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Abstract

Transcriptional co-regulation, the coordinated regulation of gene sets, is essential for develop-

ment, homeostasis, and environmental responsiveness. However, the precise mechanisms by

which specific regions of the genome are targeted for co-regulation remain unknown. A critical

question about gene regulation that has been outstanding for the last fifty years is: How are the

right genes targeted at the right time for co-regulation? I have made significant progress address-

ing this important specificity question using two well-established model systems: dosage compen-

sation and heat stress. The mechanism by which transcription factors achieve context-specific

co-regulation remains poorly understood in these systems despite decades of research. Here, I

identify specificity mechanisms by generating and integrating three-dimensional multi-omics data

across two complementary regulatory systems: dosage compensation (Chapter 2) and the heat

stress response (Chapter 3). I also build and test multiple classes of machine learning models to

predict which epigenomic factors work combinatorially together to distinguish a specific class of

cis-regulatory elements (Chapter 4).

In Drosophila, the essential GA-binding pioneer transcription factors CLAMP and GAF com-

pete for occupancy at shared GA-repeat motifs that differ by only one SNP, yet produce distinct

transcriptional outcomes in different biological contexts. In male Drosophila cells, where dosage

compensation is constitutively active, I demonstrate that CLAMP and GAF directly regulate largely

mutually exclusive 3D chromatin contacts. CLAMP drives short-range loops linking high-affinity

dosage compensation complex (DCC) binding sites with active, dosage-compensated housekeep-

ing genes on the X chromosome. In contrast, GAFmediates longer-range loops between transcrip-

tionally silent insulator regions specifically on the X-chromosome but not on autosomes. On au-

tosomes, CLAMP and GAF regulate looping at different subsets of active regions. These findings

reveal how differential transcription factor occupancy creates an X-chromosome-specific chromatin

environment for dosage compensation. In female Drosophila cells, which lack active dosage com-

pensation, I identify CLAMP as the first DNA-binding transcription factor that directly regulates heat

stress-induced repression of constitutive genes through modulation of 3D chromatin looping. I de-

termined that CLAMP represses approximately 75% of heat stress-repressed genes and functions

through a specific insulator-remodeler complex composed of Ibf1/2, ZIPIC, and ISWI.

xv



My thesis work demonstrates that pioneer transcription factor competition at shared bindingmo-

tifs drives context-specific co-regulation through differential modulation of 3D chromatin architec-

ture. Finally, I developed interpretable graph neural networks for our integratedmulti-omic datasets

to computationally dissect the regulatory logic underlying context-specific co-regulation (Chapter

4). My models identified a novel link between histone modifications and dosage compensation

which generatesmany new hypotheses to test. Together, I have discovered new three-dimensional

mechanisms by which specific genes are co-regulated over space and time through transcription

factor competition. Many SNPs linked to disease are located within transcription factor binding

sites, and my thesis work identifies new rules for co-regulation of genes that will allow us to predict

how SNPs cause transcriptional dysregulation in the future and how to correct these defects.

xvi
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1.1 Co-regulation of the Drosophila melanogaster genome

1.1.1 What is transcriptional co-regulation and why does it matter?

Within cells, the coordinated regulation of specific groups of genes, referred to as transcriptional

co-regulation, is essential for development, homeostasis, and environmental responsiveness (Lee

and Young 2013). Rather than regulating each gene independently, cells activate or repress func-

tionally related gene sets in a temporally and spatially manner to facilitate specific transcriptional

programs (Lee and Young 2013). Transcription factors (TFs) recruit large transcription complexes

to facilitate spatially precise and temporally dynamic transcriptional repression and activation of

specific groups of genes (Zaret 2020; Drouin 2014). Therefore, understanding the mechanisms

by which TFs achieve coordinate regulation of gene sets is a fundamental question in molecular

biology.

Co-regulatory programs can be broadly classified based on the type of the stimulus that elic-

its them. Endogenous co-regulation encompasses developmental programs and constitutive cel-

lular processes, such as the sex-specific equalization of X-linked gene dosage between males

and females, known as dosage compensation (Lucchesi and Kuroda 2015; Samata and Akhtar

2018). Exogenous co-regulation arises in response to environmental perturbations–such as heat

stress, oxidative damage, or pathogen exposure–that require rapid genome-wide transcriptional

reprogramming to ensure cellular survival (Vihervaara et al. 2018). While these two classes of co-

regulation differ in their temporal dynamics and biological purpose, they share a common mech-

anistic challenge: how does the cell select the correct subset of genes for coordinate regulation

from among the thousands encoded in the genome?

1.1.2 Drosophila melanogaster as a model for studying co-regulation

Drosophila melanogaster (the fruit fly) has served as a powerful genetic model organism for over

a century, and its utility for the study of transcriptional regulation is unmatched among metazoans.

The Drosophila genome is compact (~180 Mb) yet encodes approximately 14,000 protein-coding

genes, many of which are conserved in humans (Adams et al. 2000). Importantly, Drosophila has

excellent tools for dissecting transcriptional mechanisms, which make many conserved transcrip-
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tional programs best studied in this system (Samata and Akhtar 2018).

Several features of the Drosophila system make it especially well-suited for the study of co-

regulation. First, a wealth of genome-wide datasets–including chromatin state maps, TF bind-

ing profiles, and chromatin accessibility measurements–have been generated through large-scale

consortia such as modENCODE (Gerstein et al. 2010) and are publicly available through FlyBase

(Gramates et al. 2022). Second, powerful genetic tools enable precise loss-of-function analyses.

For example, RNA interference (RNAi) permits efficient and inducible knockdown of individual

genes in cultured Drosophila cell and fly lines, and most recently, CRISPR-based approaches al-

low targeted mutagenesis in vivo (Gratz et al. 2013). Third, the larval salivary glands of Drosophila

produce polytene chromosomes that permit direct cytological visualization of TF binding and gene

activity at defined chromosomal positions (Zhimulev et al. 2004). Together, these resources es-

tablish Drosophila as an ideal system to dissect the mechanisms of context-specific co-regulation

at a high resolution.

1.1.3 Two paradigms of precise co-regulation in Drosophila

There are many biological contexts where precise co-regulation is required, including dosage com-

pensation and the heat stress response. While these processes are fundamentally distinct–one

is an endogenous, constitutive, sex-specific program and the other is an exogenous, inducible,

stress-responsive program–both require the coordinate regulation of hundreds to thousands of

genes. Furthermore, both are mediated in part by the same class of GA-binding pioneer TFs

acting through the 3D chromatin architecture.

Dosage compensation

In organisms with heteromorphic sex chromosomes, the difference in X chromosome copy number

between males (XY) and females (XX) creates an inherent imbalance in the dosage of X-linked

genes. Dosage compensation mechanisms have evolved independently across species to correct

this imbalance. In Drosophila, dosage compensation is achieved by the approximately two-fold

transcriptional upregulation of genes on the single male X chromosome, a process known as X

chromosome upregulation (XCU) (Lucchesi and Kuroda 2015). XCU, which equalizes the levels

of X-chromosome and autosomal gene expression within heterogametic species, is the most highly
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conserved step in dosage compensation across species. Importantly, this step maintains the sto-

ichiometry of the many protein complexes with components encoded on both the X chromosome

and autosomes (Samata and Akhtar 2018). Recent work has identified convergent evolution to-

ward the enrichment of the H4K16ac chromatin mark which increases transcript levels two-fold as

the most highly conserved mechanism for dosage compensation which occurs across heteroga-

metic species (Zimmer et al. 2016; Gu et al. 2019).

XCU is mediated by the Male-Specific Lethal (MSL) complex, also known as the dosage com-

pensation complex (DCC). The DCC is composed of five protein subunits (MSL1, MSL2, MSL3,

MOF, and MLE) and two long non-coding RNAs, roX1 and roX2 (Samata and Akhtar 2018). The

DCC is recruited to the X chromosome through a hierarchical process that begins at the high-affinity

sites (HAS), also referred to as chromatin entry sites (CES), which are enriched for GA-repeat mo-

tifs (Alekseyenko et al. 2008; Kelley et al. 1999; Straub et al. 2008). Subsequent to identifying

these binding sites that are already occupied by CLAMP in early development (Rieder et al. 2017),

the DCC spreads along the length of the X chromosome through the function of DCC components,

including the roX non-coding RNAs (Rieder et al. 2019; Valsecchi et al. 2018; Park et al. 2002;

Kelley et al. 1999). The histone acetyltransferase MOF catalyzes acetylation of histone H4 at ly-

sine 16 (H4K16ac), a modification associated with transcriptional upregulation (Gelbart and Kuroda

2009).

A central question in the field for decades has been how the DCC distinguishes the X chro-

mosome from autosomes. The GA-repeat motifs at HAS are necessary but not sufficient for DCC

targeting, as similar GA-repeat motifs exist throughout the autosomal genome (Kuzu et al. 2016).

As we discuss in Chapter 2, the differential occupancy of GA-binding TFs at these sites provides a

critical mechanism for X-specific DCC recruitment. The male Drosophila S2 cell line, in which the

dosage compensation machinery is constitutively active, provides an ideal experimental system

for studying the interplay between TF competition and DCC targeting in the context of XCU.

Heat stress response

The heat stress response is among the most conserved transcriptional programs in biology, en-

abling organisms to survive acute exposure to elevated temperatures. In Drosophila, as in other

eukaryotes, heat stress triggers the rapid activation of heat shock genes, most prominently the
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Hsp70 family. This response is mediated by Heat Shock Factor (HSF), which binds to heat shock

elements (HSEs) in target gene promoters upon heat stress (Vihervaara et al. 2018). GAF is one

of the first TFs to be identified across species and recognizes GA-repeat motifs throughout the

genome to mediate activation of transcription in many contexts including regulation of the heat

shock genes (Duarte et al. 2016; Adkins et al. 2006).

While the activation role of the heat stress response has been extensively characterized, a less

studied but equally critical component is the global repression of constitutive transcription that ac-

companies heat shock gene induction. Upon heat stress, the vast majority of actively transcribed

genes are rapidly silenced, a phenomenon that has been documented cytologically on polytene

chromosomes and RNA sequencing (Mahat et al. 2016). This transcriptional repression is thought

to redirect the transcriptional machinery toward stress-responsive loci, but the molecular mecha-

nism by which this widespread repression is achieved has remained largely unknown.

Our recent work has identified CLAMP (Chromatin-Linked Adaptor for MSL Proteins) as the

first reported DNA-binding factor that directly regulates the repression of constitutive genes upon

heat stress, mediating approximately 75%of heat stress-induced transcriptional repression through

modulation of 3D chromatin looping (Aguilera et al. 2025). Importantly, these experiments were

performed in the Drosophila female Kc167 cell line, which lacks an active dosage compensation

complex. The use of Kc167 cells is a key experimental choice as these cells do not express the

DCC. Therefore, CLAMP’s role in heat stress-mediated transcriptional repression can be studied

independently of its function in dosage compensation, thereby cleanly isolating the exogenous

regulatory context from the endogenous one.

1.1.4 GA-binding pioneer transcription factors as central regulators

The two co-regulatory systems described above, dosage compensation and the heat stress re-

sponse, converge on a shared class of regulatory proteins: the GA-binding pioneer TFs CLAMP

and GAF (GAGA Factor, encoded by the Trithorax-like gene). Both factors recognize GA-repeat

sequences that are distributed throughout the Drosophila genome and are enriched at promoters,

enhancers, and HAS for the DCC (Fuda et al. 2015; Kuzu et al. 2016). Variation within GA-

repeat binding sites that accumulated over evolutionary time on the X chromosome promotes the

occupancy of CLAMP instead of GAF (Kaye et al. 2017; Kuzu et al. 2016).
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Apart from dosage compensation, these two TFs have opposing transcriptional functions at

most genomic loci. GAF often acts as a transcriptional activator (Adkins et al. 2006; Duarte et

al. 2016), while CLAMP often functions as a repressor (Urban et al. 2017). Furthermore, CLAMP

is a pioneer TF that binds to GA-repeat motifs to regulate chromatin accessibility and remodeling

in other contexts, such as zygotic genome activation (Duan et al. 2021) and histone gene tran-

scription (Rieder et al. 2017). Variation in sequence composition at GA-repeat motifs determines

whether CLAMP or GAF will occupy a specific site, with CLAMP but not GAF tolerating variation

in GA-repeats that appear within the strongest of DCC binding sites (HAS) (Kaye et al. 2017; Ad-

kins et al. 2006). While CLAMP but not GAF directly associates with the DCC both in vivo and

in vitro (Alekseyenko et al. 2015; Eggers et al. 2023), GAF promotes DCC recruitment but to a

much lesser extent (Kaye et al. 2017). Therefore, understanding the competitive relationship be-

tween GAF and CLAMP will also reveal new insight into how the balance between activating and

repressive transcriptional programs is established across the genome.

This thesis addresses a central question that emerges from this biology: how do two pioneer

TFs with overlapping binding specificities achieve context-specific co-regulation of distinct gene

sets? By examining CLAMP and GAF competition in the context of dosage compensation (in

male S2 cells) and CLAMP-mediated repression in the context of heat stress (in female Kc167

cells), our work demonstrates that the samemolecular players–CLAMP, GAF, and their associated

insulator and chromatin remodeling co-factors–are deployed in both regulatory contexts. However,

these shared factors produce fundamentally distinct transcriptional outcomes through differential

modulation of 3D chromatin architecture. Together, these complementary systems reveal how

small differences in DNA sequence and chromatin environment determine the context-specific

recruitment of large transcription complexes that induce coordinated regulation of specific groups

of genes.

1.2 Chromatin organization and transcriptional regulation

1.2.1 Hierarchical organization of eukaryotic chromatin

Within the nucleus of eukaryotic cells, chromatin is tightly compacted through multiple levels of

organization (Bonev and Cavalli 2016) and shares finite nuclear space with many classes of tran-
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scriptional regulators, including DNA-binding TFs and large transcription complexes which are of-

ten targeted to chromatin by TFs (Zaret 2020). At the most fundamental level, approximately 147

base pairs of DNA are wrapped around an octamer of histone proteins to form the nucleosome,

the basic repeating unit of chromatin (Luger et al. 1997). Nucleosomes are further organized

into higher-order structures including chromatin loops, topologically associating domains (TADs),

compartments, and chromosome territories (Luger et al. 1997; Dixon et al. 2012). Notably, these

structures are not static; they are dynamically regulated in response to developmental signals, en-

vironmental stimuli, and the cell cycle, and their disruption can lead to aberrant gene expression

and disease (Bonev and Cavalli 2016).

In Drosophila, TFs and transcription complexes play an important role facilitating chromatin

loops that bring together specific groups of genes for organization and transcription through the

function of insulators and tethering elements (Gutierrez-Perez et al. 2019; Boettiger et al. 2016;

Melnikova et al. 2004; Wolle et al. 2015; Kaye et al. 2018; Levo et al. 2022; Varisco et al.

2025; Li et al. 2023). Furthermore, recent work indicates that loop extrusion mechanisms function

together with tethering elements containing GA-rich sequences to promote loop formation and

transcriptional bursting (Choppakatla et al. 2026). While loop extrusion increases the rate of the

search for the correct 3D contact, tethering elements are essential to stabilize these contacts and

promote transcriptional bursting through heterotypic interactions between different TFs (Varisco

et al. 2025; Choppakatla et al. 2026). However, the mechanisms by which specific TFs bring

together the correct target loci in a context-specific manner to precisely co-regulate genes remain

poorly understood (Abidi et al. 2026).

1.2.2 Cis-regulatory elements and transcription factor binding

A major component of gene expression is driven by cis-regulatory elements–including promot-

ers, enhancers, silencers, and insulators–that serve as platforms for TF binding and integration

of regulatory information. Promoters direct the assembly of the pre-initiation complex and posi-

tion RNA polymerase II (Pol II) for transcription initiation, while enhancers recruit activating TFs

and co-activators that can stimulate transcription from distances of tens to hundreds of kilobases

(Spitz and Furlong 2012). Silencers recruit repressive factors that inhibit transcription, and insu-

lators function as boundary elements that prevent inappropriate regulatory interactions between
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neighboring chromatin domains (Kyrchanova and Georgiev 2014). The combinatorial binding of

TFs at these cis-regulatory elements determines the precise spatiotemporal expression pattern of

each gene, and variation within these sequences can alter TF occupancy to drive context-specific

transcriptional outcomes (Spitz and Furlong 2012; Kuzu et al. 2016).

1.2.3 The role of three-dimensional genome architecture in gene regulation

The 3D organization of chromatin within the nucleus is not merely a consequence of gene ac-

tivity but an active driver of transcriptional regulation. Chromatin looping brings distal regulatory

elements into physical proximity with their target promoters, enabling regulatory interactions that

would not be possible based on linear genomic distance alone (Dekker andMirny 2016). At a higher

level of organization, the genome is partitioned into TADs, self-interacting chromatin domains that

constrain regulatory interactions and are largely conserved across cell types (Dixon et al. 2012).

In Drosophila, prior low-resolution studies suggested that the strongest DCC binding sites cluster

in 3D space and CLAMP contributes to this process (Jordan and Larschan 2021). GAF has also

been shown to contribute to 3D chromatin looping in the nervous system (Li et al. 2023). Therefore,

understanding how TFs regulate chromatin looping is essential for understanding context-specific

co-regulation.

1.2.4 Insulator proteins and architectural factors

In mammals, the zinc finger protein CTCF is the primary insulator protein and plays a central role

in defining chromatin domain boundaries and mediating long-range chromatin interactions with the

cohesin complex (Merkenschlager and Nora 2016). TFs such as CTCF are important for defining

boundaries between 3D domains by regulating the loop extrusion process among other functions

(Nora et al. 2017). In mammals, additional factors that bind to similar binding sites function re-

dundantly with CTCF but their relationship with CTCF remains poorly understood (Merkenschlager

and Odom 2013). In Drosophila, the insulator landscape is more complex, with multiple insulator

proteins including CP190, BEAF-32, Su(Hw), Ibf1/2, and ZIPIC contributing to chromatin domain

organization (Kyrchanova andGeorgiev 2014). CP190 functions as a central hub that interacts with

many DNA-binding insulator proteins, while BEAF-32 preferentially associates with active promoter

regions (Jiang et al. 2009). Ibf1 and Ibf2 are CP190-interacting insulator binding factors that con-
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tribute to chromatin boundary function (Cuartero et al. 2014). ZIPIC is a zinc finger protein that

promotes CP190-mediated insulator activity (Maksimenko et al. 2015). These insulator proteins

are particularly notable because Ibf1/2, ZIPIC, and the chromatin remodeler ISWI are significantly

enriched at CLAMP-dependent chromatin loops in both dosage compensation and the heat stress

response (Aguilera et al. 2025; Aguilera et al. 2026).

1.2.5 Chromatin remodelers and loop formation

ATP-dependent chromatin remodelers alter the position, composition, and spacing of nucleo-

somes, thereby modulating the accessibility of DNA to TFs and other regulatory factors (Clapier

et al. 2017). Among these, the ISWI family of remodelers is particularly well-characterized in

Drosophila, where ISWI-containing complexes such as NURF, ACF, and CHRAC regulate nucle-

osome positioning at promoters, enhancers, and chromatin boundaries (Tsukiyama et al. 1995;

Ito et al. 1997). ISWI has also been implicated in higher-order chromatin organization; loss of

ISWI leads to global disruption of chromosome structure visible on polytene chromosomes (Deur-

ing et al. 2000). The enrichment of ISWI at CLAMP-regulated chromatin loops in both dosage

compensation and the heat stress response suggests that CLAMP may recruit or cooperate with

ISWI-containing complexes to modulate local nucleosome positioning and thereby facilitate or dis-

rupt specific chromatin loops (Aguilera et al. 2025; Aguilera et al. 2026). This connection between

chromatin remodeling and 3D chromatin loop formation represents a key mechanistic link between

TF binding and the organization of the 3D genome.

1.2.6 Intrinsically disordered regions and transcriptional condensates in 3Dgenome

regulation

Many transcription factors contain intrinsically disordered low-complexity domains (LCDs) that me-

diate dynamic protein-protein interactions, driving the formation of local high-concentration tran-

scription factor hubs at target genomic loci (Sabari et al. 2018; Boija et al. 2018). These hubs

recruit RNA Pol II, Mediator, and transcriptional cofactors, and their assembly is tightly regulated

(Yoshida et al. 2026). Importantly, hub formation behavior is sensitive to cellular context as en-

dogenous hubs are maintained by active dissolution mechanisms that prevent macroscopic phase

separation (Yoshida et al. 2026). In the context of stress, transcription factor condensates can
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be rapidly induced to reorganize the 3D genome; upon heat stress, HSF1 forms transcriptional

condensates that drive extensive inter- and intra-chromosomal interactions between target loci,

coupling phase separation to chromatin looping and transcriptional activation (Chowdhary et al.

2022; Mohajan and Gross 2025). Furthermore, IDR-containing transcription factors at enhancers

can directly link condensate nucleation to 3D genome architecture, establishing a mechanistic

connection between TF binding, phase separation, and chromatin loop formation (Tiusanen et al.

2026). These observations raise the possibility that heat stress may alter the phase transition

properties of CLAMP, GAF, or their associated co-factors, contributing to the context-dependent

chromatin looping and transcriptional outcomes described in this work.

1.3 Pioneer transcription factor competition in three-dimensional space

1.3.1 Pioneer transcription factors

A subset of transcription factors, termed pioneer factors, possess the unique ability to engage con-

densed or nucleosome-occupied chromatin and initiate regulatory events at previously inaccessible

genomic loci (Zaret 2020). Unlike conventional TFs, which require pre-existing chromatin acces-

sibility to bind their target sequences, pioneer factors directly contact nucleosomal DNA through

specialized DNA-binding domains that tolerate the steric constraints imposed by histone octamers

(Zaret and Carroll 2011). Upon binding, pioneer factors recruit chromatin remodeling complexes

and histone-modifying enzymes that locally displace or reposition nucleosomes, thereby creating

accessible chromatin states that permit the subsequent binding of additional TFs and the assembly

of active transcriptional machinery (Cirillo et al. 2002; Iwafuchi-Doi and Zaret 2014). This hierar-

chical binding model, in which a pioneer factor initiates a cascade of chromatin remodeling and

TF recruitment, is now recognized as a fundamental mechanism for establishing new regulatory

states during development, differentiation, and cellular reprogramming (Zaret 2020).

The functional significance of pioneer factor activity extends beyond simple chromatin opening.

Pioneer factors serve as molecular scaffolds that recruit co-factors, establish chromatin domains,

and in many cases, define the competence of a genomic locus to respond to subsequent signaling

inputs (Drouin 2014; Larson et al. 2021). In Drosophila, two well-characterized pioneer factors,

CLAMP and GAF, bind GA-repeats distributed throughout the genome and regulate chromatin
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accessibility at thousands of genomic loci (Duan et al. 2021; Fuda et al. 2015). Importantly,

these two factors recognize highly similar DNA sequence motifs yet mediate fundamentally distinct

transcriptional outcomes depending on the regulatory context, which raises the question of how

two pioneer factors with overlapping binding specificities achieve context-specific gene regulation.

1.3.2 CLAMP and GAF as GA-binding pioneer transcription factors

CLAMP (Chromatin-Linked Adaptor for MSL Proteins) was originally identified through its essen-

tial role in recruiting the dosage compensation complex to the male X chromosome in Drosophila

(Larschan et al. 2012; Soruco et al. 2013). Subsequent work established CLAMP as an essen-

tial pioneer transcription factor; CLAMP binds to genome-wide GA-repeats to regulate chromatin

accessibility and remodeling in diverse contexts including zygotic genome activation and histone

gene transcription (Duan et al. 2021; Rieder et al. 2017). CLAMP is encoded by a single gene, is

maternally deposited, and is essential for viability in both sexes, indicating that its functions extend

well beyond the male-specific process of dosage compensation (Rieder et al. 2017; Alekseyenko

et al. 2008; Alekseyenko et al. 2012). Structurally, CLAMP contains multiple C2H2 zinc finger do-

mains that mediate DNA binding with a preference for GA-repeat sequences containing cytosine

interruptions, a feature that distinguishes its binding specificity from that of GAF (Kaye et al. 2017).

GAF (GAGA Factor), encoded by the Trithorax-like (Trl) gene, is one of the first pioneer tran-

scription factors identified across species and recognizes GA-repeat motifs throughout the genome

to mediate activation of transcription in many contexts, including zygotic genome activation and

regulation of the heat shock genes (Gaskill et al. 2021; Duarte et al. 2016; Adkins et al. 2006).

GAF plays critical roles in promoter-proximal pausing of RNA Polymerase II, nucleosome remodel-

ing, enhancer function (Fuda et al. 2015), and it functions as a chromatin insulator component that

facilitates long-range interactions between regulatory elements (Li et al. 2023; Wolle et al. 2015;

Gaskill et al. 2021). Similar to CLAMP, GAF is ubiquitously expressed and essential for viability,

underscoring the broad importance of GA-binding pioneer factors in Drosophila gene regulation.

Despite their shared GA-repeat binding specificity, CLAMP and GAF have distinct protein archi-

tectures and interact with different sets of co-factors, resulting in divergent functional roles at many

genomic loci (Kaye et al. 2018). GAF often acts as a transcriptional activator, whereas CLAMP

often functions as a repressor at most genomic loci (Adkins et al. 2006; Duarte et al. 2016; Urban
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et al. 2017). Critically, CLAMP but not GAF directly associates with the DCC both in vivo and in

vitro (Alekseyenko et al. 2015; Eggers et al. 2023), while GAF promotes DCC recruitment but to a

much lesser extent (Kaye et al. 2018). Furthermore, CLAMP interacts with the Negative Elonga-

tion Factor (NELF), which functions in heat shock repression (Aguilera et al. 2025), whereas GAF

and HSF are involved in heat-stress-induced activation but not repression (Duarte et al. 2016).

These distinct co-factor interactions underlie the context-dependent synergistic and antagonistic

relationships between CLAMP and GAF (Kaye et al. 2018).

1.3.3 Transcription factor competition at shared binding motifs

Many transcription factors that are members of similar functional classes occupy similar binding

sites, and variation within these sites can drive differential occupancy (Zaret 2020; Jaeger et al.

2010; Kuzu et al. 2016). In Drosophila, CLAMP and GAF compete for occupancy at shared GA-

repeat motifs, and the outcome of this competition is determined by subtle sequence variation

within seemingly similar cis-elements (Kaye et al. 2018; Kuzu et al. 2016). Specifically, variation

in sequence composition at GA-repeat motifs determines whether CLAMP or GAF will occupy

a specific site. CLAMP tolerates single cytosine nucleotide interruptions within stretches of GA-

repeats, while GAF preferentially binds contiguous GA-repeat motifs that lack such interruptions

(Adkins et al. 2006; Kaye et al. 2018). This molecular-level specificity is particularly evident at

the strongest DCC binding sites (HAS/CES) on the X chromosome, where sequence variation that

accumulated over evolutionary time promotes CLAMP binding while excluding GAF (Kaye et al.

2018; Kuzu et al. 2016).

The competitive relationship between CLAMP and GAF extends beyond simple binding site

occupancy. Depletion of either factor leads to reciprocal changes in occupancy of the other at

shared sites, demonstrating that the balance between these two pioneer factors is dynamically

maintained (Kaye et al. 2018). Furthermore, the functional consequence of this competition differs

between the X chromosome and autosomes; on the X chromosome, CLAMP outcompetes GAF

at HAS and recruits the DCC, while on autosomes both factors co-occupy GA-rich sites without

X-specific complex recruitment (Eggers and Becker 2021; Eggers et al. 2023). This chromosome-

specific outcome of TF competition represents a powerful mechanism for achieving context-specific

co-regulation from a shared set of DNA-binding proteins.
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1.3.4 Context-specific chromatin loops by CLAMP and GAF

Prior low-resolution studies suggested that the strongest DCC binding sites cluster in 3D space

and that CLAMP promotes long-range chromatin interactions (Jordan and Larschan 2021). GAF

has also been shown to contribute to 3D chromatin looping in the nervous system (Li et al. 2023).

However, the mechanisms by which these two factors with similar binding specificities differen-

tially regulate 3D chromatin loop formation had not been directly addressed. Our recent work

has revealed that CLAMP and GAF mediate largely mutually exclusive 3D chromatin loops, cre-

ating distinct chromosome-specific chromatin environments through differential chromatin looping

(Aguilera et al. 2026).

In male S2 cells, where dosage compensation is constitutively active, CLAMP drives local short-

range interactions that directly link high-affinity DCCbinding sites with active, dosage-compensated

housekeeping genes on the X chromosome (Aguilera et al. 2026). In contrast, GAF mediates

longer-range interactions between transcriptionally silent insulator regions on the X chromosome

spanning a wider range of genomic distances. On autosomes, both CLAMP and GAF directly regu-

late contacts between active chromatin regions including active promoters, but the X-chromosome-

specific short-range looping by CLAMP is absent, consistent with the lack of DCC recruitment to

autosomes. These findings demonstrate that differential occupancy of CLAMP versus GAF at GA-

repeat motifs on the X chromosome drives the formation of a unique chromatin architecture that

facilitates dosage compensation.

In the context of the heat stress response, CLAMP plays an equally critical but mechanisti-

cally distinct role in regulating 3D chromatin architecture. In female Kc167 cells, which lack active

dosage compensation, heat stress induces widespread changes in local 3D chromatin looping that

are significantly associated with heat stress-induced transcriptional changes (Aguilera et al. 2025).

Strikingly, CLAMP inhibits the formation of 3D chromatin loops during heat stress at loci where it

is directly bound, and this inhibition of looping is associated with the repression of approximately

75% of all heat stress-repressed genes (Aguilera et al. 2025). At these direct CLAMP-regulated

sites, the insulator proteins Ibf1/2 and ZIPIC and the chromatin remodeler ISWI are enriched prior

to heat stress, suggesting that CLAMP functions within a specific insulator-remodeler complex to

modulate loop architecture upon heat stress (Aguilera et al. 2025). These findings represent the
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first identification of a DNA-binding transcription factor that directly regulates the repressive role of

the heat stress response through modulation of 3D chromatin interactions.

1.3.5 Competition for DNA binding between paralogous transcription factors

Direct competition for DNA binding between paralogous transcription factors can be a major deter-

minant of their genomic occupancy and regulatory output. Using a high-throughput in vitro com-

petition PBM assay paired with in vivo ChIP-seq analysis in S. cerevisiae, Zhang et al. (2021)

demonstrated that Cbf1 and Pho4 transcription factors compete depending on their relative con-

centrations and intrinsic divergence in DNA-binding affinity. A simple biophysical model incorpo-

rating paralog-specific dissociation constants accurately predicted the competitive binding patterns

observed both in vitro and in vivo, and this competition was sufficient to shape the differential ac-

tivation of Pho4 target genes in the phosphate-signaling pathway. These findings establish that

even modest divergence in binding specificity between co-expressed paralogs can have substan-

tial consequences for gene regulation. In addition, this work provides a framework directly relevant

to understanding how competition between CLAMP and GAF at similar GA-repeat motifs may drive

context-dependent transcriptional regulation in Drosophila (Zhang et al. 2021).

1.4 Investigating co-regulation in the omics era

1.4.1 Genome-wide approaches to transcriptional regulation

The advent of next generation sequencing technologies has fundamentally transformed our ability

to dissect transcriptional regulatory mechanisms. RNA-seq enables comprehensive measurement

of gene expression across the entire transcriptome (Wang et al. 2009), while chromatin immuno-

precipitation followed by sequencing (ChIP-seq) and its more recent derivatives CUT&RUN and

CUT&Tag permit genome-wide mapping of transcription factor binding and histone modifications

with progressively lower input requirements (Park 2009; Skene and Henikoff 2017; Kaya-Okur et

al. 2019). Complementary approaches for measuring chromatin accessibility, including ATAC-

seq and MNase-seq, reveal the regulatory landscape of open chromatin regions genome-wide

(Buenrostro JD et al. 2013; Schones et al. 2008). Together, these technologies have enabled

the systematic characterization of the regulatory elements, TF binding, and chromatin states that
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underlie transcriptional programs in Drosophila and other model organisms (Gerstein et al. 2010).

1.4.2 Nascent transcription analysis

While steady-state RNA-seq provides a snapshot of accumulated mRNA levels, it cannot distin-

guish between changes in transcription rate and changes in mRNA stability or processing. Nascent

RNA approaches overcome this limitation by measuring RNA molecules as they are being synthe-

sized, providing a direct readout of transcriptional activity. Techniques such as PRO-seq and

GRO-seq capture elongating RNA Polymerase II and its associated nascent transcripts genome-

wide (Core et al. 2008; Kwak et al. 2013). SLAM-seq (thiol(SH)-linked alkylation for the metabolic

sequencing of RNA) offers an orthogonal approach by incorporating 4-thiouridine (s4U) into newly

synthesized RNA, followed by chemical conversion that introduces T-to-C mutations during se-

quencing, thereby distinguishing nascent from pre-existing transcripts without the need for physical

separation (Herzog et al. 2017).

The distinction between nascent and steady-statemeasurements is particularly critical for study-

ing rapid transcriptional responses, such as the heat stress response, where mRNA stability con-

founds steady-state measurements and where repression of constitutive genes occurs within min-

utes of temperature shift (Mahat et al. 2016; Vihervaara et al. 2018). SLAM-seq has been used

to define the direct transcriptional changes induced by heat stress and by CLAMP depletion in

Drosophila Kc167 cells, enabling the identification of CLAMP as the first reported transcription

factor that directly regulates the repressive role of the heat stress response (Aguilera et al. 2025).

1.4.3 Three-dimensional genomics

The development of chromosome conformation capture (3C) technologies has enabled the sys-

tematic mapping of 3D chromatin contacts that organize the genome within the nucleus (Dekker

et al. 2002). The original 3C technique measured the interaction frequency between two spe-

cific genomic loci, while subsequent innovations–such as 4C (one-to-all), 5C (many-to-many), and

Hi-C (all-to-all)–progressively increased the throughput and genomic coverage of chromatin inter-

action mapping (Simonis et al. 2006; Dostie et al. 2006; Lieberman-aiden et al. 2009). Hi-C,

which combines proximity ligation with high-throughput sequencing to capture chromatin contacts

genome-wide, has been instrumental in revealing the hierarchical organization of the genome into
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compartments, TADs, and chromatin loops (Dixon et al. 2012; Lieberman-aiden et al. 2009).

Despite these advances, restriction enzyme-based Hi-C is limited in resolution, which does not

resolve individual regulatory element interactions. Micro-C overcomes this limitation by replac-

ing restriction enzymes with micrococcal nuclease (MNase) to fragment chromatin at the level of

individual nucleosomes, achieving resolution of approximately 200 bp (Hsieh et al. 2015; Hsieh

et al. 2016; Maziak et al. 2026). This nucleosome-level resolution is essential for resolving the

short-range chromatin loops that link regulatory elements, such as HAS/CES to active dosage-

compensated genes, which span distances that require a high resolution to detect (Aguilera et

al. 2026). Furthermore, by performing differential Micro-C analyses at multiple, high resolutions

and integrating the resulting contact maps, we may capture both fine-scale local interactions and

broader-range chromatin contacts within a single experimental framework.

Importantly, while Micro-C reveals all chromatin contacts genome-wide, it does not directly

identify which proteins mediate specific interactions. Hi-ChIP addresses this gap by combining

chromatin immunoprecipitation with proximity ligation, thereby enriching for chromatin contacts

that are anchored by a specific protein of interest (Mumbach et al. 2016). Additionally, by adapting

the Hi-ChIP approach with MNase-based fragmentation rather than restriction enzyme digestion, a

higher resolution may be achieved. CLAMP and GAF Hi-ChIP has been performed in Drosophila

S2 and Kc167 cells to directly identify chromatin loops anchored by each factor (Aguilera et al.

2025; Aguilera et al. 2026). By intersecting Hi-ChIP data with differential Micro-C loops identi-

fied after factor depletion, we may distinguish direct from indirect regulatory effects, revealing that

CLAMP and GAF mediate largely non-overlapping sets of 3D chromatin loops. Similarly, in Kc167

cells, CLAMP Hi-ChIP has identified the subset of heat stress-responsive loops that are directly

bound by CLAMP and defined the co-factors enriched at these direct regulatory sites (Aguilera et

al. 2025).

1.4.4 Integrating multi-omic datasets

A key challenge in modern genomics is integrating data from multiple experimental modalities to

build a coherent picture of gene regulation. Each individual assay provides a partial view: ChIP-

seq reveals where a factor binds but not what it does; RNA-seq measures transcriptional output

but not the mechanism; and Micro-C captures 3D chromatin loops but not the factors that mediate
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them. The power of multi-omic integration lies in overlaying these complementary datasets to de-

fine mechanistic relationships that no single assay can reveal. For example, integrating Micro-C,

Hi-ChIP, SLAM-seq, chromatin state annotations from the modENCODE 9-state chromatin model

(Kharchenko et al. 2011), and ChIP-seq binding data enables the classification of regulatory mech-

anisms as direct (factor-bound loop anchors associated with transcriptional changes) or indirect

(loop anchors without direct factor binding associated with transcriptional changes). This integra-

tive framework has been applied to distinguish the short-range CLAMP-dependent loops at active

dosage-compensated regions from the longer-range GAF-dependent loops at insulator regions on

the X chromosome (Aguilera et al. 2026), and to identify the specific insulator-remodeler complex

at direct CLAMP-regulated heat stress-repressed genes (Aguilera et al. 2025).

1.5 Towards a unified omics model of context-specific gene regula-

tion

1.5.1 From descriptive integration to predictive modeling

The integrative analyses described above define mechanistic relationships by overlaying comple-

mentary datasets, but they rely on manual curation. For example, a chromatin loop anchor must

overlap both a TF binding peak and a differentially expressed gene to classify a regulatory event

as direct. While effective, this approach does not scale to the full combinatorial complexity of the

regulatory landscape, nor does it capture the nonlinear relationships between chromatin features

that may drive TF occupancy. A complementary approach is to use machine learning to learn these

relationships directly from the data, building predictive models that can identify which combinations

of features are most informative for distinguishing between regulatory contexts. The CLAMP/GAF

system is particularly well suited for this approach because the competition between two pioneer

factors at shared GA-repeat motifs provides a clearly defined classification task with biologically

interpretable outcomes.
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1.5.2 Machine learning approaches for regulatory genomics

Machine learning methods have emerged as powerful tools for building predictive models of gene

regulation from multi-omic data. Approaches, ranging from ensemble methods to neural networks,

have been applied to predict gene expression from DNA sequence, chromatin features, and 3D

contact information (Avsec et al. 2021; Kelley et al. 2018; Karbalayghareh et al. 2022). In the

context of Drosophila regulatory genomics, the availability of comprehensive chromatin state an-

notations from the modENCODE project (Kharchenko et al. 2011) and the wealth of TF binding

data provide a rich feature space for training such models. Furthermore, recent advances in graph

neural networks for 3D genomic data have demonstrated that chromatin contact information can

significantly improve the prediction of gene expression and regulatory interactions (Karbalayghareh

et al. 2022), making these approaches well suited for leveraging the Micro-C and Hi-ChIP data

generated in this thesis.

Building on these advances, GC-MERGE demonstrated that graph convolutional networks can

effectively integrate Hi-C-derived chromatin interaction maps with histone modification profiles to

predict gene expression across human cell lines, providing an interpretable framework that quanti-

fies both node-level features and edge-level interactions in the context of 3D genome organization

(Bigness et al. 2022). In this thesis, we extended this graph-based framework to the CLAMP/GAF

system by constructing a genome-wide graph in which each 1kb genomic bin is a node with his-

tone modification features and edges represent statistically significant Micro-C chromatin interac-

tions. Using this representation, I trained a graph convolutional neural network (GCN) to classify

GA-repeat motifs into biologically meaningful categories and compared its performance against

traditional machine learning and deep learning baselines that lack access to 3D structural infor-

mation. The complete methodology and results are presented in Chapter 4, which also lays the

groundwork for future models that incorporate edge importance to reveal the spatial, regulatory

logic of pioneer transcription factor occupancy.
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1.6 Thesis overview

This thesis addresses the fundamental question of how pioneer transcription factors achieve context-

specific co-regulation of gene expression through modulation of 3D chromatin architecture. I use

the Drosophila GA-binding pioneer transcription factors CLAMP and GAF as a model system in

which two factors with similar DNA-binding specificities compete for occupancy at shared motifs

yet produce distinct regulatory outcomes depending on the biological context. By integrating Micro-

C, Hi-ChIP, SLAM-seq, and chromatin state data across two complementary regulatory contexts,

dosage compensation and the heat stress response, I define the mechanisms by which differential

TF binding drives context-specific 3D chromatin looping and transcriptional co-regulation.

In Chapter 2, I investigate how CLAMP and GAF differentially regulate 3D chromatin loop for-

mation on the X chromosome and autosomes in male Drosophila S2 cells, where dosage compen-

sation is constitutively active. Using Micro-C and Hi-ChIP, I demonstrate that CLAMP and GAF

mediate largely mutually exclusive chromatin contacts; CLAMP drives short-range loops linking

high-affinity DCC binding sites to active dosage-compensated genes, while GAF mediates longer-

range loops between transcriptionally silent insulator regions. These findings reveal how differ-

ential TF occupancy at shared GA-repeat motifs creates an X-chromosome-specific chromatin

environment for dosage compensation.

In Chapter 3, I define the role of CLAMP in heat stress-induced transcriptional repression using

female Drosophila Kc167 cells, where dosage compensation is absent. Through SLAM-seq, Hi-

ChIP, and Micro-C, I demonstrate that CLAMP regulates approximately 75% of all heat stress-

repressed genes and that CLAMP inhibits local 3D chromatin loop formation at directly bound

loci during heat stress. I identify a specific insulator-remodeler complex comprising Ibf1/2, ZIPIC,

and ISWI at direct CLAMP-regulated sites, establishing CLAMP as the first reported DNA-binding

transcription factor that directly regulates the repressive role of the heat stress response through

modulation of 3D chromatin loops.

In Chapter 4, I leverage publicly available epigenomic data and 3D chromatin interaction data,

from the preceding chapters, to build a predictive framework for classifyingGA-repeatmotifs genome-

wide. I constructed a graph in which nodes represent 1kb genomic bins with histone modification

features and edges represent significant Micro-C chromatin interactions, then trained a graph con-
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volutional neural network (GCN) to distinguish between autosomal, X-chromosomal, and high-

affinity site GA-repeats. The GCN substantially outperformed baseline models that lack access

to 3D chromatin structure, demonstrating that the spatial context of histone modifications is criti-

cal for discriminating between classes of GA-repeat motifs. Feature importance analysis revealed

class-specific epigenomic signatures and within-class heterogeneity, providing a framework for

identifying the chromatin features that may underlie context-specific pioneer transcription factor

occupancy.

In the Discussion, I synthesize the findings from both chapters to propose a unified model in

which pioneer TF competition at shared bindingmotifs drives context-specific co-regulation through

differential modulation of 3D chromatin architecture. Together, these chapters provide new mech-

anistic insight into how differential binding of two essential pioneer transcription factors to similar

DNA sequences drives context-specific targeting of transcription complexes and the formation of

distinct 3D chromatin environments for coordinate gene regulation.
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2.1 Abstract

The mechanisms by which differential occupancy of transcription factors (TFs) at similar binding

sites leads to context-specific targeting of large transcription complexes remain poorly understood.

X chromosome upregulation (XCU), the most highly conserved step in dosage compensation and

best studied in Drosophila, serves as a model for understanding how differential occupancy of

similar TFs functions context-specifically. Sequence variation within GA-repeat motifs that accu-

mulated on the X chromosome over evolutionary time promotes the binding of a specific GA-binding

TF (CLAMP) that recruits the dosage compensation complex (DCC) while outcompeting another

similar TF (GAF). However, the mechanism by which CLAMP-GAF competition drives specific tar-

geting of the DCC to the X chromosome remains unknown. Because DCC binding sites cluster

in 3D space, we combined Micro-C and Hi-ChIP to determine that CLAMP and GAF directly me-

diate largely mutually exclusive 3D genomic contacts. Specifically, we show that CLAMP but not

GAF drives local short-range interactions that directly link high affinity DCC binding sites with ac-

tive, dosage-compensated housekeeping genes. In contrast, GAF mediates interactions between

transcriptionally silent insulator regions on the X chromosome spanning a wider range of genomic

distances. Together, these findings demonstrate that CLAMP outcompetes GAF at active regions

on the X chromosome, but not autosomes, to create an X-chromosome specific chromatin envi-

ronment for dosage compensation. Overall, we provide new insight into how differential TF binding

at similar binding sites drives context-specific targeting of transcription complexes.

2.2 Introduction

Within the nucleus of eukaryotic cells, chromatin is tightly compacted through multiple orders

of organization (Bonev and Cavalli 2016) and shares finite nuclear space with many classes of

transcriptional regulators, including DNA-binding transcription factors (TFs) and large transcription

complexes which are often targeted to chromatin by TFs (Zaret 2020). TFs recruit large transcrip-

tion complexes to facilitate spatially precise and temporally dynamic transcriptional repression and

activation of specific groups of genes (Zaret 2020; Drouin 2014; Wu 1995). Furthermore, TFs such

as CTCF are important for defining boundaries between three dimensional domains by regulating
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the loop extrusion process among other functions (Barth et al. 2025) (Merkenschlager and Nora

2016). In mammals, additional factors that bind to similar binding sites function redundantly with

CTCF but their relationship with CTCF remains poorly understood (Skok et al. 2022).

In Drosophila, TFs and transcription complexes play an important role facilitating chromatin

loops that bring together specific groups of genes for organization and transcription through the

function of insulators and tethering elements (Gutierrez-Perez et al. 2019; Boettiger et al. 2016;

Melnikova et al. 2004; Wolle et al. 2015; Kaye et al. 2017; Li et al. 2023; Varisco et al. 2025;

Levo et al. 2022). Furthermore, recent work indicates that loop extrusion mechanisms function

together with tethering elements containing GA-rich sequences to promote loop formation and

transcriptional bursting (Choppakatla et al. 2026). While loop extrusion increases the rate of the

search for the correct 3D contact, tethering elements are essential to stabilize these contacts and

promote transcriptional bursting through heterotypic interactions between different TFs (Varisco

et al. 2025; Choppakatla et al. 2026). However, the mechanisms by which specific TFs bring

together the correct target loci in a context-specific manner to precisely coregulate genes remain

unknown across species.

To understand how specific TFs mediate chromatin loops context-specifically to drive specific

transcriptional programs, it is important to use a model in which: 1) specific chromatin loops me-

diate a particular transcriptional program; 2) a specific TF has been identified that regulates the

transcriptional program excluding the function of another known TF. Many TFs that are members of

similar functional classes occupy similar binding sites (Zaret 2020). Furthermore, variation within

these sites, including SNPs associated with disease, can drive differential occupancy of TFs to

similar binding sites (Jeong and Bulyk 2025; Khetan et al. 2025; Jaeger et al. 2010; Kuzu et al.

2016). Yet, in most contexts little is known about the differential functions of these specific TFs in

mediating different transcriptional programs or their direct function in regulating 3D loop formation.

Therefore, we used the established Drosophila X-chromosome upregulation (XCU) dosage

compensation system in which the presence of a specific GA-binding TF has a direct role in medi-

ating the recruitment of the dosage compensation complex (DCC) (Soruco et al. 2013; Larschan et

al. 2012; Eggers et al. 2023; Eggers and Becker 2021) compared with another similar factor (Kaye

et al. 2018). XCU, which equalizes the levels of X-chromosome and autosomal gene expression

within heterogametic species, is the most highly conserved step in dosage compensation across
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species that maintains the stoichiometry of the many protein complexes with components encoded

on both the X chromosome and autosomes (Samata and Akhtar 2018). Recent work has identi-

fied convergent evolution toward the enrichment of the H4K16ac chromatin mark which increases

transcript levels two-fold as the most highly conserved mechanism for dosage compensation which

occurs across heterogametic species (Zimmer et al. 2025; Gu et al. 2019). Because XCU was

first identified in Drosophila, which has excellent tools for dissecting transcriptional mechanisms,

it has been best studied in this system (Samata and Akhtar 2018).

Variation within GA-rich binding sites that accumulated over evolutionary time on the X chro-

mosome promotes the occupancy of the pioneer TF CLAMP (Chromatin Linked Adaptor for MSL

Proteins) instead of the well-studied pioneer TF GAGA-Factor (GAF) (Kaye et al. 2018; Kuzu et al.

2016). CLAMP mediates DCC binding to the X chromosome to facilitate the two-fold upregulation

of the single male X chromosome (Soruco et al. 2013; Eggers et al. 2023). Apart from dosage

compensation, these two TFs have opposing transcriptional functions at most genomic loci: GAF

often acts as a transcriptional activator (Adkins et al. 2006; Duarte et al. 2016), while CLAMP

often functions as a repressor (Urban et al. 2017a). Therefore, understanding the competitive

relationship between GAF and CLAMP will also reveal new insight into how the balance between

activating and repressive transcriptional programs is established across the genome.

Despite decades of study, the mechanisms by which an X-chromosome-specific chromatin en-

vironment is established to recruit the DCC to the bodies of active genes remains poorly understood

(Larschan et al. 2007; Alekseyenko et al. 2012). CLAMP binds to GA-rich sequence motifs on

the X chromosome within the strongest DCC binding sites which are known as chromatin entry

sites (CES) (Kelley et al. 1999) or high-affinity sites (HAS) (Straub et al. 2008). Subsequent to

identifying these binding sites that are already occupied by CLAMP in early development (Rieder

et al. 2019), the DCC spreads along the length of the X chromosome through the function of DCC

components, including the roX non-coding RNAs (Rieder et al. 2019; Valsecchi et al. 2020; Park

et al. 2002; Kelley et al. 1999).

Beyond its function in XCU, CLAMP is a pioneer TF that binds to GA-rich motifs to regulate

chromatin accessibility and remodeling in other contexts such as zygotic genome activation (Duan

et al. 2021) and histone gene transcription (Rieder et al. 2017). GAF is one of the first TFs

to be identified across species and recognizes GA-rich motifs throughout the genome to mediate
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activation of transcription in many contexts including zygotic genome activation (Gaskill et al. 2021)

and regulation of the heat shock genes (Duarte et al. 2016; Adkins et al. 2006). Variation in

sequence composition at GA-motifs determines whether CLAMP or GAF will occupy a specific

site, with CLAMP but not GAF tolerating variation with stretches of GA-repeats that occurs within

the strongest DCC binding sites (HAS/CES) (Kaye et al. 2018; Adkins et al. 2006). While CLAMP

but not GAF directly associates with the DCC both in vivo and in vitro (Alekseyenko et al. 2015;

Eggers et al. 2023), GAF promotes DCC recruitment but to amuch lesser extent (Kaye et al. 2018).

Therefore, XCU serves as a model for understanding how small differences in DNA sequence

determine the context-specific recruitment of large transcription complexes that induce coordinated

regulation of specific groups of genes.

Prior low-resolution studies suggested that the strongest DCC binding sites cluster in 3D space

and CLAMP contributes to this process (Jordan and Larschan 2021). GAF has also been shown

to contribute to 3D chromatin looping in the nervous system (Li et al. 2023). Therefore, we hy-

pothesized that the competition between CLAMP and GAF leads to context-specific formation of

chromatin looping that differs on the X chromosome compared to autosomes. To define how fac-

tors with similar binding sites differentially regulate chromatin loop formation, we determined the

individual direct functions of GAF and CLAMP on the X chromosome and autosomes by conducting

both Micro-C and Hi-ChIP. We first identified CLAMP and GAF binding sites using Hi-ChIP, then

identified differential chromatin looping within the nucleus after knocking down GAF and CLAMP

individually using Micro-C. By integrating Hi-ChIP and Micro-C we define direct roles that CLAMP

and GAF play in chromatin loop formation at up to 1kb resolution.

Specifically, we demonstrate that the differential occupancy of CLAMP versus GAF which is

caused by minor sequence variation within GA-rich motifs on the X chromosome (Kaye et al. 2018)

drives the formation of local short-range interactions that can directly link high affinity DCC binding

sites with active housekeeping genes that are dosage compensated. In contrast, GA-repeat mo-

tifs that are contiguous promote GAF binding that can drive interactions between silent insulator

regions on the X chromosome and span a broad range of genomic distances. On autosomes,

both CLAMP and GAF directly regulate contacts between active chromatin regions including ac-

tive promoters. Therefore, CLAMP outcompetes GAF at active regions on the X chromosome but

not autosomes to mediate the short-range 3D contacts required for DCC recruitment specifically
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to active genes on the X-chromosome that need to be dosage compensated. CLAMP but not GAF

can directly interact with the DCC to recruit it to its target genes where it upregulates transcription

(Eggers et al. 2023; Eggers and Becker 2021), suggesting that these 3D contacts are important

for DCC occupancy (Soruco et al. 2013) and transcriptional upregulation (Urban et al. 2017a) that

are both mediated by CLAMP. Overall, we provide key insight into how differential binding of two

essential TFs to similar binding sites drives context-specific targeting of a transcription complex.

2.3 Results

2.3.1 CLAMP- and GAF-dependent chromatin loops are largely non-overlapping

and have different size distributions

To compare how CLAMP and GAF regulate chromatin loop formation, we usedDrosophila S2 cells

as a model system for the following reasons. S2 cells are embryonically derived male Drosophila

cells that have been used to study XCU for several decades (Straub et al. 2008; Alekseyenko et al.

2012, 2008; Valsecchi et al. 2020). The DCC binds to very similar loci in S2 cells compared with

embryos and neuronally derived cell lines. This suggests that using S2 cells provides sufficient

biological context while also circumventing asynchronous embryonic lethality that occurs after the

loss of maternally derived CLAMP in embryos (Rieder et al. 2017; Alekseyenko et al. 2008, 2012).

To define the function of the CLAMP and GAF GA-binding transcription factors in shaping

the 3D chromatin architecture of the Drosophila genome, we utilized a high-resolution chromatin

mapping technique, Micro-C (Hsieh et al. 2015), with established RNAi-mediated knockdown ap-

proaches (Soruco et al. 2013; Larschan et al. 2012; Kaye et al. 2018) in Drosophila S2 cells (Fig.

2.1A). We validated clamp and gaf RNAi knockdowns using Western blotting (Fig. S2.1). Whole-

chromosome differential contact maps revealed that depletion of either CLAMP or GAF disrupts

genome-wide looping, substantially remodeling the 3D architecture of the Drosophila genome (Fig.

S2.2).

The depletion of the GA-binding transcription factors CLAMP and GAF profoundly disrupted

higher-order chromatin organization. We first identified 3,852 TADs in control conditions (Fig.

S2.3A). Depletion of CLAMP altered 1,218 (31.62%) of these TADs, while GAF depletion had an

even more dramatic effect, disrupting 3,415 (88.66%) of all TADs (Fig. S2.3A, C). Notably, 1,044
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Figure 2.1: Loss of CLAMP versus GAF alters different chromatin loops. (A) Experimental workflow for Micro-

C analysis. Schematic illustrating RNAi-mediated depletion of CLAMP or GAF in Drosophila S2 cells, with gfp RNAi

serving as a control. Micro-C libraries were generated using MNase digestion and sequenced at 1kb, 5kb, and 10kb

resolutions. (B) Loops altered by loss of CLAMP or GAF overlap at a low frequency. UpSet plot showing the intersection

of significantly altered chromatin loops (Fisher’s Exact Test, P < 0.05) following clamp RNAi (clampi) or gaf RNAi

(gafi) treatment. Vertical bars represent the number of loops that are either upregulated (gained) or downregulated

(lost) across the indicated categories. (C-D) Representative Micro-C contact maps and genomic tracks. CoolBox plots

displaying the chromatin landscape on (C) the X chromosome (chrX) and (D) an autosome (chr2L). (I) Control Micro-C

contact matrices (gfpi) showing differential CLAMP- (red diamonds) and GAF-dependent (orange diamonds) loops. Size

of diamond corresponds to the resolution of the differential chromatin interaction: small (1kb), medium (5kb), and large

(10kb). (II) Normalized ChIP-seq tracks for CLAMP, GAF, MSL2, H3K36me3, and H4K16ac across a representative 200

kb genomic window. (III) Drosophila (dm6) genes are shown at the bottom; boxes represent exons and arrows indicate

transcriptional orientation. (E) Chromatin state enrichment of differential loops. Normalized counts (%) of CLAMP-

and GAF-dependent loops categorized by the 9-state chromatin model. Asterisks (*) indicate significant difference in

enrichment (Fisher’s Exact Test, P < 0.05). (F) Genomic length span of state-specific loops. Boxplots showing the

loop size (kb) distribution for CLAMP- and GAF-dependent loops across chromatin states 1-9. Asterisks (*) indicate

significant difference between loop sizes (Mann-Whitney Test, P < 0.05). For panels E and F, upregulated loops in

State 5 (dosage compensation) are highlighted in blue, while downregulated State 5 (dosage compensation) loops are

highlighted in green.
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of these domains, representing 27.1% of all control TADs, were disrupted in both knockdowns, a

highly significant overlap (P < 0.001, Fisher’s Exact Test) (Fig. S2.3B). The widespread loss of TAD

integrity after CLAMP and GAF depletion underscores the critical role of these TFs in maintaining

chromatin architecture.

To maximize the high-resolution capabilities of Micro-C, we performed differential chromatin

loop analyses at three resolutions (1kb, 5kb, and 10kb) for each knockdown condition (clamp or

gaf RNAi) to detect both short- and long-range differential loops (Fig. 2.1A). We integrated the

multi-resolution loops for each condition which we then used throughout our analysis (Table S2.1).

Differential loop quantification with the HiCcompare R-package (Stansfield et al. 2018) revealed

four distinct sets of loops (Fig. 2.1B): 1) chromatin loops that are upregulated after clamp RNAi

relative to control gfp RNAi (upregulated CLAMP-dependent loops, N=34,155); 2) chromatin loops

that are downregulated after clamp RNAi relative to control gfp RNAi (downregulated CLAMP-

dependent loops, N=16,516); 3) chromatin loops that are upregulated after gaf RNAi relative to

control gfpRNAi (upregulatedGAF-dependent loops, N=26,613); 4) chromatin loops that are down-

regulated after control gaf RNAi relative to control gfpRNAi (downregulated GAF-dependent loops,

N=5,549). Across the four sets of differential chromatin loops, we only observed very minimal direct

overlap between the following groups (Fig. 2.1B): upregulated CLAMP- and GAF-dependent loops

(49 loops; 0.1%; P < 0.01, Fisher’s Exact Test) and downregulated CLAMP- and GAF-dependent

loops (1,993 loops, 2.5%, P < 0.01, Fisher’s Exact Test). The minimal direct overlap observed be-

tween differential CLAMP- and GAF-dependent loops suggests that CLAMP and GAF have largely

mutually exclusive looping roles in the genome even though they sometimes regulate loops within

the same TADs.

Interestingly, CLAMP depletion resulted in far fewer differential TADs than GAF despite yielding

substantially more differential loops (Fig. 2.1B, Fig. S2.3). Furthermore, 85.71% of TADs disrupted

by CLAMP knockdown were also disrupted by GAF knockdown, whereas only 30.57% of GAF-

disrupted TADs overlapped with those affected by CLAMP depletion (Fig. S2.3). These data

suggest that GAF may have a more prominent role in maintaining TAD integrity than CLAMP. The

observation that CLAMP depletion produces more differential loops, yet fewer disrupted TADs,

implies that CLAMP may primarily regulate precise chromatin looping within TADs, whereas GAF

is more critical for establishing or maintaining the broader domain boundaries that define TAD
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structure.

Subsequently, we performed a comparative visualization of a 220.5kb X-chromosome region

(chrX:5,604,766-5,825,266) and an 185kb autosomal region (chr2L:21,660,000-21,845,000). For

each region, we examined differential chromatin loops relative to local TADs, CLAMP and GAF

occupancy, MSL2 (the DCC core protein subunit), histone modifications, and the Drosophila S2

9-state chromatin model (Fig. 2.1C, D).

A key looping characteristic emerged through visualization in both genomic contexts, revealing

a resolution-dependent distinction between intra-TAD and inter-TAD loop organization. On the X

chromosome, we first visualized all differential loops over the control (gfp RNAi) Micro-C contact

matrix and its corresponding TADs, with the region’s High Affinity Sites (HAS) highlighted in or-

ange to contextualize the 3D chromatin changes and factor occupancy (Fig. 2.1C: I). With this

visualization established, we observed that high-resolution (1kb) differential loops dependent on

CLAMP and GAF were primarily contained within TADs, while lower-resolution (5kb and 10kb)

loops often connected regions outside of these domains. Notably, this same resolution-dependent

characteristic was also present on the autosomal region, where 1kb loops were intra-TAD and

lower-resolution loops extended to inter-TAD interactions (Fig. 2.1D: I). This consistent resolution-

dependent partitioning of intra- and inter-TAD loops underscores that multi-resolution analysis is

essential to capture the complete and diverse set of architectural changes mediated by these fac-

tors, regardless of the chromosome.

When comparing CLAMP and GAF occupancy at the X-chromosome region, our findings are

consistent with prior findings that CLAMP outcompetes GAF at HAS which has been demonstrated

in vivo (Kaye et al. 2018) and in vitro (Eggers and Becker 2021; Eggers et al. 2023). CLAMP is

enriched while GAF is absent in the highlighted HAS (Fig. 2.1C: II). Importantly, MSL2 is highly

enriched at the HAS, consistent with findings from previous studies which outline the synergistic

relationship between CLAMP and MSL2 at the HAS (Eggers et al. 2023; Soruco et al. 2013). To

mark DCC activity, we observed the presence of H4K16ac (Gu et al. 1998) and visualized the

H3K36me3 chromatin mark to show the presence of active gene bodies (Larschan et al. 2007)

in this region (Fig. 2.1C: II, III). Importantly, these histone modifications are enriched flanking the

HAS, consistent with local spreading of the DCC from its initialization sites (Kelley et al. 1999) visu-

alized in two dimensions. Conversely, the autosomal region lacks both HAS and MSL2 enrichment
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as expected (Fig. 2.1D: II, III). While CLAMP and GAF occupy the GA-repeats present throughout

the genome, the lack of MSL2 and H4K16ac occupancy on the autosome region underscores the

X-specificity of DCC recruitment.

After visualizing differential CLAMP- andGAF-dependent loops over specific candidate regions,

we measured how these loops are distributed across different chromatin states globally using the

Drosophila S2 9-state HMM chromatin model, which bins the genome into one of nine chromatin

states by integrating dozens of modENCODE chromatin profiling data sets (Kharchenko et al.

2010). Importantly, we exclusively used differential loops detected at a 1kb resolution for the chro-

matin state enrichment analysis, as lower resolutions contained too much chromatin state diversity

within loop anchors. For each set of differential CLAMP- andGAF-dependent loops, we determined

whether there was a difference in chromatin state enrichment between upregulated and down-

regulated loops. Interestingly, differential CLAMP-dependent loops yielded only two significant

enrichment differences, in the open chromatin (state 4) and heterochromatin (state 7), while dif-

ferential GAF-dependent loops yielded significant enrichment differences across a broader range

of chromatin environments, spanning active transcription (states 1 and 2), open chromatin (state

4), Polycomb-mediated repression (state 6), heterochromatin-like regions (state 8) and transcrip-

tionally silent euchromatin (state 9) (Fig. 2.1E). The stark difference in chromatin state enrichment

between CLAMP- and GAF-dependent loops, with only the open chromatin state (state 4) shared

between them, suggests that these similar GA-binding TFs may regulate functionally distinct chro-

matin environments across the genome.

After measuring chromatin state enrichment, we asked whether the sizes of differential CLAMP-

and GAF-dependent loops differ across chromatin states (Fig. 2.1F). Notably, within every chro-

matin state category, the size distributions of upregulated and downregulated loops were sig-

nificantly different for both CLAMP and GAF knockdowns (Fig. 2.1F; P < 0.001, Mann-Whitney

Test). However, in addition to this shared significance, a distinct TF-specific shift in the interquar-

tile ranges (IQRs) emerged. When examining differential CLAMP-dependent loops, the IQRs of

upregulated loops expanded and shifted upward relative to downregulated loops, indicating a loss

of shorter-range interactions upon CLAMP depletion and a gain of longer-range interactions. In

contrast, the opposite pattern was observed for differential GAF-dependent loops: the IQRs of the

upregulated loops contracted and shifted downward relative to downregulated loops, indicating

30



a loss of longer-range interactions upon GAF depletion and a gain of shorter-range interactions.

Together, these opposing size shifts suggest that CLAMP and GAF have different effects on chro-

matin looping: CLAMP loss preferentially disrupts local interactions, whereas GAF loss disrupts

longer range interactions.

Importantly, the global looping characteristics described above for CLAMP- andGAF-dependent

loops also occurred at dosage compensated genes (state 5) (Fig. 2.1E, F). Given that Drosophila

dosage compensation is regulated by well-characterized DNA regulatory elements (Alekseyenko

et al. 2008, 2012), TF competition (Kaye et al. 2018), and a large chromatin modifying com-

plex (Samata and Akhtar 2018), we can leverage this conserved biological process (Zimmer et

al. 2025; Deng et al. 2013) to understand how GAF and CLAMP function differentially to regulate

transcription context-specifically.

2.3.2 CLAMP and GAF are required for different sized chromatin loops near GA-

repeat rich high-affinity sites (HAS)

Due to the established competition between CLAMP and GAF high affinity sites (HAS) that regu-

lates DCC recruitment (Kaye et al. 2018), we next examined how CLAMP and GAF regulate chro-

matin looping specifically at HAS.We quantified the proportion of dosage-compensated genes con-

tained within the differential CLAMP- and GAF-dependent loops, and which were also associated

with the HAS. We determined that CLAMP-dependent loops encompass over 90% of dosage-

compensated (DC) genes anchored at HAS on the X chromosome, whereas GAF-dependent

loops only encompassed 50% or fewer DC genes associated with HAS (Fig. 2.2A). Furthermore,

CLAMP-dependent loops were found to overlap the HAS more frequently than GAF-dependent

loops (Fig. 2.2A). These data are consistent with the established stronger requirement for CLAMP

in regulating DCC recruitment to HAS compared with GAF which also has a significant although

smaller role which had not yet been defined (Kaye et al. 2018).

Therefore, we dissected the differences between GAF and CLAMP regulated loops at HAS

because the loops they regulate encompass different percentages of DC genes. Micro-C APA

plots revealed robust looping at the HAS (log enrichment = 1.74) that diminished substantially

upon CLAMP knockdown (log enrichment = 1.58), while GAF depletion caused a more diffuse loss

of signal distal at the HAS (log enrichment = 1.70) (Fig. 2.2B).
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Figure 2.2: Loss of CLAMP and GAF alters chromatin loop architecture at High Affinity Sites (HAS) on the X

chromosome. (A) Association of CLAMP- and GAF-dependent loops with dosage-compensated (DC) genes. Top:

Schematic of: Left: DC genes (orange) localized within the span of loops anchored at High Affinity Sites (HAS). Right:

DC genes not within HAS loop span. Bottom: Normalized counts (%) of upregulated and downregulated CLAMP-

and GAF-dependent loops containing DC genes within their span. Numbers indicate the total DC gene count and

the percentage of DC genes that are encompassed by loops either associated with HAS or not. (B) Aggregate Peak

Analysis (APA) of HAS contacts. Heatmaps showing the average Micro-C contact enrichment centered on High Affinity

Sites (top row) compared to random GA-repeat sequences on the X chromosome (bottom row). Enrichment scores

(upper left) indicate a reduction in contact strength following clamp RNAi (enrichment = 1.58) or gaf RNAi (enrichment =

1.7) treatment compared to gfp RNAi control (enrichment = 1.74). Pixel resolution is 2.5 kb with ± 20kb flanking central

pixel. (C) Distribution of loop sizes at HAS. Box plots categorized by Micro-C resolution (1kb, 5kb, 10kb) showing

the genomic span (Kb) of upregulated and downregulated CLAMP- and GAF-dependent loops overlapping HAS. (D)

Representative chromatin loops regulated by CLAMP or GAF on the X chromosome at HAS (CoolBox visualization) (I)

Control Micro-C contact matrix (gfpi). (II & V) Differential contact matrices showing log2 fold-changes for clampi vs gfpi

and gafi vs gfpi. Red indicates increased contacts and blue indicates decreased contacts. Differential TADs are shown

with black dashed lines. (III, IV, VI, VII) Loop tracks representing upregulated (red) and downregulated (blue) loops

for CLAMP and GAF, respectively, aligned with their corresponding protein occupancy Hi-ChIP tracks. (VIII) Genomic

tracks for DC genes and (IX) dm6 gene annotations.
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Additionally, we observed a distinct relationship between loop sizes: After CLAMP knockdown,

downregulated loops over HAS were considerably smaller than upregulated loops (Fig. 2.2C; P

< 0.05, Mann-Whitney Test). The 1kb resolution provided by Micro-C reveals CLAMP anchors

precisely at the center of HAS at the nucleosomal-scale level (Fig. 2.2C; P < 0.001; Mann-Whitney

Test) that may have otherwise been blurred at 10kb or masked by multi-resolution aggregation

(Fig. 2.2C; P < 0.05; Mann-Whitney Test). Conversely, GAF knockdown loop distribution over

HAS showed that downregulated loops maintained a larger median loop size than upregulated

loops (Fig. 2.2C). This variation in loop size was best observed at 5kb and 10kb resolutions,

where larger loops can be captured (Fig. 2.2C). These findings suggest that CLAMP and GAF

may maintain distinct, size-specific regulatory roles at the HAS, an observation strongly correlated

with the specific loop size ranges identified by Micro-C.

Examination of a 747 kb candidate region on the X chromosome (chrX:3,575,000-4,322,000)

further illustrated the divergent effects of CLAMP and GAF loss on chromatin looping near HAS

(Fig. 2.2D). The increase in contacts surrounding and within differential TADs upon CLAMP knock-

down demonstrates that CLAMP is necessary for maintaining short, high-frequency loops at HAS

(Fig. 2.2D: I, II, IV). Conversely, the loss of larger chromatin loops around differential TADs upon

GAF knockdown demonstrates that GAF regulates the broader neighborhood surrounding HAS

rather than only the specific HAS locus (Fig. 2.2D: I, V, VII). Notably, CLAMP depletion resulted in

approximately twice as many upregulated than downregulated chromatin loops, a pattern visible

within the candidate region (Fig. 2.2D: III). This asymmetry was even more pronounced upon GAF

depletion, where upregulated loops outnumbered downregulated loops by approximately five-fold

(Fig. 2.2D: VI). Together, our data support a model in which CLAMP and GAF function at HAS to

cluster DC genes into 3D domains of different sizes (Fig. 2.2D: VIII, IX). However, it is critical to

determine which loops are directly versus indirectly regulated by CLAMP and GAF to define their

mechanism of action.

2.3.3 Single nucleotide variation within GA-rich motifs correlates with TF-specific

chromatin looping at HAS

We observed that CLAMP and GAF influence loops of different sizes at HAS and throughout the

genome (Fig. 2.1F, Fig. 2.2C). However, with Micro-C alone, we were not able to determine
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Figure 2.3: Direct looping by CLAMP and GAF suggests size-specific loop regulation at the HAS. (A) Hi-ChIP ex-

perimental workflow. Schematic illustrating the Hi-ChIP protocol in Drosophila S2 cells using anti-CLAMP and anti-GAF

antibodies to identify protein-specific chromatin interactions at a 1kb resolution. (B–C) Frequency of indirect looping ver-

sus direct looping. Pie charts showing the proportion of downregulated (B) CLAMP-dependent and (C) GAF-dependent

loops that are a direct or indirect effect of their respective protein knockdown. (D) Overlap of direct and indirect CLAMP-

and GAF-dependent loops. UpSet plot showing the intersection between directly and indirectly mediated loop categories

for both CLAMP and GAF. (E) Direct loop size distribution shows size specificity over HAS. Boxplots comparing the ge-

nomic span (kb) of indirect (left) and direct (right) loops across High Affinity Sites (HAS), the X chromosome (chrX),

and autosomes. Direct loops at HAS exhibit a more constrained size distribution compared to those on autosomes.

Asterisks (*) indicate significant difference between direct and indirect loop sets (Mann-Whitney Test, P < 0.05). (F) De

novo motif enrichment at direct anchors. Tables listing the top de novo motifs at direct CLAMP and GAF loop anchors.

(G) Hi-ChIP Aggregate Peak Analysis (APA). APA plots showing enrichment of CLAMP and GAF binding at HAS and

GA-repeats on the X chromosomes and autosomes relative to random GA-repeats (control). Pixel resolution is 1.0kb

with ± 10kb flanking central pixel. (H) Visualization of direct vs indirect looping on the X chromosome. CoolBox plots

displaying: (I & III) Differential contact matrices (log2FC) showing changes in TAD architecture following clamp and gaf

RNAi treatment. (II & IV) Normalized Hi-ChIP occupancy tracks coupled with annotated direct (blue) and indirect (green)

chromatin loops. (V) dm6 gene annotations on the X chromosome.
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which differential loops were a result of a direct absence of either TF or an indirect effect mediated

by other regulators. Therefore, we incorporated the MNase Hi-ChIP technique (Mumbach et al.

2016) targeting CLAMP and GAF to annotate the Micro-C differential loops to distinguish direct

from indirect effects of TF-specific knockdowns (Fig. 2.3A). Notably, direct and indirect effects

were only determined for the downregulated CLAMP- and GAF-dependent loops as these are the

interactions that are present under control conditions which are the same conditions we used for

Hi-ChIP.

By integrating Micro-C with Hi-ChIP, we were able to assign with high confidence which down-

regulated CLAMP- and GAF-dependent loops were directly or indirectly regulated by each factor.

Furthermore, we defined direct looping as either factor being present at one or both of the two loop

anchors and indirect looping as neither factor being present at either loop anchor. We character-

ized the following four groups of loops (Fig. 2.3B, C): 1) direct downregulated CLAMP-dependent

loops (N=1,366, 8.3%), 2) indirect downregulated CLAMP-dependent loops (N=15,150, 91.7%),

3) direct downregulated GAF-dependent loops (N=1,679, 30.3%), and 4) indirect downregulated

GAF-dependent loops (N=3,870, 69.7%). As we had expected, there are fewer direct than indirect

loops consistent with CLAMP and GAF being essential proteins which regulate the expression and

function of many other regulators in a cellular context (Urban et al. 2017b; Adkins et al. 2006).

Next, we wanted to know whether there was overlap between the direct and indirect loop

sets. We performed an intersection of all loops and determined that, although minimal, there was

significant overlap between direct CLAMP- and GAF-dependent loops (N=7, 0.23%) and indirect

CLAMP- and GAF-dependent loops (N=39, 0.21%) (Fig. 2.3D; P < 0.001, Fisher’s Exact Test).

This indicates that there are a few loci which CLAMP and GAF directly or indirectly influence to-

gether. However, given that the magnitude of the overlap is very small, we suggest that these two

pioneer TFs possess distinct genome-wide looping roles although they bind to very similar binding

sites (Fig. 2.3D).

We next asked whether loops directly mediated by CLAMP or GAF have a differential size dis-

tribution compared with indirect loops and each other. Interestingly, the distribution of loop sizes

for the indirect CLAMP- and GAF-dependent loops are all significantly larger and contain wider

interquartile ranges in comparison to the corresponding direct loop categories (Fig. 2.3E; P <

0.001, Mann-Whitney Test). Interestingly, we observed that unlike other loop classes direct GAF-

35



dependent loops that overlap HAS have a large and wide interquartile range, similar to the indirect

loop set (Fig. 2.3E, P < 0.001, Mann-Whitney Test). This indicates that GAF is directly responsible

for a wide range of short- to long-range interactions at the HAS, while promoting more uniform

short- to medium-sized interactions at other sites on the X chromosome and autosomes. In con-

trast, the direct CLAMP-dependent loops exhibit a narrow interquartile range and are short in size,

suggesting the direct role of CLAMP is mediating short-range local chromatin loops at the HAS, X

chromosome, and autosomes. Lastly, the direct GAF-dependent loops are significantly larger than

the direct CLAMP-dependent loops on the X chromosome and autosomes (Fig. 2.3E; P < 0.001,

Mann-Whitney Test). Notably, the direct GAF-dependent loops exhibited a larger loop-size range

at the HAS than direct CLAMP-dependent loops (Fig. 2.3E), but the total number of chromatin

loops exhibiting this difference was not enough to provide statistical power to the comparison of

the medians. Together, these data suggest that CLAMP regulates the formation of a shorter range

and largely mutually exclusive set of chromatin loops compared with GAF.

To identify DNA motifs present at directly regulated loop anchors, we intersected CLAMP and

GAF ChIP peaks with their respective loop anchors, thereby retaining only TF-bound loop anchors.

Subsequently, we utilized the HOMER motif discovery and analysis suite (Heinz et al. 2010) to

identify de novo motifs. We report the top de novo motif found in each site category using the

direct CLAMP- and GAF-dependent TF-bound anchors (Fig. 2.3F). The most striking difference

in motifs is between CLAMP- and GAF-dependent anchors at the HAS, where GA-repeats are

interrupted by a single highly conserved cytosine nucleotide (67.3% frequency in Motif PWM) on

CLAMP-bound anchors but not GAF-bound anchors (Fig. 2.3F, upper). This single cytosine inter-

ruption is also maintained in the top motif detected in CLAMP-dependent anchors on other sites

on the X chromosome (61.6% frequency in Motif PWM). In the remaining site categories, the break

within the GA-repeat motif is less pronounced as we observed cytosine conservation increase only

modestly at other locations in the genome. These results are consistent with our prior findings that

a cytosine residue within the GA-repeat favors CLAMP compared with GAF binding (Kaye et al.

2018). Together, these results suggest that CLAMP and GAF bind GA-repeats that differ by a

single nucleotide where they drive the formation of loops of different sizes.

Next, we asked whether the pattern of chromatin looping at GA-repeat anchors differs between

direct CLAMP- and GAF-dependent loops at HAS and other GA-repeats throughout the genome.
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Given that GA-repeats are abundant in the genome and have multiple functions, we restricted our

analysis to GA-repeats located at the loop anchors of CLAMP or GAF direct loops (either at HAS

or other genomic locations), thereby isolating GA-regulatory elements engaged in TF-mediated

chromatin looping. Leveraging CLAMP- and GAF-specific Hi-ChIP contact matrices, we used APA

plots to measure TF-specific aggregated looping over three classes of sites: HAS, GA-repeats on

the X chromosome, and GA-repeats on the autosomes (Fig. 2.3G). Subsequently, we created

union sets of the GA-repeats which interact with CLAMP or GAF since either TF may interact with

the HAS.

We observed that CLAMP has a strong enrichment of direct loops at the HAS, with the cen-

tral pixel (1kb bin) showing substantial contact frequency relative to flanking regions (Fig. 2.3G).

This looping signal is consistent with prior work demonstrating that CLAMP binds directly to the

HAS (Soruco et al. 2013; Eggers and Becker 2021), and extends these findings by revealing that

CLAMP not only recognizes the HAS but also mediates chromatin looping at these sites. In con-

trast, GAF showed a broader, less focused looping pattern at the HAS, with enrichment dispersed

across a ±3kb window rather than concentrated at the central pixel (Fig. 2.3G). This diffuse signal,

while still centered on the HAS, is consistent with prior reports that GAF contributes to DCC binding

but it is not nearly as strongly required as CLAMP (Soruco et al. 2013) (Kaye et al. 2018). To-

gether, these results suggest that the ability of CLAMP to mediate precise, focal chromatin loops

at the HAS may be critical for efficient DCC recruitment, whereas GAF may stabilize or reinforce

these interactions over a broader spatial range.

Next, we examined direct looping by CLAMP and GAF at GA-repeats on the X chromosome

and autosomes (outside of HAS) to define context-specific functions of these factors. CLAMP

preferentially regulated looping at X-linked GA-repeats compared to autosomal GA-repeats, con-

sistent with its known enrichment on the male X chromosome (Soruco et al. 2013; Kaye et al.

2018). In contrast, GAF exhibited similar looping strength at GA-repeats on both the X chromo-

some and autosomes, with only a modest increase on the X, suggesting that GAF functions more

uniformly across chromosomes at these elements. Interestingly, aggregated loops directly regu-

lated by CLAMP displayed a striped signal pattern at GA-repeats on both the X chromosome and

autosomes (Fig. 2.3G), indicating that CLAMP promotes broad, directional chromatin interactions

stemming from GA-rich loci rather than forming discrete point-to-point loops (Vian et al. 2018). In
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contrast, loops directly regulated by GAF showed no detectable striping signal at GA-repeats on

either chromosome, suggesting that GAF organizes more focal chromatin contacts without the ex-

tended directional interactions that CLAMP exhibits. Together, our results suggest that CLAMP and

GAF have distinct context-specific direct functions in mediating looping at HAS, X-chromosome,

and autosomal GA-repeats.

To visualize the differential characteristics of direct versus indirect CLAMP- and GAF-mediated

looping, we examined a 988 kb region of the X chromosome (chrX:3,340,000-4,328,000) containing

HAS, TF-specific loops, and differential TADs (Fig. 2.3H). CLAMP-dependent loops in this region

recapitulated global patterns (Fig. 2.3H: II): direct loops (blue) comprised only a small fraction of

total loops and were significantly smaller than indirect loops (green), consistent with genome-wide

observations (Fig. 2.3A). In contrast, GAF-dependent loops exhibited distinct characteristics (Fig.

2.3H: IV): direct GAF loops showed greater size diversity and more engagement with diverse loci,

mirroring the broader size distribution observed at HAS (Fig. 2.3D, right). Notably, TF occupancy

did not always predict direct looping: 66.3% of CLAMP ChIP-seq peaks (N=8,305/12,518) and

55.4% of GAF peaks (N=6,465/11,680) were not associated with Hi-ChIP loops (Fig. 2.3H: II, IV).

These findings indicate that CLAMPandGAF occupancy and direct looping are not always coupled,

potentially due to redundant architectural proteins that maintain loops following TF depletion and/or

additional functions of CLAMP and GAF beyond chromatin looping.

Notably, the disruption of CLAMP- and GAF-dependent looping resulted in differential TAD

formation under both clamp and gaf RNAi knockdown conditions (Fig. 2.3H: I, III; Fig. S2.3). Given

that HAS (Fig. 2.3H, orange highlighted loci) are known to populate TAD boundaries (Ramírez et

al. 2015), these findings reinforce the role of these factors in establishing and maintaining TAD

integrity. To quantify the relationship between loop loss and TAD reorganization, we compared

the differential TADs (Fig. 2.3H: I, III) with our direct loop sets (Fig. 2.3H: II, IV), determining what

proportion of TAD structural changes could be directly attributed to the loss of CLAMP or GAF

loops. Direct CLAMP-dependent loops were associated with 41.7% (N=508/1218) of differential

CLAMP TADs, while direct GAF-dependent loops were associated with 32.4% (N=1105/3415) of

differential GAF TADs. This substantial overlap between direct loop loss and TAD reorganization

provides quantitative evidence that CLAMP and GAF play direct, mechanistic roles in maintaining

TAD architecture, rather than acting solely through indirect or compensatory mechanisms.
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Lastly, direct CLAMP- and GAF-dependent looping affect a variety of genomic elements as

seen by the diverse chromatin states and genes enriched within a specific region (Fig. 2.3H: V,

VI). Therefore, we hypothesized that it may be that these distinct, direct looping contacts regulate

interactions between different chromatin states on the X chromosome compared with autosomes.

2.3.4 GAF regulates chromatin looping at silent euchromatin specifically on the X

chromosome and not on autosomes while CLAMP regulates chromatin loop-

ing between active chromatin regions throughout the genome

To investigate the distinct functions of CLAMP and GAF in directly regulating chromatin looping on

the X chromosome and autosomes, we analyzed sequence elements and chromatin states that are

present at directly regulated loop anchors (Fig. 2.4). Interestingly, we observed that while GAF-

mediated loops on autosomes predominantly connect active chromatin states (States 1 and 3),

GAF predominantly regulates looping at inactive silent euchromatin on the X chromosome (State

9) (Fig. 2.4A, B). Our data suggest that the function of the GAF-CLAMP competition (Kaye et al.

2018) may be to alter the location of chromatin loops directly regulated by GAF specifically on the

X chromosome which promotes CLAMP and not GAF occupancy at active chromatin regions that

require dosage compensation (Fig. 2.3E-H).

While GAF regulates the formation of chromatin loops between active chromatin states rather

than silent regions on autosomes, on the X chromosome, we observed GAF often tethers active

transcriptional chromatin states (States 1, 3, and 5) to transcriptionally silent states (State 9) (Fig.

2.4A, B). Notably, the loop anchors at silent states on the X chromosome, where chromatin loop-

ing is directly regulated by GAF, are located within transcriptionally silent intergenic euchromatin

and insulator-rich regions (State 9) rather than Polycomb-repressed (State 6) or constitutive hete-

rochromatin (States 7 and 8) (modENCODE Consortium et al. 2010). Therefore, GAF regulates

looping that brings DC genes near insulators but not heterochromatin (Fig. 2.4A, B). We also found

that direct GAF-mediated loops have a larger median loop size on the X chromosome (8kb–35kb),

where GAF is outcompeted by CLAMP, than on autosomes (9-13kb) (Fig. 2.4A, B) (Kaye et al.

2018). Overall, chromatin loops that are regulated by GAF on the X chromosome differ signif-

icantly from those on autosomes because they are enriched for direct links between insulators
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Figure 2.4: Chromatin State Pair enrichment of CLAMP- and GAF-dependent loops shows GAF regulates chro-

matin looping at silent euchromatin on the X chromosome and not on autosomes. CLAMP on the (A) X chro-

mosome and (B) autosomes: State Pair Enrichment: Normalized counts (%) of direct (blue) and indirect (green) down-

regulated loops, categorized by the chromatin state pairs at their anchors. Loop Size (Top): Comparison of genomic

span (kb) for direct and indirect loops across enriched state pairs. On the X chromosome, direct loops frequently bridge

State 1 and 3 (Active Promoters and Enhancers) with State 5 (DC genes). Size Distribution: Direct interactions con-

sistently exhibit a smaller, more constrained size distribution compared to the larger span of indirect contacts. Motif

Enrichment (Bottom): Known motif discovery analysis for loop anchor pairs. Significant motifs include the GAGA-factor

(Trl) and DREF promoter elements specifically enriched at direct CLAMP-dependent anchors. (C-D) GAF-mediated

chromatin looping. GAF on the (C) X chromosome and (D) autosomes: State Pair Enrichment: Distribution of direct

and indirect GAF-dependent loops across chromatin state pairs. GAF preferentially organizes loops between State 9

(transcriptionally silent euchromatin) and State 5 (DC genes) on the X chromosome, while facilitating active chromatin

contacts (States 1-3) on autosomes. Loop Size (Top): Comparison of genomic span (kb) for GAF-mediated interac-

tions. Direct GAF loops (blue) maintain a larger genomic span on the X chromosome than on autosomes and indirect

GAF loops (green) maintain a broader genomic span across all categories. Motif Enrichment (Bottom): Known motif

discovery analysis for loop anchor pairs at direct GAF-mediated anchors shows enrichment of Initiator (Inr) motif on the

X chromosome while GAGA-factor (Trl) and DREF motifs were enriched on autosomes.

40



located within silent euchromatin and other genomic loci (Fig. 2.4A, B).

In contrast to GAF, CLAMP directly mediates chromatin looping between distal enhancers

(State 3) and promoters (State 1) and DC genes on the X chromosome (State 5) (Fig. 2.4C).

On autosomes, CLAMP direct loops also bridge active chromatin states (Fig. 2.4D). The me-

dian loop size of direct CLAMP loops is 8-11kb on the X chromosome and 8-10kb on autosomes,

suggesting that CLAMP regulates loops of similar sizes on the X chromosome and autosomes

(Fig. 2.4C, D). Therefore, CLAMP directly facilitates precise, short-range chromatin interactions

between transcriptionally active chromatin and dosage-compensated genes on the X chromosome

and between active genes on autosomes.

Distinguishing the direct from indirect effects of GAF and CLAMP is critical because direct and

indirect chromatin loops occur at very different chromatin states. While the chromatin loops that are

directly facilitated by CLAMP and GAF are distinct from each other in scale and chromatin state,

the majority of chromatin loops that change after the loss of either factor are indirectly regulated

(Fig. 2.3B, C). Furthermore, there are differences between the loops that are indirectly regulated by

CLAMP and GAF: we observed that while CLAMP directly mediates chromatin loops only between

loci within active states (States 1, 3, and 5), loops indirectly regulated by CLAMP include inactive

states (States 8 and 9) (Fig. 2.4C). Conversely, loops indirectly regulated by GAF include an active

state (State 1) on the X chromosome which was not observed in the directly regulated chromatin

loops (Fig. 2.4A). Therefore, it is key to distinguish direct from indirect effects to understand the

differential functions of CLAMP andGAF. Future analysis will define how the loss of CLAMP or GAF

indirectly regulates chromatin looping through modulating the function of other looping factors.

To identify potential cofactors that may function with CLAMP or GAF, we performed HOMER

motif analysis on direct CLAMP and GAF loop anchors genome-wide. As expected, we find the

Trl(Zf)/GAGA-factor motif (P = 1e-4; Fig. 2.4D) at CLAMP-mediated 3-3 loop anchors on X (P =

1e-2; Fig. 2.4C) and autosomes (P = 1e-4; Fig. 2.4D), likely due to the high sequence similarity

between CLAMP and GAF (Fig. 2.3F). Additionally, at CLAMP-mediated loops on the X chromo-

some, we found the DNA replication-related element factor (DREF) binding motif (Fig. 2.4C), a

factor which binds and activates housekeeping genes (Zabidi et al. 2015). The enrichment of the

DREF motif at promoter-promoter (1-1) contacts (P = 1e-2; Fig. 2.4C) suggest that loop anchors

that are directly regulated by CLAMP are enriched for housekeeping genes on the X chromo-
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some, which are the first genes to be compensated during development (Prayitno et al. 2019). In

contrast, on autosomes, CLAMP regulates chromatin loop anchors enriched for E-box enhancer

elements at enhancer–enhancer (3-3) and exon–enhancer (2-3) contacts (P = 1e-2; Fig. 2.4D),

where developmental genes would require canonical E-box on-off switches (Gordân et al. 2013).

We next examined motifs associated with chromatin loops directly regulated by GAF. GAF-

mediated loops on the X chromosome that connect dosage compensation genes (state 5) with

silent euchromatin insulator regions (State 9) are enriched for the Initiator (Inr) motif (Fig. 2.4A).

Inr is a promoter element that often cooperates other core promoter elements as it cannot initiate

transcription alone (Vo Ngoc et al. 2019). It is possible that at proximal promoter regions of DC

genes, GAF may require additional factors, such as co-promoter element Inr, to facilitate looping

on the X chromosome.

Unlike the X-chromosome loop anchors, autosomal GAF-mediated loop anchors are enriched

for motifs exclusively within active chromatin states (States 1-3) (Fig. 2.4B). The presence of DREF

and Motif-1-binding protein (M1BP), an RNA Pol II pausing factor associated with housekeeping

genes (Poliacikova et al. 2023), at active promoter–exon (1-3) contacts suggests a distinct autoso-

mal role for GAF (Fig. 2.4B). On autosomes, GAF may facilitate looping to regulate housekeeping

genes consistent with prior work (Li and Gilmour 2013). Overall, CLAMP direct loop anchors are

at housekeeping genes on the X chromosome that need to be dosage-compensated, and GAF

direct loop anchors are at housekeeping genes on autosomes suggesting that the CLAMP-GAF

competition may allow CLAMP to be enriched at X-linked housekeeping genes instead of GAF to

allow these genes to recruit the DCC.

We next compared the size of different classes of loops connecting different chromatin states

on the X chromosome and autosomes (Fig. 2.4). We observed that on the X chromosome, GAF-

mediated state 5 (dosage compensation)-state 9 (insulators) loops are significantly larger than

state 5-5 (P = 3.83e-8) or state 9-9 (P = 1.94e-8) loops (Fig. 2.4A). Additionally, state 9-9 loops

were significantly smaller than state 3-5 loops (P = 1.84e-2; Fig. 2.4A). Therefore, it is possible

that GAFmediates larger state 5-9 chromatin loops that connect insulators to dosage compensated

genes to provide a three-dimensional scaffold for the dosage compensation molecular hub. This

larger GAF-mediated loop scaffold may explain the function of GAF in dosage compensation that

is weaker than that of CLAMP but still important for DCC recruitment (Kaye et al. 2018).
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Collectively, our results reveal that CLAMP and GAF deploy context-dependent strategies to

organize chromatin architecture: CLAMP directly mediates short-range loops between active chro-

matin states on both X and autosomes. In contrast, the function of GAF diverges based on chro-

mosomal context, facilitating compact loops between active loci on autosomes, but forming larger

loops between dosage-compensated genes and silent euchromatin on the X chromosome. These

distinct looping patterns reflect the competitive dynamics between CLAMP and GAF on the X chro-

mosome, where the exclusion of GAF from active sites by CLAMP likely redirects it to silent regions

where it regulates larger loops that may provide structural scaffolding for DCC spreading. Our

findings demonstrate how competitive binding enables CLAMP and GAF to context-specifically

regulate chromatin loops that are distinct in both size and chromatin state.

2.3.5 Chromatin loops directly mediated by CLAMP and GAF associate with roX2

chromatin loops on the X chromosome

The DCC incorporates one of two long non-coding RNAs (lncRNAs), roX1 or roX2, and there-

fore these lncRNAs are spatial markers of DCC localization (Meller and Rattner 2002). Tian et al.

(2024) performed the RNA-associated chromatin DNA-DNA interaction (RDD) method targeting

roX2 across the genome in Drosophila S2 cells to capture chromatin loops associated with this

lncRNA and observed the expected X-chromosome specificity. Furthermore, we recently demon-

strated that CLAMP can directly interact with roX2 in vivo and in vitro (Ray, M*, Zaborowsky, J*,

Mahableshwarkar, P, Aguilera, J, Huang, A, Vaidyanathan, S, Fawzi, N and Larschan, E. 2024).

We therefore leveraged these roX2-associated loops as a proxy for three-dimensional DCC local-

ization and spreading across the X chromosome, enabling us to determine the proportion of direct

CLAMP- and GAF-dependent loops that spatially associate with the DCC beyond the HAS. Prior

to integrating our differential loop datasets with the roX2-RDD chromatin loops, we equalized bin

sizes across all datasets to enable direct comparison (see Methods), and we report the complete

loop counts after normalization (Table S2.2).

We first asked what proportion of roX2-RDD loops on the X chromosome overlap with direct

CLAMP- and GAF-dependent loops, and whether this proportion is enriched compared to indirect

loops. For CLAMP-dependent loops, direct loops overlapped with roX2-RDD loops significantly

more than their corresponding indirect loops at HAS (5.2% vs 2.0%; P < 0.05, Fisher’s Exact Test)
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Figure 2.5: Direct CLAMP- and GAF-dependent loops are associated with a subset of roX2 chromatin loops on

the X chromosome. (A) Distribution of direct and indirect loops associated with roX2 loops at HAS and across the X

chromosome. Bar plots showing the normalized counts (%) of direct and indirect CLAMP- and GAF-dependent loops

that overlap with roX2 loops at High Affinity Sites (HAS; dark blue) compared to the X chromosome (chrX; cyan). (B)

Loop size of roX2-associated loops. Box plots comparing the loop size (kb) for direct and indirect CLAMP- and GAF-

dependent interactions at HAS versus chrX. (C) Aggregate Peak Analysis (APA) of roX2 loops over HAS. APA plots

visualizing roX2 RNA-associated chromatin DNA-DNA (RDD) interactions at HAS, GA-repeats on the X, and random

GA-repeats on the X. Strong enrichment at HAS (7.02) shows that roX2 binds preferentially at HAS. Pixel resolution is

1.0kb with ± 20kb flanking central pixel. (D) Co-localization of CLAMP- and GAF-dependent loops with roX2-RDD loops.

Representative CoolBox plots of a 500kb genomic window shows (I & III) differential contact matrices (log2FC) for clamp

RNAi and gaf RNAi versus gfp RNAi control, respectively. (II & IV) Hi-ChIP CLAMP and GAF protein occupancy tracks

aligned with downregulated direct and indirect chromatin loops. (V) roX2 occupancy aligned with roX2-RDD loops. (VI)

Genomic tracks for Dosage Compensation (DC) genes and (VII) dm6 gene annotations on the X chromosome.
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and on the X chromosome (20.7% vs 5.5%; P < 0.05, Fisher’s Exact Test) (Fig. 2.5A). The same

pattern was observed for GAF-dependent loops, with direct loops similarly enriched compared with

indirect loops at HAS (3.7% vs 1.5%; P < 0.05, Fisher’s Exact Test) and on the X chromosome

(12.3% vs 4.2%; P < 0.05, Fisher’s Exact Test) (Fig. 2.5A). These results suggest that under

normal conditions where dosage compensation is active, roX2-RDD loops at HAS and on the X

chromosome spatially associate with direct CLAMP- and GAF-dependent regulation, linking these

factors spatially to the DCC. However, the majority of loops in each dataset do not overlap which

is consistent with roX2 spreading to active gene bodies where CLAMP and GAF largely do not

localize, and the well-characterized functions of both TFs beyond dosage compensation.

Next, given our earlier observation of TF-specific loop size distributions (Figs. 2.3, 2.4), we

asked whether the roX2-associated direct loops exhibit distinct size characteristics compared to

indirect loops. On the X chromosome, the loop size distributions of direct and indirect sets were

significantly different for both CLAMP- and GAF-dependent loops (P < 0.05, Mann-Whitney Test),

though this difference was not significant at HAS (Fig. 2.5B). Specifically, direct CLAMP- and GAF-

dependent loops both exhibited a narrower range of loop sizes than indirect loops (Fig. 2.5B),

consistent with the local looping patterns observed previously (Fig. 2.3). The preferential overlap

of direct CLAMP- and GAF-dependent loops with roX2-RDD loops, combined with their shorter-

range size profiles and reduced overlap at HAS, suggests that these factors may contribute to the

local spreading of dosage compensation on the X chromosome.

Having established the unique CLAMP- and GAF-specific looping characteristics at HAS and

GA-repeats (Fig. 2.3), we next asked how roX2-RDD loops aggregate over these same classes of

sites on the X chromosome (Fig. 2.5C). Using APA plots, we observed strong aggregated roX2-

RDD looping at HAS, recapitulating the central role of this lncRNA and the DCC in X-chromosome

dosage compensation (Fig. 2.5C). We then examined roX2-RDD looping over GA-repeats that

directly associate with CLAMP and GAF on the X chromosome. Notably, aggregated roX2-RDD

looping and direct CLAMP-dependent looping at both HAS and across the X chromosome exhib-

ited a similar striped signal pattern, indicating that roX2-RDD loops, like direct CLAMP-dependent

loops, favor broad, directional chromatin interactions emanating from GA-rich loci rather than form-

ing discrete point-to-point contacts (Fig. 2.3F, 2.5C). However, aggregated roX2-RDD looping at

HAS (log enrichment = 7.02) was substantially greater than that of either direct CLAMP- or GAF-
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dependent loops (log enrichment = 1.80 and 1.68 respectively) (Fig. 2.5C). These results suggest

that HAS serve as key regulatory hubs for dosage compensation, and that roX2-associated looping

more closely resembles direct CLAMP-dependent looping than GAF-dependent looping, consis-

tent with our previous work demonstrating how the DCC (which includes roX2) and CLAMP may

cooperate at HAS to mediate the local spreading of dosage compensation on the X chromosome

(Ray, M*, Zaborowsky, J*, Mahableshwarkar, P, Aguilera, J, Huang, A, Vaidyanathan, S, Fawzi,

N and Larschan, E. 2024; Soruco et al. 2013).

Lastly, to visualize roX2-RDD loops alongside direct CLAMP- and GAF-dependent loops, we

examined a representative region on the X chromosome (chrX:5,500,000-6,000,000) (Fig. 2.5D).

Within this region, differential CLAMP- and GAF-dependent loops exhibited looping characteristics

consistent with genome-wide patterns (Fig. 2.3D, Fig. 2.5D: II, IV). The roX2-RDD loops encom-

passed a broad size distribution at this locus (Fig. 2.5D: V), a pattern also observed genome-wide

(Fig. SS2.4), spanning both intra- and inter-TAD interactions (Fig. 2.5D: I, III, V). Notably, roX2

and CLAMP occupancy were enriched at HAS (orange highlighted loci), while GAF occupancy

was not (Fig. 2.5D: II, IV, V), further supporting the closer functional relationship between roX2

and CLAMP at these sites compared with GAF. In addition, roX2-RDD loops were present at ev-

ery control TAD on the X chromosome, suggesting that roX2-associated looping is a ubiquitous

feature of X-chromosome architecture essential for dosage compensation. These roX2-RDD loops

also encompassed all genes undergoing dosage compensation (Fig. SS2.5, Fig. 2.5D: VI, VII),

consistent with a direct spatial relationship between roX2-associated chromatin architecture and

the transcriptional output of the DCC. Together, we demonstrate that roX2-RDD loops span the

X chromosome and spatially associate with direct CLAMP- and GAF-dependent loops, illustrating

how these factor-specific loops shape the three-dimensional context for dosage compensation.

2.4 Discussion

A fundamental question about gene regulation across species is: How are the correct genes tar-

geted for coordinate regulation within the highly compact three-dimensional nucleus? We used

the upregulation of X-linked genes (XCU) as a model to address this question because we have

identified key DNA sequences (Alekseyenko et al. 2008, 2012) and transcription factors (TFs)
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Figure 2.6: Model for X-specific CLAMP and GAF function in chromatin looping. (1) On the X chromosome, a

single base change within GA-rich TF binding sites alters the relative affinity of CLAMP and GAF which then favors the

formation of smaller CLAMP driven loops at active dosage-compensated housekeeping genes and larger GAF-driven

loops at silent insulator regions. (2) In contrast, on autosomes both CLAMP and GAF mediate loops between active

genes, although GAF-regulated loops have a broader range of sizes than CLAMP-regulated loops.

(Soruco et al. 2013; Larschan et al. 2012) that are involved in targeting the DCC specifically to

the X-chromosome, including competition between two essential pioneer TFs (Kaye et al. 2018).

However, the mechanisms by which sequence elements and TFs function directly to establish an

X-specific three-dimensional chromatin environment remained unknown. Here, we provide mech-

anistic evidence to support the following model for X-chromosome specificity (Fig. 2.6): 1) On the

X-chromosome, a single base change within GA-rich TF binding sites alters the relative affinity of

CLAMP and GAF which then favors the formation of smaller CLAMP driven loops at active dosage-

compensated housekeeping genes and larger GAF-driven loops at silent insulator regions. 2) In

contrast, on autosomes both CLAMP and GAF mediate loops between active genes, although

GAF-regulated loops have a broader range of sizes than CLAMP-regulated loops. Overall, we

provide insight into how the X chromosome is recognized for dosage compensation.

There are many contexts in which the DNA sequence content of TF binding sites varies, includ-

ing within SNPs related to disease (Yan et al. 2021; Khetan et al. 2025). Our data suggest that

even single base alterations of TF binding sites can alter three-dimensional nuclear organization

by favoring the binding of one TF instead of another which can drive different transcriptional pro-

grams. For example, the accumulation of binding sites on the X chromosome that favor CLAMP

and not GAF near housekeeping genes that need to be dosage compensated promotes an X-

specific three-dimensional organizational hub that allows CLAMP to recruit the DCC to genes that
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need to be dosage compensated.

GAF also contributes to DCC recruitment but to a much lesser extent than CLAMP (Kaye et

al. 2018). Based on our three-dimensional analysis of the direct function of GAF, it is possible

that GAF contributes to DCC recruitment by generating an X-specific three-dimensional scaffold

consisting of larger chromatin loops between X-linked insulators. In contrast, on autosomes GAF

regulates interactions between active chromatin regions, such as enhancers and promoters. This

context-specific architectural loop function is consistent with prior reports that suggest that GAF is

an important component of multiple insulator complexes (Lomaev et al. 2017; Wolle et al. 2015)

and has a function in dosage compensation (Kaye et al. 2018, 2017; Greenberg et al. 2004).

Furthermore, GAF also mediates several very long-range looping interactions in the brain that

are important for regulating functionally similar genes that are encoded at different locations in

the genome (Li et al. 2023). Therefore, our data provide mechanistic insight to explain prior

observations that GAF functions as an insulator protein and has a role in dosage compensation.

In contrast to the function of GAF at insulator loci on the X chromosome where it facilitates

long-range interactions, we demonstrate that CLAMP facilitates small scale loops between active

regions on both the X chromosome and autosomes. It is possible that these smaller hubs are

critical for the spreading of the DCC from the HAS to the bodies of active genes where it increases

transcript levels. Interestingly, the first genes to be compensated that are in close two-dimensional

proximity to the HAS are the housekeeping genes which encode components of essential protein

complexes that require precise stoichiometry (Prayitno et al. 2019). Housekeeping genes are often

enriched for the DREF motif (Hochheimer et al. 2002) which we found as highly enriched at loops

which were directly mediated by CLAMP but not GAF on the X-chromosome and at autosomal

loops regulated by GAF and not CLAMP. This inverse relationship between looping at housekeep-

ing genes on the X chromosome and autosomes suggests that competition between CLAMP and

GAF is important to assure that CLAMP but not GAF is enriched at X-linked housekeeping genes

that require dosage compensation.

There are many possible biomolecular mechanisms by which CLAMP and GAF could regulate

mutually exclusive sets of looping interactions. One possibility is that their intrinsically disordered

domains (IDRs) that do not bind DNA have an independent set of interactors and biophysical

properties. For example, the CLAMP IDR interacts with both the roX RNAs (in vivo and in vitro)
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(Ray, M*, Zaborowsky, J*, Mahableshwarkar, P, Aguilera, J, Huang, A, Vaidyanathan, S, Fawzi,

N and Larschan, E. 2024) and MSL2 (Eggers et al. 2023; Valsecchi et al. 2020; Tikhonova et

al. 2019) which are not known GAF interactors. Furthermore, our work is consistent with a very

recent study that indicates that heterotypic interactions between a wide variety of sequence motifs

including the GA-rich motif are important for boundary formation inDrosophila (Varisco et al. 2025).

The function of loop extrusion in defining three-dimensional organization in Drosophila had

been debated until a very recent study quantitatively defined the function of loop extrusion com-

pared to that of tethering elements which can be regulated by GAF (Choppakatla et al. 2026).

Tethering elements and loop extrusion are both important for chromatin loop formation, but they

have different roles. Loop extrusion functionsmore strongly during the process by which enhancers

and promoters are searching for the correct contacts whereas tethering elements function to stabi-

lize these contacts and regulate transcriptional output. Our work suggests that the specific TFs that

bind to tethering elements control the size and chromatin context of the loops that are stabilized.

Overall, we provide mechanistic insight into how specific genomic loci are targeted for coordinated

gene regulation within a highly compacted three-dimensional chromatin environment.

2.5 Methods

2.5.1 Cell Culture

S2 cells were started from frozen stocks obtained from the Drosophila Genomics Resource Center

and maintained at 25◦C in Schneider’s media supplemented with 10% Fetal Bovine Serum and

1.4X Antibiotic-Antimycotic (Thermofisher Scientific, USA). Cells were passaged every 3 days to

maintain an appropriate cell density.

2.5.2 Western Blot

Protein was extracted from cell pellets using Cell Lysis Buffer (Cell Signaling Technology, 9803)

supplemented with 1 mM protease inhibitor cocktail (Abcam, ab65621). Protein concentrations

were determined using the DC Protein Assay (Bio-Rad, 5000116). Equal amounts of protein were

mixed with NuPAGE™Sample Reducing Agent (Thermo Fisher Scientific, NP009) and NuPAGE™

LDS Sample Buffer (Thermo Fisher Scientific, NP0007), boiled at 70◦C for 10 min, and loaded onto

49



a 4%–12% gradient SurePAGE™ Bis-Tris gel (GenScript, M00652). Proteins were transferred

to a methanol-activated PVDF membrane using a semi-dry transfer method with the Trans-Blot

Turbo RTA Transfer Kit PVDF (Bio-Rad, 1704273), Trans-Blot Turbo 5× Transfer Buffer (Bio-Rad,

10026938), and the Bio-Rad Trans-Blot Turbo Transfer System (1.3A, 25 V) for 10 min. Mem-

branes were blocked in 5% milk in phosphate-buffered saline containing 0.05% Tween-20 (PBST)

for 20 min at room temperature, then incubated with primary antibodies diluted in 5% milk in PBST

overnight at 4◦C. Membranes were washed with PBST and incubated with HRP-conjugated sec-

ondary antibodies diluted in 5% milk in PBST for 1 h at room temperature, followed by additional

washes in PBST. Protein bands were detected using SuperSignal™ West Femto Maximum Sen-

sitivity Substrate (Thermo Fisher Scientific, 34095) and imaged with the Bio-Rad ChemiDoc Imag-

ing System. GAPDH was used as a loading control and was detected using an HRP-conjugated

GAPDH monoclonal antibody. All blots are shown in the Supplementary Material. Antibodies

and dilutions were as follows: GAPDH (Proteintech, HRP-60004, 1:1000), CLAMP (1:1000), GAF

(1:1000), Anti-Rabbit (Cell Signaling, 7074S, 1:1000).

2.5.3 Micro-C

Micro-C was performed on S2 cells using two biological replicates for each of the following con-

ditions: clamp RNAi, gaf RNAi, and gfp RNAi (control). For each replicate, 3x106 cells were

incubated with 15 µg of the corresponding dsRNA, resulting in six samples total. S2 cells were

treated in 6-well plates with 15µg of dsRNA (clamp, gaf, or gfp control) in 500μl of water. S2 cells

were first incubated with the dsRNA in Schneider’s media without FBS or Antibiotic-Antimycotic

for 45 minutes. After 45 minutes, 3 mL of medium supplemented with 10% FBS and Antibiotic-

Antimycotic was added to each well. The plates were then incubated at 25◦C for six days before

harvesting. After incubation, cells in each well were scraped, aliquoted into 1.5 ml tubes, then

spun at 500g in a swinging bucket rotor for 5 minutes to pellet the cells. Supernatant was removed

and cell pellets were washed with 1x PBS, counted, then 3x106 cells (protocol-recommended cell

count of 1x106 was optimized to account for reduced size of Drosophila cells) were re-pelleted in

1.5ml tubes and placed in -80◦C for 1 hour as per the manufacturer’s protocol (Dovetail Micro-C Kit

user guide version 2.0). To prepare samples, cells were thawed at RT and resuspended in 200 µL

of 1x PBS (ThermoFisher Scientific, 10010023) and 2 µL 0.3 M DSG. 37% formaldehyde was then
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added after a 10-minute incubation on a tube rotator to complete crosslinking, as per the manu-

facturer’s protocol (Dovetail Micro-C Kit user guide version 2.0). Sample digestion, quantification

(Tapestation HS D5000), proximity ligation, library preparation, ligation capture, and amplification

were done using the Dovetail Micro-C Kit (Catalog #21006), the Dovetail Library Module for Illu-

mina (Catalog #25004), and the primer set for NGS library preparation (Dovetail Dual Index Primer

Set #1 for Illumina, Catalog #25010). Libraries were sequenced with Illumina 150x2 bp pair-end

sequencing at 80X coverage. Data was submitted to Gene Expression Omnibus (GSE322508).

2.5.4 Hi-ChIP

S2 Cells were allowed to grow to confluence then harvested. Two replicates of 10×106 S2 cells

were used per HiChIP reaction. Cells were crosslinked using 0.3M DSG and 37% formaldehyde as

per the manufacturer’s protocol (Dovetail HiChIP MNase Kit user guide). Digestion, lysate prepa-

ration, chromatin immunoprecipitation, proximity ligation, and library preparation was conducted

using the Dovetail HiChIP MNase Kit (Catalog # 21007) followed by the Dovetail Library Prep Kit

and the primer set for NGS library preparation (included in kit). For CLAMP and GAF immunopre-

cipitation, Rabbit anti-CLAMP (5µg/sample, SDIX) and Rabbit anti-GAF (5µg/sample) were used,

respectively. Libraries were subjected to Illumina 150x2 bp pair-end sequencing. Data was sub-

mitted to Gene Expression Omnibus (GSE322509).

2.5.5 Micro-C Preprocessing

Micro-C raw data was analyzed using the HiC-Pro toolkit (v3.1.0) (Servant et al. 2015) with default

parameters. Normalized contact matrices deriving from HiC-Pro were converted to the cooler

format using utility scripts (https://github.com/nservant/HiC-Pro/tree/master/bin/utils) in the HiC-

Pro toolkit (v3.1.0) and replicates were subsequently merged.

2.5.6 Hi-ChIP Preprocessing

HiChIP raw data was analyzed using theDovetail genomics Hi-ChIP documentation (https://hichip.readthe-

docs.io/en/latest/index.html). Sequences were mapped to the dm6 genome using the Burrows-

Wheeler Aligner (v0.7.17) (Li and Durbin 2009; Li 2013) passing the following arguments: mem,
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-5, -S, -P, -T0; default values were used for all other settings. Using the parse module of pair-

tools (v0.3.0) (Open2C et al. 2024), valid ligation events were recorded; the following parameters

were changed from default values: –min-mapq 40, –walks-policy 5unique, –max-inter-align-gap

30. PCR duplicates were removed using the dedup module of pairtools (v0.3.0) (Open2C et al.

2024). Subsequently, the split module of pairtools was used to generate the final bam and pair files.

The samtools (v1.17) (Danecek et al. 2021) sort module was used to sort the bam files. To deter-

mine the quality of the proximity ligation events, scripts generated by the Dovetail Genomics team

were utilized, which are deposited in the following GitHub repository (https://github.com/dovetail-

genomics/HiChiP).

The cooler suite (v0.9.3) (Abdennur and Mirny 2020) was used to generate contact maps from

pair files and replicates were subsequently merged. To call loops, the flexible FitHiChIP tool (v10.0)

(Bhattacharyya et al. 2019) was used as resolutions are easily adjustable, and it can detect differ-

ent categories of 3D chromatin interactions. Furthermore, since FitHiChIP required 1D peaks from

the same tissue and conditions, MACS2 (v2.2.9.1) (Zhang et al. 2008) was used to call peaks on

the Hi-ChIP data. Consensus loops were created for each condition and were used throughout the

study.

2.5.7 Computational Analysis

Topologically-associated domain (TAD) calling and differential analysis (Micro-C)

TADs were identified for all Micro-C conditions (gfp, clamp, and gaf RNAi) using HiCExplorer

(v3.7.5) (Wolff et al. 2020, 2018; Ramírez et al. 2018). TADs were called at six resolutions

(2.5kb, 5kb, 10kb, 20kb, 40kb, and 80kb) using the hicFindTADs tool with the following parame-

ters: –minDepth RESOLUTION × 3, –maxDepth RESOLUTION × 10, –step RESOLUTION, and

–correctForMultipleTesting fdr. Domains across all resolutions were then merged using hicMerge-

Domains with default parameters to generate multi-resolution consensus TAD sets for each RNAi

condition.

To assess how TAD structure was altered upon knockdown of CLAMP or GAF, we used the

gfp RNAi condition as the reference and performed differential TAD analysis using the following

HiCExplorer (v3.7.5) (Wolff et al. 2020, 2018; Ramírez et al. 2018) workflow: (1) hicNormalize

52



(–normalize smallest; default parameters) to normalize contact matrices across conditions; (2) hic-

CorrectMatrix (default parameters) to remove systematic biases via iterative correction (ICE); and

(3) hicDifferentialTAD (–targetMatrix TREATMENT-MATRIX, –controlMatrix CONTROL-MATRIX,

–tadDomains CONTROL-TADS, –pValue 0.05, –mode all; default parameters) to identify differen-

tial TADs relative to the gfp RNAi reference. Differential TAD analysis was performed at each of

the six resolutions described above, and results were subsequently merged.

Multi-resolution differential chromatin loop analysis (Micro-C)

Merged cooler contact maps that were produced for each condition were used to identify differ-

ential chromatin interactions using the HiCcompare library (v1.24.0) (Stansfield et al. 2018) in

Bioconductor (v3.18) (Huber et al. 2015). Differential chromatin interactions were determined

at three different resolutions: 1kb, 5kb, and 10kb. Consensus differential chromatin interactions

were constructed by merging all three resolutions using a custom Python script that followed the

hicMergeLoops method in HiCExplorer (v3.7.5) (Wolff et al. 2020, 2018; Ramírez et al. 2018).

Consensus significant differential chromatin interactions (P < 0.01) were selected and used through-

out the study.

TAD and differential loop integration (Micro-C)

Differential TADs were integrated with the consensus merged sets of differential chromatin inter-

actions using the pybedtools suite (v0.11.0) (Dale et al. 2011; Quinlan and Hall 2010). Chromatin

interactions in BEDPE format were overlapped with TADs in BED format using the pairToBed tool

with the following arguments: -type either (default parameters), such that a TAD was considered

associated with a given interaction if either anchor of the interaction pair overlapped the TAD. In this

manner, each set of differential chromatin interactions was assigned its associated TADs, enabling

downstream characterization of TAD-level changes linked to specific loop alterations.

High-affinity site integration (Micro-C)

High-affinity sites (HAS) were integrated with the consensus merged sets of differential chromatin

interactions using the pybedtools suite (v0.11.0) (Dale et al. 2011; Quinlan and Hall 2010). Chro-

matin interactions in BEDPE format were overlapped with HAS in BED format using the pairToBed
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tool with the following arguments: -type either (default parameters), such that a HAS was consid-

ered associated with a given interaction if either anchor of the interaction pair overlapped the HAS.

In this manner, each set of differential chromatin interactions was assigned its associated HAS,

enabling downstream characterization of HAS-level changes linked to specific loop alterations.

Dosage-compensated gene integration (Micro-C)

To identify dosage-compensated genes (DCGs) in theDrosophila genome, we used theDrosophila

S2 chromatin 9-state model (Kharchenko et al. 2010). Specifically, state 5, which corresponds to

actively transcribed exons on the male X chromosome undergoing dosage compensation, was

used to annotate genes subject to dosage compensation. Using the pybedtools suite (v0.11.0)

(Dale et al. 2011; Quinlan and Hall 2010), we overlapped the chromatin state annotations with

Drosophila gene coordinates using the intersect tool with the -wa and -wb parameters to retain

both overlapping regions. All genes overlapping with state 5 were extracted, deduplicated, and

designated as DCGs.

DCGs were then integrated with the consensus merged sets of differential chromatin interac-

tions using pybedtools. Chromatin interactions in BEDPE format were overlapped with DCGs in

BED format using the pairToBed tool with -type either (default parameters), such that a DCG was

considered associated with a given interaction if either anchor of the interaction pair overlapped

the gene. Additionally, we performed a second overlap using -type ospan (outer span), which

captures genes falling entirely within the genomic span of an interaction rather than overlapping

an anchor. This allowed us to differentiate between DCGs contacted by loop anchors and those

encompassed within loops on the X chromosome. Together, these approaches enabled compre-

hensive characterization of DCG-level changes linked to specific loop alterations.

Differential Micro-C chromatin loop annotation using Hi-ChIP chromatin loops (Micro-C, Hi-

ChIP)

Differential Micro-C chromatin interactions were annotated using transcription factor (TF)-specific

Hi-ChIP chromatin interactions for CLAMP and GAF. Because the Hi-ChIP experiments were per-

formed exclusively under control conditions, only the downregulated Micro-C chromatin interac-

tions in each knockdown condition were annotated. Each set of downregulated Micro-C inter-
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actions was overlapped with the corresponding Hi-ChIP dataset using the pairToPair tool (-type

both; default parameters) within the pybedtools suite (v0.11.0) (Dale et al. 2011; Quinlan and

Hall 2010). The Hi-ChIP interaction sets were generated at 1kb resolution, whereas the Micro-C

differential interaction sets spanned 1 kb, 5kb, and 10kb resolutions. To standardize the compar-

ison, we extended the overlap windows for the 1kb and 5kb Micro-C interaction sets using -slop

4500 and -slop 2500, respectively, thereby enabling all overlaps to be performed using uniform 10

kb windows. Downregulated Micro-C interactions that overlapped with Hi-ChIP interactions were

classified as TF-specific direct interactions, while those without overlap were classified as indirect

interactions, which are interactions lost as a downstream consequence of TF knockdown rather

than through direct TF-mediated contact.

Aggregated peak analysis plots (Micro-C, Hi-ChIP)

Micro-C differential chromatin interactions and Hi-ChIP TF-specific chromatin interactions were

visualized as aggregate peak analysis (APA) plots using the coolpup.py suite (v0.9.5) (Flyamer

et al. 2020). APA plots display the average contact signal centered on loop focal points, where

the central pixel corresponds to the bin containing the differential or TF-specific chromatin contact.

The resolution of the central bin and the total size of the displayed region, including the flanking

sequences, vary by plot and are specified in the corresponding figure legends. The score displayed

in the upper-left corner of each APA plot represents the enrichment of the central pixel intensity

relative to the background.

Drosophila chromatin state integration (Micro-C)

Micro-C differential chromatin interaction sets were integrated with the Drosophila S2 9-state chro-

matinmodel (Kharchenko et al. 2010) to annotate loop anchors using the pybedtools suite (v0.11.0)

(Dale et al. 2011; Quinlan and Hall 2010). Two distinct approaches were used for this integration.

In the first approach (Fig. 2.1), differential chromatin interactions in BEDPE format were over-

lapped with chromatin states in BED format using the pairToBed tool with -type either (default

parameters), such that a chromatin state was considered associated with a given interaction if ei-

ther anchor overlapped the state. Under this scheme, a single interaction could appear multiple

times if its anchors overlapped with more than one chromatin state. This approach was used to
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determine the overall proportion of differential interactions overlapping each genome-wide chro-

matin state, as well as to characterize loop size distributions for interaction subsets associated with

specific chromatin states.

In the second approach (Fig. 2.4), both anchors of each chromatin interaction were indepen-

dently annotated with their overlapping chromatin states using a custom Python script, generating

chromatin state pairs for each interaction. This enabled analysis of the frequency and loop char-

acteristics specific to each pairwise combination of chromatin states. As in the first approach, an

interaction could appear multiple times if its anchors mapped to more than one chromatin state

pair.

Known and de novo motif discovery

Known and de novo motif discovery was performed at loci of interest using the HOMER motif dis-

covery toolkit (v5.1) (Heinz et al. 2010). Specifically, the findMotifsGenome.pl script was run

against the Drosophila dm6 genome assembly with the following parameters: -size 1000 -len

8,10,12,14,16,20 -mis 4 -S 10, specifying a 1kb window centered on each locus, motif lengths

of 8–20bp, up to 4 mismatches, and a maximum of 10 motifs returned. The specific input loci

varied by analysis and are detailed in the corresponding figure legends.

roX2-RDD chromatin loop integration

Prior to integrating our Micro-C differential chromatin interaction sets with the roX2-RDD chro-

matin loops (GSE207720) produced by Tian et al. (2024), we normalized anchor bin sizes across

all datasets to a uniform 5kb resolution using custom Python scripts. This normalization was nec-

essary because the RDD method generates chromatin loops with variably sized anchors, which

would otherwise confound direct comparison with our fixed-resolution Micro-C-derived loops. Al-

though normalization reduced the total number of roX2-associated chromatin loops, the remaining

set was sufficiently robust for downstream analysis. Complete loop counts for all datasets after

normalization, including differential CLAMP- and GAF-dependent loops and roX2-RDD loops, are

reported in Table SS2.2.
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Comprehensive multi-omics visualization

Contact matrices, chromatin loops, bigWig signal tracks, and loci of interest were visualized using

the CoolBox API (v0.3.9) (Xu et al. 2021). The following publicly available datasets were incor-

porated for visualization: H3K36me3 and H4K16ac ChIP-seq data from GSE29537, and MSL2

ChIP-seq data from GSE37864.

2.6 Data Access

Micro-C and Hi-ChIP data is freely accessible via the Gene Expression Omnibus (GSE322508,

GSE322509).
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2.10 Supplemental Figures

Figure S2.1: Depletion of CLAMP or GAF in Micro-C samples. Western blot analysis of protein extracts from cells

treated with either clamp RNAi (clampi) or gaf RNAi (gafi). Blots were probed with both anti-CLAMP and anti-GAF

antibodies across all conditions to confirm knockdown specificity. Treatment with clampi results in loss of CLAMP

protein and treatment with gafi results in loss of GAF protein. anti-GAPDH antibody was used as a loading control to

ensure equal amounts of protein lysate was loaded across all lanes.
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Figure S2.2: Micro-C contact matrices across all Drosophila melanogaster chromosomes. Micro-C control and

post-RNAi treatment contact matrices are shown for all D. melanogaster chromosomes: chr2L, chr2R, chr3L, chr3R,

and chrX. (A) Differential Micro-C matrices for clamp RNAi. First row: normalized contact maps for control gfp RNAi

condition. Second row: normalized contact maps for clamp RNAi condition. Third row: differential contact matrices

(clamp RNAi / gfp RNAi) where areas in red indicate increased contact frequency in clamp RNAi compared to gfp

RNAi, while areas in blue indicate decreased contact frequency, with lighter colors representing smaller differences.

(B) Differential Micro-C matrices for gaf RNAi. First row: normalized contact maps for the control gfp RNAi condition.

Second row: normalized contact maps for gaf RNAi condition. Third row: differential contact matrices (gaf RNAi / gfp

RNAi).
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Figure S2.3: TAD organization changes across the genome upon knockdown of CLAMP and GAF. (A) Quan-

tification of gfp RNAi TADS and differential TAD comparison after treatment. A total of n=3852 reference TADs were

defined from the gfp RNAi control data (top triangle). A comparison to clamp RNAi (left) reveals n=1218 differential

TADs, accounting for 31.62% of all reference TADs. A comparison to gaf RNAi (right) reveals n=3415 differential

TADs, accounting for a larger 88.66% of reference TADs. This shows a greater genome-wide impact of gaf knock-

down on TAD structure. (B) Extensive Overlap of CLAMP- and GAF-Dependent TADs. A Venn diagram illustrates that

CLAMP and GAF share a large proportion of TAD changes following individual knockdown. Overlap between the sets

of differential TADs identified for clamp RNAi (n=1218, red) and gaf RNAi (n=3415, blue) reveals a significant majority

of CLAMP-dependent differential TADs (85.71%, N=1218) are also identified as GAF-dependent differential TADs. This

overlap represents a subset (30.57%, N=3415) of the GAF-dependent differential TADs. (C) Differential TADs on the

X chromosome after clamp and gaf RNAi knockdown. Micro-C gfp RNAi control matrix: White dashed lines indicate

the positions of TAD boundaries with blue indicating greater contact and yellow indicating lower contact frequencies.

Clamp vs gfp matrix: black dashed lines indicate differential TAD boundaries on the X chromosome after clamp RNAi

treatment. Gaf vs gfpmatrix: black dashed lines indicate differential TAD boundaries on X chromosome after gaf RNAi

treatment, showing gaf knockdown leads to significantly different TADs across the 1,400kb window on X chromosome.

Genes: Track of dm6 Drosophila X-chromosome genes across the same 1,400kb window.

60



Figure S2.4: The sizes of roX2-associated chromatin loops are significantly larger at HAS than on the X chro-

mosome. Box plot comparing the distribution of loop sizes (kb) at High Affinity Sites (HAS, dark blue, N=13,309) versus

the X chromosome (light blue, N=6,277). Median size (red lines) of roX2-associated chromatin loops is significantly

larger at HAS than non-HAS loops on X chromosome (P=4.6 x 10-50), as determined by a Mann-Whitney Test.
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Figure S2.5: Majority of roX2-associated chromatin loops encompassing dosage compensated genes are at

HAS on the X chromosome. Stacked bar plot quantifying the overlap between dosage-compensated genes on the X

chromosome and two categories of roX2-associated Micro-C loops: HAS Overlapping Loops (orange) and Non-HAS

Loops (gray). Assessment of DC genes located within chromatin loop spans associated with roX2 versus DC genes

directly at roX2-associated chromatin loop anchors. Nearly all identified dosage-compensated genes in roX2-associated

chromatin loops (99.3%, n=1528) overlap with HAS. A high proportion (73.1%, n=1125) of dosage-compensated genes

are located directly at HAS-overlapping loop anchors, compared to only 18.9% (the remaining portion of the 92.0% total)

found at anchors of loops not associated with an HAS.

2.11 Supplemental Tables
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Table S2.1: All detected differential Micro-C chromatin interactions.

All Detected Differential Chromatin Loops

RNAi Com-

parison

Regulation Resolution

(Kb)

No. of

Loops

No. of Loops in

Comparison &

Regulation Set

Percentage of

Comparison &

Regulation Set

P-value

Cutoff

clamp vs gfp Upregu-

lated

1 8316 24.35% 0.01

clamp vs gfp Upregu-

lated

5 13539 39.64% 0.01

clamp vs gfp Upregu-

lated

10 12300

34155

36.01% 0.01

clamp vs gfp Downregu-

lated

1 11923 72.19% 0.01

clamp vs gfp Downregu-

lated

5 2572 15.57% 0.01

clamp vs gfp Downregu-

lated

10 2021

16516

12.24% 0.01

gaf vs gfp Upregu-

lated

1 12436 46.73% 0.01

gaf vs gfp Upregu-

lated

5 8128 30.54% 0.01

gaf vs gfp Upregu-

lated

10 6049

26613

22.73% 0.01

gaf vs gfp Downregu-

lated

1 2624 47.29% 0.01

gaf vs gfp Downregu-

lated

5 1579 28.46% 0.01

gaf vs gfp Downregu-

lated

10 1346

5549

24.26% 0.01

6
3



Table S2.2: Normalization of roX2, CLAMP-dependent, and GAF-dependent Loops.

Normalization of roX2, CLAMP-dependent, and GAF-dependent Loops

Normalization

Status

Direct ID Regulation ID Sample ID No. of Loops

No Direct Downregulated CLAMP 1,366

No Direct Downregulated GAF 1,679

No Indirect Downregulated CLAMP 15,150

No Indirect Downregulated GAF 3,870

No - - roX2 90,699

Yes Direct Downregulated CLAMP 1,365

Yes Direct Downregulated GAF 1,678

Yes Indirect Downregulated CLAMP 15,149

Yes Indirect Downregulated GAF 3,869

Yes - - roX2 40,951
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3.1 Abstract

To survive exposure to heat stress (HS), organisms activate stress response genes and repress

constitutive gene expression, thereby preventing the accumulation of potentially toxic RNA and

protein products. Although many studies have elucidated the mechanisms that drive HS-induced

activation of stress response genes across species, little is known about the mechanisms that

repress constitutively expressed genes. Using nascent RNA-sequencing, we identify the first re-

ported transcription factor (TF) that regulates repression of constitutive genes upon heat stress

across species and define direct and indirect mechanisms of action by integrating 3D genomic ap-

proaches. We demonstrate that the CLAMP (Chromatin-linked adaptor for MSL complex proteins)

GA-binding transcription factor (TF) regulates ~75% of the HS-induced repression in Drosophila,

a well-established model for understanding the mechanisms of HS-induced gene regulation. Us-

ing Micro-C, we demonstrate that heat stress induces widespread changes in local 3D chromatin

looping, which are significantly associated with HS-induced transcriptional changes. Overall, we

identify CLAMP as the first reported TF that induces HS repression, which modulates 3D chro-

matin looping through both direct mechanisms and indirect mechanisms. Moreover, we present

the highest-resolution heat stress 3D genomic dataset available in Drosophila, providing a key re-

source for generating mechanistic insights into how temperature regulates 3D genomic contacts.

3.2 Introduction

Understanding how external stimuli regulate gene expression is essential for reducing the effects

of dynamic changes in abiotic factors on all living organisms. One such external stimulus, temper-

ature, plays a vital role in determining viability and fertility, which often decrease as temperatures

rise (Richter et al. 2010). Heat stress (HS) rapidly changes transcription of both heat stress genes,

which become activated, and constitutive genes, which become repressed (Ray et al. 2019; Mahat

et al. 2016). Therefore, understanding the mechanisms that drive changes in transcription upon

heat stress will provide critical insight into how transcription rapidly changes in response to stimuli.

Because the heat stress response is rapidly inducible, many discoveries of fundamental transcrip-

tional mechanisms have been made using this system, including pausing of RNA Polymerase II,
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which occurs at thousands of genes across species (Guertin et al. 2010).

Heat stress induces two types of transcriptional changes: 1) activation of heat stress-induced

genes; 2) repression of constitutively active genes (Vihervaara et al. 2018). Best studied in

Drosophila, decades of research have defined the mechanisms of heat stress-induced gene acti-

vation at heat shock-responsive genes, whose promoters contain specific DNA sequences called

Heat Shock Elements (HSEs), bound by Heat Shock Factor (HSF) (Guertin et al. 2010; Guertin et

al. 2010; Duarte et al. 2016). In Drosophila, the GA-binding transcription factor GAF and transcrip-

tion elongation factor NELF, which regulates RNA Polymerase II pause release, are also involved

in heat stress-regulated gene activation (Duarte et al. 2016; Wu et al. 2003; Li et al. 2013).

Furthermore, in mammals, NELF functions in HS-regulated transcriptional repression mediated

by temperature-dependent phase transition (Rawat et al. 2021). However, the mechanisms that

target repression specifically to constitutively active genes remain unknown.

In contrast to activation, much less is known about the specific DNA-binding factors that target

constitutive genes for repression after heat stress. Transcriptional repression involves a decrease

in promoter-proximal paused RNA Polymerase II at repressed genes (Mahat et al. 2016; Duarte

et al. 2016) and cryptic premature termination of transcripts with impaired elongation rate and de-

creased processivity (Rawat et al. 2021; Cugusi et al. 2022). A report also suggests that heat

stress induces the relocalization of architectural proteins from TAD borders to Polycomb binding

sites at the interior of TADs, which changes 3D chromatin architecture to potentially regulate re-

pression (Li et al. 2015). However, the role of 3D chromatin architectural changes during the heat

stress response still needs to be better understood, as another report suggests that global 3D ar-

chitectural changes at the TAD and compartment levels do not occur upon heat stress (Ray et al.

2019). Neither of these studies was conducted at a sufficiently high resolution to detect specific

local 3D chromatin loop changes. Therefore, the mechanisms by which 3D chromatin changes

regulate the heat stress response require further study.

Furthermore, HSF and GAF are involved in heat-stress-induced activation but not heat-stress-

induced repression (Duarte et al. 2016). GAF has context-dependent synergistic or antagonistic

relationships with another GA-binding transcription factor, CLAMP (Chromatin-linked adaptor for

MSL complex proteins) (Kaye et al. 2018; Duan et al. 2021). Although these two transcrip-

tion factors have similar GA-rich DNA recognition sequences, variation within seemingly similar
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cis-elements drives the context-specific targeting of CLAMP to the male X-chromosome and the

histone locus, where it inhibits GAF binding (Kaye et al. 2018; Rieder et al. 2017). Additionally,

CLAMP promotes long-range 3D chromatin interactions (Jordan and Larschan 2021) and interacts

with Negative Elongation Factor (NELF), which functions in heat shock repression (Rawat et al.

2021; Urban et al. 2017). Therefore, we hypothesized that CLAMP regulates heat stress-induced

transcriptional repression because it can directly compete for binding with GAF (Kaye et al. 2018),

which regulates heat shock activation, and CLAMP interacts with NELF, which regulates repres-

sion (Urban et al. 2017).

To test our hypothesis, we used three approaches: 1) nascent RNA-sequencing (SLAM-seq)

to define the function of CLAMP in heat stress-induced transcriptional activation and repression;

2) Micro-C to identify CLAMP-dependent and independent genome-wide, high-resolution local

changes in chromatin organization after heat stress, and 3) HiChIP to identify CLAMP-bound

3D chromatin loop anchors associated with heat-stress-dependent transcriptional regulation. We

found that, unlike GAF, CLAMP regulates heat-stress-induced transcriptional repression at many

more genes than activation, with 75% of all repression being CLAMP-dependent. Moreover, the

canonical heat stress-activated genes remain activated in the absence of CLAMP.

Furthermore, we demonstrate that heat stress induces global changes in local 3D chromatin

organization at chromatin loop anchors. We found that CLAMP inhibits the formation of 3D chro-

matin loops during heat stress when it is directly bound to loop anchors, but its occupancy at these

anchors does not change. In addition, we compared the occupancy of different insulator proteins

and chromatin remodelers at CLAMP-dependent HS-repressed genes prior to heat stress. We

found that CLAMP directly regulates HS-induced repression through mediating 3D looping when

the following factors are enriched near CLAMP binding sites prior to HS: insulator proteins Ibf1/2,

ZIPIC, and the chromatin remodeler ISWI, but not Polycomb. In contrast, CLAMP also indirectly

regulates repression at loci where it is not bound, potentially by either regulating local 3D chromatin

loop formation or regulating transcription independent of 3D looping. Future studies are required

to identify which factors regulate the indirect effects on 3D looping and transcription in the absence

of CLAMP.

Overall, we identify the first DNA-binding factor that directly regulates repression of the majority

of genes that are repressed upon heat stress and define how it functions directly at sites where
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it is co-bound with specific co-factors and indirectly regulates repression through modulating 3D

contacts. Furthermore, we report a key resource to study HS-induced chromatin 3D structural

changes because we generate the highest resolution map to date of heat stress-induced 3D ge-

nomic contacts. By investigating themechanism of HS-induced repression, we enriched our overall

understanding of how transcriptional repression is regulated in response to environmental cues in

a cellular context.

3.3 Results

3.3.1 CLAMP is required for the repression of transcription in response to heat

stress

To understand how the CLAMP GA-binding transcription factor regulates nascent transcription af-

ter heat stress, we performed high-throughput sequencing of nascent RNA in Drosophila Kc cells

using Thiol (SH)–linked alkylation for the metabolic sequencing of RNA (SLAM-seq) (Herzog et

al. 2017). SLAM-seq quantifies nascent mRNA by measuring 4SU (4-thiouridine) incorporation as

thymine-to-cytosine (T to C) conversions. Cells were incubated in 4SU either at room temperature

(RT) for one hour (No heat stress, NHS) or at 37◦C for one hour (Heat stress, HS), and then imme-

diately processed to identify which mRNAs incorporated 4SU within the total mRNA pool. Next, we

compared the mRNAs incorporating 4SU under HS and NHS conditions to determine which tran-

scripts had increased levels after HS (activated genes) and which transcripts had reduced levels

after HS (repressed genes) (padj ≤ 0.05 and fold change ≥ 1.5).

Consistent with a prior report (Duarte et al. 2016), we identified a subset of transcripts that

were activated (N = 995) and a larger subset that was repressed (N = 3,547) in control (gfp RNAi)

cells after heat stress (HS) (Fig. 3.1A). HS-activated transcripts encompass all known heat stress-

responsive genes, including those for heat shock chaperone proteins. Much less is known about

the mechanisms that mediate HS-induced repression compared to activation. We hypothesized

that HS-induced repression is mediated by the CLAMP GA-binding protein TF because it is known

to compete with GAF, which regulates heat-stress-induced activation (Duarte et al. 2016; Kaye

et al. 2018). Since CLAMP also regulates male X-chromosome dosage compensation in addition

to global transcription in both males and females, we decided to examine the function of CLAMP
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Figure 3.1: CLAMP regulates heat-stress-induced transcriptional repression more strongly than activation (A-B)

MA plots showing significant changes (FC ≥ 1.5 and padj ≤ 0.05) in the levels of nascent transcripts (red dots) after HS

(heat stress) compared to the control NHS (No heat stress) condition in control (gfp RNAi) cells (A) and after HS (heat

stress) in the absence of CLAMP (clamp RNAi) compared to control (gfp RNAi) cells (B). Dotted horizontal lines in A

and B denote +1 log2 FC change cutoffs. (C) Immunofluorescence images of HS (37◦C for 1 Hr) salivary gland polytene

spreads showing the distribution of active RNA polymerase II (red) on chromatin (DAPI: blue) in the presence (undriven

clamp RNAi) and absence (fkh-GAL4>clamp RNAi) of CLAMP (green). The scale bar (100 μM) applies to both panels

in C. (D-E) Venn diagrams comparing HS-activated transcripts (deep red circle in D) and HS-repressed transcripts (light

red circle in E) from control cells (gfp RNAi) to clamp RNAi HS Up-regulated (dark green circle) and clamp RNAi HS

Down-regulated (light green circle) transcripts in clamp RNAi-treated cells.
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during the heat stress response in the Kc female cell line, which does not undergo dosage com-

pensation.

In the absence of heat stress (NHS), our validated clamp RNAi treatment (Fig. S3.1) (Kaye et

al. 2018; Soruco et al. 2013; Urban et al. 2017) causes increased levels of 987 nascent transcripts

and decreased levels of 246 nascent transcripts (Fig. S3.2A). Therefore, CLAMP functions as a

repressor more frequently than an activator in Kc cells before heat stress (Fig. S3.2A). After HS,

unlike control (gfp RNAi) cells (Fig. 3.1A), in clamp RNAi-treated cells, we observed very little

down-regulation of ongoing transcription (Fig. S3.2B). Furthermore, we observed a widespread

increase in transcript levels in clamp RNAi-treated cells compared with control gfp RNAi-treated

cells (4,028 upregulated transcripts; 58 downregulated transcripts) (Fig. 3.1B). Therefore, CLAMP

functions more frequently as a repressor than an activator of transcription after heat stress in cell

culture.

Next, we tested whether CLAMP promotes repression of heat stress response genes in vivo.

We examined the distribution of active RNA Polymerase II (Pol II) on Drosophila larval salivary

gland polytene chromosomes after HS (37◦C) in control (undriven clamp RNAi) and salivary gland

driver (fkh-GAL4>clamp RNAi) larvae (Fig. 3.1C). Consistent with extensive prior work (Lakhotia et

al. 2012; Teves and Henikoff 2011), heat stress restricts the binding of active Pol II (red) to specific

cytological positions corresponding to HS-activated loci on control polytene chromosomes (Fig.

3.1C). In contrast, after clamp RNAi, active Pol II (red) remains bound genome-wide, including at

essential HS-activated loci, suggesting a loss of HS-induced repression but not activation. Notably,

clamp RNAi flies retain CLAMP at the histone locus, consistent with prior reports (Fig. 3.1C),

perhaps because it contains 200 CLAMP binding sites in close proximity to each other (Rieder

et al. 2017). Overall, our data show that CLAMP is a stronger regulator of heat stress-induced

repression than activation in both Kc cells and flies.

To determine whether CLAMP regulates HS-induced gene activation, we measured the effect

of clamp RNAi on transcripts that were activated after HS in control cells (Fig. 3.1D). We found

that only 2.9% (29 out of 995) of transcripts activated in control gfp RNAi cells are dependent on

CLAMP (Fig. 3.1D). In contrast, CLAMP inhibits further activation of 19% (190 out of 995) of HS-

activated transcripts (Fig. 3.1D). Furthermore, all well-studied canonical HS-induced transcripts,

including the hsp70 gene (Duarte et al. 2016), are still induced even after clamp RNAi treatment.
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Next, we defined the set of transcripts and genes that require CLAMP for repression after HS

(CLAMP-dependent HS repression) by comparing HS-repressed transcripts (N=3547) with tran-

scripts specifically up-regulated in clamp RNAi-treated cells (N=4028) and not in control cells (gfp

RNAi) both under HS conditions (Fig. 3.1E). We found that 75% (2660/3547) of transcripts are

CLAMP-dependently repressed after HS (Fig. 3.1E). At the gene level, we identified HS-activated

(N=421) and HS-repressed (N=1047) genes (Fig. S3.3A, B), and found that in total 1061 genes

are up-regulated and only 30 are down-regulated after HS in the absence of CLAMP (clamp RNAi).

There is a significant overlap between HS-repressed genes and clampRNAi HS upregulated genes

(Fig. S3.3B, N=735, p=0.00). All overlaps presented were subjected to Fisher’s Exact test com-

bined with FDR correction to determine statistical significance between comparisons (Table S3.1).

Thus, the loss of CLAMP has a more substantial effect on HS-induced repression (75% of re-

pressed transcripts are CLAMP-dependent) than on activation (2.9% of activated transcripts are

CLAMP-dependent).

3.3.2 Heat stress induces widespread local 3D chromatin changes at chromatin

loop anchors

We next asked the question: How does CLAMP regulate transcriptional repression upon HS?

Since heat stress induces aggregation of proteins and RNA, especially newly synthesized protein

molecules (Wallace et al. 2015), we predict that repression of ongoing transcription ensures that

during heat stress, the process of protein production is inhibited at the transcriptional level. Thus, in

order to survive under stress by conserving energy and preventing the formation of potentially toxic

protein aggregates, the mechanism regulating repression of transcription upon heat shock (HS)

needs to be essentially a global phenomenon. Therefore, we hypothesized that HS-induced global

changes in transcription repression may be regulated by genome-wide changes, such as global

changes in 3D chromatin architecture. Additionally, CLAMP is known to regulate 3D chromatin

loop formation and global changes in chromatin organization (Jordan and Larschan 2021), which

can be sensitive to changes in temperature, likely through phase transition (Huang et al. 2023),

which CLAMP can undergo (Ray et al. 2024).
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Figure 3.2: Heat stress induces widespread local 3D chromatin changes at the loop anchors (A-B) MA plots for differential loop anchors gained upon HS

(HS induced Up loop anchors) or loop anchors lost upon HS (HS induced Down loop anchors) in control cells (A, Up loops=24,291, Down Loops=4,265) and clamp

RNAi cells (B, Loops Up-regulated=8,274, Loops Down-regulated =2,000), p<0.01. (C) Bar plots show the average number of genes associated with (top box) and

present at (bottom box) the HS-induced genome-wide chromatin loop anchors and HS-induced CLAMP-dependent chromatin loop anchors. (D) Box plots showing

average loop size of HS-induced genome-wide changing chromatin loops and CLAMP-dependent HS-induced differential chromatin loops with significant difference

between average chromatin HS-induced up and down loop sizes, both in case of HS-induced genome-wide changing chromatin loops (Mann–Whitney Test, FDR

corrected p=5.63E-186) and CLAMP-dependent HS-induced differential chromatin loops (Mann–Whitney Test, FDR corrected p=3.97E-70), and also between HS-

induced genome-wide changing and CLAMP-dependent HS-induced differential chromatin loops themselves (Mann–Whitney Test, FDR corrected p=0). (E) Upset

Plot showing genes associated with differential chromatin loop changes and cardinality of every category combination seen as chromatin loop changes after HS in

control (top two rows) and clamp RNAi-treated (bottom two rows) cells. The first four columns show chromatin loop-associated genes only in each category, and the

following six columns show those in each combination of exactly two named sets, the four columns after that combination of three named sets, and the last column

shows genes associated with chromatin loop changes in all four categories. HS-associated CLAMP-dependent chromatin loop changes are mostly represented

in the last three columns/bars. (F-I) Venn diagrams comparing HS-associated chromatin loop changes (genes within the loop) and HS-activated and repressed

genes (F and G); as well as CLAMP-dependent chromatin loop changes during HS with CLAMP-dependent HS-induced transcriptional changes (H and I), showing

significant (Fisher’s Test) overlap between HS-associated Up loops (F) and Down loops (G) with HS-repressed genes; and CLAMP-dependent HS-associated Down

loops (H, clamp RNAi up-regulated HS-loops) and Up loops (I, clamp RNAi down-regulated HS-loops) with CLAMP-dependent HS-repressed genes (clamp RNAi

HS up-regulated genes). FDR corrected p-values are 7.487 E-09 (F), 2.53 E-4 (G), 2.0 E-6 (H), and 4.290 E-15 (I), respectively. (J) 350 kb region on 3L showing

differential contact interaction results of selfish algorithm on HS and NHS micro-C contact map (I) with associated chromatin loops that are formed (II) and inhibited

after HS (III). CLAMP-dependent differential contact interaction results of the selfish algorithm are shown on clamp RNAi-treated HS and control HS micro-C contact

maps (IV) with CLAMP inhibited (V) and favored (VI) chromatin loops. The color bar in I and IV indicates the q-value (BH adjusted p-value) produced from the DCI

analysis. Darker color means this interaction has a lower q-value; that is to say, two contact maps are more diverse at this location. Bed files for differential nascent

RNA-seq (SLAM-seq) data from HS and NHS clamp RNAi-treated and control cells show the CLAMP-dependent HS-repressed genes (VII) among the corresponding

genes within the genomic region associated with the loops (VIII).
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The function of 3D chromatin organization in the response to heat shock (HS) has remained

unclear because the resolution of prior methods was low, and newer high-resolution techniques

were not available when these experiments were conducted. One prior report suggests that HS

induces the re-localization of architectural proteins from TAD borders to increase long-range inter-

actions enriched with Polycomb marks, thereby regulating repression (Li et al. 2015). In plants,

HS alters the 3D arrangement of promoter-enhancer interactions to regulate the activation of heat

shock-responsive genes (Huang et al. 2023; Sun et al. 2020; Liang et al. 2023). In contrast,

other reports could not find a correlation between global three-dimensional chromatin changes

and transcriptional changes after heat shock (Ray et al. 2019). Unfortunately, prior studies on 3D

chromatin and HS used the Hi-C technique with a resolution of ~40 kb at anchor regions, making it

challenging to understand the function of specific chromatin-associated factors that bind to regions

that are approximately 0.1 kb (Hsieh et al. 2020). However, using the newer micro-C technique

to measure 3D chromatin changes after HS, at a resolution of 1-5 kb, could make it possible to

define local changes in chromatin organization marked by chromatin loops (Li et al. 2023) that are

regulated by a TF like CLAMP.

Thus, using the micro-C technique, we first investigated global changes in 3D chromatin loops

at a resolution of 2.5kb after HS in control samples (gfp RNAi) (Fig. 3.2A) and then HS induced

global changes in chromatin loops regulated by CLAMP (Fig. 3.2B) by performing the micro-C

method in clamp RNAi-treated cells under HS and NHS conditions using a resolution of 2.5 kb to

examine gene-level transcriptional changes (Fig. 3.2C). Moreover, this is the first high-resolution

Drosophila data set, identifying 3D chromatin changes associated with heat stress that others can

mine for 3D chromatin changes associated with HS at specific genomic sites.

First, we identified widespread HS-induced changes in chromatin loops that were increased in

frequency (Up loops, N = 24,291) and those decreased in frequency (Down loops, N = 4,265) by HS

(Fig. 3.2A, p<0.01). Interestingly, clamp RNAi enhanced HS-induced loop formation (clamp RNAi

HS Up-regulated Loops, N = 8,274) more frequently than it decreased HS-induced loop formation

(clamp RNAi HS Down-regulated Loops, N = 2,000). Thus, during heat stress, CLAMP primarily

functions as an inhibitor of chromatin loop formation (Fig. 3.2B, p<0.01).

Next, we defined how genome-wide local 3D changes in chromatin loop formation correspond

to gene distribution at two classes of sites: 1) within the chromatin loops and 2) at the loop anchors
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(Fig. 3.2C). This analysis allowed us to determine if HS-associated chromatin loop changes are re-

lated to HS-induced transcriptional repression by comparing the chromatin-loop-associated genes

with CLAMP-dependent HS-repressed genes. As expected, at the loop anchors which are 2.5

kb in length approximately one gene was associated within both HS-induced Up loops and Down

loops independent of clamp RNAi, because the average gene size is 3 kb in Drosophila. However,

when we evaluated the number of genes within the loops, we found significant differences across

subcategories with down-regulated loops spanning more genes (3 genes) than upregulated loops

(1 gene) independent of clamp RNAi (Fig. 3.2C).

Next, we tested whether there were more genes in a loop because the loops were larger in

length or because the genes were more densely packed within the same sized loop (Fig. 3.2D,

Table S3.1). For HS-induced chromatin loops, the HS-induced Down loops were significantly larger

(avg 627 kb) than HS-induced Up loops (avg 95 kb), and thus had more genes within each loop

(Fig. 3.2C, D). However, interestingly, the average size of both clamp RNAi HS Up-regulated and

Down-regulated loops was significantly lower than that of control HS-induced chromatin loops.

Therefore, CLAMP regulates the chromatin contacts that form shorter gene-rich loops. Moreover,

CLAMP regulates the majority (~85%) of all HS-associated changes in chromatin loops, and most

of the time it prevents their formation (Fig. 3.2E).

After determining that CLAMP regulates HS-induced chromatin changes at gene-rich genomic

regions, we askedwhether theseHS-associated 3D chromatin changeswere related to HS-induced

transcriptional changes (Fig. 3.2F-I). We compared HS-regulated genes with genes located be-

tween (Fig. 3.2F-I) and at loop anchors (Fig. S3.4A-D) of the HS-induced chromatin loops. Al-

most all HS-activated and HS-repressed genes overlapped with HS-induced loop changes (Fig.

3.2F and 3.2G, Table S3.1). This was unsurprising considering we identified whole-genome-wide

chromatin loop changes induced by HS. However, we also found that most CLAMP-dependent

HS-repressed genes (clamp RNAi HS Up-regulated genes) overlapped with clamp RNAi HS Up-

regulated and Down-regulated loops (Fig. 3.2H and 3.2I, Table S3.1). Interestingly, more (N=717,

68%) of the CLAMP-dependent HS-repressed genes overlapped with HS loops suppressed by

CLAMP (clampRNAi HSUp-regulated loops) comparedwith HS loops promoted byCLAMP (N=445,

42%) (Fig. 3.2H-I). Overall, these data are consistent with a function for CLAMP in repressing heat

shock-induced gene expression by reducing the formation of chromatin loops that normally activate
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genes.

To visualize the association of CLAMP-mediated chromatin loop changeswith CLAMP-dependent

HS-repression, we identified a 350 kb gene-dense region on chromosome 3L that is associated

with a large number of HS-induced chromatin loops and multiple HS-repressed genes (Fig. 3.2J).

CLAMP regulates a subset of the chromatin loops in this region which are associated with CLAMP-

dependent HS-repressed genes. Thus, we demonstrate that CLAMP regulates 3D chromatin

changes during heat shock (HS) which are associated with CLAMP-dependent HS-induced tran-

scriptional repression.

3.3.3 CLAMP inhibits chromatin loop formation during HS and regulates repres-

sion of associated genes through both direct and indirect mechanisms

The next question we asked was whether CLAMP has a direct effect on 3D chromatin changes

and related transcriptional changes after HS or if it functions through a combination of direct ef-

fects at CLAMP-bound loci and indirect mechanisms as is common for most TFs. High-resolution

chromatin organization data in HS clamp RNAi cells reveal that CLAMP regulates chromatin loop

rearrangement during HS (Fig. 3.2B) at loops associated with CLAMP-dependent repressed genes

(Fig. 3.2I, J). However, to understand the direct role of CLAMP in transcriptional regulation after

HS at high resolution in 3D, we used HiChIP to define which changes were directly associated

with CLAMP binding to loop anchors. HiChIP measures TF binding and 3D loop anchors simul-

taneously at less than 1kb resolution (Bhattacharyya et al. 2019; Gutierrez-Perez et al. 2019;

Mumbach et al. 2016), making it possible to define both TF binding and associated 3D chromatin

loops. Therefore, we used HiChIP to investigate whether changes in 3D loop anchor contacts

are associated with alterations in CLAMP occupancy on chromatin and HS-induced transcriptional

repression.

76



77



Figure 3.3: CLAMP regulates chromatin loop changes during HS, directly as well as indirectly, to repress gene

transcription (A) 2Dmetaplot of CLAMPHiChIP data centered on significant interactions identified fromCLAMPHiChIP

under NHS or HS conditions for differential loop anchors gained upon HS (HS Up loop anchors, N=71) or loop anchors

lost upon HS (HS Down loop anchors, N=980). The score indicates the enrichment of the center pixel compared with the

top left corner. (B) CLAMP-bound loop pile-ups for HiChIP data from heat stress (HS) and control cells showing loss and

gain of chromatin structures marked by chromatin loops defined in HS and control cells. The color is average interaction

frequency across the entire dataset surrounding the defined HS Up and Down loops. A high signal indicates strong

interaction between loop anchors. ±20 kb padding was applied to the central 2.5 kb bin, displaying a 42.5 kb aggregated

region.(C) Barplots showing average number of genes associated within (top box) and present at (bottom box) the

CLAMP-bound chromatin loop anchors up and down-regulated after Heat shock (HS). (D) Box plots showing significant

difference (Mann–Whitney Test, FDR corrected p=0.0354) between average loop size of CLAMP-bound chromatin loop

anchors up and down-regulated after Heat shock (HS). (E) Upset Plot comparing all (Micro-C data) and CLAMP-bound

(HiChIP data) chromatin loops lost after HS with HS-repressed and CLAMP-dependent HS-repressed genes, showing

significant (Fisher’s Test) overlap between CLAMP-bound HS-associated Down-loops with global genome-wide loss of

HS-associated loops (p=1.26E-115), HS-repressed genes (p=9.59E-18), and CLAMP-dependent HS-repressed genes

(clamp RNAi HS up-regulated genes, p=2.57E-19). (F) 300 kb region on 2R showing CLAMP-regulated differential

contact interaction results of selfish algorithm on clamp RNAi-treated and control HS micro-C contact map (I) with

associated CLAMP suppressed (II) and induced (III) chromatin loops after HS. CLAMP-associated differential contact

interaction results of the selfish algorithm are shown on HS and NHS CLAMP HiChIP contact maps (IV) with CLAMP-

bound (V and VII) directly associated Up (VI) and Down (VIII) chromatin loops. The color bar in I and IV indicates

the q-value (BH adjusted p-value) produced from the DCI analysis. A darker color means this interaction has a lower

q-value; that is to say, two contact maps are more diverse at this location. Normalized reads and bed files for differential

nascent RNA-seq (SLAM-seq) data fromHS andNHS clampRNAi-treated and control cells show the CLAMP-dependent

HS-repressed genes (IX and X) among the corresponding genes within the genomic region associated with the loops

(XI).

We performed HiChIP using validated antibodies (Rieder et al. 2017; Jordan and Larschan

2021; Urban et al. 2017) targeting the CLAMP protein to identify CLAMP-associated loop an-

chors in Kc cells exposed to HS and matched control NHS Kc cells. Loop anchors bring distal

regulatory elements closer to each other, which can regulate activation or repression of gene ex-

pression depending on the factors bound (Gutierrez-Perez et al. 2019; Ogiyama et al. 2018).

Using the FitHiCHIP platform (Bhattacharyya et al. 2019), we first identified the following cate-

gories of CLAMP-bound chromatin loops (Fig. S3.5): 1) present in control cells without HS (NHS)

(N=1515); 2) shared loops that are present in both control (NHS) cells and HS cells (N=421); 3)

loops present only after HS and not in NHS conditions (N=563). We then classified loops into sub-

categories based on whether they increased or decreased after heat shock: 1) CLAMP-bound HS

induced Up loops gained, and 2) CLAMP-bound HS induced Down loops lost upon HS (Fig. 3.3A,

B). We found that most CLAMP-bound chromatin loops are lost (N=980, Down loops) upon HS

and very few are gained (N=71, Up Loops), clearly showing that CLAMP-bound chromatin loops

are mainly down-regulated after HS. Our analysis shows that of the 980 CLAMP-associated HS

induced down loops (HiChIP), 931 loops (95%) only had one anchor associated with CLAMP di-

rect binding, while 49 loops (5%) had both anchors associated with CLAMP direct binding. Of the

71 CLAMP-associated HS induced up loops (HiChIP), all 71 loops (100%) only had one anchor
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associated with CLAMP direct binding. Overall, we conclude that the direct effect of CLAMP is

to promote the loss of 3D chromatin loops at specific genomic locations after HS more frequently

than it promotes the formation of new loops.

Next, we asked whether CLAMP occupancy on chromatin changes when 3D loop contacts

change. Therefore, we categorized CLAMP-bound loop anchors lost after HS (HS Down) and

gained after HS (HS Up) into the following sub-classes depending on the change in occupancy of

CLAMP on chromatin (similar to ChIP-seq) which HiChIP also quantifies in parallel with 3D loop

anchors (Fig. S3.6): 1) High Difference (HD) when CLAMP occupancy between HS and NHS con-

ditions is differential by EdgeR (Robinson et al. 2010; Chen et al. 2016); 2) No Difference (ND)

when CLAMP occupancy between HS and NHS conditions is non-differential by EdgeR (Robinson

et al. 2010; Chen et al. 2016) but exhibits a <25% difference in ChIP-seq coverage; 3) Low Differ-

ence (LD) when CLAMP occupancy between HS and NHS conditions is non-differential by EdgeR

(Robinson et al. 2010; Chen et al. 2016) but exhibits a >=25% difference in ChIP-seq coverage.

Because each loop has two ends, the loop anchors were further categorized into five types: HD-

HD, HD-LD/ND, ND-ND, LD-ND, and LD-LD (Fig. S3.6A-F). We found that most CLAMP-bound

chromatin loop anchors gained (Up) (65/71: 92%) and lost (Down) loop anchors (849/980: 87%)

upon HS belong to the ND or LD categories, in which CLAMP occupancy on chromatin is not

dramatically changed. Thus, we conclude that upon HS, most CLAMP-bound chromatin changes

occur through modulation of 3D chromatin contacts between loop anchors rather than through the

gain or loss of CLAMP occupancy at specific genomic locations, consistent with the rapid time

scale of heat stress-induced transcriptional and phase changes.

We also measured the average number of genes present: 1) at the loop anchors and 2) within

the CLAMP-bound HS-induced differential chromatin loops. We quantified the average loop length

of CLAMP-bound loops. We found that CLAMP-bound loops were gene-rich, both at the loop

anchors and within the loops, with the average CLAMP-bound HS-induced chromatin loop size

smaller (avg 38 kb) compared to global HS-induced differential loop size (avg 172 kb) (Fig. 3.3C-D

and Fig. 3.2C-D).

Since the majority of CLAMP-bound loops were down-regulated by heat shock, we investi-

gated what proportion of all HS-induced Down-loops were CLAMP-bound chromatin loops and

whether they overlapped with HS-repressed genes (Fig. 3.3E). Although most 3D loop changes
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after HS are CLAMP-dependent (~85%, Fig. 3.2E), only ~11% of HS-induced Down-loops were

CLAMP-bound chromatin loops (Fig. 3.3E), of which 122 sites overlapped with CLAMP-dependent

HS-repressed genes. This suggests that CLAMP modulates 3D looping through both direct mech-

anisms that likely involve specific combinations of co-factors and indirect mechanisms that may

involve modulation of the activity of other chromatin loop regulators in the cell.

To visualize the types of loops that CLAMPmediates directly to regulate heat shock repression,

we focused on a genomic region on chromosome 2R, where we identified a subset of global 3D

chromatin loop changes that are directly bound and regulated by CLAMP (Fig. 3.3F). We show that

a subset of CLAMP-bound chromatin loops are differentially affected by HS, and corresponding

genes within these loops are repressed after HS. At the CLAMP-associated loops, before and after

HS, there is no significant difference in CLAMP occupancy (Fig. 3.3G, V and VII); however, there is

differential chromatin loop formation, with a subset of chromatin loops lost while others are formed

after HS (Fig. 3.3G, VI and VIII). The repression of these target genes is CLAMP-dependent, as

shown by the nascent RNA tracks from HS and NHS control and clamp RNAi-treated cells (Fig.

3.3G, IX, X). Therefore, CLAMP directly represses a subset of its target genes through modulating

chromatin looping.

Next, we integrated the CLAMP HiChIP data with the nascent RNA sequencing and micro-

C datasets to identify CLAMP-dependent HS-repressed genes (N=735), which are: 1) directly

CLAMP-bound andCLAMP-dependent HS-inducedDown-loops (14.4%, N=106); 2) indirectly CLAMP-

dependent HS-inducedDown-loops (52.8%, N=388), and 3) independent of HS-induced loop changes

(29.5%, N=217) (Fig. 3.4A). The first gene category comprises repressed genes directly regulated

by CLAMP at the 3D chromatin organizational and transcriptional level after HS. In contrast, the

second gene group is indirectly regulated by CLAMP at the 3D chromatin organizational level after

HS. In contrast, the last group is regulated by CLAMP at only the transcriptional level and not the 3D

chromatin organizational level (Fig. 3.4A). Thus, repression of genes after HS due to changes in

3D chromatin architecture at ~67% of HS-repressed genes is either directly or indirectly regulated

by CLAMP. In contrast, ~30% of the CLAMP-dependent HS-repressed genes are not associated

with concurrent changes in 3D loop structure after HS, indicating a 3D loop-independent transcrip-

tional regulation of a subset of CLAMP-dependent HS-repressed genes (Fig. 3.4A). Therefore, we

conclude that CLAMP directly and indirectly inhibits 3D chromatin loop formation during HS at a

80



subset of gene-rich genomic locations, resulting in their transcriptional repression.

3.3.4 Specific combinations of co-factors present prior to heat stress distinguish

the direct from the indirect functions of CLAMP in 3D looping and heat stress

repression

Next, we asked the question: What combination of chromatin-associated factors distinguishes

CLAMP-dependent repressed genes that are directly versus indirectly regulated by CLAMP? To

address this question, we screened publicly available architectural protein datasets (GSE11804,

GSE30740, GSE36374, GSE36393, GSE54529, GSE63518, GSE80702, GSE89244) (Li et al.

2015; Gutierrez-Perez et al. 2019; Wood et al. 2011; Yang et al. 2013; Kellner et al. 2012; Van

Bortle et al. 2012; Van Bortle et al. 2014; Cubenas-Potts et al. 2017; Rowley et al. 2017), which

were previously used to examine co-factors for Pipsqueak (also, a GA-binding transcription factor

similar to CLAMP) and Polycomb in 3D chromatin organization (Gutierrez-Perez et al. 2019).

We measured the occupancy of known chromatin marks and binding factors prior to HS at the

CLAMP-dependent HS-repressed genes (N=735), which are associated with: 1) direct CLAMP-

dependent HS-induced Down-loops (N=106); 2) indirect CLAMP-dependent HS-induced Down-

loops (N=388); and 3) HS-induced loop change independent (N=217) (Fig. 3.4A, B).

We identified factors present before HS at the CLAMP-dependent genes associated with CLAMP-

bound chromatin loops (direct regulation) and those associated with CLAMP-independent chro-

matin loops (indirect regulation) to identify candidate co-factors involved in directly regulating HS-

induced transcription repression by CLAMP. We used a set of random genes not repressed after

HS as a control (Fig. 3.4B). Genes in all three categories lacked repressive factors such as Su(Hw)

and Pc (Gutierrez-Perez et al. 2019; Kahn et al. 2023) (Fig. 3.4B). Compared with genes that are

not repressed by CLAMP, the CLAMP-dependent HS-repressed genes (N=735) (both direct and

indirect effects) were enriched for: 1) ISWI, a chromatin remodeler (Dahn et al. 2017) at their TSS

and TES (transcription start and end) sites which is known to require CLAMP for its recruitment

(Urban et al. 2017); 2) CP190, a BTB-ZnF factor present in most insulator complexes; and 3) ZIPIC

(Zinc-finger protein interacting with CP190), a promoter-bound TF with architectural and insulator

function (Cuartero et al. 2014; Maksimenko et al. 2015; Zolotarev et al. 2016; Kaushal et al. 2022)

81



Figure 3.4: HS-associated chromatin loops directly and indirectly regulated by CLAMP have different chromatin-

bound factors under NHS conditions (A) Upset plot comparing all CLAMP-dependent (Micro-C data, clamp RNAi

up-regulated HS Loops) and CLAMP-bound (HiChIP data) chromatin loops lost after HS with CLAMP-dependent HS-

repressed genes, showing a significant (Fisher’s Test) number of CLAMP-dependent HS-repressed genes are associ-

ated with CLAMP-dependent loss of chromatin loops after HS (p=1.55E-04). Notably, a significant proportion of these

are directly CLAMP-bound (p=8.78E-32). (B) Schematic showing three categories of CLAMP-dependent HS-repressed

genes based on 3D chromatin organisational changes associated with HS. (C) Average profile for chromatin-bound

factors across CLAMP-dependent HS-repressed genes present at direct and indirect CLAMP-dependent HS-induced

Down-loop anchors, genes not associated with any loop anchors, and a random set of genes (negative control). (D) 35

kb region on 2L showing distribution of chromatin bound factors at CLAMP-dependent HS-repressed genes dock and

drongo and associated CLAMP-bound chromatin loops lost after HS.
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(Fig. 3.4B). Interestingly, genes where CLAMP has a direct effect on repression through regulat-

ing 3D loops (N=106) were more enriched for the CP190-interacting insulator binding factors: Ibf1

and Ibf2 (Cuartero et al. 2014) (Fig. 3.4B). Thus, we hypothesize that Ibf1 and Ibf2 are important

co-factors that regulate the direct function of CLAMP in repression of genes through 3D looping.

The presence of a chromatin remodeler like ISWI and insulator proteins like ZIPIC and CP190

prior to HS at genes that will be repressed may prime these genes for subsequent transcription

repression. Upon HS, CLAMP is directly required for the loss of the chromatin 3D loop structure

and repression at a subset of these genes that are enriched for Ibf1/2 (Fig. 3.4C). In contrast,

genes enriched for ZIPIC and CP190, but lacking Ibf1/2 and CLAMP at the chromatin loops, still

undergo 3D chromatin loop loss and repression after HS, but CLAMP is indirectly responsible for

their 3D chromatin loop changes. Future work is required to identify the factors that regulate the

CLAMP-dependent indirect changes in 3D chromatin organization and transcriptional repression:

ZIPIC andCP190 are strong candidate factors to regulate indirect effects. Also, CLAMP-dependent

repressed genes (Fig. 3.4B) that are not associated with any 3D chromatin changes do not show

enrichment for ISWI or insulator proteins compared to genomic regions undergoing 3D changes.

How CLAMP regulates repression independent of 3D looping requires further investigation and

may involve modulating Pol II pausing because we have shown that CLAMP directly interacts with

the NELF pausing regulator (Urban et al. 2017).

Overall, our studies have identified CLAMP as the first reported DNA-binding factor that regu-

lates HS-dependent repression and identified a mechanism that involves changes in 3D chromatin

loops. Moreover, we provide the highest resolution data set for studying 3D chromatin loops af-

ter heat stress in Drosophila. Our data are consistent with a model in which CLAMP-regulated

inhibition of chromatin loop formation after HS is responsible for repression of genes after HS,

suggesting that these loops would normally be important for maintaining active transcription (Fig.

3.5). We also identify Ibf1/2 as candidate co-factors that are enriched when CLAMP functions di-

rectly versus indirectly in regulating transcriptional repression through 3D looping. Future work will

be required to define the combinatorial context-specific interactions between CLAMP, chromatin

remodelers, and insulators that determine how genes become repressed upon heat stress.
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3.4 Discussion

Temperature is one important abiotic regulator of gene expression that substantially regulates bi-

ological functions. Defining how increasing temperature affects gene transcription has not only

identified new transcriptional mechanisms but is vital for managing the effects of global changes

in temperature on living organisms, including humans, plants, and other animals.

To survive under heat stress, cells must repress the ongoing transcription of constitutive gene

transcripts to avoid accumulating toxic protein products, which would lead to cell death. Compared

with decades of work on transcriptional activation upon heat stress (Mahat et al. 2016; Guertin et al.

2010; Vihervaara et al.. 2018; Duarte et al. 2016), very few reports have provided insight into how

HS-induced transcriptional repression is regulated (Mahat et al. 2016; Duarte et al. 2016; Rawat et

al. 2021; Cugusi et al. 2022; Li et al. 2015; Goenka et al. 2016). In particular, sequence-specific

DNA-binding TFs that target genes for transcriptional repression remained unknown.

Here, we demonstrate that the GA-binding transcription factor CLAMP is the first-reported

TF that controls the repression of the majority of genes (Fig. 3.1) and genome-wide rearrange-

ment of 3D chromatin loops (Fig. 3.2E) upon heat stress. In contrast, CLAMP does not regulate

any of the canonical genes activated upon heat stress, such as the heat shock protein genes

(Fig. 3.1). A significant number of CLAMP-dependent HS-repressed genes overlap with CLAMP-

dependent 3D loop changes (Fig. 3.2H-I, Table S3.1), indicating the role of CLAMP in regulating

HS-dependent transcription repression via 3D chromatin structure changes. However, the loss of

CLAMP-associated loop anchors alone is insufficient to determine whether a gene will be activated

or repressed because CLAMP-associated loop anchors are lost upon HS at both repressed and

activated genes (Fig. 3.2).

Furthermore, we found that only a subset of CLAMP-dependent repressed genes are associ-

ated with the CLAMP-bound 3D chromatin loops that are lost upon heat stress (Fig. 3.4A), sug-

gesting a more restricted direct and a broader indirect role for CLAMP in regulating local changes

in 3D genome organization for HS-induced transcription repression. However, CLAMP is the first

report of any DNA-binding factor involved in HS-induced changes in gene repression and chro-

matin organization across species. Also, direct mechanisms of transcriptional dysregulation are

always a subset of all transcriptional changes caused by the loss of a transcription factor in vivo,
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Figure 3.5: Model for CLAMP-dependent HS-induced transcriptional gene repression

and therefore we asked whether there are specific co-factors enriched prior to heat stress at genes

where CLAMP functions directly compared with sites where it functions indirectly.

On average, CLAMP-dependent HS-repressed genes aremodestly enriched prior to heat stress

for ZIPIC, a zinc finger protein (Fig. 3.4B). ZIPIC is an architectural protein with homodimeriza-

tion domains that promotes CP190-mediated insulator activity and boundary formation, which can

prevent transcription of nearby genes (Maksimenko et al. 2015; Zolotarev et al. 2016; Kaushal et

al. 2022). CP190 is another protein modestly enriched at the CLAMP-dependent HS-repressed

genes. CLAMP physically interacts with CP190 and both promote gypsy chromatin insulator ac-

tivity (Bag et al. 2019). Additionally, the enrichment of ISWI, an essential chromatin remodeler

that can be recruited by CLAMP (Urban et al. 2017) at HS-repressed genes compared to con-

trol active genes, further supports the hypothesis that a change in chromatin architecture drives

HS-induced gene repression. Also, most (67%) CLAMP-dependent HS-repressed genes are as-

sociated with HS-dependent chromatin loop changes (N=388+106) regulated by CLAMP, either

directly or indirectly (Fig. 3.4A, Table S3.1).

We found that CLAMP-dependent HS-repressed genes, at which CLAMP directly regulates

chromatin looping, were enriched for the Ibf1/2 insulator proteins that interact with CP190 (Cuartero

et al. 2014) (Fig. 3.5). However, future work is necessary to define the CLAMP-interacting factors

at loci where CLAMP indirectly regulates 3D chromatin changes during HS without binding to the
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loop anchors, as well as at the smaller group of loci where HS-induced transcriptional repression

is loop-independent. Furthermore, how the combinatorial context-specific interactions between

all the factors we identified and other unknown factors determine whether a gene will become

repressed upon heat stress still needs to be understood.

Also, we have not yet determined how HS results in 3D chromatin changes at CLAMP-bound

loops, especially in places where there is no concurrent loss in CLAMP occupancy after HS. We

predict that loss of the loop after HS would result in transcriptional repression due to loss of interac-

tions that activate transcription through 3D looping or 2D mechanisms such as RNA Polymerase

II pause release (Duarte et al. 2016). In addition, we show that the direct effect of CLAMP on

chromatin looping to mediate repression is associated with binding prior to HS of the insulator

chromatin factors (Ibf1/2) and not the Polycomb and Su(Hw) complexes. However, it is possible

that after heat stress, the occupancy of these factors changes, and the biomolecular mechanisms

by which CLAMP and Ibf 1/2 drive 3D chromatin structural changes remain unclear.

CLAMP is an intrinsically disordered protein with a prion-like domain, PrLD (Kaye et al. 2018;

Ray et al. 2024). Therefore, we speculate that heat stress may result in biophysical changes

at CLAMP-associated loop anchors that regulate the liquid-liquid phase separation properties of

bound proteins. We have recently shown that CLAMP itself can undergo a phase transition (Ray

et al. 2024). Several reports suggest that increases in temperature influence phase separation

properties of disordered proteins with prion-like domains (PrLD) (Rawat et al. 2021; Zhang et al.

2022; Hutin et al. 2023; Dignon et al. 2019; Chu et al. 2021; Chen et al. 2022). Therefore, it is pos-

sible that HS induces changes in the phase separation properties of CLAMP at the loop anchors.

Also, CLAMP interacts with the Negative Elongation Factor (NELF) that forms condensates under

stress to drive transcriptional repression and regulates Pol II pausing (Rawat et al. 2021; Urban

et al. 2017). In the future, it will be interesting to define how the CLAMP-NELF interaction and

the relationship between CLAMP and Ibf1/2 regulates HS-induced transcriptional repression. The

presence of a different combination of chromatin-bound factors at different CLAMP-bound target

genes may regulate the phase transition properties of the locus, which could determine whether

a gene will be activated or repressed upon HS. However, further experiments need to be done to

test this hypothesis using in vitro chromatin models.

Overall, we show that the GA-binding TF CLAMP is a key DNA-binding factor that promotes
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transcriptional repression after HS more strongly than activation. Insight into transcriptional re-

pression is important because the mechanism of HS-induced transcriptional repression has re-

mained much less understood than HS-induced activation across species. We also generate new

high-resolution 3D and gene expression data sets that can be used for developing combinatorial

predictive models of how gene expression is rapidly modulated under different conditions. How-

ever, future work is necessary to define the combinatorial context-specific interactions between all

of the factors we identified and other unknown factors that determine whether a gene will become

activated or repressed upon heat stress.

3.5 Materials and methods

3.5.1 Fly strains and husbandry

Drosophila melanogaster fly stocks were maintained at 24◦C on standard corn flour sucrose me-

dia. Fly strains used: fkh-GAL4 (Bloomington, #78061), UAS-CLAMPRNAi[val20] (Bloomington,

#57163). These were crossed to obtain the desired genotype, fkh-GAL4>UAS-CLAMPRNAi.

3.5.2 Cell culture

Kc cells were maintained at 25◦C in Schneider’s media supplemented with 10% Fetal Bovine

Serum and 1.4X Antibiotic-Antimycotic (Thermofisher Scientific, USA). Cells were passaged every

3 days to maintain an appropriate cell density.

3.5.3 Polytene chromosome squashes and immunostaining after HS

Third instar larvae from undriven UAS-CLAMPRNAi and fkh-GAL4>UAS-CLAMPRNAi were incu-

bated for 40min at 37◦C in a water bath inside amicrofuge tube plugged with a soft plug (Lakhotia et

al. 2012) and dissected immediately to pull out the salivary gland. Polytene chromosome squashes

were prepared using dissected salivary glands as previously described in Reider et al. (2017). We

stained polytene chromosomes with rabbit anti-CLAMP (1:1000, SDIX) and mouse anti-RNA pol

II (1:500, ab817, Abcam) antibodies. For detection, we used all Alexa Fluor secondary antibod-

ies against rabbit and mouse at a concentration of 1:200 and visualized slides at 40X on a Zeiss

Axioimager M1 Epifluorescence upright microscope with the AxioVision version 4.8.2 software.
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3.5.4 Western Blotting to validate clamp dsRNA treatment for clamp RNAi

Total protein from the samples (1ml of the cell culture): 3 replicates of clamp RNAi and gfp RNAi

(con) after HS (HS) and without HS (NHS) treated Kc cells for SLAM-seq was extracted by homog-

enizing cell pellet in the lysis buffer (50 mM Tris-HCl pH 8.0, 150 mMNaCl, 1% SDS, 0.5× protease

inhibitor) using a small pestle. The NHS Kc cell samples treated with clamp dsRNA and gfp dsRNA

for clamp RNAi and gfp RNAi used for Micro-C experiment were also used to extract total protein

to test Clamp level in clamp RNAi vs gfp RNAi Kc cell samples. After a 5 min incubation at room

temperature, cleared the samples by centrifuging at room temperature for 10 min at 14,000×g. To

blot for CLAMP and Actin, 5 µg of total protein was run on a Novex 10% Tris-Glycine precast gel

(Life Technologies). Protein was transferred to PVDF membranes using the iBlot transfer system

(Thermo Fisher Scientific) and probed themembranes for CLAMP (1:1000, SDIX), Tubulin (1:5000,

Abcam), and Actin (1:5000) antibodies using the Western Breeze kit following the manufacturer’s

protocol (Thermo Fisher Scientific). Proteins detected on X-ray film (Fig. S3.1) using chemifluo-

rescence detection method as mentioned in the kit protocol using AP-tagged secondary antibody

and CDP-star substrate provided with the kit (Western Breeze kit, Thermo Fisher scientific, USA)

3.5.5 SLAM-seq

15 μg each of clamp dsRNA and gfp dsRNA were used for clamp RNAi and gfp RNAi (con), re-

spectively, per T25 flask. Kc cells were incubated with dsRNA in FBS minus media for 45 minutes

and allowed to grow in media supplemented with 10% FBS for 6 days before harvesting. dsRNA

targeting gfp (control) and clamp for RNAi have been previously validated and described (Larschan

et al. 2012). PCR products were used as a template to generate dsRNA using the T7 Megascript

kit (Ambion, Inc., USA), followed by purification with the Qiagen RNeasy kit (Qiagen, USA).

Two replicates of each for clamp RNAi and gfp RNAi, HS (Heat stress) samples, and four repli-

cates each for clamp RNAi and gfp RNAi, NHS (NHS) samples were used for SLAM-seq. Just

before harvesting, cells were either incubated in 4SU (4-thiouridine) provided with SLAMseq An-

abolic Kinetics Module (Cat. No. 061.24, Lexogen) at RT or at 37◦C for one hour in the dark as per

the manufacturer’s instructions. Cells were immediately harvested and the pellet was resuspended

in 1 mL of Trizol (Invitrogen, USA). RNA isolated in the dark and S4U-labeled transcripts are alky-

88



lated with Iodoacteamide as per manufacturer instruction (SLAMseq Explorer and Kinetics Kit user

guide, Lexogen). Resulting modified total RNA was used for downstream NGS library preparation

using QuantSeq 3‘mRNA-Seq Library Prep Kit for Illumina (FWD) (Cat. No. 015, Lexogen). Li-

braries sequenced in Illumina Hiseq 4000 with 150x2 bp pair-end sequencing. For analysis Read

2 for the pair-end sequencing was discarded while performing downstream analysis since quality

of Read 2 is very low due to the poly(T) stretch at the beginning of Read 2. Data submitted to Gene

Expression Omnibus (GSE253645).

3.5.6 Micro-C

Two replicates each for clamp RNAi and gfp RNAi, HS (Heat stress) samples and for clamp RNAi

and gfpRNAi, NHS (NHS) samples were used for Micro-C. Kc cells (2X106) were incubated with 15

μg each of clamp dsRNA and gfp dsRNA (same as used for SLAM-seq experiment), used for clamp

RNAi and gfpRNAi (con), respectively, per well of a 6-well plate in FBSminus media for 45 minutes

and allowed to grow in media supplemented with 10% FBS for 6 days before harvesting. Before

harvesting, HS (Heat stress) samples were incubated at 37◦C for one hour. 3 × 106 cells were used

per Micro-C reaction. Cells were aliquoted into 1.5 ml tubes, spun at 500g in a swinging bucket

rotor for 5 minutes to pellet the cells, which were placed in -80◦C after removing the supernatant for

1 hour as per the manufacturer’s protocol (Dovetail Micro-C Kit user guide version 2.0). Next, cells

were thawed at RT, resuspended in 200 μL of 1X PBS (Thermo Fisher Scientific, 10010023), and

crosslinked using 0.3M DSG and 37% formaldehyde as per the manufacturer’s protocol (Dovetail

Micro-C Kit user guide version 2.0). Dovetail Micro-C Kit (Catalog # 21006), the Dovetail Library

Module for Illumina (Catalog # 25004), and the primer set for NGS library preparation (Dovetail Dual

Index Primer Set #1 for Illumina, Catalog # 25010) were used for digestion, proximity ligation, library

preparation, ligation capture, and amplification. Libraries were subjected to Illumina 150x2 bp pair-

end sequencing with 80X coverage. Data submitted to Gene Expression Omnibus (GSE297379).

3.5.7 Hi-ChIP

Kc Cells were allowed to grow to confluence and harvested. Before harvesting, HS (Heat stress)

samples were incubated at 37◦C for one hour. 10 × 106 cells were used per HiChIP reaction,

and two replicates each for NHS (non-heat stress) and HS (Heat stress). Crosslinking was per-
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formed using 0.3M DSG and 37% formaldehyde as per the manufacturer’s protocol (Dovetail

HiChIP MNase Kit user guide). Dovetail HiChIP MNase Kit (Catalog # 21007), which includes

the Dovetail Library Prep Kit and the primer set for NGS library preparation, was used for diges-

tion, lysate preparation, chromatin immunoprecipitation, proximity ligation, and library preparation.

Rabbit anti-CLAMP (5μg/sample, SDIX) was used for the immunoprecipitation step. Libraries were

subjected to Illumina 150x2 bp pair-end sequencing. Data submitted to Gene Expression Omnibus

(GSE253644).

3.5.8 Computational analysis

SLAM-seq Analysis

The nf-core/slamseq (v1.0.0) pipeline was used to process and analyze the SLAM-seq data (Neu-

mann et al. 2019; Ewels et al. 2020). The following parameters were used in the pipeline: -

profile singularity, –genome BDGP6, –read-length 150, –trim5 12, –polyA 4, –multimappers true,

–quantseq false, –endtoend false, –min-coverage 2, –var-fraction 0.2, –conversions 1, –base-

quality 27, –pvalue 0.05, –skip-trimming false, –skip-deseq2 false. Adapter trimming was per-

formed using Trim Galore (v0.6.5). Conversion-aware mapping, alignment filtering, multimapper

recovery, SNP calling, read quantification, gene-level quantification collapsing, QC stats, and result

summarizations were all performed using SlamDunk (v0.4.3)(Neumann et al. 2019). Differentially

expressed genes were then determined using DESeq2 (v1.22.1) (Love et al. 2014).

Micro-C analysis

Micro-C raw data was analyzed using the HiC-Pro toolkit (v3.1.0) (Servant et al. 2015) with default

parameters. Normalized contact maps deriving from HiC-Pro were converted to the cooler format

using utility scripts (https://github.com/nservant/HiC-Pro/tree/master/bin/utils) in the HiC-Pro toolkit

(v3.1.0) (Servant et al. 2015). Subsequently, the cooler contact maps for each condition were used

to identify differential chromatin interactions using the HiCcompare library (v1.24.0) (Stansfield et

al. 2018) in Bioconductor (3.18). Significant differential chromatin interactions (P < 0.01) were

used in a range of analyses throughout the study. Differential loops within our statistical cutoff were

visualized in aMA plot in Python (3.8) usingmatplotlib (v3.7.5) and seaborn (v0.13.2). Furthermore,
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the bedtools suite (v2.31.0) was used to perform overlaps (bedtools pairtobed) with dm6 genes,

determining the number of genes that were localized within loops and their anchors, respectively.

The Mann-Whitney test was used to determine the statistical significance of differential loop sizes

between our studied conditions. Moreover, differential loops were visualized and compared with

other datasets in the study using the coolbox API (v0.3.9) (Xu et al. 2021).

Hi-ChIP Analysis

Hi-ChIP raw data was analyzed using theDovetail genomics Hi-ChIP documentation (https://hichip.readthe-

docs.io/en/latest/index.html). Sequences were mapped to the dm6 genome using the Burrows-

Wheeler Aligner (v0.7.17) (Li et al. 2009) passing the following arguments: mem, -5, -S, -P, -

T0; default values were used for all other settings. Using the parse module of pairtools (v0.3.0),

valid ligation events were recorded; the following parameters were changed from default values:

–min-mapq 40, –walks-policy 5unique, –max-inter-align-gap 30. PCR duplicates were removed

using the dedup module of pairtools (v0.3.0). Subsequently, the split module of pairtools was

used to generate the final bam and pair files. The samtools (v1.17) sort module was used to

sort the bam files. To determine the quality of the proximity ligation events, scripts generated by

the Dovetail Genomics team were utilized, which are deposited in the following GitHub repository

(https://github.com/dovetail-genomics/HiChiP).

The cooler suite (v0.9.3) (Abdennur and Mirny 2020) was used to generate contact maps from

pair files, and the coolbox API (v0.3.9) (Xu et al. 2021) was used to visualize the contact maps and

bigwig tracks. To call loops, the flexible FitHiChIP tool (v10.0) (Bhattacharyya et al. 2019) was

used as resolutions are easily adjustable, and it can detect different categories of 3D chromatin

interactions. Furthermore, since FitHiChIP required 1D peaks from the same tissue and condi-

tions, MACS2 (v2.2.9.1) was used to call peaks on the Hi-ChIP data. Differential loops between

conditions were determined using edgeR in custom scripts located in the FitHiChIP repository

(https://github.com/ay-lab/FitHiChIP) and were visualized in a MA plot in Python (v3.8) using mat-

plotlib (v3.7.5) and seaborn (v0.13.2). Differential loops were visualized using APA plots with the

coolpup.py (Hsieh et al. 2020) suite (v1.0.0), displaying average signal over loop focal points. The

central pixel within the APA plot is the central bin (2.5 kb), which contains the differential chromatin

contact. The total size of the region displayed, including the central bin, is represented within the
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figures legends or within plot. Scores represented in the top left corners of the APA plot correspond

to the central pixel intensity relative to the background. Furthermore, the bedtools suite (v2.31.0)

was used to perform overlaps (bedtools pairtobed) with dm6 genes, determining the number of

genes that were localized within loops and their anchors, respectively. The Mann-Whitney test

was used to determine the statistical significance of differential loop sizes between our studied

conditions.

Integration of Micro-C, Hi-ChIP, and SLAM-seq datasets

To overlap Micro-C and HiChIP (3D genomics) with SLAM-seq (nascent RNA sequencing), we first

had to transform the output of each technique into a mutually comparable format. Therefore, to an-

alyze all three datasets, Micro-C and HiChIP differential loops were annotated with FlyBase genes,

and SLAM-seq differential transcripts were converted to FlyBase genes. Micro-C andHiChIP differ-

ential loop anchors were annotated using a custom Python script and the bedtools suite (v2.31.0).

In addition, the entire loop span was annotated using the bedtools suite (v2.31.0), collecting all

FlyBase genes that were localized at the loop anchors and within the loop. Using this method, we

derived gene lists from the differential loop analyses of Micro-C and HiChIP, which we could com-

pare with the SLAM-seq differential gene lists. All overlaps presented were visualized using the

matplotlib-venn (v0.11.9) Python package, and Fisher’s Exact test combined with FDR correction

was used to determine statistical significance between all gene lists (Table S3.1). The coolbox

API (v0.3.9) (Xu et al. 2021) was used to visually compare all datasets in the study, observing

differential contact maps, chromatin loops, ChIP signal, nascent RNA signal, and genes within a

specified region.

ChIP-seq Analysis

Raw data (GSE118047, GSE30740, GSE36374, GSE36393, GSE54529, GSE63518, GSE80702,

GSE89244) (Li et al. 2015; Gutierrez-Perez et al. 2019; Wood et al. 2011; Yang et al. 2013; Kell-

ner et al. 2012; Van Bortle et al. 2012; Van Bortle et al. 2014; Cubenas-Potts et al. 2017; Rowley

et al. 2017) was filtered using Trim Galore (v0.5.0), then aligned to the dm6 genome using the

mem module of the Burrows-Wheeler Aligner (v0.7.17) with default settings. BigWig tracks were

produced using the bamCoverage module in the deeptools suite (v3.2.1) with the following pa-

92



rameters: –binSize 50, –normalizeUsing CPM, –extendReads 200, –exactScaling, –centerReads,

–blackListFileName dm6-blacklist.bed. The respective BigWig tracks were visualized using the

coolbox API (v0.3.9) and the deeptools suite (v3.2.1) over regions of interest.
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3.9 Supplemental Figures

Figure S3.1: Photomicrograph showing validation of CLAMP dsRNA treatment, lowering CLAMP protein level

in Kc cells.

Figure S3.2: CLAMP functions more frequently as a repressor than an activator in both NHS and HS conditions.

(A-B) MA plots show more up-regulated nascent transcripts (positive red dots, p < 0.05, log2FC ≥ 2) in both clamp

RNAi-treated cells under NHS (no heat stress) and HS (heat stress) conditions.
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Figure S3.3: CLAMP-dependent HS-repressed genes significantly overlap with HS-repressed genes. (A-B) Venn

diagrams comparing HS-activated, N=421 (A), and HS-repressed, N=1047 (B) genes with clamp RNAi-dependent HS-

upregulated (N=1061) and downregulated (N=30) genes. clamp RNAi upregulated genes significantly overlap with

HS-repressed genes (p=0, Fisher’s test with FDR correction).
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Figure S3.4: ManyCLAMP-dependent repressed genes are present at the loop anchors of CLAMP-dependent HS-

associated chromatin loops lost after HS. (A-D) Venn diagrams comparing HS-associated chromatin loop changes

(genes at the loop anchors) and HS-activated and repressed genes (A and B); as well as CLAMP-dependent chromatin

loop changes during HS with CLAMP-dependent HS-induced transcriptional changes (C and D), showing significant

(Fisher’s Test) overlap betweenHS-associated Up loops (A) andDown loops (B)with HS-repressed genes; and CLAMP-

dependent HS-associated Down loops (C, clamp RNAi up-regulated HS-loops) and Up loops (D, clamp RNAi down-

regulated HS-loops) with CLAMP-dependent HS-repressed genes (clamp RNAi HS up-regulated genes).
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Figure S3.5: CLAMP-HiChIP identifies CLAMP-bound chromatin loops in control and HS cells. (A-B) APA plots

of CLAMP HiChIP loops centered on three classes of significant loop interactions identified by CLAMP HiChIP in both

NHS and HS conditions: 1) Loops identified only in NHS conditions (control loops, N=1515); 2) Loops identified in both

NHS and HS conditions (shared loops, N=421) and 3) Loops identified only in HS conditions (HS loops, N=563). The

value listed indicates the enrichment of the center pixel compared to the background, at ~40 kb (A) and ~80 kb (B)

resolution.
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Figure S3.6: Most CLAMP-associated changes upon heat stress are three-dimensional and not associated with

differences in CLAMP occupancy. (A-F) Example tracks for each class of CLAMP-associated loops lost and gained

after HS. The grey tracks show the occupancy of CLAMP upon HS, whereas the purple tracks show CLAMP occupancy

in normal conditions (NHS). A purple line connects loop anchor endpoints. Highlighted regions correspond to 2.5 kb

anchors. The classes of CLAMP-associated loops shown are: (A) HD-HD, in which there is a change in both three-

dimensional contacts and CLAMP occupancy at both ends of the loop anchor upon HS; (B) ND-LD in which there is a

change in 3D contacts and only a slight change in CLAMP occupancy at one of the ends of the loop anchor upon HS;

(C) HD-ND in which there is a change in 3D contacts and occupancy of CLAMP at one end of the loop anchor upon

HS; (D) LD-LD in which there is a change in 3D contacts and only a slight change in CLAMP occupancy at both of the

ends of the loop anchor upon HS. (E) ND-ND in which there is only a change in 3D contacts and no change in CLAMP

occupancy at either end of the loop anchor upon HS; (F) HD-LD in which there is a change in 3D contact at one end of

the loop anchor and only slight change in CLAMP occupancy at another end of the loop anchor upon HS.
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3.10 Supplementary Tables

Table S3.1: List of statistical tests and their results listed for the Venn diagrams generated for analysis of micro-C, HiChIP, and SLAM-seq data sets.

Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

Figure 1D Fisher’s test + FDR correction

HS-activated

transcripts

clamp RNAi HS

Up-regulated

transcripts

190 995 4028 1.750E-13 2.625E-13 Yes

HS-activated

transcripts

clamp RNAi HS

Down-regulated

transcripts

29 995 58 7.447E-30 2.234E-29 Yes

clamp RNAi HS

Up-regulated

transcripts

clamp RNAi HS

Down-regulated

transcripts

0 4028 58 1.000E+00 1.000E+00 No

Figure 1E Fisher’s test + FDR correction

HS-repressed

transcripts

clamp RNAi HS

Up-regulated

transcripts

2660 3547 4028 0 0 Yes

Continued on next page…
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Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

HS-repressed

transcripts

clamp RNAi HS

Down-regulated

transcripts

2 3547 58 0.982895 1 No

clamp RNAi HS

Up-regulated

transcripts

clamp RNAi HS

Down-regulated

transcripts

0 4028 58 1 1 No

Figure 2D Mann–Whitney test + FDR correction

clamp RNAi HS

Down-reg. Loops

clamp RNAi HS

Up-reg. Loops

− − − 3.966E-70 3.97E-70 Yes

clamp RNAi HS

Down-reg. Loops

HS induced Down

Loops

− − − 0.000E+00 0.000E+00 Yes

clamp RNAi HS

Down-reg. Loops

HS induced Up Loops − − − 0.000E+00 0.000E+00 Yes

clamp RNAi HS

Up-reg. Loops

HS induced Down

Loops

− − − 0.000E+00 0.000E+00 Yes

clamp RNAi HS

Up-reg. Loops

HS induced Up Loops − − − 0.000E+00 0.000E+00 Yes

Continued on next page…

1
0
0



Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

HS induced Down

Loops

HS induced Up Loops − − − − 5.63E-186 Yes

Figure 2F Fisher’s test + FDR correction

HS induced Up Loops HS-activated genes 344 14132 421 8.906E-02 1.336E-01 No

HS induced Up Loops HS-repressed genes 899 14132 1047 2.496E-09 7.487E-09 Yes

HS-activated genes HS-repressed genes 10 421 1047 9.998E-01 9.998E-01 No

Figure 2G Fisher’s test + FDR correction

HS induced Down

Loops

HS-activated genes 323 13223 421 0.098601 0.147901 No

HS induced Down

Loops

HS-repressed genes 825 13223 1047 0.000084 0.000253 Yes

HS-activated genes HS-repressed genes 10 421 1047 0.999819 0.999819 No

Figure 2H Fisher’s test + FDR correction

clamp RNAi Up-reg.

HS Loops

clamp RNAi HS

Up-reg. Genes

717 10889 1061 0.000002 0.000005 Yes

clamp RNAi Up-reg.

HS Loops

clamp RNAi HS

Down-reg. Genes

21 10889 30 0.201558 0.302336 No

Continued on next page…
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Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

clamp RNAi HS

Up-reg. Genes

clamp RNAi HS

Down-reg. Genes

0 1061 30 1 1 No

Figure 2I Fisher’s test + FDR correction

clamp RNAi

Down-reg. HS Loops

clamp RNAi HS

Up-reg. Genes

445 5506 1061 1.430E-15 4.290E-15 Yes

clamp RNAi

Down-reg. HS Loops

clamp RNAi HS

Down-reg. Genes

14 5506 30 4.885E-02 7.327E-02 No

clamp RNAi HS

Up-reg. Genes

clamp RNAi HS

Down-reg. Genes

0 1061 30 1.000E+00 1.000E+00 No

Figure 3D Mann–Whitney test + FDR correction

CLAMP assoc. HS

induced Up Loops

CLAMP assoc. HS

induced Down Loops

− − − 0.035489 0.035489 Yes

Figure 3E Fisher’s test + FDR correction

HS induced Down

Loops

CLAMP assoc. HS

induced Down Loops

1459 13223 1532 4.208E-

116

1.262E-

115

Yes

HS induced Down

Loops

HS-repressed genes 825 13223 1047 8.424E-05 8.424E-05 Yes

Continued on next page…
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Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

CLAMP assoc. HS

induced Down Loops

HS-repressed genes 173 1532 1047 6.397E-18 9.595E-18 Yes

Figure 3F Fisher’s test + FDR correction

HS induced Down

Loops

CLAMP assoc. HS

induced Down Loops

1459 13223 1532 4.208E-

116

1.262E-

115

Yes

HS induced Down

Loops

clamp RNAi HS

Up-reg. Genes

834 13223 1061 1.381E-04 1.381E-04 Yes

CLAMP assoc. HS

induced Down Loops

clamp RNAi HS

Up-reg. Genes

179 1532 1061 1.712E-19 2.567E-19 Yes

Figure 4A Fisher’s test + FDR correction

clamp RNAi Up-reg.

HS Loops

CLAMP assoc. HS

induced Down Loops

1142 10889 1532 2.93E-32 8.78E-32 Yes

clamp RNAi Up-reg.

HS Loops

HS-repressed +

clamp RNAi HS

Up-reg. Genes

494 10889 735 1.55E-04 1.55E-04 Yes

CLAMP assoc. HS

induced Down Loops

HS-repressed +

clamp RNAi HS

Up-reg. Genes

130 1532 735 5.65E-16 8.47E-16 Yes

Continued on next page…
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Group 1 Group 2 Over-

lap

Group 1

size

Group 2

size

Raw

p-value

Adj.

p-value

Signifi-

cant

Figure S2A Fisher’s test + FDR correction

HS-activated genes clamp RNAi HS

Up-reg. genes

75 421 1061 9.15E-17 1.37E-16 Yes

HS-activated genes clamp RNAi HS

Down-reg. genes

16 421 30 1.59E-18 4.79E-18 Yes

clamp RNAi HS

Up-reg. genes

clamp RNAi HS

Down-reg. genes

0 1061 30 1 1 No

Figure S2B Fisher’s test + FDR correction

HS-repressed genes clamp RNAi HS

Up-reg. genes

735 1047 1061 0.00E+00 0.00E+00 Yes

HS-repressed genes clamp RNAi HS

Down-reg. genes

2 1047 30 5.50E-01 8.30E-01 No

clamp RNAi HS

Up-reg. genes

clamp RNAi HS

Down-reg. genes

0 1061 30 1 1 No

− Not applicable (Mann–Whitney; no overlap metric). Adj. = FDR-adjusted. Italic = RNAi experimental condition.
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4.1 Abstract

The GA-binding pioneer transcription factors CLAMP and GAF bind to a subset of GA-repeat mo-

tifs distributed throughout the Drosophila genome, yet the features that distinguish bound from

unbound GA-repeats remain poorly understood. Here, we leveraged ubiquitous, genome-wide

histone modification signal and high-resolution three-dimensional (3D) chromatin interaction data

derived from male Drosophila S2 cells to characterize the chromatin environment present at every

GA-repeat motif in the genome. We hypothesized that the inclusion of 3D chromatin interaction

data would be critical in developing robust models capable of distinguishing between classes of

GA-repeat motifs. To test this hypothesis, we employed three machine and deep learning algo-

rithms: logistic regression (LR), a multi-layer perceptron (MLP), and a graph convolutional neural

network (GCN). The GCN model, which integrates both epigenomic features and 3D chromatin

structure, substantially outperformed the LR and MLP models, achieving an AUROC of 0.98 com-

pared to 0.83 and an AUPR of 0.70 compared to 0.51. Using GNNExplainer, we derived feature

importance scores revealing that the H3K4me1, H3K4me2, H3K27me3, and H4K16ac histone

modifications are critical in distinguishing between GA-repeats throughout the genome. Our find-

ings demonstrate that the chromatin environment surrounding GA-repeat motifs, particularly when

captured in the context of 3D chromatin organization, possesses unique epigenomic signatures

which generate new hypotheses about factors that drive pioneer transcription factor occupancy.

4.2 Introduction

Precise and coordinated regulation of gene expression is essential for the viability of all organisms

(Lee and Young 2013). Chromatin domains coordinate gene expression by concentrating key

factors at specific genomic locations in a context-specific way to concordantly activate or repress

groups of genes. Within the nucleus of eukaryotic cells, chromatin is tightly compacted through

multiple orders of organization and shares finite nuclear space with many classes of transcriptional

regulators, including DNA-binding transcription factors (TFs) and large transcription complexes

(Bonev and Cavalli 2016; Zaret 2020). TFs recruit large transcription complexes to facilitate spa-

tially precise and temporally dynamic transcriptional repression and activation of specific groups
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of genes (Zaret 2020; Drouin 2014). A fundamental question in chromatin biology is how TFs

with similar DNA-binding preferences achieve distinct regulatory outcomes at different genomic

loci. This question is particularly relevant for pioneer TFs, which are capable of binding compacted

chromatin and facilitating subsequent binding of other factors to establish new regulatory states.

In Drosophila melanogaster, the GA-binding pioneer TFs CLAMP (Chromatin-Linked Adaptor

for MSL Proteins) and GAF (GAGA Factor, encoded by the Trithorax-like gene) recognize GA-

repeat motifs distributed throughout the genome (Fuda et al. 2015; Kuzu et al. 2016). These

factors play central roles in many biological processes including dosage compensation and the

heat stress response (Larson et al. 2021; Freund et al. 2024). However, little is known about what

factors determine the context-specific regulatory function of each factor when they bind to different

genomic locations (Gaskill et al. 2021; Duan et al. 2021). In the context of dosage compensa-

tion, CLAMP facilitates the recruitment of the dosage compensation complex (DCC) to the single

male X chromosome, mediating the approximately two-fold transcriptional upregulation of X-linked

genes (Soruco et al. 2013; Larschan E et al. 2011). Variation within GA-repeat binding sites that

accumulated over evolutionary time on the X chromosome promotes the occupancy of CLAMP

instead of GAF, and this differential occupancy is critical for X-specific DCC recruitment (Kaye et

al. 2018; Kuzu et al. 2016). Despite the importance of these factors, CLAMP and GAF bind to

only a subset of the thousands of GA-repeat motifs present in the genome, raising a fundamental

question: what distinguishes the GA-repeat motifs at which these transcription factors bind from

those at which they do not?

One approach to addressing this question is to characterize the chromatin environment–defined

as the combinatorial representation of histone modifications at a specific locus–present at every

GA-repeat motif in the genome. Histone modifications are key regulators of transcriptional activity,

with specific modifications driving activation (e.g., H3K4me1, H3K4me2, H3K4me3, H4K16ac) or

repression (e.g., H3K27me3, H3K9me3) of gene expression (Kouzarides 2007; Bannister and

Kouzarides 2011; Gelbart and Kuroda 2009). By extracting genome-wide signal from these key

histone modifications in male Drosophila S2 cells, where dosage compensation is constitutively

active, we can perform a combinatorial analysis of the epigenomic signal present at GA-repeats.

However, histone modification signal captured in linear genomic space provides an incomplete

picture of the true regulatory environment. Chromatin is organized in three dimensions, and distal
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genomic loci can be brought into close spatial proximity through chromatin looping (Bonev and

Cavalli 2016). Therefore, the histone modifications that are functionally relevant to a given GA-

repeat may be present at distal loci which interact with it in 3D space.

In recent years, advances in machine learning have provided powerful tools for modeling com-

plex biological data. Convolutional neural networks (CNNs), long short-term memory networks

(LSTMs), and transformers have been applied to predict transcription factor binding sites with in-

creasing accuracy (LeCun et al. 2015; Hochreiter and Schmidhuber 1997; Vaswani et al. 2017).

CNN-based models such as DeepBind and DeepSEA have demonstrated strong performance in

predicting binding from DNA sequence alone (Zhou and Troyanskaya 2015; Alipanahi et al. 2015).

However, these approaches do not incorporate epigenomic data or three-dimensional chromatin

organization, which are essential for understanding the binding activities of transcription factors

such as CLAMP and GAF. Graph neural networks (GNNs) offer a natural framework for modeling

3D chromatin interactions as they operate on graph-structured data where nodes represent ge-

nomic loci and edges represent chromatin contacts (Kipf and Welling 2016). Notably, GC-MERGE

demonstrated that graph convolutional networks can effectively integrate lower resolution Hi-C-

derived chromatin interaction maps with histone modification profiles to predict gene expression

across human cell lines (Bigness et al. 2022), providing an interpretable framework that quantifies

both node-level features and edge-level interactions in the context of 3D genome organization.

Here, we extend this framework to comprehensively characterize the chromatin environment

at every GA-repeat motif present throughout the entire Drosophila genome. We leveraged ubiq-

uitous, genome-wide signal from key histone modifications that drive activation and repression of

genes, derived from male Drosophila S2 cells. Critically, we also incorporated high-resolution 3D

chromatin interaction data to determine the combination of histone modifications enriched at each

GA-repeat in the context of its spatial neighborhood. We hypothesized that the inclusion of 3D

chromatin interaction data would be critical in developing robust models aimed at distinguishing

between GA-repeat motifs in the genome. To test this hypothesis, we utilized three machine and

deep learning algorithms to build a GA-repeat classifier: logistic regression (LR), a multi-layer per-

ceptron (MLP), and a graph convolutional neural network (GCN). The GCN model outperformed

both the LR and MLP models, achieving substantial increases in AUROC (0.83 to 0.98) and AUPR

(0.51 to 0.70). Using GNNExplainer (Ying et al. 2019), we derived importance scores revealing
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unique epigenomic signatures that distinguish between classes of GA-repeats. These signatures

capture the enrichment or depletion of specific histone modifications that aggregate in 3D space,

providing substantially more information than what non-graph machine learning models could offer.

Together, our results demonstrate that the chromatin environment, when captured in three dimen-

sions, provides the discriminative power necessary to distinguish between GA-repeat motifs and

reveals the epigenomic features that may underlie context-specific transcription factor occupancy.

4.3 Experimental Design and Methods

4.3.1 Overview of datasets

To characterize the chromatin environment at genome-wide GA-repeat motifs, we leveraged pub-

licly available ChIP-seq data from male Drosophila S2 cells for eight histone modifications that

represent key active and repressive chromatin states. The activating marks included H3K4me1

(GSM1535991), H3K4me2 (GSM731241), H3K4me3 (GSM1535994), H3K27ac (GSM2259987),

H3K36me3 (GSM731243), andH4K16ac (GSM731244), while the repressivemarks includedH3K9me3

(GSM2487547) and H3K27me3 (GSM2776903). These modifications were selected because they

are ubiquitously distributed throughout the genome and collectively capture the major regulatory

states underlying transcriptional activation and repression in Drosophila (Kharchenko et al. 2011).

Notably, H4K16ac is the hallmark modification deposited by the dosage compensation complex on

the male X chromosome (Gelbart and Kuroda 2009), making its inclusion particularly relevant to

our analysis of GA-repeat classification. ChIP-seq signal for each modification was binned at 1kb

resolution across the genome. Transcription factors were excluded from the study as they possess

sequence specificity which may bias the models during training.

To incorporate three-dimensional chromatin organization, we utilized the control (gfp RNAi)

Micro-C data generated in Chapter 2 from male Drosophila S2 cells. Micro-C captures chromatin

interactions at high resolution (Hsieh et al. 2015), and these data were similarly processed at 1kb

resolution to maintain consistency with the histone modification signal. The use of matched cell

types across all datasets ensures that both the epigenomic profiles and 3D chromatin interaction

maps reflect the same biological context. Together, these datasets comprise the complete set of

input features used to construct the feature matrices for all downstream machine learning models.
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4.3.2 Generation of target variable

To identify and classify GA-repeat motifs throughout the Drosophila genome, we used the HOMER

motif discovery suite (Heinz et al. 2010). We first performed de novo motif discovery on the high-

affinity sites (HAS) of the dosage compensation complex (Alekseyenko et al. 2008), extracting

the core 8 bp GA-repeat motif central to the MSL-recognition elements (Kuzu et al. 2016). Using

this consensus motif, allowing for a single mismatch to account for CLAMP or GAF binding (see

Chapter 2), we then conducted a genome-wide scan to identify all occurrences of the GA-repeat

motif across the Drosophila genome.

Subsequently, each identified GA-repeat motif was assigned to one of three classes based

on its genomic location. Class 1 comprises GA-repeats located on the autosomes, representing

motifs that do not regulate X-chromosome dosage compensation. Class 2 comprises GA-repeats

located on the X chromosome but outside of the high-affinity sites, representing X-linked motifs

that are not direct DCC recruitment sites. Class 3 comprises GA-repeats located within the high-

affinity sites, representing the motifs that directly recruit the dosage compensation complex to the

X chromosome.

To integrate these classifications with the 1kb resolution feature matrices described above, we

binned the entire genome into non-overlapping 1kb windows and assigned each bin the class label

of its resident GA-repeat motif. Bins that did not contain a GA-repeat motif were labeled as Class

0, representing genomic regions without GA-repeats. This four-class labeling scheme (Classes 0

to 3) served as the target variable for all downstream classification models. Notably, all models

will learn to discriminate only between classes 1 to 3; class 0 was generated to enable the graph

structure described below.

4.3.3 Graph construction and data integration

To construct the graph representation of theDrosophila genome, we defined each 1kb genomic bin

as a node and assigned chromatin interactions as edges connecting nodes in three-dimensional

space. Importantly, not all raw chromatin interactions from the Micro-C data were used as edges.

Instead, we identified statistically significant chromatin interactions using FitHiC (Ay et al. 2014;

Kaul et al. 2020), keeping only those interactions that passed significance thresholds. This filtering
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step ensures that the graph structure reflects biologically meaningful 3D contacts rather than back-

ground interactions. However, even after filtering for significant interactions, the average number

of connections per node was approximately 300, presenting a computational challenge. During

graph convolution, aggregating signal across a large neighborhood would dilute the epigenomic

features at each node, averaging out biologically meaningful signal. To address this, we used

a Neighbor Sampler strategy (Hamilton et al. 2017); for each node, the top 20 connections are

sampled by their transformed FitHiC p-values. This sampling approach ensures that the most

statistically significant chromatin interactions have the highest likelihood of being selected to rep-

resent a given node during each convolution. Together, these edge considerations ensure that the

GCN operates on a high-confidence graph in which each node’s neighborhood captures the most

informative 3D chromatin interactions rather than a diluted aggregate of all possible contacts.

4.3.4 Baseline models

To establish baseline performance for the GA-repeat classification task, we implemented two non-

graph models: logistic regression (LR) (Pedregosa et al. 2012) and a multi-layer perceptron (MLP)

(Paszke et al. 2019). As input, both models receive the histone modification feature vector for each

1kb genomic bin, without any information about 3D chromatin interactions. For both baselines,

input features were standardized using a scikit-learn’s StandardScaler (Pedregosa et al. 2012).

The logistic regression model was implemented using scikit-learn’s LogisticRegression with a

multinomial formulation optimized via the L-BFGS solver. To address class imbalance, we applied

the balanced class weighting scheme, which adjusts weights inversely proportional to class fre-

quency. The model was trained for a maximum of 1,000 iterations with a fixed random seed for

reproducibility. LR serves as a linear baseline, capturing only the relationships between individual

histone modifications without modeling any interactions between features.

The MLP was implemented in PyTorch (Paszke et al. 2019) as a fully connected feedforward

neural network consisting of three hidden layers, each with 128 units. Each hidden layer was

followed by batch normalization, a ReLU activation function, and dropout regularization (0.3) to

reduce overfitting. The output layer projects to the number of target classes. The model was

trained for 250 epochs using the Adam optimizer with a learning rate of 1 x 10-3 and weight decay

of 5 x 10-4, with a ReduceLROnPlateau scheduler that halved the learning rate after 50 epochs
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of no improvement. To address class imbalance, we applied inverse frequency class weights to

the cross-entropy loss function during training. Model selection was performed based on the best

validation AUROC, and training was conducted on GPU with a batch size of 64. Unlike logistic

regression, the MLP can model nonlinear relationships between histone modifications through its

hidden layers, but like LR, it operates solely on the feature vector and cannot incorporate 3D

chromatin structure.

4.3.5 Graph convolutional neural networks

To leverage 3D chromatin organization, we implemented a graph convolutional neural network

(GCN) using PyTorch Geometric (Fey and Lenssen 2019). In this framework, each 1kb genomic

bin is represented as a node with a feature vector corresponding to the histone modification sig-

nal, and edges between nodes represent statistically significant chromatin interactions identified

by FitHiC, as described above. The GCN architecture consists of three GCNConv layers (Kipf

and Welling 2016), each with a hidden dimensionality of 128, followed by three fully connected

linear layers also with 128 hidden units, and a final output layer projecting to the number of target

classes. Dropout regularization (p = 0.5) was applied throughout the network, and normalization

was enabled within the GCNConv layers.

The key distinction of the GCN from the baseline models lies in its message-passing mecha-

nism. At each GCNConv layer, each node aggregates the feature representations of its neighbor-

ing nodes and updates its own representation accordingly. Over three convolutional layers, each

node’s representation incorporates information from its three-hop neighborhood in 3D chromatin

space, capturing the combinatorial histone modification environment at the loci it contacts in three

dimensions.

During training, we employed a NeighborLoader with a sampling strategy of 20 neighbors per

node per layer, selecting the most significant chromatin interactions based on their transformed

FitHiC p-values, as described above. Training was performed using the Adam optimizer with a

learning rate of 5 x 10-4 and weight decay of 5 x 10-4 for 50 epochs with a batch size of 256. Inverse

frequency class weights were applied to the cross-entropy loss to address class imbalance. The

model was trained on GPU, and all experiments were conducted with a fixed random seed for

reproducibility.
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Figure 4.1: Experimental overview of the GA-repeat classification framework. The input data consist of two comple-

mentary data types derived from male Drosophila S2 cells: (top) 3D genomics signal from Micro-C chromatin interaction

maps combined with epigenomic signal from eight histone modification ChIP-seq datasets, and (bottom) epigenomic

signal alone. The GCN (top) receives both data types as a graph where nodes represent 1kb genomic bins with his-

tone modification feature vectors and edges represent significant chromatin interactions identified by FitHiC. The MLP

(bottom) receives only the epigenomic feature vectors without 3D structural information. Both architectures output pre-

dictions across three target classes: Class 1 (GA-repeats on autosomes), Class 2 (GA-repeats on the X chromosome

outside of high-affinity sites), and Class 3 (GA-repeats within high-affinity sites, HAS).

4.3.6 Evaluation metrics

To evaluate model performance, we used two complementary metrics: the area under the receiver

operating characteristic curve (AUROC) and the area under the precision-recall curve (AUPR). AU-

ROC measures the ability of a classifier to distinguish between classes across all decision thresh-

olds and is widely used in binary and multi-class classification tasks. However, AUROC can be

misleading when applied to highly imbalanced datasets as it is influenced by the true negative rate,

which is inflated when the majority class dominates. Since our dataset is highly imbalanced, repre-

senting Class 1 (autosomes) substantially more thanClasses 2 (X chromosome) and 3 (high-affinity

sites), we paired AUROC with AUPR, focusing on precision and recall which is more sensitive to

the performance of the minority classes. To further reduce the effects of class imbalance during

training, we applied class weights inversely proportional to class frequency. Together, the use

of both metrics alongside class weighting provides a more complete and rigorous assessment of

model performance across all GA-repeat classes.
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4.3.7 Experimental overview

To address the question of what distinguishes GA-repeat motifs throughout the genome, we de-

signed a classification framework that integrates epigenomic and 3D chromatin data (Fig. 4.1).

Each 1kb genomic bin was represented as a node in a graph, with eight histone modification ChIP-

seq signals as node features and statistically significant Micro-C chromatin interactions as edges.

GA-repeat motifs were classified into three categories: Class 1 (autosomal GA-repeats), Class 2

(X-chromosomal GA-repeats outside of high-affinity sites), and Class 3 (GA-repeats within HAS

that directly recruit the DCC). We compared three models with increasing complexity: a logistic

regression (LR) that captures only linear relationships between histone modifications, a multi-layer

perceptron (MLP) that models nonlinear feature interactions but ignores 3D structure, and a graph

convolutional neural network (GCN) that aggregates histone modification signal across the 3D

chromatin neighborhood of each GA-repeat. This design enables us to directly assess the contri-

bution of 3D chromatin organization to the classification of GA-repeat motifs.

4.4 Results and Discussion

4.4.1 Graph convolutional neural networks outperform baseline models

We first compared the performance of the three classification models on the GA-repeat classifi-

cation task (Fig. 4.2). The logistic regression (LR) baseline achieved an AUROC of 0.83 and an

AUPR of 0.51 on the test set, establishing a linear baseline for the task. The MLP, which can model

nonlinear relationships between histone modifications, achieved an equivalent AUROC of 0.83 but

a modestly improved AUPR of 0.60, suggesting that nonlinear feature interactions contribute pri-

marily to improved precision and recall on the minority classes. Strikingly, the GCN substantially

outperformed both baseline models, achieving an AUROC of 0.98 and an AUPR of 0.71. The

improvement in AUROC from 0.83 to 0.98 indicates that the GCN is substantially better at dis-

criminating between all classes, while the increase in AUPR from 0.51 to 0.71 demonstrates an

improvement in correctly classifying the underrepresented Class 2 (X-chromosomal) and Class 3

(HAS) GA-repeats. Importantly, the LR and MLP models receive identical input features and differ

only in their capacity tomodel nonlinear interactions. Since bothmodels achieve the sameAUROC,
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Figure 4.2: The GCN outperforms baseline models for GA-repeat classification. Bar plot comparing mean AUROC

(green) and AUPR (blue) across logistic regression (LR), multi-layer perceptron (MLP), and graph convolutional neural

network (GCN) models. Error bars represent standard deviation. The GCN achieved the highest performance on both

metrics (AUROC = 0.98, AUPR = 0.71), followed by the MLP (AUROC = 0.83, AUPR = 0.60) and LR (AUROC = 0.83,

AUPR = 0.51).

this suggests that linear relationships between histone modifications already capture substantial

discriminative information, but that this information alone is insufficient. The dramatic improve-

ment achieved by the GCN, which is the only model that incorporates 3D chromatin structure,

demonstrates that the spatial context of histone modifications provides critical information for dis-

tinguishing between GA-repeat classes. These results support our hypothesis that 3D chromatin

interaction data are essential for building robust classifiers of GA-repeat motifs.

4.4.2 Class-specific combinations of histone modifications emerge from classifier

Given that the GCN substantially outperforms the baseline models, we next sought to understand

which histone modifications were most important for classifying each GA-repeat class (Fig. 4.3A).

We applied GNNExplainer to derive mean normalized importance scores for each of the eight

histone modification features across a random sample of 70 correctly classified test nodes per

class (Fig. 4.3B). Across all three classes, the repressive mark H3K27me3 emerged as a con-

sistently important feature, though its relative importance varied by class. For Class 1 (autoso-

mal GA-repeats), the most important features were H3K27me3 (0.72) and H3K27ac (0.65), fol-

lowed by H4K16ac (0.53) and H3K4me (0.50). The importance of the repressive mark H3K27me3
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Figure 4.3: Class-specific histone modification importance scores derived from GNNExplainer. (A) Schematic

illustrating the concept of the chromatin environment at a GA-repeat motif. Chromatin is organized in three-dimensional

space, and the histone modifications (acetylation, methylation, trimethylation) at loci that physically contact a GA-repeat

contribute to its classification. (B)Mean normalized importance scores for each of the eight histone modifications across

the three GA-repeat classes (n = 70 per class). Class 1 (autosomes) shows high importance for H3K27me3, H3K27ac,

and H4K16ac. Class 2 (X chromosome, non-HAS) is dominated by H3K27me3 and H3K4me1. Class 3 (HAS) shows

the highest importance for H3K4me1, followed by H3K27me3, H3K4me2, and H4K16ac.

and the activating mark H3K27ac is notable as these modifications are mutually exclusive at the

same residue (H3K27), suggesting that the model leverages the balance between these oppos-

ing marks to classify autosomal GA-repeats. For Class 2 (X-chromosomal, non-HAS GA-repeats),

H3K27me3was the dominant feature (0.80), followed by H3K4me1 (0.66), while H3K27ac was less

important (0.58) compared to Class 1. For Class 3 (HAS GA-repeats), the importance profile was

strikingly distinct: H3K4me1 was the most important feature (0.75), followed by H3K27me3 (0.66),

H3K4me2 (0.63), and H4K16ac (0.63). The elevated importance of H4K16ac at HAS GA-repeats

is biologically consistent with the role of this modification as the hallmark of dosage compensation,

deposited by the MOF subunit of the DCC (Gelbart and Kuroda, 2009). Similarly, the high impor-

tance of H3K4me1 at HAS may reflect enhancer-associated chromatin states that facilitate DCC

recruitment and spreading.

Together, these results demonstrate that each GA-repeat class possesses a distinct combina-

torial pattern of histone modification importance. Furthermore, it is plausible that CLAMP and GAF

have been selectively recruited to specific subsets of GA-repeat motifs based on the combina-

torial histone modification landscape present in their three-dimensional chromatin neighborhood.
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To further investigate this possibility, we examined the heterogeneity of epigenomic signatures at

individual GA-repeat loci within each class.

4.4.3 Unique epigenome signatures are found between and within target classes

While the mean importance scores described above reveal class-level patterns, we next asked

whether individual GA-repeats within the same class exhibit heterogeneous epigenomic signa-

tures. To address this, we performed hierarchical clustering on the GNNExplainer importance

scores across all sampled test nodes and histone modifications (Fig. 4). The resulting heatmap

revealed that GA-repeats do not form a single homogeneous cluster per class. Instead, distinct

subclusters emerge both between and within classes. At a broad level, Class 1 (autosomes)

nodes largely cluster together and are characterized by high importance for H3K27ac, H3K36me3,

and H3K4me3, consistent with active transcriptional states. A prominent subcluster of Class 3

(HAS) nodes (red arrow) shows elevated importance for H4K16ac and H3K27me3, suggesting a

dosage compensation signature with a fine-tuned balance between active and repressive chro-

matin marks (Li et al. 2025). Another subcluster of Class 3 (HAS) nodes (olive arrow) are domi-

nated by H3K27ac and H3K27me3 signals with modest H4K16ac enrichment, displaying an alter-

nate dosage compensation signature. A cluster, which corresponds to Class 2 (X chromosome),

at the bottom of the heatmap (black arrow) is solely driven by H3K27me3 and H3K27ac, com-

pletely missing H4K16ac. This indicates that even the modest enrichment of H4K16ac in three-

dimensional space contributes substantially to distinguishing the HAS from other regions on the X

chromosome. The presence of within-class heterogeneity suggests that GA-repeats of the same

class can reside in distinct chromatin environments.

This study offers a framework to characterize the epigenomic signatures present at CLAMP and

GAF binding sites throughout the genome. By enabling node-level interpretation through GNNEx-

plainer, this approach has the potential to address key limitations of the experimental analyses

presented in Chapters 2 and 3. For example, on the autosomes, where both CLAMP and GAF

target contiguous GA-repeats and co-occupy many of the same loci, traditional genomic assays

cannot readily distinguish the chromatin features that favor one factor over the other. A node-level

analysis of importance scores at individual autosomal GA-repeats could reveal whether distinct

epigenomic signatures underlie the preferential binding of CLAMP versus GAF at these shared
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Figure 4.4: Hierarchical clustering of GNNExplainer importance scores reveals unique epigenomic signatures

within and between GA-repeat classes. Heatmap displaying the normalized importance scores for each histone

modification (columns) across individual test nodes (rows), with class identity indicated by the color bar on the left (blue

= Class 1, autosomes; orange = Class 2, X chromosome; green = Class 3, HAS). Hierarchical clustering was performed

on both rows (nodes) and columns (features). Red arrow indicates a subcluster of Class 3 nodes enriched for H4K16ac

and H3K27me3 importance. Olive arrow indicates a subcluster of Class 3 nodes comprising elevated H3K27ac and

H3K27me3 importances with modest enrichment of H4K16ac. Black arrow highlights a distinct cluster largely driven by

H3K27ac and H3K27me3 features, primarily comprising Class 2 nodes.
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sites. Moreover, in this study, we focused on understanding the enrichment of histone modifica-

tions present throughout the genome, leaving out edge importance. In future studies, we aim to

understand which edges are the most important in determining the class of GA-repeats, which will

further elucidate the spatial regulatory logic driving pioneer transcription factor binding.
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Chapter 5: Discussion

Joseph Aguilera1 and Erica Larschan1

I wrote this chapter with editorial feedback from Dr. Erica Larschan.

1Department of Molecular Biology, Cell Biology, and Biochemistry, Brown University, Providence, RI
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5.1 A single cytosine within GA-repeats dictates pioneer transcrip-

tion factor identity and 3D chromatin architecture

A central theme of this thesis is that minor sequence variation within transcription factor binding

motifs has a substantial effect on transcription factor occupancy, chromatin looping, and gene

regulation (Maurano et al. 2012). In Chapter 2, I demonstrated via de novo motif analysis that

direct CLAMP-dependent loop anchors at high-affinity sites (HAS) on the X chromosome are dis-

tinguished from GAF-dependent anchors by a single highly conserved cytosine nucleotide that in-

terrupts the GA-repeats (67.3% frequency in the CLAMP position weight matrix versus its absence

in GAF-bound motifs) (Aguilera et al. 2026). This sequence change was known to favor CLAMP

but not GAF binding biochemically (Kaye et al. 2018) but its mechanism of action in vivo was un-

known. My Micro-C and Hi-ChIP data reveal the functional consequence of this very small change

in sequence within the same type of GA-rich motif. I demonstrated that CLAMP binds preferentially

to cytosine-interrupted GA-repeats andmediates short-range chromatin loops that directly link HAS

to active dosage-compensated housekeeping genes (Aguilera et al. 2026). In contrast, GAF oc-

cupies uninterrupted GA-repeats and organizes a broader set of long-range interactions between

transcriptionally silent insulator regions. On autosomes, GAF mediates a broad size range of chro-

matin loops between active regions while CLAMP also regulates short range loops between active

genes. My findings provide new insight into the longstanding question of how the X chromosome

is identified for dosage compensation because I determine how X-chromosome specific chromatin

loops are formed that recruit the dosage compensation complex (Lucchesi and Kuroda 2015).

The implication of this finding extends beyond Drosophila dosage compensation. A single cyto-

sine interruption within a GA-repeat motif can act as a molecular switch, determining which of two

competing pioneer transcription factors activates gene expression. My data demonstrate that the

competition between these two factors is not solely determined by differences in protein concen-

tration or timing of expression, but rather by the precise nucleotide composition of the binding site

itself (Kuzu et al. 2016). At HAS on the X chromosome, evolutionary accumulation of cytosine in-

terruptions within GA-repeats has shifted the competitive balance decisively toward CLAMP which

directly contacts the dosage compensation complex (DCC) (Soruco et al. 2013), creating an X-
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specific chromatin environment capable of DCC recruitment. On autosomes, where uninterrupted

GA-repeats dominate, GAF and CLAMP co-occupy sites and regulate chromatin contacts between

active regions. In Chapter 2, I identified several factors that may be pursued to assist our under-

standing of how CLAMP or GAF are favored at autosomal loci, such as DREF which is enriched

at housekeeping genes on the X chromosome and autosomes (Zabidi et al. 2015). However, an

experimental, combinatorial study requires extensive time and resources to perform, underscoring

the power of leveraging machine learning (Chapter 4). With unique epigenomic signatures emerg-

ing at GA-repeats throughout the genome, CLAMP and GAF may possess exclusive signatures

on the autosomes which may drive a specific locus’s preference for one factor over another.

This nucleotide-level regulation of transcription factor competition raises an important question:

if a single cytosine can redirect the binding of a pioneer factor and restructure the 3D chromatin

landscape, what happens when that cytosine is disrupted by a naturally occurring single nucleotide

polymorphism (SNP)? Due to their repetitive nature, the GA-repeat motifs that CLAMP and GAF

compete over are inherently susceptible to replication slippage and point mutations, making them

plausible hotspots for regulatory variation (Gemayel et al. 2010; Gymrek et al. 2016). The mech-

anistic details of how such mutations would reshape transcription factor competition and 3D chro-

matin organization are explored in the following section.

5.2 Transcription factor competition at shared motifs offers a frame-

work for interpreting non-coding genetic variation

Genome-wide association studies (GWAS) have identified thousands of single nucleotide poly-

morphisms (SNPs) associated with disease and complex traits (Maurano et al. 2012), yet the

vast majority of these variants reside in non-coding regions of the genome whose functional sig-

nificance remains unknown. Despite major efforts to document human genetic variation, we still

cannot explain what most non-coding SNPs do (ENCODE Project Consortium 2012). Interestingly,

many of these SNPs fall within repetitive cis-regulatory elements–such as enhancers, insulators,

and transcription factor binding sites–where their effects on gene expression are presumed but

rarely demonstrated at a mechanistic level (Horton et al. 2023). A major barrier to progress is that

traditional models of transcription factor-DNA interaction treat binding as a binary event: a SNP
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either abolishes a binding site, or it does not (Inukai et al. 2017). This framework is insufficient

when the relevant biology involves competition between multiple factors for the same motif. In this

scenario, a single nucleotide change does not eliminate binding but redirects it.

My body of work offers a mechanistic framework for understanding how non-coding SNPs can

produce regulatory consequences. We have shown that CLAMP and GAF, two pioneer transcrip-

tion factors with largely context-dependent and often opposing regulatory functions (repression

versus activation), compete for occupancy at shared GA-repeat motifs, and that their competitive

outcome is determined by subtle sequence variation within those motifs (Kaye et al. 2018; Kuzu et

al. 2016). This means that a SNP at the critical cytosine position does not simply eliminate a bind-

ing site; it switches which transcription factor occupies that site and therefore which downstream

regulatory program is executed. A C-to-A transversion at a CLAMP-preferred motif could convert

it into a GAF-preferred site, replacing short-range loops that connect active dosage-compensated

genes with broader, long-range interactions between insulator regions. Conversely, a point muta-

tion that introduces a cytosine into a contiguous GA-repeat could create a novel CLAMP binding

site where GAF previously dominated. In either case, the consequences cascade through 3D

chromatin organization, altering the transcriptional output of multiple nearby genes. Notably, TF

binding sites may be especially susceptible to such mutations as TF occupancy directly competes

with mismatch repair machinery, elevating mutation rates at bound regulatory elements (Zhu et al.

2025).

This competitive-redirection model may help explain a category of non-coding variants that cur-

rent approaches miss. Standard variant-effect prediction tools score SNPs based on whether they

disrupt a known transcription factor motif (Zhou and Troyanskaya 2015), but they do not account

for what happens when the disrupted motif is shared between two factors with different functions.

Our data suggest that many non-coding SNPs within repetitive GA-repeat regulatory elements,

which are abundant throughout eukaryotic genomes (Gemayel et al. 2010), could function not

by eliminating transcription factor binding but by shifting the competitive equilibrium between co-

occupying factors. Since CLAMP and GAF binding sites engage in multi-scale chromatin looping

(Aguilera et al. 2026), from 1kb to inter-TAD interactions, a single SNP at one anchor point could

exert pleiotropic effects on multiple genes through the reorganization of 3D chromatin interactions.

I propose that systematically identifying shared binding motifs where multiple transcription factors
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compete could substantially narrow the interpretation gap for non-coding disease-associated vari-

ation (Zhang et al. 2021).

An important open question that emerges from this framework is whether the regulatory impact

of such SNPs is constitutive or temporally restricted. The concept of dynamic quantitative trait loci

(dynamic QTLs) adds another layer of complexity (Fairfax et al. 2014; Strober et al. 2019). Some

genetic variants may only exert their effects during narrow windows of development or under spe-

cific environmental conditions, remaining functionally silent at all other times. Our work provides

direct evidence that this is plausible at the molecular level. In Chapter 3, we showed that CLAMP

regulates 75% of heat-stress-induced transcriptional repression through the inhibition of chromatin

loop formation, but this repressive function is only engaged upon heat stress (Aguilera et al. 2025).

A SNP that weakens CLAMP binding at a heat-stress-responsive regulatory element would have

no detectable consequence under normal growth conditions. However, under heat stress, it could

impair the repressive response, leading to aberrant accumulation of toxic RNA and protein prod-

ucts (Richter et al. 2010). The phenotypic effect of this variant would be entirely invisible unless

measured during the brief stress window.

Analogous scenarios are easy to envision in mammalian development. During brief windows

of cell fate determination, pioneer factors establish enhancer accessibility at loci controlling lineage

commitment (Zaret 2020). A SNPwithin a shared TF bindingmotif at one of these loci could redirect

TF competition during that critical period, altering developmental gene expression in a manner

which would be undetectable in adult tissues. The identification and functional characterization of

such temporally restricted variants represents a hurdle in regulatory genetics, and frameworks like

the one established here, where TF competition is resolved at the single-nucleotide level, will be

essential for overcoming it.

5.3 A chromatin-based regulatory scaffold for heat stress response

In Chapter 3, we successfully define how the GA-binding transcription factor CLAMP represses

genes after heat stress both directly and indirectly by rearranging the 3D chromatin architecture

(Aguilera et al. 2025). However, we hypothesized that CLAMP may not act alone in this process

and tested by probing external datasets. Prior to heat stress, we identified that CLAMP-dependent
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heat-stress-repressed genes are enriched for the insulator proteins Ibf1/2, ZIPIC, CP190, and the

chromatin remodeler ISWI (Cuartero et al. 2014; Maksimenko et al. 2015; Bushey et al. 2009;

Deuring et al. 2000). Interestingly, we revealed that Ibf1/2 directly associates with CLAMP at a

subset of repressed genes, indicating that these insulators may have a critical function post heat

stress (Aguilera et al. 2025). The identification of potential direct and indirect regulatory modules

(Ibf1/2, ZIPIC, CP190, and ISWI) suggests that specific protein networks may serve as a regula-

tory scaffold whose transcriptional output is dictated by external stimuli (Van Bortle and Corces

2012). Importantly, given that this context lacks the dosage compensation machinery necessary

for activation, as described in Chapter 2, CLAMP-dependent loop anchors and repressed-genes

may be primed with the necessary components to drive repression. However, within the scope

of this thesis, we may only hypothesize that this is the case. We will need to perform additional

experiments, ChIP-seq and possibly Hi-ChIP, to characterize the function of Ibf1/2, ZIPIC, CP190,

and ISWI during the heat stress response.

The biophysical properties of the factors assembled at CLAMP-dependent loop anchors may

also determine transcriptional outcomes. CLAMP is an intrinsically disordered protein with a prion-

like domain (Kaye et al. 2017; Ray et al. 2024), and temperature increases are known to influence

phase separation properties of disordered proteins with such domains (Rawat et al. 2021; Zhang et

al. 2022; Dignon et al. 2019; Chen et al. 2022). We have recently shown that CLAMP can undergo

a phase transition (Ray et al. 2024), raising the possibility that heat stress induces biophysical

changes at CLAMP-associated loop anchors. Additionally, CLAMP interacts with NELF, which

forms condensates under stress to drive transcriptional repression (Urban et al. 2017; Rawat et

al. 2021). The presence of different combinations of chromatin-bound factors (Ibf1/2, ZIPIC, and

ISWI) at different CLAMP-bound loci may regulate the phase transition properties of each locus,

determining whether a gene is activated or repressed upon heat stress. To define how these

factor combinations regulate phase behavior, future studies that utilize single-molecule imaging

and structural approaches will be required to test this model.

In Chapter 2, I describe, in the context of male Drosophila, how the X chromosome has accumu-

lated high-affinity sites that contain GA-repeats motifs which are interrupted by a single cytosine nu-

cleotide (Kaye et al. 2018; Kuzu et al. 2016). However, regarding all other sites in the genome and

in Drosophila females, contiguous GA-motifs may require unique chromatin environments which
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can shift their competitive equilibrium to prefer one transcription factor over another (Chapter 4).

Although future work lies ahead, we have successfully identified testable, candidate insulators and

a chromatin modifier, which may assist CLAMP in driving repression post heat stress.

5.4 CLAMPproduces opposing transcriptional outcomes in different

regulatory contexts

Together, the findings from Chapters 2 and 3 establish CLAMP as a versatile pioneer transcrip-

tion factor capable of both activating and repressive functions depending on context. In male

Drosophila S2 cells, CLAMP promotes dosage compensation by organizing short-range chro-

matin loops that link HAS to active housekeeping genes, facilitating DCC recruitment and two-fold

transcriptional upregulation (Fig. 5.1A) (Aguilera et al. 2026; Larschan et al. 2011). In female

Drosophila Kc167 cells under heat stress, CLAMP functions as the primary mediator of transcrip-

tional repression, inhibiting the formation of chromatin loops at gene-rich loci to suppress con-

stitutive gene expression (Fig. 5.1B) (Aguilera et al. 2025). Notably, CLAMP occupancy at its

binding sites does not change dramatically upon heat stress (Aguilera et al. 2025), indicating that

the regulatory switch between activation and repression is not driven by altered CLAMP binding

but by changes in the biophysical properties of the chromatin environment and the availability of

context-specific co-factors (Ray et al. 2024).

This finding provides new insight into how pioneer transcription factors function beyond consti-

tutive chromatin openers by demonstrating that they can also actively modulate downstream reg-

ulation in a context-dependent manner (Zaret 2020). Our data support a model in which CLAMP

opens chromatin (Urban et al. 2017) but also modulates the 3D chromatin architecture in a context-

dependent manner, such as promoting loops in one context and inhibiting them in another (Aguilera

et al. 2026; Aguilera et al. 2025). The phase transition properties of CLAMP under heat stress may

provide one biophysical mechanism by which identical CLAMP-DNA interactions produce different

effects on loop formation across conditions (Ray et al. 2024).
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Figure 5.1: CLAMP performs context-specific regulatory roles in male and female Drosophila cell lines. (A)

CLAMP upregulates nearby dosage-compensated genes on the male X chromosome by mediating 3D chromatin loops.

(B) CLAMP represses nearby genes all throughout the female genome upon heat stress by preventing chromatin loop

formation.
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5.5 Pitfalls to consider

Several technical considerations should be taken into account when interpreting these findings.

The cross-linking-based assays central to our work, such asChIP-seq andHi-ChIP, capture protein-

DNA associations through formaldehyde fixation. Although the target protein will be enriched in the

readout, nearby or co-occupying proteins may also be captured through this process. Therefore,

some signal attributed to CLAMP or GAF may reflect co-captured factors, which is particularly rel-

evant for our classification of direct versus indirect loops in Chapter 2 and the distinction between

direct and indirect CLAMP-dependent HS-repressed genes in Chapter 3. Additionally, our use of

RNAi-mediated knockdown rather than complete genetic knockouts means that residual CLAMP

or GAF protein may partially maintain loops that would otherwise be fully lost. Unique to Chapter

3, SLAM-seq captures nascent transcription during a defined window that may not fully represent

steady-state consequences over longer timescales.

Despite these limitations, the integration of multiple independent assays–such as Micro-C,

Hi-ChIP, and SLAM-seq–provides strong lines of evidence that converge on the same biologi-

cal model. Conclusions supported by multiple datasets represent the most robust findings, while

those dependent on a single assay are interpreted cautiously.

5.6 Summary

This thesis demonstrates that the competition between CLAMP and GAF at shared GA-repeat mo-

tifs generates context-specific 3D chromatin architectures that drive fundamentally different tran-

scriptional programs. In males, CLAMP outcompetes GAF at cytosine-interrupted GA-repeats on

the X chromosome to organize local chromatin loops that recruit the dosage compensation com-

plex. In females, under heat stress, CLAMP inhibits chromatin loop formation at gene-rich loci to

mediate the repression of constitutive genes. We propose that these findings provide a mechanis-

tic framework for understanding how single nucleotide variants at repetitive regulatory motifs and

combinatorial occupancy of insulators and a chromatin modifier can produce context-dependent

changes in gene expression. This body of work highlights a competitive transcription factor frame-

work which can be used to further understand themechanisms of dynamic QTLs in humans. Lastly,
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future applications using interpretable graph neural networks have great promise in revealing the

unique chromatin environments present at DNA-binding motifs all throughout the genome.
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