. In order to build a comprehensive model, a variety of Drosophila 

derived data sources and types from a variety of cell lines or embryonic stages 

was obtained. The data was primarily comprised of public next-generation 

sequencing (NGS) data available through either the NCBI Gene Expression 

Omnibus (Barrett et al., 2012) or the Encyclopedia of DNA Elements (Consortium, 

2007), a complete list of the data initially examined can be found in supplemental 

file 1. Some of the types of data initially examined include gene expression (Wang 

et al., 2009), measures of chromatin accessibility (Buenrostro et al., 2013; 
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Mieczkowski et al., 2016), and transcription factor binding intensity (Davie et al., 

2015; Davies et al., 2017; Meyer and Liu, 2014). To date, NGS data have been 

utilized in building successful machine learning models in predicting DNA binding 

motifs, enhancers, DNA shape, etc. (Chiu et al., 2015; Greenbaum et al., 2007; 

Kumar and Bucher, 2016; Liu et al., 2016; Mourad et al., 2018; Whitaker et al., 

2014). 

 

In total over 380 potentially useful NGS datasets were identified (supplemental file 

1). In order to determine which data would be used for model building, datasets 

were limited to those that had already been processed and normalized by the 

depositing authors because it would require a considerable computational 

resources to reprocess each dataset from the raw data. The tradeoff is that the 

data were in various text or binary formats including, but not limited to, fasta, bed, 

bedgraph, wiggle, bigWig, etc. Each dataset was inspected using the integrative 

genomics viewer (IGV) (Thorvaldsdóttir et al., 2013) as a simple visual check to 

ensure that the data at least appeared to be properly input-normalized and there 

were no visually noticeable X-chromosome differences compared to the 

autosomes. Some exceptions were made for features that are known to exhibit an 

X-specific bias, such as MSLc members and other associated features (Figure 

3.1). Such features were initially included to serve as controls. A combination of 

tools including, but not limited to, UCSC genome brower’s bigWigToBedGraph 

utility (Kent et al., 2002, 2010), bedtools (Quinlan, 2014; Quinlan and Hall, 2010), 
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and BEDOPS (Neph et al., 2012) were utilized in standardizing the NGS datasets 

into an easy to handle, tab separated, table format.  

 

Figure 3.1. Example of visual data integrity checks using ChIP-seq profiles. 
The top track (blue), Chromator, represents a perspective feature that has deficient signal 
on both the 4th and X-chromosomes which could be due to improper input normalization. 
The middle track (green), H3K27ac, serves as an example of a ideal dataset that does not 
appear to have any specific chromosome biases. The bottom track (purple), MSL3, which 
is an example of a feature known to exhibit X-chromosome enrichment. 
 
The Drosophila genome, release 5 (dm3) (Hoskins et al., 2007), was sectioned 

into 300 base-pair (bp) non-overlapping bins and the NGS datasets were mapped 

into the appropriate bins. Signals spanning multiple bins were averaged where 

necessary. In addition to the NGS data, primary DNA sequence information 

obtained from the UCSC genome browser was also utilized (Kent et al., 2002). 

DNA shape analysis was performed on the sequences represented within each 

bin using DNAshapeR to predict the following structural features: minor grove 

width, helix twist, propeller twist, Roll, and electrostatic potential (Chiu et al., 2015). 

DNAshapeR was also used to one-hot encode the primary DNA sequence 

associated with each bin. Lastly, the occurrence of mono-, di-, tri- and penta-

nucleotides within the sequence represented by each bin was calculated. If the 

corresponding DNA sequence of a position within a bin contained an N, meaning 

2L 2R 3L 3R 4 X
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the actual DNA base pair (A, G, T, or C) was unknown in the reference genome, 

that particular k-mer was excluded from the final count. 

 

Exploratory Analysis 

Initially there were a total of 432,283 bins or rows in the dataset. Missing values in 

each bin were imputed separately for each chromosome arm using forward and 

backward linear interpolation with a distance limit of 20 bins (i.e. 6-kb). Data 

features originating from different datasets targeting the same transcription factor 

were scaled and averaged. Any remaining rows containing null values were 

removed. Finally, the correlation space for the NGS features in the data was 

examined. Because the feature space contained a few known MSLc components 

or other features displayed an X-specific bias, the correlation threshold was set in 

such a way as to ensure that at least one feature known to exhibit X-specific bias 

would be discarded from the dataset. Using this methodology, a correlation 

threshold of 0.75 was set, meaning that any feature that exceeded a Pearson 

correlation of 0.75 (absolute value) with any other feature or the X-chromosome 

was to be discarded. As a result, at this step a total of three features were 

discarded including just one of the six known MSLc components in the feature 

space. No additional MSLc components were excluded at this step in order to 

serve as positive controls and also set a baseline for evaluating model 

performance. 
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The final Drosophila dataset contained a little over half the original number of bins 

for total of 236,473 bins each containing 3,076 total features. An 80/20 split was 

used to divide the data into a training and test set respectively. This resulted in 

189,179 bins in the training set and 47,294 bins in the held-out test set. The 

X-chromosome represents just one of the possible chromosomes and therefore 

the dataset has a very heavy class imbalance. Overall, the X-chromosome 

represents roughly 13% of the Drosophila genome, however in the cleaned dataset 

X-chromosome sequences account for just 7.13% of the bins in the training set 

and 7.27% in the test set. Due to this heavy class skew, a naive model that simply 

predicts “False”, i.e. not belonging to the X-chromosome, 100% of the time, would 

seemingly perform rather well with approximately 93% accuracy. Therefore, the 

following criteria were used to evaluate model performance: recall, precision and 

area under the receiver operating characteristics curve (AUC). Recall is the 

number of true positives divided by the sum of true positives and false negatives. 

Precision is the number of true positives divided by the sum of true positives and 

false positives (Buckland and Gey, 1994; Davis and Goadrich, 2006). AUC is a 

measure of a model’s probability to distinguish between two groups (Buckland and 

Gey, 1994; Davis and Goadrich, 2006).. 

 

Training a model on the full training set with such a large feature space was very 

time intensive. Even after incorporating GPUs, the first initial rounds of training 

required over 16 hours. In order to speed up training, the dimensionality of the 
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dataset was reduced. A covariance matrix was created using the DNA shape 

prediction data. From this matrix, eigenvectors were calculated to determine the 

optimal number of principal components after which no additional gains in variance 

would be obtained. This resulted in the collapse of the original 1,497 DNA shape 

features to 471 features. This much smaller feature space retained 93.4% of the 

overall variance of the original feature space. Similar analysis was performed with 

the one-hot encoded DNA sequence that represented a total of 1200 features. 

After determining that including an optimal number of principal components would 

only reduce the feature space by 300, I decided not to reduce the feature space. 

Any slight gain in computational time resulting from a small reduction in feature 

space would not be worth the potential trade off of being able to determine if any 

specific combinations of DNA nucleotides proved important for X-identification. 

After a few trials during the initial phase of model testing and selection, I decided 

to include only penta-nucleotide counts in the final dataset as this group was 

consistently more predictive than other k-mer features (data not shown). The 

penta-nucleotide counts represented an additional 256 features, for a total of 1,977 

features in the final dataset. 

 

Model Building and Validation 

In order to select a supervised learning model, I performed a literature search on 

the performance of supervised learning (Camacho et al., 2018; Caruana and 

Niculescu-Mizil, 2006; Chen and Guestrin, 2016; Chiu et al., 2015; Greenbaum et 
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al., 2007; Liu et al., 2016; Mourad et al., 2018; Nielsen, 2016; Whitaker et al., 

2014). I decided to use a well-known boosted tree-based model, eXtreme Gradient 

Boosting (XGBoost) (Chen and Guestrin, 2016; Mitchell and Frank, 2017). 

XGBoost is a widely used algorithm and has had widespread success in many 

machine learning competitions. Furthermore, the algorithm is invariant to input 

scaling, so there is less concern for feature normalization; it is also able to capture 

higher order interactions within very high dimensional feature spaces. When 

applying this model, binary target prediction was utilized. For example, even 

though Drosophila melanogaster has one X-chromosome and three autosomes, a 

sequence is labeled as 1, i.e. “True”, if it originates from the X-chromosome and 

as 0, i.e. False, if it originates from any of the autosomes. 

 

For the first full training rounds on the finalized dataset, I utilized a Python 

implementation of XGBoost (Chen and Guestrin, 2016; Millman and Aivazis, 2011; 

Mitchell and Frank, 2017; Oliphant, 2006, 2007; Pedregosa et al., 2011; Pérez and 

Granger, 2007; Van Der Walt et al., 2011). The parameters used were estimators: 

1000, tree method: gpu_hist, evaluation metric: mean average precisi and early 

stopping rounds: 25 (stops training if the evaluation metric score has not improved 

after 25 rounds); otherwise default parameters and settings were used. When 

evaluated using the held-out test set, this base model achieved an overall accuracy 

of 97.3% with a precision of 0.919, recall of 0.694 and AUC of 0.983. Using the 

training data, fifty iterations were performed with five-fold cross validation and 
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randomized grid search to determine more optimal model parameters. The full 

parameter search space can be seen in Table S3.1. The following are the 

parameters that were selected as optimal: subsample 0.8, scale_pos_weight 10, 

reg_lambad 0.1, reg_alpha 0.1, min_child weight 1. On the held-out test this tuned 

full model achieved an overall accuracy of 99.1% with a precision of 0.93, recall of 

0.798, and AUC of 0.991. The gain in recall demonstrates that this tuned model is 

much better than the base model at discriminating the X-chromosome from the 

autosomes. Examining the rankings of gain (improvement in training loss or the 

accuracy of tree splits that use a given feature), among the top 15 features related 

to gain, all but 1 of the known MSLc components is captured as being important in 

the model’s decision-making process (Figure 3.2A). Many of the other features 

identified have been previously associated with X-chromosome identification in 

Drosophila or other heterogametic species (Brown and Bachtrog, 2014; Deng et 

al., 2014; Disteche, 2012; Kaye et al., 2018; Mendjan and Akhtar, 2007; Soruco et 

al., 2013; Wells et al., 2012).  
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Figure 3.2. Feature importance rankings for the full model 
(A) Top predictive feature rankings as measured by gain. The higher the gain the more a 
given feature contributes to predictive accuracy. (B) Top predictive feature rankings as 
measured by SHAP. Red represents a high value for a given feature compared to other 
bins and blue a low value. A negative SHAP signifies that a given feature value contributes 
to reducing the probability a given genomic locus is predicted to belong to the 
X-chromosome. A positive SHAP value signifies that a given feature value contributes to 
increasing the probability a given genomic locus is predicted to belong to the 
X-chromosome.  
 
To further interrogate the model’s output, SHapley Additive exPlanations (SHAP), 

was utilized to rank feature importance (Lundberg and Lee, 2017). SHAP analysis 

of the model’s performance also captures many features with known roles in X-

identification (Figure 3.2B).  

 

Model Application and Interpretation 

Once the chosen modeling approach was demonstrated to accurately identify 

known features that contribute to X-identifcation, those features known to directly 

make up the MSLc were removed, as well as H4K16ac that is deposited by the 

MOF component of MSLc. Overall the following features were removed: MSL2, 

MSL3, MLE, MOF, and H4K16ac (MSL1 was previously removed with correlation 

cutoff). Another round of 5-fold cross-validated grid search was performed to 

A B
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ensure optimal parameters were again utilized for the next roud of this null MSLc 

training. Nearly identical parameters were selected as optimatl, therefore the null 

MSLc model was trained with the same parameters of the full MSLc model. 

 

Figure 3.3. Feature importance rankings for the null MSLc model 
(A) Top predictive feature rankings as measured by gain. (B) Top predictive feature 
rankings as measured by SHAP. 
 

On the held-out test set, the null MSLc model achieved an overall accuracy of 

97.2% with a precision of 0.885, recall of 0.709, and AUC of 0.981. Although this 

model now lacks the known key players in X-identifcation, it still does an excellent 

job of discriminating the X-chromosome from autosomes. Again, examining the top 

15 gain contributors of the null MSLc model, the top feature hit for gain, NELF 

(Negative Elongation Factor) which contributed nearly 2-fold more predictive 

power than the second scoring feature (Figure 3.3A). Examining the top 15 

contributors for SHAP value, I also again identified some known features that have 

established roles in X-identifcation (Figure 3.3B) (Brown and Bachtrog, 2014; 

Buenrostro et al., 2013; Deng et al., 2014; Disteche, 2012; Kaye et al., 2018; 

Mendjan and Akhtar, 2007; Soruco et al., 2013; Wells et al., 2012). The top SHAP 

A B
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hit, ATAC-seq, is an indicator of chromatin accessibility (Buenrostro et al., 2013). 

A few of the other features identified, such as GAF, are associated with a class of 

proteins called as insulators, which are well known to play roles in chromatin 

organization (Bohla et al., 2014; Cuartero et al., 2014; Nègre et al., 2011; Philip et 

al., 2015; Wolle et al., 2015; Yang and Corces, 2012).  

 

Another useful property of SHAP is that it allows for detailed interrogation of feature 

importance within singular sites or groups of interests. As previously mentioned, 

MSLc first localizes to CES and then spreads across the remainder of the 

X-chromosome. Therefore, I decided to further interrogate two classes of 

X-chromosome sites, CES and non-CES, along with autosomal sites, to more 

closely examine how a given feature impacts predictions at different site classes 

(Figure 3.4). Because there are just a few instances of CES in the test set, SHAP 

analysis was repeated using both the test and training datasets. A total of 57 

unique CES remained in the final null MSLc model dataset. Therefore, a random 

sampling of 57 autosomal sites was performed in addtion to 57 random 

X-chromosome sites in order to compare the distribution of average SHAP values 

across the classes defined above (Figure 3.4). 

 

Overall, the top predictive features were preserved across site classes with a few 

potentially meaningful shifts in importance rankings (Figure 3.4). In particular, 

features such as ATAC-seq and MACC are indicators of chromatin accessibility 
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and the X-chromsome has been shown to exhibit higher levels of chromatin 

accessibility. Another feature, GAF, has been previously observed to be depleted 

at CES (Kaye et al., 2018). Furthermore, the known adapter protein for MSLc, 

CLAMP, plays a much larger role at CES, which are the initial MSLc recruitment 

sites (Figure 3.4). This finding confirms previously published results and serves as 

another postive indication that the feature importance rankings tools are providing 

meaningful results (Kaye et al., 2018; Kuzu et al., 2016; Soruco et al., 2013). 

Another feature identified, NELF, has never been directly associated with X-

identification but exhibits a similar relationship as GAF in model analysis. 

Therefore, NELF-depletion on the X-chromosome, compared with autosomes, is a 

candidate for discriminating the X-chromosome. NELF has been observed to 

interact with GAF (Fay et al., 2011; Li et al., 2013) and has recently shown to also 

be associated with CLAMP using proteomic-based approaches (Urban et al., 

2017b). 

 

Figure 3.4. Distribution SHAP values across top features identifed across various 
site classes. 
 

Autosome Non-CES CES
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Conclusions and Future Directions 

The full model, which included MSLc components known to localize solely to the 

X-chromosome, served as an excellent proof-of-concept model. This model was 

able to identify 4 out of the 5 MSLc members remaining in the feature set as well 

as other features that have been previously linked to MSLc or X-identifcation. This 

full model also greatly helped in setting suitable evaluation criteria for the models 

that followed that did not contain MSLc members. The null MSLc model performed 

remarkbly well, scoring slighlty below that of the full model. The null MSLc model 

was readily able to identify features such as chromatin accessibility, GAF, CLAMP, 

NELF, etc. that have been previously linked to, or are, factors known to have some 

involvment in X-identifcation. However, it was not known to what extent these 

factors were predictive for distinguishing the X-chromosome from the autosomes. 

 

I determined that enrichment of CLAMP and depletion of NELF and GAF are 

predictive of the X-chromosome compared with autosomes even without including 

MSLc components in the model. CLAMP is known to outcompete GAF at CES 

compared to other sites in the genome, consistent with depletion of GAF being 

predictive of X-chromosome identification (Kaye et al., 2018). Furthermore, NELF 

promotes pausing of RNA Polymerase II (Adelman and Lis, 2012; Gilchrist et al., 

2008) and pausing is known to be decreased on the hyper-active X-chromosome 

compared with autosomes (Larschan et al., 2011). Therefore, a depletion of NELF 

on the X-chromosome is consistent with decreased pausing on the hyper-active 
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X-chromosome. Moreover, my model provides the first unbiased approach to 

identify and rank factors that distinguish the X-chromosome from the autosomes. 

 

My two machine learning models, the full and null MSLc models, provide promising 

candidate features for further examination. It would be useful to perform automated 

feature selection to specifically determine a smaller range of NGS derived features. 

This could aide in creating a more focused list of possible targets for further 

bioinformatic interogation. As a next step, it would be interesting to perform 

clustering on different classes of factors that the model predicts on the 

X-chromosome at CES and non-CES, as well as locations that resemble CES 

throughout the genome. The most promising set of novel features could then be 

more closesly interrogated with more in depth bioinformatic analysis. The most 

promising candidate factors can then be experimentally validated in vivo. Overall, 

I have generated the first machine learning model to predict which factors 

distinguish the X-chromosome from the autosomes. 

  



 60 

Supporting Information 

 

Table S3.1 Search space for randomized grid search 
Parameters selected after 50 iterations of grid search are highlighted in red. 
 
 
Supplemental Files 

Available upon request 

Parameter Inputs
learning_rate [0.01, 0.05, 0.1, 0.3]
max_depth [3, 5, 7, 10]
scale_pos_weight [1, 5, 10]
min_child_weight [1, 2, 5]
gamma [0, 0.1, 0.2, 0.3, 0.5]
subsample [0.5, 0.6, 0.7, 0.8, 0.9]
colsample_bytree [0.5, 0.6, 0.7, 0.8, 0.9]
reg_alpha [0.01, 0.1, 0, 1]
reg_lambda [0.01, 0.1, 0, 1]
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Abstract 

Drosophila dosage compensation is an important model system for defining how 

active chromatin domains are formed. The male-specific lethal dosage 

compensation complex (MSLc) increases transcript levels of genes along the 

length of the single male X-chromosome to equalize with that on the two female 

X-chromosomes. The strongest binding sites for MSLc cluster together in three-

dimensional space independently of MSLc because clustering occurs in both 

sexes. CLAMP, a non-sex-specific, ubiquitous, zinc finger protein, binds 

synergistically with MSLc to enrich the occupancy of both factors on the male 

X-chromosome. Here, we demonstrate that CLAMP promotes the observed 

clustering of MSLc binding sites. Genome-wide, CLAMP promotes interactions 

between active chromatin regions and represses interactions between inactive 

chromatin regions. Moreover, the X-enriched CLAMP protein promotes longer-

range interactions on the active X-chromosome than autosomes. Overall, we 

define how long-range interactions, mediated by a locally-enriched ubiquitous 

transcription factor, generate a three-dimensional active chromatin domain. 
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Introduction 

Three-dimensional chromatin domains are important for coordinating gene 

regulation. Recent work has provided new insight into how silent chromatin 

domains are formed, for example, through phase separation (Sexton and Cavalli, 

2015; Strom et al., 2017), but less is understood regarding the formation of active 

chromatin domains. Dosage compensation in Drosophila provides one of the few 

model systems for studying the formation of a large active chromatin domain: 

approximately one thousand genes along the length of the single male 

X-chromosome are coordinately upregulated two-fold (Conrad et al., 2012; 

Hamada et al., 2005; Straub and Becker, 2007).  

  

In heterogametic species, dosage compensation is essential to correct 

transcriptional imbalance of X-linked genes between the sexes (Jordan et al., 

2019) and to correct for dosage imbalance between the single X-chromosome and 

paired autosomes. Diverse dosage compensation mechanisms have evolved 

across species, but an essential conserved step is distinguishing the 

X-chromosome from autosomes for specific regulation.  

  

In Drosophila, the male-specific lethal complex (MSLc) forms specifically in males 

and is responsible for increasing transcript levels of X-linked genes along the 

length of the single male X-chromosome roughly two-fold, equalizing gene 
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expression with that of females (Conrad et al., 2012; Hamada et al., 2005; Straub 

and Becker, 2007). MSLc consists of five proteins MSL1, MSL2, MSL3, maleless 

(MLE) (Belote and Lucchesi, 1980; Kuroda et al., 1991; Lucchesi, 1996), and 

males absent on the first (MOF) (Hilfiker et al., 1997), and one of two functionally 

redundant long non-coding RNAs known as RNA on the X 1 and 2 (roX1 and roX2) 

(Franke and Baker, 1999; Meller and Rattner, 2002). MSLc first targets X-linked 

genomic elements known as “high-affinity” or “chromatin entry” sites (CES), which 

also include the roX loci (Alekseyenko et al., 2008; Kelley et al., 1999; Meller and 

Rattner, 2002; Straub et al., 2008). 

 

Within CES, MSLc is recruited to GA-rich 21-bp elements known as MSL 

recognition elements (MREs) (Alekseyenko et al., 2008). Accumulation of MRE 

sequences on the X-chromosome occurred by expansion of GA-rich sequences 

and transposon transposition (Ellison et al., 2019; Kuzu et al., 2016). However, 

MRE sequences are not X-chromosome specific and are only approximately two-

fold enriched on the X-chromosome compared with autosomes (Alekseyenko et 

al., 2008), suggesting that they are not sufficient for X-chromosome targeting. 

Although the MSL2 component of MSLc has a low affinity for MREs, the complex 

requires synergy with an essential, non-sex-specific, zinc finger adapter protein 

known as chromatin-linked adapter for MSL proteins (CLAMP) in order to stabilize 

its binding to MREs (Albig et al., 2018; Larschan et al., 2012; Soruco et al., 2013).  
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Synergy between CLAMP and MSLc, which has been demonstrated both in vivo 

and in vitro (Albig et al., 2018; Soruco et al., 2013), enhances the occupancy of 

both factors on the male X-chromosome. Maternally deposited CLAMP is present 

on chromatin before MSL complex assembles at the maternal-zygotic transition 

(Franke et al., 1996; Lott et al., 2011; Rieder et al., 2017) and regulates chromatin 

accessibility of the X-chromosome and transcription of X-linked genes (Larschan 

et al., 2012; Urban et al., 2017a). Therefore, it is likely that CLAMP functions as an 

early transcription factor to enhance X-chromosome accessibility and promote 

MSLc targeting.  

 

After initial targeting to CES by CLAMP, MSLc generates an active chromatin 

domain by localizing to the bodies of active genes and increasing their transcript 

levels by modulating transcription elongation (Alekseyenko et al., 2006, 2008; 

Kelley et al., 1999; Larschan et al., 2011; Urban et al., 2017a). MSLc is 

hypothesized to take advantage of pre-existing three-dimensional chromatin 

organization to target the X-chromosome (Ramírez et al., 2015; Schauer et al., 

2017). Chromosome conformation capture techniques have demonstrated that 

CES cluster three-dimensionally in both males and females and form long-range 

interactions with other X-linked active chromatin regions within the nucleus 

independently of MSLc (Ramírez et al., 2015; Schauer et al., 2017). However, the 

mechanism by which CES cluster remained unknown.  
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We hypothesized that CLAMP promotes clustering of CES based on the following 

lines of evidence: 1) In contrast to MSLc, CLAMP is required to increase the 

accessibility of the entire male X-chromosome (Urban et al., 2017a); 2) CLAMP is 

part of an insulator complex (Kaye et al., 2017) and functions as an insulator 

protein in several enhancer-blocking assays that are dependent on the Su(Hw) 

insulator complex (Bag et al., 2019). Insulator proteins mediate chromatin 

interactions across the genome to regulate specialized chromatin domains 

throughout development (Darrow et al., 2016; Kieffer-Kwon et al., 2017; Muller et 

al., 1999; Noordermeer et al., 2011; Vian et al., 2018). 

  

We used genome-wide chromosome conformation capture (Hi-C) analysis 

complemented by circular chromosome conformation capture with high-throughput 

sequencing (4C-seq) to test the hypothesis that CLAMP regulates clustering of 

CES and three-dimensional organization of the X-chromosome. We discover that 

CLAMP promotes long-range interactions on the male X-chromosome more 

strongly than on autosomes. Furthermore, we demonstrate that CLAMP primarily 

represses interactions at silent chromatin regions and promotes long-range 

interactions within active chromatin regions, including CES. We also show that the 

enrichment of several insulator proteins is increased at loci where CLAMP 

promotes or represses genomic interactions. Overall, we show that the X-enriched 

CLAMP protein regulates long-range three-dimensional interactions between CES 

to target MSLc to the male X-chromosome. Synergy between CLAMP and MSLc 
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(Albig et al., 2018; Soruco et al., 2013) increases the occupancy of both factors to 

generate a three-dimensional active chromatin domain that specifically 

upregulates transcription of approximately one thousand X-linked genes in males. 

 

Results  

CLAMP regulates long-range three-dimension interactions on the 
X-chromosome more strongly than on autosomes 

In order to understand how CLAMP regulates the three-dimensional organization 

of the genome, we performed in situ chromosome conformation capture with high-

throughput sequencing (in situ Hi-C) (Rao et al., 2014) using HindIII, a 6-bp cutter 

restriction enzyme, in Drosophila male Schneider’s line 2 (S2) (Schneider, 1972) 

cultured cells after validated RNAi depletion of either gfp (control) or clamp 

(Hamada et al., 2005; Larschan et al., 2012; Soruco et al., 2013). We performed 

two biological replicates for each experimental condition. We confirmed depletion 

of CLAMP protein after clamp RNAi by Western blot (Fig. S4.1A) and used 

GenomeDISCO (Ursu et al., 2018) to determine replicate concordance. 

Reproducibility between replicates was high at multiple resolutions (Figure S4.1B). 

 

We generated Hi-C interaction maps combining replicates for each condition (Fig. 

4.1A; File S4.1). To compare the clamp RNAi and control gfp RNAi contact maps, 

we also generated a differential interaction map (Fig. 4.1A). In the differential map 

for the two conditions (clamp/gfp RNAi), we observed an increase in interaction 

frequency directly along the diagonal (i.e. shorter-range interactions). Many of the 
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more pronounced off-diagonal differences are in regions proximal to centromeres, 

which will be discussed later. In general, we observed decreased interaction 

frequency moving away from the diagonal (i.e. longer-range interactions) on all 

chromosomes, with the exception of chromosome 4, when CLAMP was depleted. 

To quantify these perceived differences between our gfp and clamp RNAi 

interaction matrices, we calculated the log2 ratio of distal to local interactions (DLR) 

(Heinz et al., 2018) (Fig. 4.1B). We defined local interactions as those that span 

less than 250 kb and distal as interactions that span more than 250 kb. After 

depleting CLAMP, we observed a widespread increase in the DLR of X-linked 

genomic interactions across the entire chromosome, signifying that there are more 

local than distal interactions when CLAMP is depleted. In contrast, the DLR was 

more varied on autosomes except for the heterochromatic fourth chromosome, 

suggesting that the X-chromosome specifically becomes more three-dimensionally 

compact upon depletion of CLAMP. Moreover, this X-specific change in three-

dimensional interactions (Fig. 4.1B) is consistent with previous linear analysis 

demonstrating that chromatin accessibility of the male X-chromosome but not 

autosomes or the female X-chromosome decreases upon RNAi depletion of 

CLAMP (Urban et al., 2017a). Therefore, our Hi-C data support a model in which 

CLAMP decompacts the X-chromosome more than autosomes.  

 

Previous Hi-C studies in multiple cell lines and embryos found that the strongest 

MSLc binding sites (CES) interact with each other and other genomic regions 
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along the X-chromosome more frequently than expected by chance (Ramírez et 

al., 2015; Schauer et al., 2017). To confirm these observations within our own data 

sets, we investigated whether CES interact frequently with other genomic locations 

in our Hi-C data. We used Fit-Hi-C (Ay et al., 2014) to determine high-confidence 

intrachromosomal contacts (see methods) from our control gfp RNAi Hi-C maps 

(Fig. S4.1C; File S4.3). Consistent with previous reports (Ramírez et al., 2015; 

Schauer et al., 2017), approximately 60% of the high-confidence X-chromosome 

interactions identified involve CES and 16% of such interactions link regions 

containing CES at 20 kb resolution (Fig. S4.1D). Therefore, our data are consistent 

with prior reports of CES frequently interacting with each other and other regions 

of the genome.  
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Figure 4.1. CLAMP regulates the span of genomic interactions on the male 
X-chromosome. 
A. Per chromosome KR balanced matrices for gfp RNAi (top), clamp RNAi (middle), and 
clamp vs gfp RNAi (bottom). Each chromosome is shown at 50 kb resolution, with the 
exception of chromosome 4 which is shown at 5 kb resolution due to its small size. 
B. Per chromosome distal vs local ratio (DLR) for gfp RNAi (blue), clamp RNAi (green), 
and clamp vs gfp RNAi (bottom). For the clamp vs gfp RNAi comparison, a positive number 
(blue) indicates the ratio of distal vs. local interactions becomes higher following clamp 
RNAi. A negative number (green) indicates the ratio of distal vs. local interactions 
becomes lower following clamp RNAi. 
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chromosomal interaction frequencies after clamp RNAi with those after gfp RNAi 

using diffHic (Lun and Smyth, 2015). We found 2,552 significantly (FDR < 0.05) 

differential interactions (DIs) at 30 kb resolution (Fig. S4.2A; File S4.4). We 

classified these DIs by the directionality of their log2 fold change. Notches on all 

box plots represent 95% confidence intervals. Interactions that decrease in contact 

probability after clamp RNAi are defined as CLAMP-promoted (55%), whereas 

interactions that increase in contact probability after clamp RNAi are defined as 

CLAMP-repressed (45%). The log2 fold change was significantly larger for 

CLAMP-promoted X-linked interactions (Fig. 4.2A; Fig. S4.2B) than other 

remaining interaction types throughout the genome. Next, we divided the DIs into 

quantiles based on absolute log2 fold change and normalized for chromosome size 

and ploidy. We found that as absolute log2 fold change increases, the frequency 

of both CLAMP-promoted and CLAMP-repressed interactions on the 

X-chromosome increases, while those on autosomes decrease (Fig. 4.2B). 

Therefore, CLAMP functions more strongly to promote three-dimensional 

interactions on the X-chromosome compared to on autosomes.  

 

To define the properties of DIs mediated by CLAMP, we measured the genomic 

distance between DI anchors. The linear distance spanned by CLAMP-promoted 

X-linked interactions is significantly longer than those that CLAMP promotes on  
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Figure 4.2. CLAMP promotes the formation of longer-range contacts more strongly 
on the X-chromosome than autosomes. 
A. log2 fold changes per chromosome of interactions that are weakened after clamp RNAi 
(CLAMP-promoted) or strengthen (CLAMP-repressed. 
B. 25th, 50th, and 75th percentiles of absolute log2 fold change. Genomic ratio is normalized 
to account for chromosome length and ploidy. The dotted line at 1 represents the expected 
ratio if there is no bias towards a particular chromosome. As absolute fold change 
increases both CLAMP-promoted and CLAMP-repressed interactions show a bias toward 
the X-chromosome. 
C. Distribution of distances between DI anchors. On the autosomes, CLAMP-promoted 
interactions are shorter-range compared to autosomal CLAMP-repressed interactions. On 
the X-chromosome however CLAMP-promoted interactions are much longer-range than 
CLAMP-repressed. 
D. Distribution of distances to nearest CES or control CES for CLAMP-promoted and 
CLAMP-repressed interactions. 
For all box and whisker plots, the 95% confidence interval is shown with a notch around 
the median line. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, two-sided Mann-Whitney 
test. 
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autosomes (Fig. 4.2C; Fig. S4.2C). In contrast, the length span of interactions 

repressed by CLAMP is significantly shorter on the X-chromosome than on 

autosomes (Fig. 4.2C; Fig. S4.2C), consistent with the X-biased decrease in DLR 

after depleting CLAMP (Fig. 4.1B). Therefore, CLAMP promotes long-range 

interactions and prevents the formation of shorter-range interactions on the 

X-chromosome. We also measured the distance between X-linked DI anchors and 

CES. We determined that CLAMP regulates three-dimensional interactions at 

locations that are in closer to proximity to CES, compared with previously defined 

control CES-like regions that do not recruit MSLc (Soruco et al., 2013) (Fig. 4.2D). 

Overall, CLAMP promotes long-range contacts on the X-chromosome that 

enhance three-dimensional interactions involving CES.  

 

CLAMP promotes three-dimensional interactions at active chromatin 
regions including CES and represses three-dimensional interactions at 
inactive chromatin regions 

Next, we defined the relationship between DIs that are regulated by CLAMP and 

the enrichment of the CLAMP protein. We used available CLAMP ChIP-seq data 

(Kaye et al., 2018) from S2 cells to generate a high-confidence list of CLAMP 

peaks and average profiles of CLAMP peak enrichment DI anchors (see methods). 

We found that CLAMP-promoted DI anchors more frequently contain CLAMP 

peaks than CLAMP-repressed DI anchors on both the X-chromosome and 

autosomes (Fig. 4.4A). Therefore, CLAMP-promoted contacts are more likely to 

be directly linked to CLAMP function. Furthermore, we found that 60% of CLAMP-
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promoted DI anchors on the X-chromosome are occupied by CLAMP, which is 

greater than other classes of DIs. While CLAMP frequently binds to DI anchors, 

the ChIP-seq enrichment of CLAMP is not enhanced at genomic locations where 

CLAMP regulates three-dimensional genomic interactions. Therefore, we 

hypothesize that the presence of additional cofactors within active or inactive 

chromatin modulates the ability of CLAMP to regulate three-dimensional 

interactions. 

  

To test this hypothesis, we first measured the chromatin states, as defined by the 

Drosophila 9-state chromatin model (Kharchenko et al., 2011), that are present at 

CLAMP-promoted and CLAMP-repressed DI anchors. We found that across all 

chromosomes, 60.5% of the chromatin states present within CLAMP-promoted DI 

anchors represent active chromatin and the remaining 39.5% of chromatin states 

represent inactive chromatin (Fig S4.2E). In contrast, 70% of the chromatin states 

present within CLAMP-repressed DI anchors represent inactive states, while the 

remaining 30% of chromatin states represent active chromatin across all 

chromosomes (Fig S4.2F). Additionally, at CLAMP-repressed DI anchors, there is 

an enrichment of the chromatin state corresponding to pericentromeric 

heterochromatin (Fig. S4.2F), which correlates with our visual observation that 

many pronounced off-diagonal changes in our differential Hi-C maps occur in 

regions proximal to centromeres (Fig. 4.1A).  
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To further quantify the relationship between DI anchors and chromatin states, we 

computed Jaccard similarity coefficients as ratios ranging from 0 to 1 (Quinlan, 

2014): the larger the Jaccard coefficient (i.e. closer to 1), the more similar two sets 

of genomic regions are to each other. CLAMP-promoted DI anchors are more 

correlated with active chromatin states (Jaccard coefficient: 0.328) than inactive 

chromatin states (Jaccard coefficient: 0.220). In contrast, CLAMP-repressed DI 

anchors are more correlated with inactive chromatin states (Jaccard coefficient: 

0.297) than active chromatin states (Jaccard coefficient: 0.090). Therefore, 

CLAMP primarily promotes interactions within active regions and represses 

interactions within inactive regions of the genome. We also measured the proximity 

of CLAMP-promoted and CLAMP-repressed DI anchors to CES and two 

randomized classes of sites within regions of either active or inactive chromatin 

based on the 9-state chromatin state model for S2 cells (Kharchenko et al., 2011) 

(Fig. S4.2D). We found that CLAMP-promoted regions are closer to active 

chromatin regions than CLAMP-repressed regions. In contrast, CLAMP-repressed 

regions are closer to inactive chromatin than active chromatin regions. Also, CES 

are in closer proximity to CLAMP-promoted DI anchors and more distal from 

CLAMP-repressed DI anchors than other active chromatin regions. Moreover, the 

ability of CLAMP to promote genomic interactions within active chromatin regions 

(Fig. S4.2D; Fig. S4.2E) is consistent with its ability to activate gene expression on 

the active male X-chromosome more frequently than on autosomes (Urban et al., 

2017a). 
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CLAMP and MSLc both mediate three-dimensional interactions at CES 

We and others previously reported that CLAMP and MSLc function synergistically 

to target each other to the X-chromosome and increase occupancy of both factors 

(Albig et al., 2018; Soruco et al., 2013). MSLc modulates chromatin accessibility 

specifically within CES, in contrast to CLAMP, which not only functions at CES but 

also enhances chromatin accessibility of the entire male X-chromosome (Ramírez 

et al., 2015; Urban et al., 2017a). Furthermore, long-range interactions at several 

CES occur in an MSL2-dependent manner (Grimaud and Becker, 2009; Schauer 

et al., 2017). Therefore, we hypothesized that both CLAMP and MSL complex 

function to regulate three-dimensional interactions at CES. We performed 

differential interaction analysis with available Hi-C data (GSE58821) from 

replicated dilution Hi-C experiments that compare RNAi depletion of two MSLc 

components (MSL2 and MSL3) with a matched control (gfp RNAi) experiment 

(Ramírez et al., 2015). In contrast to our clamp RNAi experiments, we did not 

identify significant DIs following msl2 RNAi, and msl3 RNAi resulted in only 1 

significant DI when compared to matched gfp controls (File S4.4). Therefore, MSLc 

does not modulate three-dimensional interactions detectable by dilution Hi-C. 

 

To validate our Hi-C findings that CLAMP regulates three-dimensional 

organization and generate a higher resolution subset of DIs, we performed 

circularized chromosome conformation capture with high-throughput sequencing 

(4C-seq) at four CES in close proximity to regions containing many differential 
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interactions identified by Hi-C. In addition, we assessed the function of MSL2 and 

the GAF protein (encoded by the trl gene), which is a GA-binding zinc-finger 

protein similar to CLAMP. CLAMP and GAF are present in the same insulator 

complex (Farkas et al., 1994; Kasinathan et al., 2014; Kaye et al., 2017, 2018). 

However, in contrast to CLAMP, GAF has a modest function in MSLc recruitment 

and is depleted within CES because CLAMP outcompetes GAF for binding to long 

GA-rich sequences (Greenberg et al., 2004; Kaye et al., 2018). Therefore, we 

hypothesized that CLAMP but not GAF regulates three-dimensional interactions at 

CES.  

 

To test this hypothesis, we performed 4C-seq experiments in biological duplicate 

in Drosophila S2 cells following previously validated RNAi depletion of gfp 

(control), msl2, clamp and trl (Kaye et al., 2018; Soruco et al., 2013) and confirmed 

depletions by qRT-PCR (Fig. S4.3A; File S4.1; File S4.2). We identified high 

frequency cis-interacting regions and performed differential interaction analysis for 

each viewpoint using the 4C-ker pipeline (Raviram et al., 2016) (Fig. S4.4). 

Consistent with our Hi-C analysis, we found that 59% of high-confidence cis-

interactions link our four CES viewpoints to regions that also contain a CES (Fig 

S4.3B; File S4.3). After visualizing differential interactions for each viewpoint (Fig. 

S4.4; File S4.4), we pooled all identified DI anchors from each 4C-seq viewpoint 

to increase the number of DIs for further analysis. 
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Next, we compared the number of DIs obtained after clamp and trl RNAi. We 

identified 199 total DIs after clamp RNAi and only 17 DIs after trl RNAi (Fig S4.3C). 

Therefore, even though both CLAMP and GAF are part of the same insulator 

complex (Kaye et al., 2017), CLAMP has a stronger role than GAF in modulating 

three-dimensional interactions involving CES, consistent with an enrichment of 

CLAMP versus GAF at CES (Kaye et al., 2018). Next, we measured chromatin 

state occurrence within CLAMP-promoted and CLAMP-repressed 4C-seq DI 

anchors and found similar chromatin states to those identified in our differential Hi-

C analysis (Fig. S4.3F and S4.2E-F). Therefore, our 4C-seq data demonstrate that 

CLAMP has a stronger role than GAF in regulating three-dimensional interactions 

at CES and validate a role for CLAMP in promoting contacts between active 

chromatin regions and repressing contacts with inactive chromatin regions. 

 

In addition, we measured the role of CLAMP and MSL2 in regulating three-

dimensional interactions at CES by comparing our 4C-seq data after clamp and 

msl2 RNAi treatments. In contrast to our differential Hi-C interaction analysis which 

did not identify any DIs after msl2 RNAi, we observed 285 DIs after msl2 RNAi 

from our CES viewpoints, consistent with prior findings (Grimaud and Becker, 

2009; Schauer et al., 2017) (Fig S4.3C). The discrepancy between the Hi-C and 

4C-seq analyses for MSL2 may be due to the dilution Hi-C technique performed 

by Ramirez et al., which contains more technical noise because there is higher 

potential for spurious contacts during in-solution ligation compared with in situ 
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ligation (Gavrilov et al., 2013; Rao et al., 2014; Van De Werken et al., 2012). We 

also measured X-specific chromatin state occurrence for 4C-seq DI anchors 

identified after msl2 RNAi and we found similar chromatin states to those identified 

at CLAMP-dependent 4C-seq DI anchors (Fig. S4.3 E-F). Overall, both CLAMP 

and MSL2 regulate three-dimensional interactions at CES, consistent with prior 

observations that CLAMP and MSLc modulate chromatin accessibility (Ramírez et 

al., 2015; Urban et al., 2017a) and promote each other’s occupancy (Albig et al., 

2018; Soruco et al., 2013) locally at CES.  

 

To further define the relationship between CLAMP and MSLc in mediating three-

dimensional interactions, we integrated our Hi-C and 4C data with previously-

generated chromatin accessibility data from a Micrococcal Nuclease (MNase)-seq 

experiment performed in S2 cells under the same RNAi conditions (GSE99894) 

(Urban et al., 2017a). In MNase-seq experiments, a MNase accessibility score 

(MACC) greater than zero indicates that a region of chromatin is relatively 

accessible while a MACC score less than zero indicates that a region is relatively 

inaccessible compared to the average genomic accessibility. We found that 

CLAMP-promoted and CLAMP-repressed DIs from both Hi-C and 4C occur within 

regions where the chromatin is relatively accessible (MACC >0) under control gfp 

and msl2 RNAi conditions (Fig. 4.3A, B). However, significant decreases in 

chromatin accessibility after clamp RNAi, are observed at CLAMP-promoted and 
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CLAMP-repressed DI anchors on the X-chromosome and CLAMP-repressed DIs 

on autosomes (Fig. 4.3A, B).  

 

Figure 4.3. CLAMP regulation of the three-dimensional organization is linked to its 
role in altering chromatin accessibility. 
A. Distribution of chromatin accessibility MACC values within CLAMP Hi-C DI anchors as 
measured when MACC was previously calculated under RNAi conditions of gfp (blue), 
msl2 (pink) and clamp (green). A positive MACC value indicates accessible chromatin 
whereas a negative MACC value indicates inaccessible chromatin (Urban et al., 2017a). 
On the autosomes, CLAMP promoted interactions occur in regions that are accessible 
under all three RNAi conditions. In contrast, autosomal CLAMP-repressed interactions 
occur in regions that have lowered chromatin accessibility after clamp RNAi. On the 
X-chromosome both CLAMP-promoted and repressed interactions occur in regions which 
are accessible after gfp and msl2 RNAi but become inaccessible after clamp RNAi. 
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B. Distribution of MACC values within CLAMP 4C-seq DI anchors. CLAMP 4C-seq 
identified DIs occur in regions which have significantly lowered chromatin accessibility 
after clamp RNAi (green) compared to control gfp RNAi (blue). No significant changes are 
observed for these CLAMP 4C-seq identified DI regions are observed following msl2 RNAi 
(pink). 
C. Distribution of MACC values within MSL2 4C-seq DI anchors. MSL2 4C-seq identified 
DIs occur in regions that do not have significant changes in chromatin accessibility after 
msl2 RNAi (pink) compared to control gfp RNAi (blue). However, chromatin accessibility 
is significantly decreased following clamp RNAi (green). 
For all box and whisker plots, the 95% confidence interval is shown with a notch around 
the median line. 
 

Next, we asked whether CLAMP or MSL2 regulates chromatin accessibility at sites 

where MSL2 regulates three-dimensional interactions. We determined that MSL2-

dependent 4C-seq DIs show significant decreases in chromatin accessibility after 

clamp RNAi and modest but not statistically significant changes after msl2 RNAi 

(Fig. 4.3C). Therefore, MSL2-dependent 4C-seq DIs require CLAMP to promote 

chromatin accessibility. Overall, the function of CLAMP in modulating three-

dimensional interactions is linked to its role in altering chromatin accessibility. 

 

Insulator proteins have differential occupancy at genomic locations at which 
CLAMP regulates three-dimensional interactions 

CLAMP has been physically and functionally linked with two different insulator 

complexes containing either the insulator proteins GAF (Kaye et al., 2017) or 

Su(Hw) (Bag et al., 2019). Therefore, we hypothesized that the function of CLAMP 

in promoting or repressing three-dimensional interactions is mediated by 

differential occupancy of insulator proteins at DI anchors. To test this hypothesis, 

we generated high confidence peaks and average profiles for insulator proteins 

from the following publicly available ChIP-seq data generated in S2 cells for the 
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insulator proteins GAF (GSE107059), CP190, Su(Hw), Mod(mdg4) and dCTCF 

(GSE41354). We restricted our analysis to CLAMP-dependent DIs identified by 

Hi-C in order to make genome-wide comparisons and compared ChIP-seq 

enrichment of each factor at peaks that occur within DI anchors to enrichment at 

the remaining set of peaks that occur outside of DI anchors (non-DIs).  

 

Overall, we observed enhanced differential occupancy of all insulator proteins at 

genomic anchor points where CLAMP regulates three dimensional interactions 

(DIs) compared with regions where it does not regulate three-dimensional 

interactions (non-DIs). Furthermore, we discovered the following differences in 

factor enrichment: 1) Overall the enrichment patterns of GAF are similar to that of 

CLAMP, which correlates with their presence in the same insulator complex (Kaye 

et al., 2018). However, GAF enrichment is enhanced at CLAMP-promoted DI 

anchors and depleted at CLAMP-repressed DIs. Also, GAF is depleted at CLAMP-

promoted autosomal DI anchors (Fig. 4.4B). 2) Su(Hw) is bound to fewer CLAMP- 

repressed DI anchors on autosomes compared with those on the X-chromosome, 

although its average enrichment at bound sites is similar. Su(Hw) is also modestly 

enriched at peaks occurring within CLAMP-promoted and -repressed sites, 

compared to peaks that occur at non-DIs (Fig. 4.4C). 3) Mod(mdg4), dCTCF and 

CP190 are all more frequently bound at CLAMP-promoted DI anchors. However, 

their enrichment is higher at CLAMP-repressed DI anchor sites versus CLAMP-

promoted anchors. Furthermore, CP190 binds to a larger majority of CLAMP-
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promoted DIs than any of the other factors tested (Fig. 4.4D, E, F). Overall, we 

observed different patterns of insulator protein occupancy within CLAMP-

promoted and CLAMP-repressed DI anchors, compared to peak locations where 

we did not detect CLAMP-dependent three-dimensional interactions (non-DIs). 

Therefore, CLAMP is likely to modulate recruitment or function of insulator protein 

complexes to regulate three-dimensional interactions at DI anchors. In fact, very 

recent work demonstrated that CLAMP regulates the occupancy of the CP190 

protein (Bag et al., 2019). 

 

Figure 4.4. Differential occupancy of insulator proteins occurs at loci where CLAMP 
promotes or represses the formation of three-dimensional interactions on the 
X-chromosome and autosomes. 
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A. Left: Percentage of DI anchors containing a high confidence CLAMP ChIP-seq peak. 
Right: average fold enrichment over input for CLAMP at peaks within CLAMP-promoted 
DI anchors (green) and CLAMP-repressed DI anchors (purple) versus the remaining set 
of peaks falling outside of DIs (gray). Light shading on average profiles represents 
standard error. 
The same analysis was performed for GAF (B), Su(Hw) (C) , Mod(mdg4) (D), dCTCF (E), 
and CP190 (F). 
G. CLAMP promotes long-range interactions on the X-chromosome that are responsible 
for the clustering of CES. Synergy between CLAMP and MSL complex increases the local 
concentration of both factors on the male X-chromosome. On autosomes, the local 
concentration of CLAMP is not as high due to the lack of synergy with MSL complex 
(Soruco et al., 2013) which reduces the number of long-range interactions that are 
mediated by CLAMP.  
 

Discussion 

Overall, our data provide key insight into how an active chromatin domain is formed 

in three-dimensions. CLAMP de-compacts the genomic architecture of the 

X-chromosome by promoting long-range interactions and preventing the formation 

of shorter-range interactions (Fig. 4.4G). CLAMP not only tethers MSLc to the 

X-chromosome (Soruco et al., 2013) but also promotes long-range three-

dimensional interactions involving MSLc binding sites. (Fig. 4.4G). Previously, we 

demonstrated that CLAMP and MSLc function synergistically at CES to increase 

transcript levels of X-linked genes (Urban et al., 2017a). Here, we show that both 

CLAMP and MSLc regulate the three-dimensional organization of the 

X-chromosome: CLAMP regulates three-dimensional interactions along the length 

of the entire X-chromosome while MSLc acts locally at several CES.  

 

Throughout the genome, CLAMP promotes long-range interactions between active 

chromatin regions, including CES, and represses three-dimensional interactions 
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at inactive chromatin regions. However, we observe that CLAMP has a stronger 

function in mediating three-dimensional interactions on the X-chromosome than 

on autosomes. CLAMP is an ancient zinc-finger protein that is highly conserved 

across Diptera and is present on chromatin in the earliest stages of development 

before the more recently evolved MSLc (Franke et al., 1996; Kuzu et al., 2016; 

Rieder et al., 2017; Soruco et al., 2013). Transposons containing CLAMP 

recognition sequences transposed onto the ancient X-chromosome and GA-

repeats expanded, which together increased the density of CLAMP occupancy at 

CES (Ellison et al., 2019; Kuzu et al., 2016). The enhanced role of CLAMP on the 

X-chromosome compared with autosomes is likely due to the increased density of 

CLAMP binding sites within CES on the X-chromosome (Kuzu et al., 2016). 

 

Furthermore, CLAMP interacts with several insulator protein complexes (Bag et 

al., 2019; Kaye et al., 2017), which are known to modulate three-dimensional 

genomic interactions. We observe that the enrichment of insulator proteins is 

increased at sites where CLAMP functions to regulate three-dimensional 

interactions, compared to non-interacting control regions. Therefore, it is likely that 

CLAMP regulates three-dimensional organization by modulating the ability of 

insulator proteins to drive the formation of three-dimensional interactions. For 

example, CLAMP is known to alter the occupancy of CP190, a component of 

several different insulator complexes (Bag et al., 2019). It is also possible that 

insulator proteins alter the ability of CLAMP to regulate three-dimensional 
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interactions. Overall, we demonstrate that CLAMP, a transcription factor present 

at high density on the male X-chromosome due to synergy with MSLc (Albig et al., 

2018; Soruco et al., 2013), regulates long-range genomic interactions on the male 

X-chromosome including those involving CES. Therefore, CLAMP-mediated three-

dimensional interactions create the three-dimensional active chromatin domain 

critical for dosage compensation. Further work will be required to define the 

functional relationships between CLAMP and all of the known insulator proteins. 
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Methods 

Cell culture conditions 

Drosophila S2 cells were maintained at 25C in Gibco Schneider's Drosophila 

media (ThermoFisher Scientific) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) and 1.4X antibiotic-antimycotic (ThermoFisher Scientific). 

Cells were passaged every 2-3 days to maintain appropriate density. 

 

RNAi treatment 

Generation of dsRNA for RNAi treatment 

Generation of dsRNA targeting gfp (control), clamp, msl2 and trl for RNAi have 

been previously validated and described (Fuda et al., 2015; Hamada et al., 2005; 

Larschan et al., 2012; Soruco et al., 2013). PCR product was used as template to 

generate dsRNA with an ambion T7 MEGAscript kit (ThermoFisher Scientific). 

dsRNAs were purified following DNase treatment with a Qiagen RNeasy kit 

(Qiagen). 

 

RNAi treatment 

RNAi was performed in T75 tissue culture flasks. A total of 7x10^6 S2 cells were 

suspended in 6mL of Schneider’s Drosophila media without FBS were added to a 

T75 culture flask containing 67.5ug of gfp, clamp, msl2, or trl dsRNA suspended 

in 3mL of Invitrogen UltraPure water (ThermoFisher Scientific). The cells were 

serum starved for 45 minutes at room temperature (RT), then 10.5mL of 
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Schneider’s Drosophila media supplemented with 10% FBS was added to the 

flask. Cells were incubated for a total of 6 days as described previously (Kaye et 

al., 2018; Soruco et al., 2013). After 6 days, samples were collected and RNAi 

treatment was validated via western blot or qRT-PCR. The remaining cells were 

collected by centrifugation and resuspended to 5x10^6 cells/ml in fresh non-FBS 

media. Fresh formaldehyde solution (36.5-38% in H2O; Sigma Aldrich) was then 

added to obtain a final concentration of approximately 1% formaldehyde. Cell 

suspensions were then incubated at RT on a rocking platform for 10 minutes. 2.5M 

glycine, to reach a final concentration of 0.125M, was then added to quench the 

formaldehyde; the cells were incubated as before for an additional 5 minutes. 

Afterwards, the cell suspension was immediately placed on ice for 15 minutes. The 

cell suspension was then aliquoted into individual tubes (5 million cells per tube). 

The cell suspensions were centrifuged at 4C for 5 minutes at 3000 RPM, 

supernatant was removed, and cell suspensions were flash frozen in liquid 

nitrogen and stored at -80C for future processing. 

 

Knockdown validation 

For Hi-C experiments knockdown of CLAMP was validated using the Western 

Breeze kit (Invitrogen). Antibodies used for detection were a previously described 

custom rabbit anti-CLAMP (1:1,000, Abcam) (Rieder et al., 2017). Mouse anti-actin 

(1:400,000, Sigma Aldrich) was used as a loading control. 
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Quantitative real-time PCR 

To determine transcript abundance of clamp, msl2, or trl RNA was was calculated 

using the 2-DDCt method (Livak and Schmittgen, 2001) using RNA extracted from 

500ul of cells following the 6 day incubation using an RNeasy Plus RNA extraction 

kit (Qiagen). Gene targets were amplified from cDNA using previously validated 

primers for clamp, msl2, trl, and three internal control genes (gapdh, rpl32, and 

ras64b) using triplicate technical replicates for each biological replicate per 

condition. Samples were then normalized to the gfp RNAi (control) condition. 

 

Hi-C experimental procedure 

Hi-C libraries of two independent biological replicates per RNAi condition (clamp 

and gfp) were generated as follows: 

Cell lysis and restriction enzyme digestion 

Approximately 10 million formaldehyde crosslinked (crosslinking procedure 

described above) S2 cells were resuspended in 500ul of fresh cold lysis buffer 

(10mM Tris-HCL pH 8.0, 10mM NaCl, 10ul of 50X Protease inhibitors cocktail, 

0.2% Igepal CA630 in UltraPure water) and incubated on ice for 30 minutes. Cells 

were then centrifuged for 5 minutes at 3000 RPM at 4C and the supernatant 

removed. The pellet was resuspended with 300ul of cold 1x NEBuffer2. Cells were 

again centrifuged at 3000 RPM at 4C and the supernatant was removed. Cells 

were resuspended in 95ul of 1X NEBuffer2 and 5ul of 10% SDS was added. The 

cell solution was homogenized by gentle pipetting and then incubated at 65C for 
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10 minutes. The cell solution was then placed on ice and 200ul of 1X NEBuffer2 

along with 60ul of 10% Triton X-100 (to quench the SDS) was added. The cell 

solution was incubated at 37C for 15 minutes. Lysis efficiency and nuclei integrity 

was checked via microscope. The samples were centrifuged for 5 minutes at 3000 

RPM at 4C and the supernatant was removed. The pellet was resuspended in 

300ul of 1X NEBuffer2 and 400 U of HindIII restriction enzyme was added. The 

samples were incubated overnight at 37C. The following morning an additional 

200U of HindIII was added to each of the samples and they were incubated an 

additional 2 hours at 37C.  

 

End-repair, labeling, in-nuclei ligation, and crosslink reversal 

The samples were centrifuged for at 3000 RPM for 5 minutes at 4C and the 

supernatant removed. The samples were resuspended with 250ul of 1X NEBuffer 

and 50ul of the following mix was added: 1.5ul of 10mM dATP, 1.5ul of 10mM 

dGTP, 1.5ul of 10mM dTTP, 37.5ul of 0.4mM Biotin-11-dCTP, 1ul of 50U/ul DNA 

Polymerase I Large (Klenow) fragment, and 7ul of UltraPure water. The sample 

were incubated at 37C for 45 minutes and then incubated at 65C for 15 minutes. 

The samples were centrifuged for 5 minutes at 3000 RPM and the supernatant 

discarded. Samples were resuspended in 1.195mL of the following ligation mix: 

120ul of 10X T4 DNA Ligase Buffer, 100ul of 10% Triton X-100, 12ul of 10mg/mL 

BSA and 963ul of UltraPure water. 5ul of 2000U/ul T4 DNA ligase was then added 

to each sample and the samples were incubated at 16C overnight. The samples 
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were centrifuged for 5 minutes at 3,000 RPM and supernatant removed. The 

samples were resuspended in 400ul of 1X NEBuffer2 and 10ul of 10mg/mL RNase 

A was added and the samples were incubated for 15 minutes at 37C at 300 RPM 

shaking. 20ul of 10mg/ml Proteinase K was added and the samples were 

incubated overnight at 65C to reverse crosslinks at 300 RPM shaking. The next 

morning an additional 20ul of Proteinase K was added again and the sample were 

incubated for 2 hours at 65C. 

  

DNA purification 

The samples were cooled to room temperature and 400ul of an equal volume of 

Phenol/Chloroform/Isoamyl Alcohol was added to each sample and the solution 

was mixed vigorously. The samples were centrifuged for 5 minutes at 13,000 RPM 

and the upper aqueous phase was transferred to a new tube. DNA was 

precipitated by adding 40ul of NaAc pH 5.2 and 1mL of 100% ethanol. The samples 

were incubated for 30 minutes at -80C and then centrifuged at 13,000 RPM for 30 

minutes at 4C. The supernatant was discarded and pellet was washed with 1mL 

of Ethanol 70%. The sample was centrifuged for 15 minutes at 13,000 RPM at 4C. 

The supernatant was discarded and the pellet was air-dried for 5 minutes. The 

pellet was resuspended in 1X TE buffer. DNA shearing and size selection, biotin 

pull-down and sequencing library preparation were performed as described in (Rao 

‘14). Multiplexed libraries were sequenced on an Illumina Hi-Seq 2500 configured 

for 150-bp paired-end reads. 
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4C-seq experimental procedure 

4C-seq libraries were generated from S2 cells. Nuclear extraction and crosslinking 

were carried out as described in Hi-C experimental procedure above. The 

remainder of the 4C-seq procedure was carried out as previously described (Helm 

et al ‘14). Csp6I, DpnII or NlaIII were used as primary or secondary restriction 

enzymes. Primer sequences for each viewpoint and condition were generated 

using 4C primer design (https://mnlab.uchicago.edu/4Cpd/) and are listed in 

supplemental file S4.2. Independent biological replicates of multiplexed libraries 

were sequenced on separate lanes of an Illumina Hi-Seq 2500 configured for 150-

bp paired-end reads. 

 

Datasets 

CES locations were obtained from GSE39271. Hi-C following RNAi against msl2, 

msl3, or gfp was obtained from GSE58821. MACC data was obtained from 

GSE99894. S2 cell chip-seq data sets for CP190, SuHw, Mod, and dCTCF 

GSE41354. S2 cell chip-seq data sets for GAF and CLAMP were obtained from 

GSE107059. Raw and processed sequencing data generated are deposited at 

NCBI GEO GSE130546. 

 

Hi-C analysis 

Hi-C data was processed using the HiC-Pro pipeline version 2.7.8 (Servant et al., 

2015) for read mapping (MIN_MAPQ = 15), filtering and quality checks to generate 
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valid read pairs and interaction matrices. GenomeDisco version 1.0.0 (Ursu et al., 

2018) was utilized to determine concordance between biological replicates. 

Custom scripts were used to convert Hi-C-Pro interaction matrices to a format 

suitable for input into GenomeDisco. For matrix visualizations valid pairs were 

processed into .hic files using the hicpro2juicebox script provided with HiC-Pro. 

Matrices were visualized using Juicebox (Durand et al., 2016) with KR matrix 

balancing. 

 

PCA and DLR analysis 

Valid pairs for biological replicates were merged and imported into Homer version 

4.10 (Heinz et al., 2010) using the command makeTagDirectory with the parameter 

-format HiCsummary. Principal component analysis (PCA) was performed using 

Homer with the command runHiCpca.pl at resolutions of 10kb, 20kb and 50kb. 

Distal to local log2 ratio analysis was performed using Homer with the command 

analyzeHiC with the following parameters: -res 5000 -window 15000 -

compactionStats auto -dlrDistance 250000. Distal to local log2 ratio differential 

analysis was performed using the command subtractBedGraphsDirectory.pl with 

the parameter -center. 

 

Identification of high confidence long-range interactions 

20kb resolution contact matrices corresponding to the control (gfp RNAi) 

conditions were generated and iterative corrected using HiC-Pro. The resultant 
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contact matrices were then adapted for Fit-Hi-C version 2.0.5 (Ay et al., 2014) 

using the hicpro2Fit-Hi-C.py script provided with Hi-C-Pro. Raw contact matrices 

and ICE biases were used as input into Fit-Hi-C to identify significant contacts with 

the following parameters: -L 5000000 -U 15000000 -v -b 100 -p2. Significant 

contacts were filtered for those with q < 0.01 and the intersection of significant 

contacts (q < 0.01) from the replicates was used as the high confidence interaction 

set. 

 

Identifying Differential interactions (DIs) 

diffHiC version 1.14.0 (Lun and Smyth, 2015) which uses the edgeR (Robinson et 

al., 2010) package for differential statistics was utilized to identify differential 

interactions. Valid pairs for from HiC-Pro for each replicate was imported into 

diffHic using the savePairs function and custom scripts. Low-abundance read pairs 

were filtered out and the resulting data was normalized with TMM normalization 

and trended biases were removed. Differential interactions were identified using 

an FDR target of 0.05 and the functions diClusters, combineTests, and 

getBestTest. 

 

4C-Seq analysis 

4C sequencing reads were demultiplexed based on index sequences and inline 

barcodes. Sequencing reads corresponding to the reading primer were aligned to 

a reduced genome derived from dm6 unique sequences adjacent to restriction 
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enzyme sites using Bowtie2 version 2.3.0 (Langmead and Salzberg, 2012) with 

the following parameters: -N 0 -5 24 -3 101 --very-sensitive, which removes 

barcode and primer sequences and trim the read length to 25bp prior to mapping. 

The aligned reads were then processed as described for use with the 4C-Ker 

pipeline (Raviram et al., 2016) which uses a three state Hidden-Markov Model to 

find chromosome-wide interactions and DESeq2 (Love et al., 2014) to perform 

differential analysis. Quality checks were performed within the 4C-Ker pipeline. Cis 

analysis was performed for each viewpoint using k=10 and p-value cutoff of 0.05 

was used for differential analysis. Viewpoints were visualized using IGV 

(Thorvaldsdóttir et al., 2013). 

 

Identification of high confidence long-range interactions 

A set of high confidence interactions for each viewpoint was determined by 

intersecting the significant interactions individually detected in each replicate of the 

control (gfp RNAi) condition using BEDTools version 2.27.1 (Quinlan, 2014). 

 

Comparison of 4C and Hi-C high confidence interactions 

High confidence Hi-C interactions involving each 4C-seq viewpoint was 

determined by intersecting the viewpoint coordinate sequence with the Hi-C high 

confidence interactions set. This set of interactions was then intersected with the 

4C-seq high confidence interactions set to determine overlapping pairwise high 
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confidence interactions identified in both experiments. All intersections were 

performed using custom scripts or BEDTools. 

 

Chromatin state annotation 

Chromatin states were from the modENCODE project (DCC id: 

modENCODE_3363) (Kharchenko et al., 2011; Roy et al., 2010) and were lifted 

over to dm6 with the USCS liftOver tool (http://genome.ucsc.edu) (Kent et al., 

2002). Ratios were normalized to account for the per chromosome abundance of 

each individual chromatin state. Jaccard similarity scores were computed using 

BEDTools. 

 

Chromatin accessibility (MACC) analysis 

MACC data generated following RNAi knockdown of gfp (control), clamp, or msl2 

was lifted over to dm6 with the USCS liftover tool. MACC data was intersected with 

genomic regions of interest using custom scripts and BEDTools to determine 

corresponding MACC scores. Other analyses were performed in the python 

programming environment (https://www.python.org). 

 

Chip-seq data processing and generation of high confidence peak sets 

For each ChIP-seq dataset used, the respective sequencing reads were 

downloaded and mapped to release 6 D. melanogaster genome (dm6) (Hoskins 

et al., 2015) using Bowtie2 with parameter -N 1. Reads with a MAPQ <30 and PCR 
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duplicate reads identified using Picard MarkDuplicates version 2.9.2 (Van der 

Auwera et al., 2013) were removed using SAMtools version 1.9 (Li et al., 2009). 

Reads mapped to dm3 blacklisted regions 

(https://sites.google.com/site/anshulkundaje/projects/blacklists) lifted over to dm6, 

using USCS liftOver, were also removed. In cases where biological replicates were 

not available the aligned reads were split into pseudoreplicates. MACS2 version 

2.1.1 (Zhang et al., 2008) was used to identify peaks with the following parameters: 

--nomodel -B --SPMR --keep-dup all -f AUTO -g dm -p 0.01. MACS2 was also used 

generate fold enrichment (default parameters) bedGraphs for each factor. In order 

to reduce the number of false positive peaks the irreproducible discovery rate (IDR) 

was calculated using IDR version 2.0.3 (Li et al., 2011) using the MACS2 peak 

score calculated for each replicate experiment (biological replicate in the case of 

GAF and CLAMP; pseudoreplicate in the case of CP190, SuHw, Mod, dCTCF) as 

input to IDR. Peaks with an IDR < 0.01 were retained (In cases where there were 

more than two biological replicates pairwise IDR comparison of each replicate was 

made and the longest resulting peak list was used). BEDTools and USCS 

bedGraphToBigWig (Kent et al., 2010) tool was used to convert bedGraphs to 

bigwig format. Average profiles were generated using deepTools version 3.1.0 

(Ramírez et al., 2014).  
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Supporting Information 

 

 

Figure S4.1. Experimental QC and Hi-C Replicate Concordance 
A. Western blot for gfp and clamp RNAi Hi-C experiments indicating successful 
knockdown of CLAMP protein. 
B. Pairwise Hi-C replicate concordance scores as measured by GenomeDISCO. 
C. The per chromosome distribution of high confidence Hi-C interactions (see also File 
S4.3). 
D. The distribution of X-chromosome high confidence Hi-C interactions that involve a CES. 
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Figure S4.2. CLAMP promotes long-range interactions on the X-chromosome and 
generally promotes interactions in active chromatin and represses interactions in 
inactive chromatin 
A. Per chromosome differential interaction count of CLAMP-promoted and CLAMP-
repressed interactions (see also file S4.4). 
B. Per chromosome log2 fold changes by interaction type for CLAMP-promoted and 
CLAMP-repressed interactions. 
C. Per chromosome distribution of distances between differential interaction anchors for 
CLAMP- promoted and CLAMP-repressed interactions. 
D. Distribution of distance for Hi-C identified CLAMP-promoted and CLAMP -repressed 
interactions to nearest CES, randomized active region control, or randomized inactive 
control. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, two-sided Mann-Whitney test. 
E. Per chromosome normalized ratio of chromatin states occurring at CLAMP-promoted 
interactions. 
F. Per chromosome normalized ratio of chromatin states occurring at CLAMP-repressed 
interactions. 
For all box and whisker plots, the 95% confidence interval is shown with a notch around 
the median line. 
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Figure S4.3. Summary of high-resolution 4C-seq analysis 
A. Quantitative real-time PCR indicates successful RNAi knockdown of each target gene. 
Plotted is the log2 fold change (DDCt) for each biological replicate after internal 
normalization to three control genes (gapdh, rpl32, and ras64b). Samples are normalized 
to the gfp RNAi condition. 
B. Percentage of high-confidence cis interactions for all 4C-seq viewpoints (control gfp 
RNAi condition) that correspond to a region containing a CES. 
C. 4C-seq differential interaction counts per RNAi condition identified using 4C-ker. 
D. Distribution of distances to nearest CES or control CES for MSL2 and CLAMP-
promoted and CLAMP-repressed interactions. For all box and whisker plots, the 95% 
confidence interval is shown with a notch around the median line. * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001, two-sided Mann-Whitney test. 
E. Ratio of chromatin states, normalized for X-chromosome state abundance, occurring 
at MSL2- promoted and MSL2-repressed interactions 
F. Ratio of chromatin states, normalized for X-chromosome state abundance, occurring at 
CLAMP- promoted and CLAMP-repressed interactions 
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Figure S4.4. Overview of differential 4C-seq analysis after gfp, msl2, or clamp RNAi 
Top track represents high-confidence 4C interactions (see also file S4.3) along with those 
that are also found in the high-confidence Hi-C interactions (red). Autoscaled signal tracks 
are shown per replicate for each of the following RNAi conditions: gfp(blue), trl(black), 
msl2(pink), and clamp(green). Followed by their respective differential interactions 
compared to control (gfp) as identified by 4C-ker (see also file S4.4). 
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A. 4C-seq viewpoint 1 - chrX:5669827-5670208) 
B. 4C-seq viewpoint 2 - chrX:5789036-5789504 
C. 4C-seq viewpoint 3 - chrX:1893567-1894043 
D. 4C-seq viewpoint 4 - chrX:2121583-2122035 
 

Supplemental Files 

Available upon request 

File S4.1. Processing of Hi-C and 4C sequencing reads. This spreadsheet contains 

mapping and filtering data from processing Hi-C data with HiC-Pro and 4C-seq data with 

4C-ker (see methods for analysis description). 

File S4.2. 4C Viewpoints. This spreadsheet contains the viewpoint coordinates, 

primers, and primary and secondary restriction enzymes. 

File S4.3. High-confidence interactions. This spreadsheet contains the high-

confidence interactions identified for Hi-C and 4C-seq (see methods for analysis 

description). 

File S4.4. Differential Analysis of Hi-C and 4C-seq. This spreadsheet contains the 

results of differential analysis performed for Hi-C using diffHiC and 4C-seq using 4C-ker 

(see methods for analysis description). 
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Diverse models of combinatorial transcriptional regulation in Drosophila 

The existence of diverse cis-regulatory elements (CREs) and their interplay with 

equally diverse transcription factors allows for precise modulation of gene 

expression; ultimately this interplay gives rise to the highly specialized, 

phenotypically diverse, cell types found within complex biological systems. 

Specific subsets of bound CREs may vary widely from cell to cell. Furthermore, 

CRE density (i.e. number), proximity (i.e. spacing between multiple CREs), or 

sequence variations confer the potential to recruit a single transcription factor or 

combinations of multiple transcription factors to specific genomic loci. These 

characteristics further increase the diversity of potential transcription factor binding 

patterns. Moreover, transcription factors are capable of directly recruiting other 

factors that may lack direct DNA binding capabilities such as coactivators or 

corepressors. Distinct combinations of transcription factors may act synergistically 

to enhance one another’s ability to bind genomic loci containing their requisite 

CREs. Alternatively, they may also act antagonistically and compete with one 

another for binding at the same, or similar, CREs. Furthermore, it is also important 

to consider than many CREs are capable of acting in trans; therefore, having the 

potential to regulate transcriptional expression of nearby or distal genes. These 

combinatorial relationships between transcription factors and CREs allow for the 

encoding of complex genomic regulatory programs. 
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It remains a challenge to accurately identify and characterize the molecular 

mechanisms responsible for the context-specific functions a transcription factor 

may exhibit upon recruitment to specific CRE subsets. Additionally, transcription 

factor binding in various genomic contexts within the same or different cells may 

have seemingly divergent effects, further confounding characterization efforts.  

 

Drosophila dosage compensation is an excellent model to better define the 

relationships between CREs and transcription factors because genes along a 

single chromosome are specifically targeted for co-regulation. The male-specific 

lethal complex (MSLc) localizes to specific GA-rich CREs, known as MSLc 

recruitment elements (MREs), along the single male X-chromosome to mediate 

dosage compensation. Furthermore, MSLc requires a non sex-specific adapter 

protein, Chromatin Linked Adapter for MSL Proteins (CLAMP), in order to bind 

chromatin. CLAMP is capable of binding the GA-rich MREs within CES but many 

other GA-rich CREs found throughout the genome. It has been shown at CES, the 

strongest recruitment sites of MSLc, MREs typically occur in greater density and 

are positioned in much closer proximity compared to other sites along the 

X-chromosome and the autosomes. In addition to this linear bunching of CREs, it 

has also been shown that many CES cluster three-dimensionally.  

 

 

 



 106 

 

Identification of additional features that allow the X-chromosome to be 
distinguished from the autosomes 

In Chapter 2, I show that the observed patterns of increased MRE proximity and 

density within CES are necessary but not sufficient for MSLc recruitment in vivo. 

To date, no secondary motifs have been found that may provide insight into the X-

specific recruitment of MSLc to a small subset of CLAMP CREs. Therefore, in 

Chapter 3, I used machine learning to identify candidate genomic features that 

may play a novel role in X-identification or MSLc recruitment to X-linked MREs. 

One of the top candidates I identified is negative elongation factor (NELF). It has 

been previously reported that NELF is physically associated with CLAMP via mass 

spectrometry experiments; CLAMP has also been shown to inhibit NELF 

recruitment at highly paused genes (Urban et al., 2017a, 2017b). Therefore, it will 

be of interest to further define the relationship between MSLc, CLAMP, and NELF 

in addition to other factors (Chapter 3).  

 

In Chapter 4, I show that CLAMP is responsible for the observed three-dimensional 

clustering of CES. Furthermore, CLAMP more strongly regulates three-

dimensional interactions on the X-chromosome versus autosomes. CLAMP also 

promotes the formation of longer-range genomic interactions on the 

X-chromosome compared to the autosomes. More specifically, CLAMP promotes 

interactions that predominately involve CES and other regions of active chromatin. 

However, it remains unknown how CLAMP differentially mediates genomic 
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interactions on the X-chromosome compared with the autosomes. Given that CES 

cluster in three-dimensions and many CREs are capable of acting in trans over 

long distances, it will interesting to explore the possibility of specific, long-distance, 

CRE combinations that may have been missed when exclusively examining CES 

in linear space. It is also of interest to examine the differences between CES or 

MREs that appear to exhibit varying degrees of CLAMP-dependent three-

dimensional clustering patterns. 

 

Outside of the context of its relationship with MSLc on the male X-chromosome, 

CLAMP has been reported to have seemingly conflicting roles in both 

transcriptional activation and repression throughout the genome. Furthermore, 

CLAMP has been shown to mediate changes in chromatin accessibility on the 

X-chromosome as well as many other specific loci throughout the genome. 

Interestingly, GAGA associated factor (GAF), also binds to GA-rich CREs bound 

by CLAMP and CLAMP outcompetes GAF at CES. Furthermore, many other 

factors in addition to MSLc and GAF have also been linked to CLAMP including 

insulator proteins, chromatin remodelers (Kaye et al., 2017; Urban et al., 2017b). 

Therefore, it will be essential to define how specific combinations of CLAMP-

interacting factors influence the observed context-specific roles throughout the 

genome. 
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Resolving heterogeneity is necessary to better understand combinatorial 
transcriptional regulation 

CLAMP exhibits synergy with MSLc; at CES, CLAMP and MSLc cooperatively 

increase the occupancy of one another (Albig et al., 2018; Soruco et al., 2013). In 

contrast, CLAMP and GAF exhibit the opposite relationship and compete for 

binding at certain genomic loci. The residence time of transcription factors bound 

to DNA in vivo is thought to be very short lived, in the time scale of mere seconds. 

Given the short but varying times factors are bound to DNA, it is incredibly difficult 

to know if factors are legitimately interacting with one another other. Therefore, it 

is also difficult to access if prospective interactions occur synergistically, 

antagonistically, or neutrally. Currently no method exists that allow for multiple 

transcription factors to be spatiotemporally assessed in a high-throughput 

genome-wide manner. Furthermore, crosslinking based approaches may trap 

nearby, but non-interacting factors resulting in false positives. The development of 

methods that allow simultaneous probing of multiple factors under native 

conditions will allow for better discrimination of legitimate chromatin interaction 

events versus false positives that occur as a result of genomic proximity. 

 

Many experimental approaches rely on the use of bulk cell populations where cell-

to-cell heterogeneity is lost; averaging over a population of cells results in the loss 

of information that may identify which CRE subsets are bound context-specifically 

from cell to cell. High-throughput single-cell methods that have the potential to 
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resolve some cellular heterogeneity issues exist, however they are costly to adopt. 

One possible alternative is to use lower throughput single-molecule imaging 

approaches to complement genomic approaches and simultaneously measure the 

binding dynamics of specific transcription factor combinations (Mir et al., 2018). 

This approach has the potential to offer additional insight into whether two or more 

factors are capable of interacting directly on chromatin. Additionally, many analysis 

pipelines discard potentially valuable information that corresponds to repetitive 

genomic regions or rely on signal averaging (i.e. average profiles). The use of 

single-cell approaches when economically feasible along with the development of 

more advanced analysis pipelines that avoid discarding reads aligning to repetitive 

regions will prove useful in the future for higher throughput interrogation of genomic 

interactions between multiple transcription factors. New computational methods 

that are able to intrinsically account for the potential of multiple distinct classes of 

genomic profiles within either a single cell, or bulk cell populations, will also provide 

new insight into combinatorial transcriptional regulation in diverse genomic 

contexts. 

 

Summary 

In comparison to the X-chromosome, the autosomes have decreased proximity 

and density of MRE like, GA-rich, CREs; this arrangement may largely prevent 

aberrant autosomal recruitment of MSLc to the thousands of MRE-like CREs found 

on the autosomes (Chapter 2). My machine learning analysis of X-identification 
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generated many new leads to explore factors that may directly or indirectly help 

further promote MSLc recruitment specifically to the X-chromosome (Chapter 3). 

My analysis also reveals that though CLAMP binds to GA-rich CREs genome-wide, 

it specifically promotes long-range interactions on the dosage compensated 

X-chromosome. These long-range interactions promote the clustering of CES with 

one another and other active regions of chromatin (Chapter 4). Lastly, I 

demonstrate that genome-wide CLAMP is capable of promoting interactions 

between active chromatin regions and repressing interactions in inactive chromatin 

regions throughout the genome (Chapter 4). My dissertation provides key insight 

into how a single transcription factor performs a diverse repertoire of context-

specific gene regulation.  

 

Understanding the diverse context-specific roles of CLAMP and the cofactors it 

recruits or interacts with at specific genomic loci will contribute to the following: 1) 

A better understanding of the interaction dynamics between CREs and 

transcription factors. 2) The discovery of molecular mechanisms responsible for 

the context-specific effects of transcription factors at various genomic loci. Using a 

combination of in vivo and in silico approaches, I have provided key insights into 

many of the diverse mechanisms CLAMP uses to modulate context-specific gene 

regulation at the seemingly similar GA-rich CREs it binds throughout the genome. 

In the future, it will be exciting to use single-cell genomic methods along with 

advanced analysis tools that avoid averaging and allow for the discovery of multi-
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modal signals to gain further insight into the dynamic processes underlying 

context-specific gene regulation. 
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