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Abstract 
 

Nuances of context-dependent transcription factor function 
 

By Lauren J. Hodkinson 
 
 

Despite binding similar cis elements, transcription factors often perform context-dependent 

functions at different genomic loci. Furthermore, transcription factors can be involved in large 

scale coordinated gene events where hundreds of genes need to be targeted and regulated with 

strict temporal or special requirements. How transcription factors integrate cis sequence and 

genomic context to perform their context-dependent functions is still poorly understood. One 

example of a context-dependent transcription factor is involved in coordinated gene regulation 

the Drosophila protein Chromatin-Linked Adapter for MSL Proteins (CLAMP), which targets 

similar GA-rich cis elements on the X-chromosome and at the histone locus but recruits very 

different, locus-specific transcription factors to each of these contexts. We utilized several 

different techniques to interrogate CLAMP function at the histone locus as a context-dependent 

transcription factor. First, we focused on understanding how differences in the CLAMP-binding 

GA-repeat element within the in the promoter of H3 and H4 (H3/H4p) may impact the overall 

regulation of histone genes. We found that the H3/H4p GA-repeat is variable across the ~100 

histone gene arrays however this sequence variation, and subsequent factor targeting, likely does 

not confer differential expression of the histone genes. Next, we investigated how CLAMP 

function at the histone genes is impacted by the identity of its cis binding elements. Leveraging a 

powerful transgenic histone array system, we discovered that X-linked CLAMP sequences do 

not functionally substitute for GA-repeats in the histone gene array. Our results suggest that 

transcription factors incorporate cis sequences and flanking sequence to govern their regulatory 

function at target loci. Finally, we explored what additional DNA factors may be regulating 

histone gene expression. Through our undergraduate driven in silico screen, we identified 9 

novel histone locus regulatory factor candidates that warrant future wet lab studies to interrogate 

how they may influence histone biogenesis. Combined, these findings broaden our understanding 

of the nuanced mechanisms of coordinated histone gene regulation. 
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Chapter 1: Introduction 

1.1 Overview  

Coordinated gene expression, where genes are expressed in spatial and temporal 

synchrony, is a crucial but difficult task in the crowded nucleus. To accomplish this feat, 

transcription factors must traverse the nucleus to find their corresponding cis elements. 

Furthermore, once factors have identified their DNA-binding sites, they impact gene expression 

on strict temporal and spatial levels. Transcription factors can serve different functions at 

different loci and may rely on a variety of informational cues from a variety of places to 

determine how they will function. A large gap in our current understanding of transcription 

factor function is how the same transcription factor can bind similar looking cis DNA elements 

throughout the genome but function in a completely unique way at these different loci. The 

nuances of what specific pieces of information or what combination of cues transcription factors 

incorporate to make sure they function uniquely across the genome is still poorly understood.  

In this introduction, I explore several processes of coordinated gene regulation and the 

role that transcription factors play in ensuring tight regulation of these gene expression events at 

a variety of scales. I then delve into the intricacies of how the finite number of transcription 

factors we know of are able to identify and, in many cases, uniquely regulate the thousands of 

genes within the genome. The examples of coordinated gene expression and transcription factor 

function I outline span all domains of life, with information from human systems all the way to 

bacterial systems. Here, I have leveraged the powerful model system Drosophila 

melanogaster to interrogate the nuances of transcription factor function in my dissertation with 

the aim of gaining a more comprehensive understanding of how transcription factors can 

function uniquely across the genome. 
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1.2 Coordinated gene expression occurs on different scales in the nucleus 

Coordinated gene regulation, simply, is a phenomenon where a set of genes are 

orchestrated to be expressed together often under some temporal, spatial, or concentration 

requirements. Coordinated gene regulation events are extremely broad, varying in scale of 

orchestration and severity of requirements (Michalak 2008; Nair et al. 2022). Large scale 

coordination can involve hundreds of genes that need to be expressed or repressed at the exact 

same time, such as during a specific developmental period, or in precise amounts, such as when 

transcribing the components of a protein complex.  
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Figure 1.1 An overview of coordinated gene regulation events in D. melanogaster. (A) 

Zygotic genome activation is a large scale coordinated gene regulatory process where, in the first 

4 hours of development, maternal transcriptions are consumed/degraded, and the zygotic genome 
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begins transcribed in two waves. (B) Dosage compensation is another coordinated regulatory 

event where a protein complex is recruited to the X chromosome where it is marked so that 

transcription can be upregulated to correct for the imbalance of X gene dosage in males. (C) 

Transcription of the replication dependent histone genes is coordinated by a concentration of 

factors that regulate tandemly repeated histone gene arrays at the histone locus 

 

1.2.1 Coordinating zygotic genome activation  

During early animal development, there are several instances of large-scale events where 

many genes are coordinated to be transcribed around the same time. Zygotic genome activation, 

or ZGA, is an example of a global coordinated gene regulation event in the early embryo. ZGA 

occurs in the early stages of all metazoan embryos and occurs in two waves, the minor wave and 

major wave, which are synchronized with the nuclear cycles of the dividing embryo. ZGA is the 

second process in the maternal to zygotic transition (MZT) when zygotic transcription is initiated 

after maternally deposited RNAs and proteins have been degraded or consumed by the 

developing embryo (Tadros and Lipshitz 2009; Farrell and O’Farrell 2014; Hamm and Harrison 

2018).  

In Drosophila, the early stages of embryo development involve a series of synchronized 

cell divisions where the embryo is relying on maternally deposited material to support cell 

functions. The Drosophila embryo undergoes 13 nuclear division cycles (nuclear cycles, NC) 

followed by cellularization after the 14th nuclear division. Therefore, while the degradation of 

maternally deposited material is occurring over the course of these 14 nuclear cycles, the zygotic 

genome needs to initiate transcription. The minor wave of ZGA begins around NC 8 and the 



 

 24 

major wave at NC14, to ensure the developing embryo has access to all mRNAs and proteins it 

needs (Figure 1.1A,1.2) (Hamm and Harrison 2018).  

Recent mRNA labeling experiments revealed that 946 genes out of the ~13,600 (Adams 

2000, genome sequence) present in the Drosophila genome are activated during the minor wave 

of ZGA and that this number increases to 3588 by the end of the major wave (Kwasnieski et al. 

2019). Activating ~3600 genes is a large feat for the genome to accomplish, yet ZGA precisely 

coordinated process occurring over the course of ~4 hours where transcription factors are not 

only identifying these 3600 gene targets but are initiating their transcription in conjunction loss 

of maternal material (Harrison and Eisen 2015; Hamm and Harrison 2018). 
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Figure 1.2 Zygotic genome activation and nuclear cycles in early D. melanogaster 

development. (A) In the first 14 nuclear cycle divisions of the Drosophila embryo, maternal 

transcripts decay while two waves of zygotic transcription occur to transition from relying on 

maternal material to relying on zygotic material. (B) The nuclei in the syncytial embryo divide in 

the center of the embryo and subsequently migrate to the periphery to form the blastoderm. Pole 

cells form around nuclear cycle 11 and cellularization occurs in after the 14th nuclear division. 

(C) The embryo undergoes 14 nuclear divisions, consisting of only DNA replication in S phase 

then successive mitotic division until full cellularization. The embryo then enters gastrulation 

where the cell cycle becomes complete and further development continues. This figure was 

modeled after and recreated from (Tadros and Lipshitz 2009) and (Farrell and O’Farrell 2014). 

 

1.2.2 Coordinating dosage compensation 

ZGA is a large-scale example of coordinated gene regulation, however, it is not the only 

process in the early embryo in which a group of genes needs to be co-regulated. Dosage 

compensation, the process of correcting the imbalance of sex chromosome gene dosage (Duan 

and Larschan 2019), is another example coordinated gene regulation . 

Dosage compensation is accomplished through distinctive mechanisms in different 

species but shares the goal of modulating the output of genes linked to the sex chromosomes. In 

humans, XX individuals have one of their two X chromosomes almost completely silenced, with 

the exception of a handful of “escaper regions.” Human dosage compensation is a well-

orchestrated process in which the long non-coding (lncRNA) Xist is transcribed from the X 

chromosomes that is destined to be silenced, and then subsequently coats that X chromosome. 

Besides the escaper regions which is mechanistically poorly understood, Xist simply coats the 
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chromosome it was transcribed from in cis and recruits histone modifiers to remove “active” 

histone marks, replacing them with heterochromatic “inactive” histone marks and DNA 

methylation (Li et al. 2022). Two Xist molecules initially concentrate the modifying factors at 

each of ~50 loci and then complex together with additional factors to form nucleate 

supramolecular complexes. These complexes subsequently create a spreading gradient of 

proteins to proximal regions to accomplish full silencing across the entire “inactive” X 

chromosome (Markaki et al 2021, cell). Organizationally, this “spreading” is made more 

efficient by the fact that Xist and the other factors can spread in cis across a single chromosome 

rather than having to orchestrate these processes by targeting many different loci across the 

genome.  

In contrast to humans, in Drosophila, the single male X chromosome is upregulated to 

compensate for the imbalance of X chromosome gene dosage. A group of five proteins, MSL1, 

MSL2, MSL3, MOF MLE, and a lncRNA, either roX1 or roX2 which are functionally redundant, 

complex together to form the dosage compensation complex known as the MSL complex (male 

specific lethal complex, MSLc). MSLc has no formal DNA-binding members but rather targets 

the X chromosome by associating with the DNA-binding factor CLAMP (chromatin linked 

adaptor for MSL proteins) (Soruco and Larschan 2014). From the initial CLAMP target sites, 

MSL complex then spreads across the chromosome assisting in opening chromatin allowing 

MOF, an acetyltransferase, to deposit H4K16ac to ensure gene expression is upregulated (Figure 

1.1B). Similar to humans, because the MSL complex needs to modulate almost every gene on the 

X chromosome, CLAMP along with the rest of the complex, simply identifies the X 

chromosome and then is thought to spread in cis to the surrounding genes without needing other 

cues or biases to make sure it is targeting the proper genes (Lucchesi and Kuroda 2015; Ramírez 
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et al. 2015). Dosage compensation in both humans and flies exhibits the importance of linear 

gene clustering and how this organization facilitates effective coordination of hundreds of 

genes. While humans and Drosophila differ in how they achieve dosage compensation, they 

share the fact that this regulatory event is temporally coordinated to occur in early development, 

coupled with the challenge of coordinating nearly every gene of an entire chromosome.  

 

1.2.3 Coordinated expression of the replication dependent histone genes 

While ZGA and dosage compensation represent large-scale coordinated gene regulation, 

slightly smaller coordination events involve the co-regulation of gene families or genes that 

comprise complexes. The histone genes represent both of these, as they often exist as multiples 

in the genome and make up nucleosomes. 

Nucleosomes are critical components of the genome; each nucleosome is comprised of 

eight positively charged histone proteins and can then associate with a linker histone protein if 

needed, which function as structural units for negatively charged DNA to wrap around and 

establish essential genome organization. Many researchers focus on the importance of post-

translational modifications to histone tails for the regulation of gene expression. Although this is 

obviously an exciting area of study, the regulation of histone gene transcription is a hallmark 

example of coordinated gene regulation. Excitingly, histone gene regulation features several 

interesting areas of research that are currently understudied or less fully understood than the 

other examples of coordinated gene regulation mentioned above.  

Because of the unique and strict composition requirements of nucleosome structure, 

histone genes need to be expressed in a dose-dependent manner: the correct concentrations of 

transcripts and, later, protein need to be synthesized for nucleosome formation to maintain 



 

 28 

histone homeostasis, where there are neither too few nor too many histones (Chaubal et al. 

2023). Having even small deviations from the proper concentrations of histone can have severely 

detrimental consequences (Gunjan and Verreault 2003; McKay et al. 2015; Jimeno-González et 

al. 2015; Maya Miles et al. 2018; Chari et al. 2019). Histone transcripts also have strict 

processing requirements because they have no introns and, rather than a polyA tail, they form a 

secondary stem-loop structure that needs to be cleaved for proper nuclear export and before 

translation (Marzluff et al. 2008; Tatomer et al. 2016).  

Furthermore, histone gene expression itself is coupled to the cell cycle. Histone gene 

expression is rapidly increases during S phase during genome replication and ceases directly 

after the completion of S phase, where all remaining histone mRNAs are rapidly degraded in G2 

(Figure 1.3). Therefore, the expression of the histone genes not only needs to be coordinated at a 

strict temporal level based on the cell cycle but also needs to ensure the correct amount of each 

histone transcript, and subsequent protein, are synthesized to maintain histone homeostasis 

(Chaubal et al. 2023).  

 

 

Figure 1.3 The cell cycle and histone gene expression. Expression of the replication dependent 

histone genes is coupled to the cell cycle. Histone expression is upregulated to reach the highest 
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relative levels of transcripts during genome duplication in S phase and expression is 

subsequently reduced directly after the end of S phase. This figure was adapted from (Marzluff et 

al. 2008). 

 

1.3 The gene clustering and genomic organization facilitate coordinated gene expression. 

Varying types of organizational strategies can facilitate coordinated gene expression and 

make transcription more efficient. One genomic organizational tool is clustering genes that need 

to be expressed at the same time, either into one or several compressed loci or loosely clustered 

in the same region of a chromosome. Both strict and loose clustering allows for the transcription 

and regulatory machinery to concentrate in specific genomic locations rather than having to 

traverse the entire genome to find several separate genomic locations (Tatomer et al. 2016). If 

gene are not clustered linearly, they can also be brought together through three dimensional 

interactions. Three-dimensional architecture can create microenvironments for transcription 

hubs, such as nuclear bodies, where, again, all the necessary regulatory factors can be 

concentrated into a specific region of the nucleus (Carty et al. 2017; Ghule et al. 2023; Chaubal 

et al. 2023).  

 

1.3.1 Nuclear bodies and three-dimensional genome architecture enable more efficient gene 

regulation 

Although linear or chromosomal clustering provides an obvious spatial benefit for 

coordinated gene expression, for processes like ZGA where thousands of unlinked or unrelated 

genes need to be expressed around the same time, this type of organization is impractical. Self-

assembling regulatory modules, such as nuclear bodies, and three-dimensional architecture of the 



 

 30 

genome can allow genes to be organized in the physical space of nucleus and cluster together in 

the same vicinity to facilitate regulation. Chromosomal territories are established within the 

nucleus where each chromosomes occupies a particular nuclear compartment, allowing: 1) genes 

located on the same chromosome are in close 3D space; and 2) genes on different chromosomes 

that need to be expressed together by the same machinery can be placed in close 3D space 

(Cremer and Cremer 2001). 

Recent studies using high resolution sequencing have established a map of long-range 

promoter-promoter and promoter-enhancer interactions that allow distant genes to be co-

expressed. In a Drosophila embryo study, researchers termed a “topological operon” as a 

transcriptional hub consisting of shared pools of transcriptional machinery, including RNA 

Polymerase II, with outcomes similar to that achieved with bacterial operons (Zhang et al. 2022). 

This “topological operon” incorporates the ability of the eukaryotic genome to organize 

chromatin to bring distant enhancers and promoters closer together to create these hubs of 

regulated transcription.  

Nuclear bodies are another example of a high order organization strategy where 

membrane-less organelles allow genes from the same chromosome or different chromosomes to 

be coregulated (Mao et al. 2011). There are a variety of nuclear body structures in the nucleus 

that allow for concentration of transcription factors and cofactors allowing for aggregation or 

interaction (Matera et al. 2009). The nucleolus, for example concentrates the rDNA genes to 

allows for a “hub” of transcription and processing rRNAs as well as assembly of the ribosomal 

subunit all within the same three-dimensional space. The histone locus body is also characterized 

as a phase separated nuclear body where all of the histone genes and their regulatory factors can 

be concentrated to facilitate gene expression (Nizami et al. 2010; Geisler et al. 2023). Again, this 
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three-dimensional organization allows for assembly of both scaffolding factors such as Mxc as 

well as mRNA processing factors such as FLASH and U7snRNP  to concentrate at the histone 

locus ion D. melanogaster or multiple histone loci in humans (White et al. 2011; Duronio and 

Marzluff 2017). Although nuclear bodies were once considered as simple concentrated 

aggregations of factors, it is now understood that they can play a large role in processes like 

coordinated gene regulation because of how efficient transcription and processing can be within 

these subnuclear compartments.  

 

1.3.2 Organizing genes into clusters or repetitive arrays can facilitate coordinated gene 

expression 

On an even smaller scale, groups of linked genes or gene families can be spatially 

clustered at a single or multiple loci to facilitate regulation. Bacteria, for example, possess a 

signature example of how genomic organization assists with coordinated gene expression by 

organizing genes into units known as operons. Operons are groups of coregulated, functionally 

linked genes that are regulated under the same promoter and usually organized in close 

proximity. One of the most well-studied operons, the Lac operon, includes the genes of three co-

regulated enzymes which share a promoter and are all required to ensure proper transport and 

metabolism of lactose (Miller and Reznikoff 1978) .  

Although eukaryotes do not possess operons exactly like those present in bacteria, they 

employ similar types of organization such as clustering or arraying genes to facilitate 

synchronized expression. For example, the Hox genes are essential for body patterning and 

development in organisms spanning from Drosophila all the way up to mammals. Regardless of 

species, Hox genes are clustered in chromosomal arrays and this organization is distinctive as the 
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order of the genes reflects their spatial activation in the developing embryo. Although each of the 

Hox genes sports its own unique promoter, being arrayed in close proximity on the chromosome 

allows for their tight regulation to remain efficient and effective (Pearson et al. 2005).  

The histone genes also exemplify a set of genes that are organized into clusters and serve 

as an additional example of genomic organization related to coordinated gene expression. In 

humans, all of the replication dependent histone genes are loosely clustered together in two 

genomic loci on chromosome 6 and 1 (Marzluff et al. 2002). This clustering allows for the 

concentrations of factors that regulate histone gene expression to localize efficiently. In 

Drosophila melanogaster, the replication dependent histone genes exist at a single condensed 

locus on chromosome 2L. In D. melanogaster, the histone locus is comprised of approximately 

100 tandemly repeated arrays, with each 5 kb array containing the five canonical histone genes 

(H3, H4, H2A, H2B, and H1) along with their promoters and regulatory elements (Bongartz and 

Schloissnig 2018), an extreme example of gene clustering that facilitates coordinated expression. 

 

1.3.3 Combined genomic organizational strategies  

Although the above organizational strategies can be stratified into distinct categories, in 

reality they can be applied in combination to create an ideal regulatory environment for gene 

groups. For example, ribosomal RNAs, important catalytic components of the protein 

synthesizing ribosome, are transcribed from the rDNA genes in a strict and highly coordinated 

manner to ensure proper ribosome biogenesis. The transcription of the rDNA is facilitated by the 

high copy number of the genes and DNA methylation that allows sets of adjacent gene copies or 

“clusters” of the genes to be silenced while methylation free clusters are readily transcribed (Hori 

et al. 2023). In humans, the repetitive rDNA clusters are spread across the acrocentric 
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chromosomes and are then three dimensionally organized into the nucleolus, a phase separated 

hub devoted to rDNA transcription, ribosome assembly, and some mRNA processing to ready 

transcripts for translation.  

The combination of clustering genes together in both two- and three-dimensions is a 

strategy also applied to the human histone genes. As mentioned above the human replication-

dependent histone genes are clustered on two different chromosomes. Surprisingly, only one of 

the clusters, the major cluster on chromosome 6, includes the H1 gene. To create the complete 

nucleosome structure, all of the replication dependent histone genes, including H1, need to be 

expressed together and in the correct stoichiometric amount. While all the histone genes on 

chromosome 6 are clustered, HiC data have confirmed that long range interactions between 

loosely clustered histone genes establish a “hub” of histone gene transcription where distal 

enhancer elements and histone genes that are megabases away are brought together in 3D space 

(Carty et al. 2017; Ghule et al. 2023).   

 

1.4 Several properties can influence transcription factor targeting and function 

Although a robust nuclear organizational strategy does facilitate efficient coordinated 

transcription, it does not explain how coordinated gene expression is functionally achieved. 

Transcription factors are responsible for modulating gene expression and carry out a variety of 

functions to achieve proper gene regulation. Some transcription factors are defined by their 

ability to bind specific DNA sequences or cis elements, while others are critical players or 

structural components in larger complexes. Considering the large-scale gene regulatory events 

where thousands of genes are being modulated like ZGA and dosage compensation, it is clear 

that the groups of factors that are modulating gene expression need a way to identify their targets 
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so the correct genes are modulated respectively. This targeting is also commonly imperfect; in 

both humans and Drosophila dosage compensation, there are some regions of the X that are not 

compensated, often referred to as “escaper regions.” The factors involved in dosage 

compensation therefore need to be highly specific to the regions they are targeting or, more 

interestingly, not targeting. This points to an obvious question: how do transcription factors 

properly identify their targets?  

 

 

 

Figure 1.4 Hallmarks of transcription factor function. Transcription factor function can be 

impacted by several properties and characteristics including variability in cis motif sequence, 
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variable functions at different genomic loci, cofactors, histone modifications, chromatin 

structure, and three-dimensional genome interactions. 

 

1.4.1 Cis element sequence 

Some transcription factors are designated by their ability to physically interact with DNA 

through specific binding domains and therefore recognize unique cis elements called “motifs” 

within or related to their target loci which give transcription factors some specification for their 

gene targets. Cis elements themselves possess their own characteristics and variability that can 

influence transcription factor function.  

Pioneer factors are one specific category of transcription factors that give some clues as 

to how transcription factors can identify their targets. Pioneer factors including Zelda (Dufourt et 

al. 2018), GAF (GAGA-factor) (Gaskill et al. 2021), and CLAMP (Chromatin Linked Adaptor 

of MSL protein) bind cis elements and have the ability to open the genome by loosening which 

plays an extremely important role during ZGA (Duan et al. 2021). The binding specificity of 

these and other pioneer factors contributes to them having the ability to accurately target those 

~3600 genes that turns on during the waves of ZGA (Kwasnieski et al. 2019).  

Transcription factors can require incredibly strict binding motifs for proper identification 

and function. For example, GAF binds a strict GA repeat motif which is required to be at least 5 

bp. GAF also preferentially binds smaller GA-repeat cis elements in general and will be 

outcompeted by other GA-repeat binding factors such as CLAMP for longer GA-repeat elements 

(Kuzu et al. 2016; Kaye et al. 2018) . Interestingly, binding motifs can also incorporate 

variability in their sequence to influence transcription factor binding. CLAMP and Pipsqueak 

(Psq), another GA-repeat binding transcription factor, both differ from GAF in that they can bind 



 

 36 

more variable GA-rich regions rather than a strict GA-repeat (Lehmann et al. 1998; Kaye et al. 

2018; Gutierrez-Perez et al. 2019). Psq is able to withstand an even higher amount of variability 

in its binding motif. Considering that CLAMP, GAF, and Psq all share binding motifs with GAs, 

the variability that they can either incorporate or not incorporate into their binding may give 

some clues to how they are able to retain unique function at some different loci across the 

genome. I discuss the relationship between these GA-binding factors further in Chapter 2. 

Beyond allowing for some uniqueness of otherwise identical DNA targets, the variability 

of binding motifs can also serve as a variable that causes different functional outcomes for 

transcription factors based on what specific sequence the given TF binds. Variability in cis 

element sequence has not always been recognized as a characteristic that may influence 

transcription factor function, but recent studies show that even small sequence differences can 

have impactful effects on TFs. For example, the pioneer factor Zelda to binds specific cis 

elements called TAGteam sites, which includes a set of binding motifs with a TAG sequence 

always present (Satija and Bradley 2012). It was previously assumed that if these binding motifs 

were altered in any way Zelda would be non-functional at those gene targets. However, single 

nucleotide mutations in the Zelda binding motifs can actually change Zelda’s function making it 

less able to activate its gene target (Harrison et al. 2010; Ozdemir et al. 2011; Li and Eisen 

2018).  

 

1.4.2 Cofactors  

Transcription factor function can also be modulated by cofactors that are binding to or 

near a given target gene. One common assumption of transcription factors outlined by (Zeitlinger 

2020) is that transcription factors bind across the genome each with their own impact on the 
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genes they are regulating without incorporating communication or cooperativity. Considering 

that TF binding motifs exist in incredibly close proximity in the genome, the reality is that 

transcription factors often work in combination to regulate their target genes and often with strict 

synchronicity where two or more TF are completely necessary for gene regulation.  

An interesting example of transcription factor cooperativity is the regulation of the major 

histocompatibility complex, MHC, Class II genes. MHC Class II genes, which produce 

molecules that are critical for cell surface receptors in immune response, are clustered together at 

a single locus which is composed of three classical class II genes (HLA-DP, -DQ, -DR) and two 

'non-classical' class II genes (HLA-DM and -DO) along with their enhancer regulatory elements 

(Reith et al. 2005). The upstream enhancer region includes 4 distinct cis elements called “box” 

domains known as SXY, each of which are bound by a specific TF. The locus is regulated by a 

“master regulator” called CIITA which does not have DNA binding activity but instead interacts 

directly with each of the TFs that bind the SXY cis elements. Simply mutating one of TFs that 

bind the SXY or, even a single cis element of the SXY itself fully interrupts the regulation of the 

MHC class II genes, meaning that all of these are required in combination for proper locus 

regulation (Reith et al. 2005). Furthermore, this exemplifies how transcription factors work in 

conjunction with each other to create a necessary complex for regulation which differs from the 

model where regulatory events rely on one TF simply binding its target gene and regulating gene 

expression. 

This type of cooperativity is also distinct from TF concentrations or bodies that regulate 

gene expression as such as or the histone locus body (HLB), the concentration of factors that 

regulates the histone genes, or the nucleolus, where rRNA is made. The HLB is a phase 

separated body (Hur et al. 2020) that includes a large number of different factors, most of which 
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have not been identified as DNA binding factors. In the HLB, CLAMP serves as one of the only 

known links between the body of factors and the DNA sequence making it a critical factor for 

identifying the locus itself (Soruco et al. 2013; Rieder et al. 2017). While the HLB does not 

necessarily reflect combinations of transcription factors binding DNA and regulating together, 

the complexes in histone gene regulation do exemplify a set of factors that need to complex and 

cooperate together to regulate their respective loci. 

 

1.5 Context-dependent transcription factors  

 Considering all the variables that can influence transcription factor function, one problem 

still remains; there are only a finite number of transcription factors in the genome therefore each 

factor cannot simply target only one gene. Because the human system is more complex and of 

less interest to me, from the perspective of Drosophila, there are approximately 16,000 genes 

that result in protein products and out of those factors, only ~ 700 are predicted to interact with 

DNA (Hammonds et al. 2013; Rhee et al. 2014). If there are only 700 transcription factors 

responsible for regulating the transcription of over 20 times the number of genes, it implies that 

some transcription factor may only regulate gene however some may regulate dozens. 

Transcription factors classified as “context-dependent” are able to bind similar cis elements 

across the genome but retain unique regulatory outputs at these different loci. This is in contrast 

to factors like yeast GAL4 that only binds the upstream activation sequence (UAS) and 

subsequently upregulates a downstream gene (Brand and Perrimon 1993) or LacI which binds 

exclusively to the LacO sequence and subsequently downregulates gene expression (Miller and 

Reznikoff 1978; Chao et al. 1980). Context dependent transcription factors may have a variety of 
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functions at different loci ranging from upregulating, downregulating, or even serving as just a 

cofactor for recruitment.  

 Since factors can bind similar elements across the genome but perform different 

functions, a large gap in the field currently is understanding what inputs or cues these context 

dependent factors use to determine their functions at different loci. If we consider a factor like 

Zelda as the proxy for our hypothesis, we might suspect that context dependent factors read 

small changes or variability in their binding motif and adjust their function accordingly. 

However, context dependent factors may incorporate information from the flanking sequence 

where the cis element they bind resides or even factor in exploit information for the surrounding 

genomic environment, including chromatin structure or long-range interactions, to determine 

how to function at different loci.  

 

1.5.1 CLAMP as a context-dependent transcription factor 

 To understand how transcription factors identify their targets, it is impractical to examine 

all ~700 Drosophila transcription factors wholly. As mentioned throughout this introduction, 

CLAMP is designated as a content dependent transcription factor for serving critical functions in 

two major coordinated gene expression events in Drosophila: histone gene expression and 

upregulation of the male X chromosome for dosage compensation. CLAMP is enriched on the 

male X chromosome where it targets GA-rich regions that often overlap with MREs (MSL 

recognition elements) (Soruco et al. 2013; Villa et al. 2016). This targeting allows Male Specific 

Lethal complex (MSLc) to be recruited accomplish dosage compensation in male flies (Soruco et 

al. 2013; Soruco and Larschan 2014). At the histone locus, CLAMP binds a long GA-repeat cis 

element in the promoter of H3 and H4 (H3/H4p) and fosters recruitment of additional factors 
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responsible for histone gene regulation (Rieder et al. 2017). CLAMP targets both the histone 

genes and the X chromosome prior to locus-specific factors such as Mxc and MSLc, neither of 

which have strong DNA-binding capability. These observations show that, despite binding 

similar-seeming cis elements on the X chromosome and at the histone locus, CLAMP recruits 

different factors to each location ensuring proper group composition at each genomic location. It 

is unclear how early transcription factors such as CLAMP integrate information from GA-rich 

cis elements with other genomic context information to perform its locus-specific functions.  

 

1.5.2 CLAMP function at the histone locus is a model for context-dependent transcription 

factor function 

 Although CLAMP is a convincing example of a context-dependent gene regulator, the 

processes CLAMP is involved in present a variety of limitations in trying to study how 

transcription factors determine their function. As stated previously, CLAMP binds GA-rich 

regions both on the X chromosome for Drosophila male dosage compensation and at the 

endogenous histone locus for histone gene regulation. Neither the Drosophila X-chromosome 

nor the endogenous histone locus are tractable study systems to explore the nuances of 

transcription factor function. MSLc coats the entire chromosome, and it is not practical to 

manipulate each GA-rich MRE in all 150 CES (Alekseyenko et al. 2008). Altering a critical 

number of CES, besides being nearly impossible to execute, would likely cause incomplete 

dosage compensation and male-specific lethality, while altering just a few CES is unlikely to 

significantly affect MSL recruitment to the whole chromosome due to complex spreading 

(Kelley et al. 1999; Kageyama et al. 2001; Gorchakov et al. 2009).  
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 Similarly, the endogenous histone locus is organized in a series of ~100 tandemly 

repeated 5 kb arrays. This repetitive nature of the histone genes renders them intractable for 

genetic manipulation as there are CLAMP-binding GA-repeats in the H3/H4p of all 100 histone 

locus arrays. However, the Drosophila transgenic histone array provides an excellent genetic 

system in which to test this hypothesis. Transgenes carrying 1-12 histone gene arrays have been 

established that allow for genetic manipulation and recapitulate histone locus functionality 

(Günesdogan et al. 2010; Salzler et al. 2013; McKay et al. 2015; Meers et al. 2018) A single 

histone genes array transgene does not rescue an endogenous histone locus deletion but 

successfully recruits HLB-specific factors and allow for histone gene expression (Koreski et al. 

2020). The histone array transgene system is a powerful tool that allows us to perturbate the cis 

elements within a histone gene array without needing to edit all 100 arrays at the endogenous 

locus. 

 

1.6 Goals and major finding  

 In Chapter 2, I focus on exploring the CLAMP binding GA-repeat within the histone 

gene arrays in D. melanogaster. Interestingly, although the ~107 histone arrays are virtually 

identical, we discovered there is one feature of the array that varies: the length of the GA-repeat 

in the H3/H4p, ranging from 16 to 35 nucleotides in length. Historically, CLAMP has been 

characterized for binding MRE motifs on the X chromosome and targets longer GA-rich cis 

elements on the X chromosome with higher affinity than it does shorter repeats (Kuzu et al. 

2016; Kaye et al. 2018). I first sought to describe the impact of GA-repeat variability on 

transcription factor binding as well as understand if the GA-repeat variability impact differential 

regulation of the histone gene arrays at the histone locus. I hypothesized that CLAMP would 
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preferentially target arrays that contain longer GA-repeats due to CLAMP’s preference for 

longer GA-repeats on the X chromosome. I confirmed that CLAMP as well as two other GA-

repeat binding transcription factors pipsqueak (Psq) and GAGA factor (GAF) target the histone 

locus based on ChIP-seq analysis. I show that CLAMP and GAF, despite targeting different 

length GA-repeats across the genome, target all of the GA-repeat lengths within the histone 

arrays. My results suggested that the GA-repeat itself does not impact differential regulation of 

the histone arrays and implies there may be additional cis elements that recruit cofactors that can 

impact histone gene regulation.  

 In Chapter 3, I explore how transcription factors integrate information from cis element 

sequence as well as contextual cues to perform their context specific function. I focused on the 

CLAMP’s role at the histone locus and leveraged a single histone array transgenic system to 

manipulate the CLAMP binding H3/H4p GA-repeat. I aimed to integrate how changes in cis 

element sequence and context could impact CLAMP function. I determined that CLAMP gleans 

information from not only cis element sequence but also from flanking sequence to determine its 

function at the histone locus. My results suggest that transcription factors incorporate more than 

just information about the cis elements they target, and these cues may play into how 

transcription factors are able to coordinate the expression of different genes.  

 In Chapter 4, my undergraduate mentee and I explored cis-element conservation in 

different Drosophila species. The histone gene coding sequences themselves are impressively 

conserved across species. In the ~ 40 MYa diverged species Drosophila virilis, the histone genes 

are spread across two loci, more like in humans and distinct from the single locus in Drosophila 

melanogaster. Even more interestingly, in D. virilis, one of the two histone loci show localization 

of the X chromosome, dosage compensation MSL2 factor prompting the question of how the 
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regulation of histone gene expression is different between sexes. These results suggest that 

histone gene regulation may be mechanistically different in other Drosophila species and 

prompts many new questions about what aspects of coordinated histone gene regulation are truly 

conserves and those that are unique in different systems.  

 Finally, in Chapters 5 and 6, I discuss how we can broaden our understanding of the 

contextual cues provided to transcription factors by investigating cofactors working in 

combination to achieve coordinated gene regulation. Despite recent advancements in the field of 

histone gene expression, we have still yet to create a fully extensive list of factors responsible for 

regulating the transcription and processing of the histone genes in Drosophila melanogaster. To 

discover novel DNA-binding proteins that target the histone locus, we turned to mining literature 

for likely candidates and then funneled these into a secondary bioinformatics screen. We 

established a Course-based Undergraduate Research Experience (CURE) focused on making 

novel bioinformatics-based research projects that are accessible to undergraduate students. We 

discovered that the Hox proteins Ubx, Abd-A and Abd-B likely target the histone locus and 

provided over 40 undergraduate students with hand-on research experience. 

 

1.7 Summary  

 Coordinated gene regulation, and particularly the coordination of histone gene regulation, 

is complex. The requirements for genes to be tightly regulated at different times and at the 

correct levels is an incredibly challenging feat to orchestrate. My work indicates that 

transcription factors play a large role in coordinated gene regulation and seem to incorporate 

critical information from the cis elements they target, flanking sequences and genomic context, 

and even cofactors that are targeting the same regions. Further complicating our understanding of 
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these processes, it seems that many coordinated gene events like histone gene regulation, dosage 

compensation and ZGA have their own unique mechanism and studying each of them is essential 

for broadening our understanding of all properties that govern coordinated gene regulation.  
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Chapter 2 
 

Cis element length variability does not confer differential transcription factor 
occupancy at the histone locus 
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2.1 Abstract 
 
Histone genes require precise regulation to maintain histone homeostasis and ensure nucleosome, 

critical genome packaging units, synthesis. Animal histone genes often have unique clustered 

genomic organization; however, there is variability of histone gene number and organization as 

well as differential regulation of the histone genes across species. The Drosophila melanogaster 

histone locus has unique organizational characteristics as it exists as a series of ~100 highly 

regular, tandemly repeated arrays of the 5 replication-dependent histone genes at a single locus. 

We hypothesize that the histone genes within arrays across the locus may be differentially 

regulated based on the fact that D. melanogaster are viable with only 12 histone gene arrays. We 

discovered that the GA-repeat within the H3/H4 promoter is the only variable sequence across 

the histone gene arrays. The H3/H4 promoter GA-repeat is targeted by CLAMP to promote 

histone gene regulation however we also show two additional GA-bind transcription factors, 

GAF and Psq may also target the GA-repeat. When we examined CLAMP and GAF targeting 

further, we determined that neither CLAMP nor GAF showed bias for any GA-repeat lengths. 

Furthermore, we found that the distribution of GA-repeats targeted by both CLAMP and GAF do 

not change throughout early development. Together our results suggest that the transcription 

factors targeting GA-repeat do not themselves impact differential regulation of the histone genes 

but prompts future studies to interrogate additional cis elements or factors that may work 

together to impact histone gene regulation. 
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2.2 Introduction 

Histone genes need to be strictly regulated so there are neither too few nor too many 

histones at any given time in the cell. The canonical histone genes, H3, H4, H2A, H2B, and H1, 

are replication dependent; their regulation is strictly coupled to the cycle. Histone genes are 

expressed during S phase to package newly replicated DNA followed by complete halting of the 

gene expression by the end of G. In part due to the requirement for strict coordinated cell cycle 

regulation, animal histone genes often have unique clustered genomic organization; however, 

there is variability of histone gene organization and differential regulation across species.  

Histone genes were originally cloned and sequenced from purple and green sea urchins, 

S. purpuratus and P. miliaris respectively, in the late 70s from which we learned sea urchin 

genomes have two clustered sets of histone genes. The first set consists of a tandem repeat of the 

five canonical histone genes termed the “early histone genes'' and a second set of 39 genes that 

are separated from the early genes, termed the “late histone genes” (Marzluff et al. 2006). These 

two histone gene sets are differentially regulated based on cell type and timing. The early histone 

genes are only expressed in the egg through the blastula stage whereas the late histone genes are 

expressed during late embryogenesis and continue expression through adulthood in all somatic 

cells (Marzluff et al. 2006).  

The human genome also carries two clusters of histone genes, a major cluster on 

chromosome 6 and a minor cluster on chromosome 1. All H1 genes are located in the major 

cluster which is spread across several megabases and contains ~60 histone genes in smaller sub-

clusters while the minor cluster only contains around 10-12 histone genes (Seal et al. 2022; 

Ghule et al. 2023) . Recent Hi-C data shows there are distinct promoter-promoter interactions 

between the subclusters of the major histone locus on chromosome 6 which could suggest 
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regulatory mechanisms that are different between the major and minor locus (Carty et al. 2017; 

Ghule et al. 2023). Transcription factors that regulate histone genes are shared between these loci 

however they are differentially regulated to ensure there are correct stoichiometries of H3, H4, 

H2A, H2B and H1 are made for proper nucleosome structure. The major histone locus also 

associates with another nuclear body called the Cajal body, x through the cell cycle whereas the 

minor locus only associates with it during S phase (Ma et al. 2000; Shopland et al. 2001). From 

work in human embryonic stem cells, the H4 genes may have distinct regulation patterns 

between he major and minor loci based on tumor cell type however the patterns of H4 gene 

expression show only minor differences between loc in embryonic stem cells. This suggests that 

the overall contribution of histone transcripts from the major and minor loci are similar implying 

that there are mechanisms of differential regulation that keep this equilibrium despite differences 

in histone gene copy number between the loci (Becker et al. 2007).  

Fission yeast are an even more extreme example of how histone genes are differentially 

regulated. Fission yeast genomes contain three pairs of H3-H4 gene along with just a single pair 

of H2Aalpha-H2B, and a lone H2A beta gene. A study looking at the three pairs of H3 and H4 

genes found that the first and third pair are up-regulated while the second pair is normally 

downregulated, exhibiting oscillation of expression through the cell cycle (Takayama and 

Takahashi 2007).  

The histone genes in Drosophila melanogaster are a unique example of clustered histone 

gene organization. The D. melanogaster genome carries a single repetitive histone locus on 

chromosome 2L. Based on recent locus assembly from long-read sequencing (Bongartz and 

Schloissnig 2019), the D. melanogaster histone locus includes approximately 107 tandemly 

repeated histone gene arrays. Each 5kb array includes the five canonical histone genes, H1, H3, 
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H4, H2A and H2B along with their respective cis regulatory elements and promoters. H3 and H4 

share a bi-directional promoter that contains an important GA-repeat cis element required for 

histone gene regulation (Rieder et al. 2017). These characteristics of histone gene organization in 

D. melanogaster are somewhat distinct from the above-mentioned yeast, sea urchins, and 

humans that all have multiple histone gene clusters at different loci.  

The studies from yeast, sea urchin, and even humans show that histone genes are 

differentially regulated based on timing, gene copy number, and number of loci. Despite these 

different organisms having diverse means of regulating and maintaining histone homeostasis, as 

a group they set a president for the hypothesis that histone genes in all animals have some level 

of differential regulatory mechanisms. Now having the knowledge that there are approximately 

107 histone gene arrays that comprise the histone locus one large question still remains: are all 

107 of the histone gene arrays expressed equally. We have some evidence that would suggest all 

107 arrays need to be active from work using a 12-array transgene (Günesdogan et al. 2010; 

Salzler et al. 2013; McKay et al. 2015). This 12-arrray transgene is sufficient for viability in a 

genetic background where the endogenous histone locus is deleted suggesting that as few as 12 

arrays at the endogenous locus could be active (Salzler et al. 2013; Koreski et al. 2020). These 

data confirm that not every array is necessary and therefore we hypothesize that the arrays will 

be expressed at different times or at the different levels, perhaps due to differences in TF 

function across arrays.  

To explore how the arrays at the endogenous D. melanogaster histone locus might be 

functionally different, we utilized a recent histone locus assembly completed through long-read 

sequencing (Bongartz and Schloissnig 2019) to search for sequence differences between the 

histone gene arrays. We discovered that the arrays are nearly identical in sequence, but the GA-
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repeat in the s H3/H4 promoter is variable in length ranging from 16-35 nucleotides in length. 

The H3/H4 promoter sequence can nucleate recruitment of specific histone regulatory factors, 

and the GA-repeat is specifically targeted by the transcription factor CLAMP (Salzler et al. 

2013; Rieder et al. 2017; Koreski et al. 2020). Further, we recently confirmed that the GA-

repeats are critical for histone locus factor recruitment. Therefore, we refined our hypothesis and 

tested if the length variability of the GA-repeat is responsible for differential transcription factor 

occupancy. To test this hypothesis, we obtained existing ChIP-seq data from CLAMP and other 

GA-repeat binding factors GAGA Factor (GAF) and Pipsqueak (Psq) and investigated their 

differential occupancy over GA-repeat elements. We discovered that all three factors bind the 

range of GA-repeat lengths and, furthermore, show that CLAMP and GAF are unbiased in the 

GA-repeat lengths they bind. Our discovery of variable GA-repeats at the histone locus 

uncovered a previously unknown distinction of the 107 histone gene arrays and may provide a 

target for future studies on histone array uniqueness and functionality. Furthermore, our 

observations suggest that the GA-repeat variability likely does not contribute to differential 

occupancy of transcription factors at histone gene arrays and implies other cis elements or 

cofactors that might contribute to differential histone gene regulation. 

 

2.3 Results 

2.3.1 The GA-repeat is variable in length across the histone gene arrays. 

Bongartz et al. (2019) produced a de novo assembly of the Drosophila melanogaster 

repetitive histone gene locus, identifying that the locus contains ~107 histone gene arrays. We 

aligned the gene arrays and discovered that they are nearly identical in sequence other than 

length variability of a GA-repeat present in the bidirectional promoter of genes H3 and H4 
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(Figure 2.1A,B,C). The GA-repeat varies in length from 16 base pairs to 35 base pairs (Figure 

2.1C,D). The most common GA-repeat length is 21 bp (29 of the 107 arrays). We found some 

clustering of arrays with similar length GA-repeats such as those that have GA-repeats with 29 

or 31 bp GA-repeats.  

 

 

 

Figure 2.1: The GA-repeat length is variable across the ~100 histone gene arrays. (A) A 

diagram of a single histone gene array and the GA-repeat element located in the H3/H4p. (B) We 

utilized previously assembled histone locus from Bongartz et al. (2019) to compare the 

sequences of the histone gene arrays. The arrays are virtually identical other than the GA-repeat 

in the H3H4p, which varies in length. (C) We aligned six of the 300 bp H3/H4p (arrays 15-20, 

TATA boxes in maroon). Other than a single SNP (purple), the GA-repeat remains the only 
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sequence variability. (D) A heatmap shows the positions of different GA-repeat lengths across 

the locus. Each array is represented by one vertical bar. (E) We designed primers to amplify the 

H3/H4p of the histone arrays to confirm the variability of the GA-repeat in vivo. Laddering of 

PCR products in an acrylamide gel confirmed GA-repeat variability. 

 

To confirm the GA-repeat variability in vivo, we designed primers to amplify about 115 

bp of the endogenous H3/H4p region that includes the GA-repeat region. PCR from genomic 

DNA is predicted to produce amplicons ranging from 110 bp (16 bp GA-repeat) to 129 bp (35 bp 

GA-repeat). We observed the expected laddering of PCR products on an acrylamide gel, 

confirming GA-repeat length variability in vivo (Figure 2.1E). We noticed several amplicons 

that exceeded the predicted length, possibly due to secondary structure forming due to the GA-

repeat.  

 

2.3.2 CLAMP, GAF, and Psq all target the GA-repeats in the H3/H4p 

Our observations indicate that the most dramatic sequence difference across the histone 

arrays is the wide variability of the GA-repeat length. We previously demonstrated that this 

sequence is targeted by the CLAMP transcription factor (Rieder et al. 2017) and that the 

interaction is important for HLB factor recruitment and histone gene expression (Rieder et al. 

2017; Hodkinson et al. 2023). However, the Drosophila genome carries two other GA-repeat 

binding transcription factors: GAF and Psq (Lehmann et al. 1998; van Steensel et al. 2003). We 

therefore hypothesized that these other GA-repeat binding factors are also targeting the GA-

repeats in the histone gene array. To test our hypothesis, we aligned previously generated ChIP-
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sequencing data to the histone gene array (Gutierrez-Perez et al. 2019; Gaskill et al. 2021; Duan 

et al. 2021). 

 

 

Figure 2.2: GAF, CLAMP, and Psq target the H3/H4p GA-repeat. (A) The binding motifs 

for GAF, CLAMP and Psq all contain GA-repeats. Binding motifs for GAF and CLAMP 

generated by the open access database JASPAR (Castro-Mondragon et al 2022) and Psq binding 

motif recreated from Gutierrez-Perez et al. 2019. (B) We aligned ChIP-seq data for GAF (pink, 

two replicates overlayed(Gaskill et al. 2021)) in 2-3 hr embryos, CLAMP (green, three replicates 

overlayed (Duan et al. 2021)) in 2-4 hr embryos, and Psq (purple, two replicates overlayed 

(Gutierrez-Perez et al. 2019)) in 2-4 hr embryos to the single histone gene array. GAF and 

CLAMP data were normalized to respective inputs. Psq was not normalized because no inputs 

were provided. All three factors target the GA-repeat in the H3/H4p of the histone gene array. A 

representative input (blue) from the GAF and CLAMP ChIP-seq data is shown for comparison. 
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Because of the repetitive nature of the histone locus, aligning sequencing data such as 

ChIP-seq reads becomes impractical as each read would map to more than one or even all 107 

histone gene arrays. Historically, to align sequencing data to the histone gene array, we utilized a 

condensed or custom version of the histone gene array, similar to the histone gene array outlined 

in Mckay et al. (2015), containing only one copy of each of the canonical histone genes along 

with their promoters. Using the condensed histone gene array also means there is only one GA-

repeat cis element, which happens to be 21 bp.  

First, we confirmed that CLAMP robustly targets the H3/H4 promoter GA-repeat (Figure 

2.2). CLAMP shows a clear peak over this region, as previously observed (Rieder et al. 2017; 

Koreski et al. 2020). Previously published GAF ChIP data from 2-3 hr embryos (Gaskill et al. 

2021) and Psq data from Drosophila embryonic stem cells (Kc167 cells, (Gutierrez-Perez et al. 

2019)) also show a clear peak at the H3/H4 promoter. Based on these data, CLAMP, GAF and 

Psq all target the histone locus.  

 

2.3.3 GA-binding factors do not show preference for GA-repeat length at the histone locus 

Although the ChIP peaks shown in Figure 2.2 for all three GA-repeat binding factors 

imply that they target the histone locus, we cannot deduce which array or arrays they target 

because we are only looking at the data aligned to a single histone array rather than the entire 

locus. We next wanted to deduce what arrays each of the three GA-repeat binding factors might 

target by examining whether they have a bias for certain length GA-repeats. Because the GA-

repeats are the only sequence that differs between the 107 histone gene arrays, knowing what 

length GA-repeats CLAMP, GAF, and Psq target can help us infer what arrays they target. 

CLAMP shows preference for binding longer GA-repeats on the X chromosome while GAF 
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shows preference for short GA-repeats (Kaye et al. 2018). In vitro, CLAMP binds DNA probes 

with long GA-repeats up to 30 nucleotides in length by EMSA where GAF would only shift 

pieces of DNA with shorter GA-repeats of 8 nucleotides (Kaye et al. 2018). Therefore, we 

hypothesized that these GA-repeat binding factors might target different histone arrays based on 

their binding preference for GA-repeat length. 

We developed a bioinformatics script that selected H3/H4 promoter sequences from the 

ChIP-seq dataset by defining two anchor sequences, one upstream (5’) and one downstream (3’) 

of the GA-repeat with enough length to ensure specificity to the H3/H4 promoter. The code then 

extracts the reads that match both anchors, scans to identify the GA-repeat and counts the 

number of nucleotides that make up the GA-repeat in that given read. We utilized the ChIP input 

as a positive control, hypothesizing that we would recapitulate the GA-repeat lengths and 

frequencies we retrieved from the long-read sequencing results.  

 

 

 

Figure 2.3 The H3/H4 promoter GA-repeat length variability is observed in different 

datasets. We designed a bioinformatics code to parse through ChIP-seq datasets, extract reads 

containing the H3/H4 promoter GA-repeat and count the number of nucleotides within the 
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repeat. We extracted reads from input ChIP-seq datasets of (A) 0-2hr embryos (three replicates) 

and (B) 2-4hr embryos (three replicates) and created histograms based on the the GA-repeat 

nucleotide counts. The X-axis shows all GA-repeat lengths, and the Y-axis is the frequency each 

length was found represented as a percentage of extracted reads which contained that GA-repeat 

length. 

 

When we generated histograms for GA-repeat length frequency from the input libraries 

of 0-2hr and 2-4hr embryos, we observed that the distribution of GA-repeat lengths mirrored the 

distribution we found from the long read Bongartz et al. (2019) data. However, we did notice a 

few differences. We identified some GA-repeats that were shorter than expected due to SNPs in 

the middle of the GA-repeat (Supplementary Figure 2.1). In addition, we noticed some minor 

differences in the frequencies of element lengths (Figure 2.1B vs. Figure 2.3). This is likely due 

to strain genotype, as the Bongartz assembly was obtained from OregonR Drosophila, while the 

ChIP-seq dataset was obtained from yellow-, white- animals. Because large, repetitive regions of 

the genome are subjected to frequent expansion and contraction due to unequal crossing over 

(Smith 1976), it’s also likely that few Drosophila strains have exactly the same GA-repeat length 

distribution. Even individuals within an interbreeding population may have different numbers of 

arrays and therefore frequencies of GA-repeat lengths. Overall, however, we confirmed that the 

variability and length distribution of the histone locus GA-repeats is relatively reproducible. 

To determine the binding profiles of CLAMP and GAF at the variable GA-repeat, we 

used an available CLAMP ChIP-seq dataset from Duan et al. (2021) and generated a GAF ChIP 

dataset, both of which include data from 0-2 and 2-4hr Drosophila embryos. These are relevant 

time points for histone gene expression; the early Drosophila embryo undergoes 14 nuclear 
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division cycles where every 8-12 minutes, the entire genome is replicated therefore, a large 

number of histones are rapidly required (Tadros and Lipshitz 2009; Farrell and O’Farrell 2014; 

Harrison and Eisen 2015). The histone genes are targeted by specific factors as early as nuclear 

cycle 9 (Terzo et al. 2015), and zygotic histone genes are expressed by nuclear cycle 11 (Edgar 

and Schubiger 1986). CLAMP is maternally deposited and targets the histone locus in the early 

embryo, prior to detectable histone gene expression (Rieder et al. 2017). GAF is not thought to 

target the zygotic histone locus unless CLAMP is depleted (Rieder et al. 2017), although we 

discovered that it likely does so, at least from some datasets (Figure 2.2).  

 

 

 

Figure 2.4 GAF and CLAMP target the same length GA-repeats. We extracted reads 

containing the H3/H4 promoter GA-repeat from ChIP-seq data for GAF in (A) 0-2hr embryos 
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(three replicates) and (B) 2-4hr embryos (three replicates). We also extracted reads contain the 

H3/H4 promoter GA-repeat from ChIP-seq data for CLAMP in (C) 0-2hr embryos (three 

replicates) and (D) 2-4hr embryos (three replicates). In both histograms, the X-axis shows all 

GA-repeat lengths, and the Y-axis is the average frequency each length was found represented as 

a average percentage of extracted reads which contained that GA-repeat length from the three 

replicates of each data set.  

 

Using these embryonic ChIP-seq datasets, we investigated the frequencies of GA-repeat 

lengths targeted by CLAMP and GAF. We found that all GA-repeat lengths were bound by 

CLAMP, which does not show any bias for specific GA-repeat lengths despite preferring long X-

linked GA-repeats (Kaye et al. 2018). Furthermore, CLAMP seems to target each of the GA-

repeat lengths at similar frequencies to their respective counts across the locus (input, Figure 

2.3). Lastly, we found no difference between the distribution of GA-repeat lengths targeted by 

CLAMP based on age of embryo, suggesting that developmental timing does not impact 

CLAMP distribution to the GA-repeats at the histone locus (Figure 2.4 C,D).  

We next performed a similar analysis for GAF and retrieved similar results. GAF showed 

no bias for specific GA-repeat lengths in either 0-2 or 2-4 hr embryos (Figure 2.4 A,B). Further, 

we found that GAF also seems to bind each of the GA-repeat lengths at similar frequencies to 

their respective counts across the locus (input, Figure 2.3) similar to CLAMP (Figure 2.4 A,B). 

Although we identified a previously generated Psq ChIP-seq dataset from 3 hr embryos, we were 

unable to interrogate GA-repeat binding preference due to the short length (50 bp) of the 

sequencing reads, which is not sufficient to identify reads that contain both the anchor sequences 

and the GA-repeat.  
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2.4 Discussion 

The Drosophila melanogaster histone locus comprises ~107 virtually identical histone 

gene arrays and is regulated by a unique nuclear body. It is unknown whether all ~107 histone 

genes are all targeted by the same transcription factors and produce the same mRNA output, as 

we are unable to differentiate the histone gene expression of each of the arrays. Some evidence 

points toward differential expression of genes. Animals carrying 12-array transgenes in the 

background of an endogenous locus deletion are viable (Günesdogan et al. 2010; Salzler et al. 

2013; Koreski et al. 2020) and express histone mRNAs at the same level as the endogenous 

locus, indicating that 100 are not required for viability. Other species, including other 

drosophilids have varying numbers of histone genes in differing genomic arrangements, such as 

the closely related D. simulans whose genome carries only 15 histone arrays (Sisi Falcone, 

unpublished data) or ~40 MYa diverged D. virilis whose genome carries two histone loci which 

combined only contain 32 arrays (Russo et al. 1995; Schienman et al. 1998). It is difficult to 

assay how the D. melanogaster genes might be differentially expressed, as the histone coding 

sequences are virtually identical. We therefore sought to uncover mechanisms for differential 

histone gene regulation by investigating sequence differences between arrays.  

Using a recent long-read histone locus assembly (Bongartz et al. 2019), we discovered 

that the GA-repeat in the H3/H4 promoter is variable in length across the histone locus, while the 

rest of the 5 kb arrays are nearly identical in sequence. We previously demonstrated that CLAMP 

targets the GA-repeat in the H3/H4 promoter and confirmed that the GA-repeats are important 

for histone locus factor recruitment (Rieder et al. 2017; Hodkinson et al. 2023). These 

observations indicated the importance of the GA-repeat in overall histone gene regulation, so we 
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hypothesized that this sequence variability might be functionally important in recruiting different 

transcription factors. We found that all GA-binding transcription factors target the element, but 

that none seems to have a bias for longer or shorter repeats.  

GA dinucleotide repeats are fairly common in many genomes and serve a variety of 

functions. GA-repeat, also called shore tandem repeats (STRs), are commonly found in core 

promoter sequences to serve as targets for transcription factors or pioneer factors like GAF 

which displace nucleosomes to ready the gene for transcription (Valipour et al. 2013). Recent 

work looking at a conserved GA-repeat in the core promoter of early human embryonic 

development genes shows that differences in GA-repeat length at these genes can cause 

differences in expression levels (Valipour et al. 2013). These data confirm that GA-repeat length 

itself is sufficient to drive differential gene expression and, furthermore, may imply that the 

length of the GA-repeat in the histone gene arrays may also impact differential expression of the 

histone gene within array even if this is not due to changes in CLAMP, GAF, or Psq binding.   

GA dinucleotide repeats can also serve as insulators. GAF binding at GA-repeats is 

critical for insulation between genes and unrelated, neighboring enhancer sequences (Lehmann 

2004; Gaskill et al. 2021). In mice, GA-repeat motifs within the Hox gene clusters are 

nucleosome-free and, when GAF targets these regions, chromatin boundaries are established to 

create domains so the Hox genes themselves are insulated from their neighboring regulatory 

elements (Srivastava et al. 2013). Similarly, in D. melanogaster GAF localizes to the Fab-7 

boundary element from the Hox genes Ubx, Abd-A and Abd-B. GAF can target distinct GA-

repeats at the Fab-7 element which can determine its function as an insulator at different 

developmental time points (Schweinsberg et al. 2004). It is possible that the GA-repeat in the 

histone array acts as an insulator and, although it is located within the H3/H4 promoter, it may 
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serve multiple functions as the target for binding factors at a subset of arrays and as an insulator 

for others to modulate the expression if histone genes in different arrays.   

Our observations suggest the GA-repeat may not impact differential expression of the 

histone genes, however here we did not explore if GA-repeat length impacted individual histone 

gene expression levels. The repetitiveness of the histone locus makes it impossible to assess the 

expression of individual histone genes because there is no sequence variation to differentiate 

what histone gene is expressed each gene array. Future experiments could leverage a barcoded 

12-array transgene where silent mutations can be made in the histone genes to differential 

expression from each array. Using this system, we could look at how GA-repeat length impacts 

histone gene expression rather than just GA-repeat binding. Studies in sea urchins, which have 

two clusters of histone genes that are differentially regulated to be expressed “early” or “late” in 

development, show that the specific downregulation of the “early” H2A genes is regulated by an 

upstream (5’) GA-repeat serving as an insulator (Di Caro et al. 2004). This study suggests that 

the regulation of individual histone genes can be governed by cis elements. Furthermore, this 

data emphasizes that dinucleotide repeats, and specifically GA-repeats, have important functions 

across species and in many genomic contexts.  

GA-repeats are not the only cis element that can modulate gene expression and it is likely 

that there are secondary or several additional cis elements that are responsible for regulating 

different histone arrays or genes (Horton et al. 2022). The work here focused specifically on the 

GA-repeat as it is essential for CLAMP binding and the only variable sequence between the 

arrays however, additional cis elements in the H3/H4 or H2A/H2B promoter could impact 

differential regulation at the histone locus. Furthermore, it is possible that all the arrays are 

targeted by GA-repeat binding factors, but additional transcription factors are needed to then 
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activate the arrays and express the histone genes within that array. Here we only consider the 

impact of the GA-repeat binding factors at the histone array however we know that there is a 

body of factors that regulate histone gene expression known as the HLB (Duronio and Marzluff 

2017), the full composition of which is still unknown. Future studies exploring what other DNA-

binding factors target the histone arrays, like the recently published screen from Hodkinson et al. 

2023, as well as investigating how differential targeting may impact histone gene expression will 

provide greater understanding of the intricacies involved in histone gene regulation in D. 

melanogaster.  

 

2.5 Conclusions 

By utilizing the previously assembled histone locus sequencing data (Bongartz and 

Schloissnig 2019), we revealed the H3/H4 promoter GA-repeat cis element is the only variable 

sequence between the ~107 gene arrays. By leveraging previously published ChIP-sequencing 

datasets we determined that the variability in the GA-repeat does not impact the binding of 

factors GAF or CLAMP and suggests that these factors alone are not responsible for any 

differential regulation of the histone. Overall, our results and observations have expanded our 

understanding of the sequence features of the D. melanogaster histone locus and given insight 

into what may govern histone gene regulation. 
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2.6 Methods 

Promoter Alignment 

We obtained the H3/H4 promoter sequences from the Bongertz et al. (2019) genome assembly 

(Figure 2.1) and used reads extracted from input ChIP-sequncing data (Supplemental Figure 2.1). 

We aligned sequences using T-Coffee Multiple Sequence Alignment (MSA) (Notredame et al. 

2000) to create a ClustalW output and formatted the shading and features with Jalview 

(Waterhouse et al. 2009). 

 

ChIP-analysis and Data Visualization - IGV plots 

We directly imported individual FASTQ datasets into the web-based platform Galaxy (The 

Galaxy Community 2022) through the NCBI SRA Run Selector by selecting the desired runs and 

utilizing the computing Galaxy download feature. We retrieved the FASTQ files from SRA 

using the “Faster Download and Extract Reads in FASTQ format from NCBI SRA” Galaxy 

command. Because the ~100 histone gene arrays are extremely similar in sequence, we do not 

utilize the dm6 or dm3 genomes and instead collapse ChIP-seq data onto a single histone array. 

We used a custom “genome” that includes a single Drosophila melanogaster histone array 

similar to that in Mckay et al. (2015), which we directly uploaded to Galaxy using the “upload 

data” feature, and normalized using the Galaxy command “NormalizeFasta” specifying an 80 bp 

line length for the output .fasta file. We aligned ChIP reads to the normalized histone gene array 

using Bowtie2 (Langmead and Salzberg 2012) to create .bam files using the user built-in index 

and “very sensitive end-to-end” parameter settings. We converted the .bam files to .bigwig files 

using the “bamCoverage” Galaxy command in which we set the bin size to 1 bp and set the 

effective genome size to user specified: 5000 bp (approximate size of l histone array). If an input 
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dataset was available, we normalized ChIP datasets to input using the “bamCompare” Galaxy 

command in which we set the bin size to 1 bp. We visualized the bigwig files using the 

Integrative Genome Viewer (IGV) (Robinson et al. 2011). 

 

Table 2.1 ChIP-sequencing datasets. Specifics for the NCBI GEO datasets used including the 

GEO Accession number, the SRA Run selector numbers, the developmental time of each sample, 

and the cited source.  

Factor GEO 
Accession # 

SRA Run Selector  Developmental 
Timepoint 

Citation 

GAF 
GAGA 
Factor 
(Trl) 

GSE152773 Anti GAF-GFP 
1 -SRR12045586 
2 - SRR12045588 
Input 
1- SRR12045585 
2 - SRR12045587 

2-3hr, stage 5 embryos (Gaskill et 
al. 2021) 

CLAMP 
Chromatin 
linked 
adaptor 
for MSL 
proteins 

GSE152613 CLAMP antibody 
1 - SRR12024931 
2 - SRR12024949 
3 - SRR12024967 
Input 
1 - SRR12024933 
2 - SRR12024951 
3 - SRR12024969 

2-4hr embryos (Duan et al. 
2021) 

Psq 
Pipsqueak 

GSE118047 PsqM (PsqTot) antibody 
1- SRR7638403  
2 - SRR7638404 

Kc167  
Drosophila embryonic 
cell line 

(Gutierrez-
Perez et al. 
2019) 

 

 

ChIP-analysis and Bioinformatics Pipeline - GA-repeat Histograms 

Our annotated pipeline (code) will be available on GitHub (pending) in the script entitled 

count_ag_repeats.py. We utilized packages SeqIO from biopython (Cock et al. 2009) to parse 

through fastq files and regex from anaconda or pip for all functional outputs. We also utilized 

logging from anaconda or pip to create a built-in log for the run as an informational output. We 
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designed the code to first identify, and extract reads that contain the H3H4 promoter sequence by 

using two short, flanking “anchor” sequences to the left (5’) and the right (3’) of the GA-repeat 

(left sequence: TAGCAATCGT right sequence: CATTTCATTTGACGAGC). We used a 

counting mechanism to ensure that reads with both the left and the right anchor were extracted 

however there is also an information output for single matches. We then designed the code to 

scan through the extracted reads until encountering the specified string “AGAGAG” as a seed 

sequence for the GA-repeat. Once the GA-repeat is identified, we designed the code to count the 

number of nucleotides within the repeat. Of note, we designed the code to allow for 0 

mismatches in the repeat which meaning repeats where two “A” nucleotides or two “G” 

nucleotides are adjacent to each other will only be counted until that “AA” or “GG” appears. We 

identified that there are a handful of GA-repeats that contains SNPs causing “AA” or “GG” 

stretches (Supplementary Figure 2.1). However, this feature of the pipeline is changeable to 

allow for any specified number of mismatches. The script outputs 6 files to a specified path 

destination. These outputs include a .tsv file with four columns of information; the first column 

is nucleotide count of the GA-repeat, the second column has the extracted repeat itself, and the 

third column with the trimmed read where the repeat originated, and the last column has the 

sequence ID (Supplementary Figure 2.2). This file allows confirmation of the GA-repeat 

nucleotide counts as well as access to the reads the pipeline extracted. The other 5 files are 

.fastq.gz files that include reads from the script parsing through the entire sequencing file which 

include: dual_match.fastq.gz containing all the full length reads that had both ancho sequences,    

left_only.fastq.gz containing reads that only matched the left anchor sequence, 

no_match.fastq.gz, containing reads that did not have either anchor sequence, right only.fastq.gz 

containing reads that only matched the right anchor sequence, and strange_match.fastq.gz 
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contain reads with unexpected configurations of the anchor sequences such as forward and 

reverse complements of these sequences. 

 

ChIP-analysis and Data – GA-repeat Histograms 

CLAMP ChIP-seq datasets from Duan et al. 2021 were retrieved from is deposited at NCBI GEO 

and the accession number is (GSE152598). GAF ChIP data was performed as described in Duan 

et al. 2021 with 10uL of GAF antibody (Fuda et al. 2015).  

 

Table 2.2 ChIP-sequencing data used to generate GA-repeat length histograms 

Target TF Developmental 
Timepoint 

GEO 
Accession # 

SRA Run Selector # 

Input 0-2hr embryo GSE152613 Input 
1- SRR12024924 
2 - SRR12024942 
3 - SRR12024960 

Input 2-4hr embryo GSE152613 Input 
1 - SRR12024933 
2 - SRR12024951 
3 - SRR12024969 

GAF 0-2hr embryo pending GAF antibody 
pending 

GAF 2-4hr embryo pending GAF antibody 
pending 

CLAMP 0-2hr embryo GSE152613 CLAMP antibody 
1- SRR12024922 
2 - SRR12024940 
3 - SRR12024958 

CLAMP 2-4hr embryo GSE152613 CLAMP antibody 
1 - SRR12024931 
2 - SRR12024949 
3 - SRR12024967 
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2.8 Supplemental Figures 
 

 
 
Supplementary Figure 2.1 The GA-repeat can contain a variety of mismatches and 

sequence variation. We aligned a representative set of reads extracted by our bioinformatics 

pipeline where the H3/H4 promoter GA-repeats contains SNPs or stretches of repeating A or G 

nucleotides. One of the TATA boxes is labeled in maroon and the GA-repeat is labeled in green. 

SNPs are shown in purple and stretches of A or G nucleotides are shown in teal. (Note these 

sequences have been extracted and trimmed by our python script). 

 
 
 

 
 
Supplementary Figure 2.2 Sample .tsv file output for the GA-repeat counting 

bioinformatics pipeline. Our pipeline parses through sequence.fastq.gz files and extracts reads 

with the H3/H4 promoter GA-repeat and subsequently counts the number of nucleotides that 
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makes up the repeat. The main output file for this script is a .tsv file contain three columns. The 

first column specifies the number of nucleotides that make up the GA-repeat, the second column 

has the extracted repeat itself, and the third column with the trimmed read where the repeat 

originated, and the last column has the sequence ID. 
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3.1 Abstract 

Despite binding similar cis elements, transcription factors often perform context-dependent 

functions at different genomic loci. How transcription factors integrate cis sequence and genomic 

context to perform their context-dependent functions is still poorly understood. One example of a 

context-dependent transcription factor is the Drosophila protein Chromatin-Linked Adapter for 

MSL Proteins (CLAMP), which targets similar GA-rich cis elements on the X-chromosome and 

at the histone locus but recruits very different, locus-specific transcription factors to each of 

these contexts. Here we investigate how CLAMP function at the histone genes is impacted by the 

identity of its cis binding elements. CLAMP binds a long GA-repeat element in the promoter of 

H3 and H4 (H3/H4p) and recruits histone locus body (HLB) factors needed for histone gene 

expression. We engineered flies to carry a transgenic histone gene array in which we replaced the 

H3/H4p cis elements with X-linked CLAMP-recruiting GA-rich elements. We discovered that 

X-linked CLAMP elements do not functionally substitute for GA-repeats in the histone gene 

array and do not recruit the core HLB factor, indicating that cis element sequence is critical. 

Sufficient X-linked sequence, in the context of the H3/H4p results in X-chromosome-specific 

factor recruitment in males, indicating the importance of local context. Our observations suggest 

that both sequence and local context dictate CLAMP function. 
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3.2 Introduction 

Coordinated gene expression is a crucial but difficult task in the crowded nucleus. To 

accomplish this feat, transcription factors (TFs) must first traverse the nucleus to find their 

corresponding cis elements. Furthermore, once factors have identified their DNA-binding sites, 

they can then impact gene expression on highly constrained temporal and spatial levels. When 

gene expression programs are misregulated or interrupted by mutations in regulatory elements, it 

can have catastrophic impacts, causing a variety of disease outcomes including cancer, 

autoimmunity, and neurological disorders (Lee and Young 2013). To further complicate the 

hurdle of widespread gene regulation, some TFs are “context dependent”; they bind similar cis 

elements across the genome but retain the ability to perform distinct functions at these different 

loci (Fry and Farnham 1999). Currently, we still do not fully understand how context-dependent 

TFs integrate locational information with cues they may receive from cofactors, 3D architecture, 

and other signals to perform their diverse functions. 

CLAMP (Chromatin Linked Adaptor for MSL Proteins) is Diptera-specific C2H2 zinc-

finger TF that plays a genome-wide role as a pioneer factor (Duan et al. 2021) and targets GA-

rich cis elements to regulate global gene expression through both chromatin accessibility changes 

and polymerase pausing (Urban et al. 2017b, 2017a). CLAMP is designated as a context-

dependent transcription factor that is critical for two major coordinated gene expression events: 

histone gene expression and upregulation of the male X chromosome for dosage compensation 

(Soruco and Larschan 2014). CLAMP is enriched on the male X-chromosome where it binds to 

GA-rich regions often overlapping with MREs (MSL recognition elements) (Alekseyenko et al. 

2008) and recruits the Male Specific Lethal complex (MSLc) to accomplish dosage 

compensation in male flies (Soruco and Larschan 2014). At the histone gene locus, CLAMP 
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binds a long GA-repeat cis element in the promoter of H3 and H4 (H3/H4p) and fosters 

recruitment of histone gene locus body (HLB) specific factors including Mxc (Multi Sex combs, 

Mxc; the Drosophila ortholog of the human NPAT; (Terzo et al. 2015)) (Salzler et al. 2013; 

Rieder et al. 2017). CLAMP targets both the histone genes and the X chromosome prior to locus-

specific factors such as Mxc and MSLc, neither of which have strong DNA-binding capability 

(Villa et al. 2016; Terzo et al. 2015). These observations show that, despite binding similar cis 

elements on the X-chromosome and at the histone gene locus, CLAMP recruits different factors 

to each location ensuring proper group composition at each genomic location. It is unclear how 

early transcription factors such as CLAMP integrate information from GA-rich cis elements with 

other genomic contextual information to perform their locus-specific functions. 

Drosophila dosage compensation provides some clues as to how TFs like CLAMP 

integrate sequence and context information. For example, moving X-linked chromosome entry 

sites (CES; up to ~1500bp which contain one or more GA-rich MREs (Alekseyenko et al. 2008)) 

to autosomal locations leads to ectopic MSLc recruitment, spreading of the complex into 

surrounding chromatin, and transcriptional regulation of nearby genes (Gorchakov et al. 2009). 

A similar phenomenon occurs when the ~300bp H3/H4p, which includes a GA-repeat ranging 

from 16-35 bps (Bongartz and Schloissnig 2018) targeted by CLAMP (Salzler et al. 2013; Rieder 

et al. 2017). When this segment is placed outside the endogenous histone gene locus on 

chromosome 2L, HLB-specific factors are recruited to the transgenes resulting in transcription of 

the adjacent sequences (Salzler et al. 2013). These important experiments show that separation of 

local contexts (CES, up to ~1500bp; H3/H3p, ~300bp) from the larger locus (X-chromosome, 

histone gene locus on chromosome 2L) still allows for retention of local context function. This 

retention of function suggests that the larger chromosomal or locus context of these elements is 
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not required for their function in recruiting the factors necessary for coordinated gene expression. 

Since both regions carry elements that recruit the CLAMP protein (Alekseyenko et al. 2008; 

Rieder et al. 2017), we hypothesized that the GA cis elements themselves are interchangeable 

and that the flanking local context provides the cues required for CLAMP context-specific 

function and unique factor recruitment. 

Neither the Drosophila X-chromosome nor the endogenous histone gene locus are 

tractable study systems in which to test this hypothesis. MSLc coats the entire chromosome, and 

it is not practical to manipulate each GA-rich MRE in all 150 CES (Alekseyenko et al. 2008). 

Altering a critical number of CES, besides being nearly impossible to execute, would likely 

cause incomplete dosage compensation and male-specific lethality, while altering just a few CES 

is unlikely to significantly affect MSL recruitment to the whole chromosome due to complex 

spreading (Kelley et al. 1999; Kageyama et al. 2001; Gorchakov et al. 2009) . Similarly, the 

endogenous histone gene locus is organized in a series of ~100 tandemly repeated 5 Kb arrays, in 

which each array contains the five canonical histone genes (H3, H4, H2A, H2B, and H1). 

The repetitive nature of the histone locus renders it intractable for genetic manipulation 

as it harbors CLAMP-binding GA-repeats in all ~100 H3/H4p. However, the Drosophila 

transgenic histone gene array provides an excellent genetic system in which to test our 

hypothesis. Transgenes carrying 1-12 histone gene arrays have been established that allow for 

genetic manipulation and recapitulate histone locus functionality (Salzler et al. 2013; McKay et 

al. 2015; Meers et al. 2018). A single copy histone gene array, while not able to rescue an 

endogenous histone locus deletion background, successfully recruits HLB-specific factors and 

drive histone gene expression (Koreski et al. 2020). This becomes a powerful system to perturb 
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the CLAMP-recruiting cis elements within the array without editing all ~100 arrays at the 

endogenous locus. 

Leveraging the transgenic system, we confirm that H3/H4p GA-repeat CLAMP binding 

sites are required for Mxc recruitment to the transgene (Rieder et al. 2017). We further 

demonstrate that transgenes in which we replace the H3/H4p GA-repeats with X-linked GA-rich 

MREs, which are bound by CLAMP in vitro and in their native locations, fail to recruit Mxc 

despite the larger contextual information of the histone gene array. Finally, we demonstrate that 

adding back additional X-linked sequence to the transgenic histone gene array results in MSLc 

recruitment in males. We observe sex-specific differences that suggest a competition between 

CLAMP-associated factors in males, but not in females. Overall, our observations indicate that 

cis element sequence alone is enough to impact context-dependent TF functions. 

 

3.3 Materials and methods 

Transgenics 

Transgenes were constructed to include a 5 Kb histone array sequence consisting of the 5 

replication-dependent histone genes and their relative promoters (McKay et al. 2015; Meers et al. 

2018) in which the H4 and H2A genes are FLAG-tagged (24 bp) at the 5’ end to distinguish 

them from the endogenous histone genes. 500 bp DNA inserts containing the H3/H4p changes of 

interest were ordered from IDT and inserted via Gibson cloning (detailed above). All 1x histone 

array transgenes were inserted at the VK33 attP site on chromosome 3L (65B2) (Venken et al. 

2006) using PhiC3-mediated integration (Groth et al. 2004) by GenetiVision (Houston, TX). 

Injected chimeric flies were crossed in pairs to a +/+; CyO/If ; TM3 (Sb) / TM6 (Tb) balancer 

stock. Resulting red-eyed progeny were selected and singly mated back to +/+; CyO/If ; TM3 
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(Sb) / TM6 (Tb) flies and a homozygous stock was established. Flies were maintained on 

standard cornmeal/molasses media at 18º C and transferred every 3-4 weeks. 

 

Electrophoretic Mobility Shift Assays: 

We performed EMSAs after Aoki et al. 2008 (Aoki et al. 2008) with minor modifications. 

DNA probes: We made EMSA probes using PCR from gblocks (IDT) acquired during cloning as 

templates and the following primers: H3/H4 promoter F1: 

CACAGCACGAAAGTCACTAAAGAAC, H3/H4 promoter R1: 

GTTTGAAAACACAATAAACGATCAGAGC. We 5′ end labeled one pmol of probe with γ-

32P-ATP (MP Biomedicals) using T4 polynucleotide kinase (New England BioLabs) in a 50 μl 

total reaction volume at 37°C for 1 hour. We used Sephadex G-50 fine gel (Amersham 

Biosciences) columns to separate free ATP from labeled probes. We adjusted the volume of the 

eluted sample to 100 μl using deionized water so that the final concentration of the probe was 10 

fmol/μl. 

Late embryo nuclear extracts: We prepared embryo extracts from 6-18hr Oregon R embryos 

collected on apple juice plates and aged 6 hours at room temperature. We performed nuclear 

extract preparation as in Aoki et al. 2008. We omitted the final dialysis step described in Aoki et 

al. and completed the extraction with the final concentration of KCl at 360 mM. 

Shifts: We performed 20 μl binding reactions consisting of 0.5 μl (5 fmol) of labeled probe in the 

following buffer: 25 mM Tris-Cl (pH 7.4), 100 mM KCl, 1 mM EDTA, 0.1 mM dithiothreitol, 

0.1 mM PMSF, 0.3 mg/ml bovine serum albumin, 10% glycerol, 0.25 mg/ml poly(dI-

dC)/poly(dI-dC). We added 1 μl of nuclear extract and incubated samples at room temperature 

for 30 minutes. We loaded samples onto a 4% acrylamide (mono/bis, 29:1)-0.5× TBE-2.5% 
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glycerol slab gel. We performed electrophoresis at 4°C, 180 V for 3-4 hours using 0.5× TBE-

2.5% glycerol as a running buffer. We dried gels and imaged using a Typhoon 9410 scanner and 

Image Gauge software. 

Supershifts: We preincubated reactions, including 5ug/ul poly(dA-dT)/poly(dA-dT), with OreR 

late nuclear extract (LNE) and antibodies for 30 min at room temperature before adding hot 

probe. We used 1 ul rabbit serum and 4 ul anti-CLAMP antibodies. 

 

Probe (length) Probe Sequence 

WT (226 bp) 
GA-repeats 
bolded 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTGTG
TGCCCCTATTTATAGGTAAAACGACAAAAACCCGAGAGAGTACG
AACGATATGTTCGTTCGCTTTTCGCTCGTCAAATGAAATGGCCTC
TGTTTTTCTCTCTCTCTCTCTCTCTCTTTCACCGTCCACGATTGC
TATATAAGTAGGTAGCAAATGCTCTGATCGTTTATTGTGTTTTCA
AAC 

GA del (198 
bp) 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTGTG
TGCCCCTATTTATAGGTAAAACGACAAAAACCCXTACGAACGAT
ATGTTCGTTCGCTTTTCGCTCGTCAAATGAAATGGCCTCTGTTTTX
TTCACCGTCCACGATTGCTATATAAGTAGGTAGCAAATGCTCTGA
TCGTTTATTGTGTTTTCAAAC 

2 MRE (238 
bp) 
MREs bolded 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTGTG
TGCCCCTATTTATAGGTAAAACGACAAAAACCCgatttagagcgagatga
caaTACGAACGATATGTTCGTTCGCTTTTCGCTCGTCAAATGAAAT
GGCCTCTGTTTTggcgatctctctcgtatacgTTCACCGTCCACGATTGCTAT
ATAAGTAGGTAGCAAATGCTCTGATCGTTTATTGTGTTTTCAAAC
G 

CES5C2 (232 
bp) 
MREs bolded 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTGTG
TGCCCCTATTTATATTTATAGGTAAAACGaaatcacgttcacacaacttagaaa
gagatagcgatggcggtgtgaaagagagcgagatagttggaagcttcatggaaatgaaagagaggt
agtttttggaaatgaATTGCTATATAAGTAGGTAGCAAATGCTCTGATCGT
TTATTGTGTTTTCAAAC 

roX2 (232 bp) 
MREs bolded 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTGTG
TGCCCCTATTTATATTTATAGGaatacagatcgatttagagcgagatgacaatagaga
ggcgatctctctcgtatacgagtcttgaaaagaaagagaaggcgaacggtgctggcttagagagaga
tggcaatactaattaacTATAAGTAGGTAGCAAATGCTCTGATCGTTTATT
GTGTTTTCAAAC 

Table 3.1: Sequences of EMSA probes. 
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Polytene immunofluorescence and microscopy 

We performed polytene chromosome squashes from salivary glands of sexed female and male 

third instar larvae. We passed glands through fix 1 (4% formaldehyde, 1% Triton X-100, in 1× 

PBS) for 1 min, fix 2 (4% formaldehyde, 50% glacial acetic acid) for 2 min, and 1:2:3 solution 

(ratio of lactic acid:water:glacial acetic acid) for 5 min prior to squashing and spreading. Slides 

were washed in 1X PBS, washed in 1% Triton X-100 (diluted in 1X PBS) and blocked for one 

hour in .5% BSA in 1X PBS. Slides were then incubated with primary antibody diluted in 

blocking solution (antibody specifics below) overnight at 4º C in a dark humid chamber. Slides 

were then washed in 1 X PBS and incubated with secondary antibody diluted in blocking 

solution (antibody specifics below) for two hours. Slides were then mounted using Prolong 

Diamond anti-fade reagent with DAPI (Thermo Fisher, P36961), and spreads were imaged on a 

using a Zeiss Scope.A1 equipped with a Zeiss AxioCam using a 40×/0.75 plan neofluar objective 

using AxioVision software. We used primary antibodies at the following concentrations: rabbit 

anti-CLAMP (1:1000; Novus/SDIX) (Larschan et al. 2012), guinea pig anti-Mxc (1:5000) 

(White et al. 2011, gift from the Duronio and Marzluff labs), and rabbit anti-MSL2 (1:150, a gift 

from the Meller Lab).  We used AlexaFluor secondary 488 and 647 antibodies (Thermo Fisher 

Scientific) at a concentration of 1:1000.  

 

ChIP-seq data  

CLAMP ChIP-seq was performed using protocol from Rieder et al. 2017 (Rieder et al. 2017) and 

data was taken from NCBI GEO (GSE152598, (Duan et al. 2021)). MSL3 ChIP-seq was 

performed using protocol from Rieder et al, 2017 and data was taken from NCBI GEO 
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(GSE133637, (Rieder et al. 2019)). Mxc ChIP-seq was performed as in Rieder et al. 2017 using 2 

ul guinea pig anti-Mxc antibody (gift from the Duronio/Marzluff laboratories). 

Data availability: Mxc ChIP-seq data are deposited on NCBI GEO (GES249797). 

 

Bioinformatic analysis, alignment and visualization 

We performed bioinformatics analysis as in Hodkinson et al. 2023 (Hodkinson et al. 2023). We 

directly imported individual FASTQ datasets into the web-based platform Galaxy (The Galaxy 

Community 2022) through the NCBI SRA Run Selector or using our sequencing files by 

selecting the desired runs and utilizing the computing Galaxy download feature. We retrieved the 

FASTQ files from SRA using the “Faster Download and Extract Reads in FASTQ format from 

NCBI SRA” Galaxy command. Because the ~100 histone gene arrays are extremely similar in 

sequence (Bongartz and Schloissnig 2018), we do not utilize the dm6 or dm3 genomes and 

instead can collapse ChIP-seq data onto a single histone array (McKay et al. 2015; Bongartz and 

Schloissnig 2018; Koreski et al. 2020). We used a custom “genome” that includes a single 

Drosophila melanogaster histone array similar to that in Mckay et al. 2015, which we directly 

uploaded to Galaxy using the “upload data” feature, and normalized using the Galaxy command 

“NormalizeFasta” specifying an 80 bp line length for the output .fasta file. We aligned ChIP 

reads to the normalized histone gene array using Bowtie2 (Langmead and Salzberg 2012) to 

create .bam files using the user built-in index and “very sensitive end-to-end” parameter settings. 

We converted the .bam files to .bigwig files using the “bamCoverage” Galaxy command in 

which we set the bin size to 1 bp and set the effective genome size to user specified: 5000 bp 

(approximate size of l histone array). We also mapped relevant input or IgG datasets. If an input 

dataset was available, we normalized ChIP datasets to input using the “bamCompare” Galaxy 
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command in which we set the bin size to 1 bp. We visualized the bigwig files using the 

Integrative Genome Viewer (IGV) (Robinson et al. 2011). 

 

3.4 Results and Discussion 

3.4.1 CLAMP targets GA-rich cis elements at different loci 

CLAMP binds genome-wide and is enriched on the X-chromosome as well as on 

chromosome 2L at the endogenous histone locus (Figure 3.1A). We mapped available CLAMP 

ChIP-seq data from 2-4 hr mixed embryos (Duan et al. 2021) and confirmed that CLAMP targets 

the GA-repeats in the H3/H4p (Figure 3.1B). Mxc is specific to the histone locus by 

immunofluorescence (White et al. 2011) and the mammalian homolog NPAT also only targets 

histone promoters in cultured human cells (Kaya-Okur et al. 2019). We confirmed that Mxc is 

specific to the histone genes by performing ChIP-seq from embryo samples and by performing 

sexed polytene chromosome immunofluorescence using antibodies against Mxc, CLAMP, and 

MSL3. Mxc targets only the histone locus on chromosome 2L (Figure 3.1A, D) and is broadly 

localized over histone gene promoters, overlapping with CLAMP signal at the H3/H4p (Figure 

3.1B). We also mapped existing MSL3 (Male Specific Lethal 3; a component of MSLc) ChIP-

seq data from embryos (Rieder et al. 2019) and confirmed that MSLc is enriched on the X-

chromosome (Figure 3.1A, D). As expected, MSLc is not enriched at the autosomal histone 

locus (Figures 3.1A-B, D). Both CLAMP and MSL are enriched at CESs, including CES5C2 

and the roX2 (RNA on X 2; a lncRNA component of MSLc) CES (Figure 3.1C). Although 

CLAMP is present at both X-linked CES and the GA-repeats within the context of the histone 

gene array, MSLc and Mxc are locus-specific. 
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Figure 3.1: CLAMP binds locations genome-wide while Mxc and MSL3 bind distinct 

genomic regions. (A) We mapped ChIP-seq data for CLAMP (green) from 2-4hr mixed sex 

embryos (Duan et al. 2021, GSE152598, three overlaid replicates normalized to respective 

inputs), MSL3 (yellow) from 2-4hr mixed embryos ((Rieder et al. 2019), GSE133637, 

normalized to the input), and Mxc (magenta) from 2-4 hr female staged embryos (three overlaid 

replicates normalized to respective inputs) to the dm6 (Drosophila melanogaster) genome. The 

purple arrow indicates the location of the endogenous histone gene locus. (B) CLAMP, MSL3, 

and Mxc ChIP-seq data mapped to a custom single histone gene array. The dark green bars 

between the H3 and H4 coding sequences mark the CLAMP binding GA-repeats. (C) ChIP 

peaks at two X-chromosome locations, CES5C2 and the roX2 gene. The yellow bars mark the 

known chromosome entry sites (CES) and the light green bars mark the GA-rich MSL 
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recognition elements (MREs) where CLAMP and MSLc colocalize. (D) We performed 

immunofluorescence staining of wildtype chromosomal male third instar larval polytene 

chromosomes for CLAMP (green), MSL3 (yellow) and Mxc (magenta). DNA is stained with 

DAPI (blue). CLAMP and Mxc colocalize at the endogenous histone locus (magenta arrow, solid 

outlined box) and CLAMP and MSL3 colocalize on the X-chromosome (yellow arrow). Mxc and 

MSL3 do not colocalize.  

 
3.4.2 CLAMP requires GA-rich sequences to bind in vitro and in vivo 

CLAMP is a zinc-finger protein that directly interacts with DNA sequence (Soruco and 

Larschan 2014). Recombinant full-length CLAMP binds to GA-repeat carrying DNA probes in 

vitro (Duan et al. 2021). We therefore investigated the ability of recombinant CLAMP to interact 

with different cis element and whether the GA-repeats were critical for CLAMP binding in vitro. 

We first designed two biotin-labeled DNA probes based on the sequence from the endogenous 

H3/H4p. The “WT” probe includes the endogenous H3/H4p with intact CLAMP-recruiting GA-

repeat. The “GA delete” probe includes the same H3/H4p sequence except the GA-repeats are 

removed (Figure 3.2A). CLAMP is maternally deposited in the early embryo and is a known 

member of the Late Boundary Complex which shifts CES probes in vitro (Kuzu et al. 2016; 

Kaye et al. 2017). We therefore also performed radiolabeled EMSAs using embryo extracts, 

which should include both maternally deposited CLAMP as well as the CLAMP-containing 

LBC, and our probes. To confirm the embryo extract included CLAMP, we performed shifts 

with extract, probe, and CLAMP antibody and showed that CLAMP antibody super-shifted with 

the WT WT probe (Supplemental Figure 3.1). Only the WT probe containing the GA-repeats is 

shifted with embryo extract; the GA delete probe did not shift (Figure 3.4B). We repeated these 

EMSAs with recombinant full-length CLAMP protein (Duan et al. 2021) with the same result 
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(Figure 3.2B). These observations confirm that the endogenous H3/H4p GA-repeats are critical 

for CLAMP binding in vitro. 

In vivo, GA-repeat cis elements are clearly not sufficient for CLAMP and Mxc 

recruitment: GA-repeats exist throughout the genome and long repeats are enriched on the X-

chromosome (Kuzu et al. 2016) yet Mxc is solely recruited to the histone locus (Figure 3.1) 

(Rieder et al. 2017, 2019). We therefore sought to translate our in vitro observations in vivo. A 

transgene carrying twelve wild-type histone gene arrays recruits HLB components, including 

CLAMP and Mxc, but transgenic arrays lacking the GA-repeats in the H3/H4p fail to attract 

HLB factors when the endogenous locus is present (Rieder et al. 2017; Koreski et al. 2020). To 

validate these findings and to confirm these observations using a transgene carrying only a single 

histone gene array, we created two transgenic lines. The “WT” line carries a transgene with a 

single wild-type copy of the histone gene array, while the “GA deletion” line carries the same 

transgene lacking the GA-repeat sequences in the H3/H4p (Figure 3.2A). We then performed 

sexed polytene chromosome immunofluorescence using an antibody against Mxc and scored for 

ectopic Mxc. 

We observed that both CLAMP and Mxc are recruited to the WT transgene in both 

chromosomal female and chromosomal male larvae (Figure 3.2C,D,E). The endogenous histone 

locus is visible near the chromocenter and serves as an internal staining control. Approximately 

80% of polytenes from female larvae containing the WT transgene and 85% of polytenes from 

male larvae exhibited ectopic Mxc recruitment (Figure 3.2C,D). In contrast, we rarely observed 

ectopic Mxc recruitment in larvae carrying the GA delete transgene (Figure 3.2C,D,E) and 

observed a significant difference between the polytene scoring of WT larva and GA-deletion 
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larva (Figure 3.2F). Our in vivo observations are therefore in agreement with our in vitro EMSA 

results and establish the transgenic system as a manipulable in vivo assay.  

Because CLAMP is an integral transcription factor responsible for regulating the 

expression of essential genes such as the histone genes, it’s likely that there are “backup” 

mechanisms for ensuring CLAMP can locate regions where GA-rich cis elements reside and 

perform its function. Recent work demonstrated that CLAMP is recruited to a transgene carrying 

twelve histone gene arrays in which the H3/H4p is replaced with the H2A/H2B promoter, which 

does not contain GA-repeats. But, the phenomenon where CLAMP and HLB factors are 

recruited to the transgene only occurs in the background of a endogenous ~100 copy histone 

locus deletion (Koreski et al. 2020). CLAMP targets the region by immunofluorescence, but does 

not interact with any sequence by ChIP-seq. This is still surprising, since our observations show 

that simply deleting the GA-repeats from the H3/H4p rendered CLAMP non-functional in the 

context of the single histone array transgene (Figure 3.2C,D). However, all of our observations 

are by necessity in the background of the endogenous histone locus, as the single histone gene 

array itself does not support viability (Günesdogan et al. 2010; McKay et al. 2015).   
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Figure 3.2: GA-repeats are required for CLAMP binding and function at the transgenic 

histone gene array. (A) We engineered two transgenes carrying a single histone gene array: the 

“WT” transgene which resembles the endogenous histone arrays and the “GA deletion” 

transgene in which we deleted the GA-repeats (dark green, labeled bars). (B) We performed 

EMSA (gel shift) assays with recombinant CLAMP and biotinylated probes of the H3/H4p 

sequences from both histone array transgenes (WT: 226 bp, GA deletion: 198 bp). Recombinant 

CLAMP shifts EMSA probes only when the GA-repeats are present. (C) We performed 

immunofluorescence staining of third instar larval polytene chromosomes in chromosomal 

females for Mxc (magenta). A chromosomal female carrying the WT transgene (top) shows 

ectopic Mxc (white outlined magenta arrow, dotted outlined box) and while a chromosomal 

female carrying the GA deletion transgene (bottom) shows no ectopic Mxc staining. (D) A 
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chromosomal male carrying the WT transgene (top) shows ectopic Mxc while a chromosomal 

male carrying the GA deletion transgene (bottom) shows no ectopic Mxc staining. Both sexes 

show Mxc localizing to the endogenous histone locus, which is used as an internal staining 

control (magenta arrow, solid outlined box). (E) We also performed immunofluorescence in 

chromosomal male and female animals for CLAMP (green) and Mxc (magenta). A chromosomal 

male shows colocalization of CLAMP (green) and Mxc (magenta) at the endogenous histone 

locus (magenta arrow, solid outlined box) and at the WT transgene (white outlined magenta 

arrow, dotted outlined box). Both chromosomal females and chromosomal males show Mxc 

localizing to the endogenous histone locus, which is used as an internal staining control (magenta 

arrow, solid outlined box). (F) Quantification of ectopic Mxc from polytene scoring shows a 

significant difference between the percentage of chromosome spreads that have ectopic Mxc 

between the WT and GA deletion transgenes in both chromosomal males and chromosomal 

females. n values reflect number of polytenes scored for each respective genotype. *** Chi-

squared text, p < 0.001 

 

3.4.3 The GA-repeats must reside in the H3/H4p for Mxc recruitment in vivo 

We next sought to determine if simply the local promoter context (~300 bp) affects 

CLAMP recruitment to target elements. We hypothesized that the GA-repeats could be moved 

anywhere within the transgenic histone gene array and still attract CLAMP along with other 

histone locus specific factors, such as Mxc, because the larger context of the array is retained. 

We engineered two transgenes in which we deleted the GA-repeats from the H3/H4p and moved 

them to one of two locations within the transgenic array: either within the H2A/H2B promoter 

(“H2A/H2B”) or within the intergenic region between the H1 and the H2B coding sequences 
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(“H2B/H1”) (Figure 3.3A). In both cases, we attempted to avoid disrupting any known or 

predicted cis elements (Crayton et al. 2004). We then performed fluorescent staining on polytene 

chromosomes from transgenic lines with an antibody against Mxc to assess how the different 

GA-repeat locations impacted Mxc recruitment compared to controls (Figure 3.3B,C). We rarely 

observed ectopic Mxc in transgenic lines in which the GA-repeats reside in the H2A/H2B 

promoter or the region between H1 and H2B (Figure 3.3C,D). Our data showed a significant 

difference between the percentage of chromosome spreads with ectopic Mxc for both transgenes 

when compared to our WT transgene and the data more closely resembled that of the GA 

deletion transgenes in which we completely removed the GA-repeats (Figure 3.3D). Our 

observations show that neither the H2A/H2B or H2B/H1 transgenes led to ectopic Mxc 

recruitment, indicating the importance of local H3/H4p context for Mxc recruitment. Overall, it 

is clear that the larger context of the histone gene array is not required for either CLAMP 

recruitment or specific function but that the local flanking context of the H3/H4p is important for 

CLAMP function at the histone gene array.  
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Figure 3.2: GA-repeats must reside in the H3/H4p for proper CLAMP function at the 

transgenic histone gene array. (A) We engineered two histone gene array transgenes in which 

we moved the GA-repeats (green bars) to different regions along the array; one where we placed 

the GA-repeats in the H2A/H2B promoter and one where we placed the GA-repeats in the 

intergenic region between H1 and H2B. (B) We performed immunofluorescence staining of third 

instar larval polytene chromosomes for Mxc (magenta). DNA is stained with DAPI (cyan). 

Animals carrying the WT transgene (top) show ectopic concentration of Mxc (white outlined 

magenta arrow, dotted outlined box) while animals carrying the GA deletion transgene (bottom) 

show no ectopic Mxc staining. (C) Animals carrying the transgenes in which the GA-repeats are 

moved to the H2A/H2B promoter (top) or intergenic region between H1 and H2B (bottom) do 

not show ectopic Mxc. All animals show Mxc localizing to the endogenous histone locus, which 
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is used as an internal staining control (magenta arrow, solid outlined box). (D) Quantification of 

ectopic Mxc from polytene scoring shows a significant difference in the percentage of 

chromosome spreads that have ectopic Mxc between WT and the transgenes in which the GA-

repeats are moved. Significance above the bars represent the comparison to the WT and the lines 

with represent direct comparisons between genotypes. n values reflect number of polytenes 

scored for each respective genotype. Chi-squared test, *** = p < 0.001. 

 

Our results were somewhat surprising since other well-studied transcription factors rely 

exclusively on cis element sequence, rather than local context for function. For example, the 

Drosophila pioneer factor Zelda targets “TAGteam” sequences. Zelda competes with another 

TF, Grainyhead, for binding TAGteam cis elements and differences in the motif sequence elicits 

differential binding and function of Zelda (Harrison et al. 2010; Li and Eisen 2018). Because of 

this relationship between Zelda and specific cis element sequence, specific TAGteam sequences 

can be placed in combination in transgenes to titrate gene expression output (Li and Eisen 2018). 

Another example is the early Drosophila embryo factor Twist which binds a variety of cis 

element motifs. Twist targets several repetitive cis elements as well as E-box motifs, the 

sequences of which are not interchangeable: each E-box type corresponds to a discrete regulatory 

role (Ozdemir et al. 2011). However, unlike Zelda and Twist, CLAMP appears to glean 

significant information from the flanking local context wherein cis elements reside. 

 

3.4.4 CLAMP binding sequences from different loci do not functionally substitute in the 

context of the histone array in chromosomal females 
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The presence of CLAMP-recruiting elements within the local context of the H3/H4p is 

necessary for ectopic Mxc recruitment. Prior work demonstrated that the H3/H4p alone is 

sufficient to recruit HLB factors and even to initiate histone transcription, indicating that the rest 

of the array is dispensable at least for these actions (Salzler et al. 2013). However, when CLAMP 

is tethered to the H3/H4p in the absence of the GA-repeats, Mxc and other HLB factors are 

recruited, but transgenic histone transcription is not initiated (Rieder et al. 2017). Therefore, the 

specific CLAMP-GA-repeat interaction is critical for full CLAMP function at the histone genes. 

That being considered, CLAMP may integrate other local information that is unique to the large, 

repetitive endogenous histone locus. For example, CLAMP-binding sites exist in each of the 

~100 histone arrays (Bongartz and Schlossnig 2019), but it is unclear if CLAMP binds to all of 

these sites. Concentrating HLB factors at the locus likely contributes to important body 

properties such as phase separation (Hur et al. 2020) and facilitates histone biogenesis (Tatomer 

et al. 2016). The repetitive nature of the locus also likely leads to unique three-dimensional 

organization, both within and between loci (Carty et al. 2017; Fritz et al. 2018), which can 

impact the function of transcription factors such as CLAMP. Since these higher-order 

organizational aspects are not recapitulated at our transgenic histone gene arrays, we are unable 

to capture how they contribute to its contest-specific functions.  

Given that CLAMP targets many GA-rich elements across the genome and that CLAMP 

may integrate local genomic context information to perform its functions, we next sought to 

investigate whether X-linked sequences can functionally substitute for the endogenous GA-

repeats in the H3/H4p in vitro. We designed three hybrid DNA probes based on the sequence of 

the H3/H4p, but in which we replaced parts of the promoter with various amounts of X-linked 

sequence. In the “2 MRE” probe we replaced the two endogenous CLAMP recruiting GA-



 

 108 

repeats with two 21 bp GA-rich MREs from the X-linked roX2 gene. The “CES5C2” probe 

replaces the sequence between the H3 and H4 TATA boxes with sequence from the X-linked 

CES5C2 region containing three 21 bp GA-rich MREs. Finally, the “roX2” probe replaces the 

sequence between the H3 and H4 TATA boxes with sequence from the X-linked roX2 CES 

containing four 21 bp GA-rich MREs (Figure 3.4A). We performed radiolabeled EMSAs using 

embryo extracts and all three hybrid probes robustly shifted (Figure 3.4B). CLAMP therefore 

binds X-linked GA-rich elements in the context of the H3/H4p in vitro, and this interaction 

appears similar to CLAMP binding of the endogenous GA-repeats. 

To translate our results in vivo, we engineered transgenic Drosophila lines carrying these 

hybrid transgenes with the same sequences as our EMSA probes (Figure 3.4A) and performed 

polytene chromosome immunostaining as above. We observed very little ectopic Mxc in all 

chromosomal female larvae regardless of which hybrid transgene they carried. Animals carrying 

the 2 MRE transgene were significantly less likely to show ectopic Mxc than the WT control 

animals, but significantly more likely to show ectopic Mxc compared to animals carrying the 

CES5C2 and roX2 transgenes (Figure 3.4C,D). Together these data suggest that replacing just 

the H3/H4p GA-repeats impacts Mxc recruitment, in chromosomal females even though the 

majority of the H3/H4p sequence is preserved and CLAMP binds to this sequence in vitro 

(Figure 3.4B). Overall, our data from chromosomal females suggests that cis element sequence 

impacts CLAMP function at the transgenic histone gene array. Furthermore, in combination with 

our data showing the GA-repeats must reside in the H3/H4p for Mxc recruitment to the histone 

array transgene (Figure 3), our results suggest that CLAMP is using cues from both cis element 

sequence and the local flanking regions of the cis element to determine its function at the 

transgenic histone gene array. 
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Figure 3.4: X-linked elements do not functionally substitute GA-repeats in the histone gene 

array in chromosomal females. (A) We engineered histone array transgenes in which we 

replaced parts of the H3/H4p sequence with varying amounts of X-linked sequence; the “2 

MRE” transgenes replaces the GA-repeats with X-linked MREs from the roX2 gene (light green 

boxes), the “CES5C2” transgene replaces the sequence between the TATA boxes (maroon) with 

the X-chromosome CES5C2 sequence (yellow line, light green bars indicate MREs), and the 

“roX2” transgene replaces the sequence between the TATA boxes with the CES sequence from 

the roX2 gene (yellow line, light green bars indicate MREs). (B) We performed EMSA (gel 

shift) assays with early and late embryo extract (HEPES buffer serves as a control) and 

radiolabeled probes of the H3/H4p sequences of the histone array transgenes in (A) (WT: 226 bp, 
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GA deletion: 198 bp, 2 MRE: 238 bp, CES5C2: 232 bp, roX2: 232 bp). Late embryo extract, 

containing CLAMP, shifts all EMSA probes of the H3/H4p other than the GA deletion probe. 

(C) We performed immunofluorescence staining on third instar larval polytene chromosomes 

from salivary glands in chromosomal females for Mxc (magenta) and MSL2 (yellow). DNA is 

stained with DAPI (cyan). Mxc localizes to the endogenous histone locus, which is used as an 

internal staining control (magenta arrow, solid outlined box). (D) Quantification of ectopic Mxc 

from polytene scoring shows a significant difference in the percentage chromosome spreads that 

have ectopic Mxc. Significance above the bars represent the comparison to the WT data and the 

lines with represent direct comparisons between datasets. n values reflect number of polytenes 

scored for each respective genotype. Chi-squared test, *** = p < 0.001. 

 

3.4.5 X-linked sequences in the context of the histone gene array attract MSL2 in 

chromosomal males 

Because Drosophila males undergo dosage compensation, MSLc members such as MSL2 

are present in males whereas they are not expressed in females. When CLAMP binds the GA-

rich MREs on the X-chromosome, it then recruits MSLc for dosage compensation (Soruco and 

Larschan 2014; Rieder et al. 2019). We therefore considered that our transgenes might behave 

differently in chromosomal males compared to females. We performed immunofluorescence 

staining on male polytene chromosomes with antibodies against Mxc and MSL2. Although 

MSL2 may have some DNA-binding capability (Villa et al. 2016), it requires CLAMP for 

efficient X-chromosome targeting (Soruco and Larschan 2014; Rieder et al. 2019). 
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Similar to our observations in chromosomal females, X-linked sequences do not functionally 

substitute in the local context of the H3/H4p in males: we observed few instances of ectopic Mxc 

in animals carrying the chimeric transgenes (Figure 3.5B,C). Strikingly, ectopic Mxc was 

significantly rarer in chromosomal males than in females carrying the 2MRE transgene (Figure 

3.5C). However, in males we observed ectopic, autosomal MSL2: approximately 50% of 

polytene spreads from animals carrying the 2MRE transgene showed ectopic MSL2, whereas the 

majority of larvae carrying the CES5C2 or roX2 transgene showed ectopic MSL2 recruitment 

(Figure 3.5B,C). These results suggest that X-linked MRE or CES sequences recruit MSLc, 

even in the context of the transgenic histone gene array. These results confirm that CLAMP 

utilizes cues from the cis element sequence itself as well as the local flanking regions to 

determine its function at the transgenic histone gene array.  

 

 

Figure 3.5: X-linked elements attract MSL2 in the context of the transgenic histone gene 

array in chromosomal males. (A) We engineered single copy histone array transgenes in which 

C

2 
M

R
E

 tr
an

sg
en

e
C

E
S

5C
2 

tr
an

sg
en

e
ro
X2

 tr
an

sg
en

e

B

***

***

A

H4
FLAGTATA 

Box
TATA 
BoxMRE Motifs 

CES5C2

H4

MRE Motifs
TATA 
Box

TATA 
Box

H4

H3

MRE Motifs
roX2 gene

TATA 
Box

TATA 
Box

FLAG

FLAG

2 MRE transgene

CES5C2 transgene

roX2 transgene

MxcMSL2Merge

WT GA Deletion 2 MRE 
Replicate A 

2 MRE
Replicate B

CES5C2 roX2
0

10

20

30

40

50

60

70

80

90

100

P
er

ce
nt

ag
e 

of
 P

ol
yt

en
es

Ectopic Mxc No Ectopic Mxc Ectopic MSL2 Ectopic Mxc
and MSL2

*** *** *** ***
***

H3

H3

H3 H4 H2A H2B H1

Histone Gene Array

Chromosomal Male Data

n = 303 n = 148 
n = 217 n = 315

n = 164 n = 225

Region used to make EMSA Probe 



 

 112 

we replaced parts of the H3/H4p sequence with varying amounts of X-linked sequence as in 

Figure 3.4. (B) We performed immunofluorescence staining on third instar larval polytene 

chromosomes in chromosomal males for Mxc (magenta) and MSL2 (yellow). DNA is stained 

with DAPI (cyan). Mxc localizes to the endogenous histone locus, which is used as an internal 

staining control (magenta arrow). MSL2 marks the male X-chromosome and also serves as an 

internal staining control. Chromosomal males containing any of the three histone array 

transgenes with X-linked sequence show some amount of ectopic MSL2 staining on autosomes 

(white outlined yellow arrows, dotted white boxes). (C) Quantification of ectopic Mxc from 

polytene scoring shows a significant difference in the percentage chromosome spreads that have 

ectopic Mxc. Significance above the bars represent the comparison to the WT data and the lines 

with represent direct comparisons between genotypes. n values reflect number of polytenes 

scored for each respective genotype. Chi-squared test, *** = p < 0.001. 

 
When we replace the majority of the H3/H4p with X-linked sequence, CLAMP likely 

binds this region but performs its X-linked role, even in the context of the transgenic histone 

gene array, suggesting there may be other information within the local context, such as additional 

TF recruiting cis elements, that impact CLAMP histone locus role. This observation is 

interesting given that we recently discovered that in Drosophila virilis, a species ~40 million 

years diverged from D. melanogaster, MSL2 is recruited to one of their two endogenous histone 

loci (Xie et al. 2022). The D. virilis H3/H4p carries poorly conserved, much shorter GA-repeats 

than those in D. melanogaster (Rieder et al. 2017), but CLAMP is still recruited to this sequence 

in vitro and, furthermore, recruits both Mxc and MSL2 to one of the two loci (Xie et al. 2022). 

This observation suggests that there may be evolutionary differences in CLAMP function and 

that there are different mechanisms for histone gene regulation, perhaps even within single 
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species (Koreski et al. 2020). In addition, we recently explored other candidates that target the D. 

melanogaster histone gene array (Hodkinson et al. 2023). We identified several DNA-binding 

factors from this screen, including the Hox factor Ultrabithorax, that may provide CLAMP 

contextual cues for functioning at the histone locus. Ubx appears to interact specifically with the 

H3/H4p sequence and is therefore positioned close to the CLAMP binding sites. Given that there 

is likely a “secondary” mechanism to HLB formation that does not involve the CLAMP-GA-

repeat interaction (Koreski et al. 2020); see below), other transcription factors emerge as a likely 

mechanism.   

Overall, we show that the context-dependent transcription factor CLAMP incorporates 

both cis element sequence information as well as cues from local flanking context where its cis 

binding elements reside to govern its function. We show that CLAMP cis elements are not 

interchangeable and that, in the context of the histone locus, the local context of the H3/H4p 

provides CLAMP with critical cues to function at the histone genes. Together our findings 

provide new insights into our understanding of how TFs bind similar cis elements in locations 

across the genome but can preserve their specific regulatory functions at these each of these 

different loci. 
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3.6 Supplemental Figures 

 
Supplemental Figure 31: Supershift demonstrating that CLAMP is present in late nuclear 

extract (LNE) from wild type (OregonR) and shifts the H3H4p probe. Late nuclear extract shifts 

the H3H4p probe. Rabbit serum (negative control) does not supershift, while two anti-CLAMP 

antibodies from two different companies bothsupershift.  
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Chapter 4 

MSL2 targets histone genes in Drosophila virilis  
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4.1 Abstract 

Histone genes are amongst the most evolutionary conserved in eukaryotic genomes, yet cis-

regulatory mechanisms of histone gene regulation differ considerably amongst species. In 

Drosophila melanogaster, an interaction between GA-rich cis elements in the H3/H4 promoter 

and the GA-binding transcription factor CLAMP is important for promoting histone gene 

regulation and factor recruitment to the locus. CLAMP also participates in male dosage 

compensation by recruiting the Male Specific Lethal Complex (MSLc) to the X-chromosome. 

We discovered that the male-specific protein of MSLc, MSL2, is recruited to the autosomal 

major histone locus in D. virilis but not to the minor locus or to the single histone locus in other 

species. While the histone coding sequences are well conserved between species, the critical GA-

rich cis elements in the H3/H4 promoter are poorly conserved between D. melanogaster and D. 

virilis. We show that CLAMP still targets the two D. virilis histone loci in vivo. Further, CLAMP 

interacts with the D. virilis H3/H4 promoter in vitro, even when the poorly-conserved GA-rich 

cis elements are deleted, indicating that the protein interacts differently with the D. virilis 

promoter than it does with the D. melanogaster promoter. Since CLAMP and MSL2 directly 

interact in D. melanogaster, we propose that D. virilis CLAMP recruits MSL2 to an ectopic 

autosomal site through interaction with X-like cis elements. Further, localization of MSL2 to one 

of the D. virilis histone loci suggests that the loci are regulated differently, and that males and 

females have different requirements for histone gene regulation. 

 



 

 124 

4.2 Introduction 

Histones are critical organizational components of eukaryotic chromatin and are highly 

conserved. For example, histone H3 is 80% identical at the nucleotide level and 99% identical at 

the protein level between Drosophila melanogaster and humans. Histone levels are carefully 

controlled during both the cell cycle and development; coordinated expression of histone genes 

is cell-cycle regulated and peaks during S phase (Marzluff et al. 2008). Misregulation of histone 

genes disrupts the precise cell cycle timing during animal development (Amodeo et al. 2015; 

Chari et al. 2019). Unsurprisingly, cell cycle regulatory requirements of the replication-

dependent histone genes are similar between species (Mariño-Ramírez et al. 2006). Despite 

similar cell cycle and developmental regulatory requirements between animals, histone gene cis-

regulatory mechanisms appear to differ between species (Kremer and Hennig 1990; Mariño-

Ramírez et al. 2006).  

Organization of the histone genes within the genome also varies widely between species. 

Vertebrate genomes tend to have lower histone gene copy number and dispersed distribution, 

while invertebrate genomes carry high numbers of tandem histone repeats. The human genome 

has two loose clusters of histone genes interspersed with non-histone genes (Marzluff et al. 

2002). The C. elegans genome carries eleven dispersed clusters of the four core histone genes, 

and histone loci do not include the histone H1 gene. The histone locus of Drosophila 

melanogaster is a single locus that carries ~100 copies of a histone gene array that includes all 

five replication-dependent histone genes (Lifton et al. 1978; McKay et al. 2015; Bongartz and 

Schloissnig 2019).  
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The organization and number of histone genes are not well conserved even within 

Drosophilidae. D. hydei has only about 10 histone array copies, and they are located in the 

middle of euchromatin on Chromosome 4 (Fitch et al. 1990). D. virilis, which diverged from D. 

melanogaster ~ 40 MYa (Russo et al. 1995) has both regular quartet arrays that include the core 

histone genes (H2A, H2B, H3, and H4) and polymorphic quintet arrays that include the histone 

H1 gene. The quartet arrays are tandemly distributed and linked to a single “major” locus, while 

the quintets are distributed between both “major” and “minor” loci (Schienman et al. 1998).  

  The diversity in histone gene organization is striking given similar requirements for 

histone gene expression across species (Mariño-Ramírez et al. 2006). In animals, replication-

dependent histone biogenesis is controlled by a suite of factors that target histone genes called 

the Histone Locus Body (HLB) (Liu et al. 2006; Nizami et al. 2010; Duronio and Marzluff 

2017). The interaction between the scaffolding protein Multi-sex combs (Mxc; Drosophila 

homolog of human nuclear protein of the ataxia telangiectasia mutated locus/NPAT) and the 

RNA processing factor FLICE-associated huge protein (FLASH) is required for HLB formation 

in both human and Drosophila cells (Yang et al. 2014; Kemp et al. 2021). However, even these 

critical HLB proteins are poorly conserved at the sequence level, and there is little indication that 

Mxc interacts directly with DNA (Terzo et al. 2015; Kaya-Okur et al. 2019; Kemp et al. 2021). 

Therefore, Mxc and FLASH are unlikely to be the first factors that identify the Drosophila 

zygotic histone genes for unique regulation during development.  

Mechanisms of histone gene regulation are well studied in D. melanogaster, as the 

histone genes reside at a single locus (Günesdogan et al. 2014; Bongartz and Schloissnig 2019) 

and histone array transgenes attract HLB factors (Salzler et al. 2013). Similar manipulative 

studies in mammalian systems are comparatively much more difficult  (Sankar et al. 2022) due 
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to the dispersion of histone genes across two chromosomes and megabases of sequence 

(Marzluff et al. 2002). In D. melanogaster, the histone locus is identified by the zinc-finger 

protein CLAMP, which interacts with long, perfect GA-repeat cis elements in the H3/H4 

promoter (Salzler et al. 2013; Rieder et al. 2017). The CLAMP-histone locus interaction 

promotes recruitment of Mxc and other HLB proteins (Rieder et al. 2017)(L. Hodkinson, 

observation). Removing the GA-repeat cis elements from histone array transgenes abrogates the 

ability of the transgene to recruit HLB-specific factors (Rieder et al. 2017)(L. Hodkinson, 

observation). At the endogenous locus, CLAMP increases histone locus chromatin accessibility 

and promotes histone gene expression of all five replication-dependent genes (Rieder et al. 

2017). While there are likely multiple redundant mechanisms of HLB formation (Koreski et al. 

2020), CLAMP is the first known factor that directly interacts with histone locus DNA sequence 

to promote recognition of the histone genes and recruitment of HLB-specific factors.  

However, CLAMP is not specific to the histone locus; it is also critical for Drosophila 

dosage compensation (Soruco et al. 2013; Soruco and Larschan 2014), which increases X-linked 

gene expression to equalize gene dosage of males to females and the X-chromosome to the 

autosomes. CLAMP targets the male X-chromosome at GA-rich sequences (MSL recognition 

elements; MREs (Alekseyenko et al. 2008)), increases male X-chromosome accessibility, and 

recruits the Male Specific Lethal complex (MSLc) (Kuzu et al. 2016; Larschan et al. 2017). 

MSLc spreads across the chromosome and deposits the activating H4K16ac mark to increase 

male X-linked gene expression (Conrad et al. 2012). In addition to its role in histone gene 

regulation and dosage compensation, CLAMP targets autosomal sites in males and females to 

increase promoter accessibility and transcriptional elongation (Urban et al. 2017). CLAMP is 

also a component of the Late Boundary Complex, which forms in late-stage Drosophila embryos 
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and impacts both dosage compensation (Kaye et al. 2017) and insulation within the bithorax Hox 

gene complex (Wolle et al. 2015; Kyrchanova et al. 2019). With so many critical functions, it is 

not surprising that CLAMP is comparatively well conserved amongst Drosophilidae, although it 

is unique to insects (Kuzu et al. 2016).  

We previously hypothesized that the well-conserved CLAMP factor provides a bridge 

between histone locus cis elements and poorly conserved locus-specific factors such as 

Mxc/NPAT (Rieder et al. 2017). Similarly, MSLc proteins are poorly conserved (Kuzu et al. 

2016) and CLAMP may provide a conserved link to newly evolving sex chromosomes 

(Alekseyenko et al. 2013).  

Based on the above observations, we were surprised to observe that the male-specific 

component of MSLc, MSL2, targets one of the two autosomal histone loci in Drosophila virilis. 

MSL2 does not target the single histone locus in other Drosophila species and MSL2 is largely 

confined to the male X-chromosome in D. melanogaster (Lucchesi and Kuroda 2015). We report 

that the critical GA-repeat cis element in the D. melanogaster H3/H4 promoter is almost 

unrecognizable in D. virilis, and more closely resembles GA-rich X-linked MREs. Both D. 

melanogaster and D. virilis CLAMP recognize the D. virilis H3/H4 promoter region in vivo. 

However, in vitro, CLAMP does not require the GA-rich element in the D. virilis promoter 

sequence.   

Our observations suggest that the two D. virilis histone loci are differentially regulated, 

as previously documented in yeast (Norris and Osley 1987; Cross and Smith 1988) and sea 

urchin (Marzluff et al. 2006). Since MSL2 is only expressed in male Drosophila, MSL2 might 

contribute to sex-specific regulation of the histone genes. Our observations indicate that context-

specific transcription factors such as CLAMP may not always completely differentiate between 
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genomic locations, resulting in cross-talk between regions with extremely different regulatory 

requirements. 

 

4.3 Methods 

Drosophila strains 

We used the following stocks, maintained on standard cornmeal/molasses food and raised 

at 18℃: Drosophila melanogaster (y[1]w[1118]; +;+;+), Drosophila virilis (National Drosophila 

Species Stock Center #15010-1051.88), Drosophila pseudoobscura (NDSSC #14011-0121.217), 

and Drosophila willistoni (NDSSC #14030-0811.15).  

 

Cloning and transgenesis 

We engineered plasmids that include a 5kb histone array sequence consisting of the 5 

replication-dependent histone genes and their relative promoters where the histone4 and 

histone2A genes are FLAG-tagged (24 bp) at the N-termini (Salzler et al. 2013) (original plasmid 

gift of Drs. Robert Duronio and William Marzluff). We used geneblocks (IDT) carrying the 

desired changes to alter the sequence of the histone gene array using Gibson cloning. Transgenic 

sequences are detailed in Supplemental Table 4.3. We inserted all 1x histone array transgenes 

into the genome at the VK33 attP site on chromosome 3L (65B2) (Venken et al. 2006) using 

PhiC3-mediated integration (Genetivision). 

 

Electrophoretic Mobility Shift Assays (EMSAs) 

We performed EMSAs after Aoki et al. (2008) with minor modifications. 

https://paperpile.com/c/uphsGA/dwat
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Late embryo nuclear extracts: We prepared embryo extracts from 6-18 hour Oregon R 

embryos collected on apple juice plates and aged 6 hours at room temperature. We performed 

nuclear extract preparation as in (Aoki et al. 2008). We omitted the final dialysis step described 

in Aoki et al. and completed the extraction with the final concentration of KCl at 360 mM. 

DNA probes: We made EMSA probes (sequences in Supplemental Table 4.2) using PCR using 

gblocks (IDT) as templates and the following primers: D. melanogaster sequences: H3H4p F1: 

CACAGCACGAAAGTCACTAAAGAAC, H3H4p R1: 

GTTTGAAAACACAATAAACGATCAGAGC; D. virilis sequences: virilis H3H4p F1: 

CACCACGAATGTCACTGAGG, virilis H3H4p R1: 

TGTTAAAAACACAATAATCGTGCGTC. We 5′ end labeled one pmol of probe with γ-32P-

ATP (MP Biomedicals) using T4 polynucleotide kinase (New England BioLabs) in a 50 μl total 

reaction volume at 37°C for 1 hour. We used Sephadex G-50 fine gel (Amersham Biosciences) 

columns to separate free ATP from labeled probes. We adjusted the volume of the eluted sample 

to 100 μl using deionized water so that the final concentration of the probe was 10 fmol/μl. 

Shifts: We performed 20 μl binding reactions consisting of 0.5 μl (5 fmol) of labeled probe in 

the following buffer: 25 mM Tris-Cl (pH 7.4), 100 mM KCl, 1 mM EDTA, 0.1 mM 

dithiothreitol, 0.1 mM PMSF, 0.3 mg/ml bovine serum albumin, 10% glycerol, 0.25 mg/ml 

poly(dI-dC)/poly(dI-dC). We added 1 μl of nuclear extract and incubated samples at room 

temperature for 30 minutes. We loaded samples onto a 4% acrylamide (mono/bis, 29:1)-0.5× 

TBE-2.5% glycerol slab gel. We performed electrophoresis at 4°C, 180 V for 3-4 hours using 

0.5× TBE-2.5% glycerol as a running buffer. We dried gels and imaged using a Typhoon 9410 

scanner and Image Gauge software. 

https://paperpile.com/c/uphsGA/XHnM
https://paperpile.com/c/uphsGA/XHnM
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Recombinant CLAMP EMSAs: We performed recombinant CLAMP EMSAs using full-length 

recombinant, purified CLAMP protein (61.8 kDa) (Duan et al. 2021). We used the LightShift 

Chemiluminescent EMSA Kit (Thermo Fisher #20148) and performed 20 μl binding reactions 

with 1 μl CLAMP (1 μM), 1 μl biotinylated probe (0.3 μg/μl) and 1 ug/ul poly(dI-dC)/poly(dI-

dC). We incubated reactions for 25 min at room temperature, ran on a 6% nondenaturing 

polyacrylamide gel and electrophoresed at 100 V for 2 hr in 0.5 X TBE. We performed semi-wet 

gravity transfer using the TurboBlotter (Cytiva) for 4 hours at room temperature using 20X SSC 

transfer buffer. We visualized the blotusing the Nucleic Acid Detection Module Kit (Thermo 

Fisher #89880). 

 

Western blotting 

We collected D. melanogaster and D. virilis embryos on standard grape juice plates for 

16 hours and dechorinated on the plate in 100% bleach for 2 minutes. We washed embryos in 1X 

PBS and then lysed and ground in RIPA buffer + protease inhibitor (Roche #11697498001). We 

spun samples at 20,000g for 5 minutes and retained the supernatant; this was repeated twice. We 

diluted the resulting protein lysate in 6X Laemmli sample buffer and ran samples on a 4 - 20% 

Bolt Bis-Tris gel. We transferred samples to a PVDF membrane, which we blocked for 1 hour in 

3% BSA in TBS-T. We incubated the membrane overnight at 4°C with primary antibody at the 

following concentrations: anti-MSL2mel serum at 1:100 (gift from Dr. Mitzi Kuroda) and anti-β 

actin at 1:1000 (CST #8457S). We washed the membrane 3x 5 minutes in TBS-T and then 

incubated it with secondary antibody (LI-COR IRDye® 800CW/680RD Goat anti-Rabbit IgG) at 

1:10,000 in TBS-T + 0.01% SDS for 1 hour. We washed the membrane 3x 5 minutes in TBS-T 

and 1x 5 minutes TBS before imaging (Bio-Rad ChemiDoc).  

https://paperpile.com/c/uphsGA/4Lnm
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https://paperpile.com/c/uphsGA/4Lnm


 

 131 

 

Immunofluorescence on polytene chromosomes 

We performed polytene chromosomes immunostaining from salivary glands dissected 

from sexed third instar Drosophila larvae raised at 18°C on standard cornmeal/molasses food. 

We passed glands through fix 1 (4% formaldehyde, 1% Triton X-100, in 1× PBS) for 1 min, fix 

2 (4% formaldehyde, 50% glacial acetic acid) for 2 min, and 1:2:3 solution (ratio of lactic 

acid:water:glacial acetic acid) for 5 min prior to squashing and spreading. We washed slides in 

1X PBS, then in 1% Triton X-100 (diluted in 1X PBS), and blocked for one hour in .5% BSA 

diluted in 1X PBS. We then incubated slides with primary antibodies diluted in blocking solution 

(antibodies specifics below) overnight at 4º C in a dark, humid chamber. We washed slides in 1 

X PBS and incubated with secondary antibody diluted in blocking solution (antibody specifics 

below) for two hours at room temperature. We mounted slides in Prolong Diamond anti-fade 

reagent with DAPI (ThermoFisher, P36961), and imaged chromosome spreads on a Zeiss 

Scope.A1 equipped with a Zeiss AxioCam using a 40×/0.75 plan neofluar objective using 

AxioVision software. 

 

Antibodies 

We used primary antibodies at the following concentrations: guinea pig anti-Mxc 

(1:5000; gift from Drs. Robert Duronio and William Marzluff), rabbit anti-MSL2 (1:150; gift 

from Dr. Victoria Meller, originally from Dr. Ron Richmond), goat anti-MSL3 serum (1:500; 

gift from Dr. Erica Larschan, originally from Dr. Mitzi Kuroda). All primary antibodies are 

raised against the D. melanogaster forms of the proteins. We used AlexaFluor secondary 
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antibodies (ThermoFisher Scientific) at a concentration of 1:1000: goat anti-guinea pig AF647 

(A-21450), goat anti-rabbit AF488 (A-11008), donkey anti-goat AF488 (A-11055). 

 

Bioinformatics 

We used the online platform Galaxy (usegalaxy.org) (Afgan et al. 2018) to map ChIP-seq 

datasets to the histone gene array. We used the following datasets from NCBI GEO: GSE165833 

(Villa et al. 2021) and GSE133637 (Rieder et al. 2019). We mapped reads to a single copy of the 

histone gene array as in Mckay et al. (2015) and normalized when possible to available input 

samples. We visualized data using Integrative Genomics Viewer (IGV) (Robinson et al. 2011). 

We used a custom R script to combine replicates, when available. The script is deposited at 

https://github.com/rieder-lab/Omics-Replicate-Merger.  

 

Sequence annotation and alignments 

We annotated the D. virilis genome assembly (Kim et al. 2022) using SnapGene by 

searching for histone protein conservation with D. melanogaster. D. virilis genome assembly: 

ASM798932v2. D. melanogaster histone array sequences from (McKay et al. 2015). D. virilis 

histone array sequences from UCSC genome browser (http://genome.ucsc.edu) Aug. 2005 

(Agencourt prelim/droVir2) release, scaffold_13047, range 1568499-1650698. D. virilis histone 

array sequences from (DDBJ accession no. AB249651) (Nakashima et al. 2016). We aligned 

sequences using Coffee (Erb et al. 2012) and SnapGene. 

 

Data availability 

https://usegalaxy.org/
https://paperpile.com/c/uphsGA/BUbv
https://paperpile.com/c/uphsGA/BUbv
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Strains and plasmids are available upon request. The authors affirm that all data 

necessary for confirming the conclusions of the article are present within the article, figures, and 

tables.  

 

4.4 Results 

4.4.1 Sequence differences between D. virilis histone loci 

Drosophila virilis diverged from D. melanogaster ~ 40 million years ago. Instead of one 

histone locus, as in D. melanogaster, it carries two: a major locus on Chromosome II (25F) and a 

minor locus on Chromosome IV (43C)(Schienman et al. 1998). Schienman et al. (1998) 

performed Southern blot analysis and concluded that the major locus includes 25-30 arrays of 

both a quintet organization (H2a, H2b, H3, H4, and H1) and a quartet lacking H1, while the 

minor locus includes 6-8 quintet arrays. Kim et al. (2022) recently assembled 101 drosophilid 

genomes using PacBio long-read sequencing. We annotated the D. virilis histone loci from the 

Kim et al. assembly and determined that the major locus includes 5 quintet arrays and 27 quartet 

arrays, as well as many interrupted arrays and gene fragments. The minor locus includes 5 

regularly spaced quintet arrays.  

The ~100 regularly spaced quintet histone gene arrays in D. melanogaster are nearly 

identical in sequence (Bongartz and Schloissnig 2019). For example, the core H3 genes vary at 

only two silent site locations in D. melanogaster (G231A, T408C) out of 411 total nt. However, 

we noticed substantial sequence differences between the same histone genes in D. virilis: five H3 

silent locations between the major and minor loci in D. virilis. Eight H3 genes, distributed 

between the loci, include single nucleotide changes.  

https://paperpile.com/c/uphsGA/Gk4U
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https://paperpile.com/c/uphsGA/Gk4U
https://paperpile.com/c/uphsGA/8OEN
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Similarity of the linker histone H1 genes is more variable, compared to core histone 

genes; the human genome includes H1 subtypes H1.1-H1.5. Similarity of a subtype between 

species is higher than similarity of subtypes within a species (Di Liegro et al. 2018). By 

comparing the ~100 D. melanogaster H1 genes, we found only two silent mutations (T312C, 

C462T) and two coding changes (D82E, V217I). However, we discovered that D. virilis H1 

genes include significant variation: 27 single nucleotide changes and 2 insertion/deletions (of 3 

nucleotides each) across 753 nt. Eleven of the single nucleotide changes cause amino acid 

substitutions and the majority of sequence changes are locus-specific. Our observations suggest 

that replication-dependent H1 subtypes across both loci could be present in this species.  

 

4.4.2 Both D. virilis histone loci are targeted by Mxc and CLAMP 

The D. virilis histone loci differ in sequence, in contrast to the nearly identical sequences 

of the histone arrays at the single D. melanogaster locus. We therefore hypothesized that 

different factors target the major and minor loci. Mxc is an important HLB scaffolding protein 

(Hur et al. 2020; Kemp et al. 2021) that targets the D. melanogaster histone genes early during 

development (White et al. 2011). CLAMP is a non-histone-locus specific protein that interacts 

with GA-repeats in the H3/H4 promoter, which promotes Mxc recruitment and HLB formation 

(Rieder et al. 2017). We previously observed that CLAMP targets histone loci in both D. 

melanogaster and D. virilis by polytene chromosome immunostaining (Rieder et al. 2017). We 

confirmed our previous observation by staining D. virilis polytene chromosomes with antibodies 

against D. melanogaster Mxc and CLAMP orthologs and observed that both Mxc and CLAMP 

target both D. virilis loci (Figure 4.1A-B). 
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Figure 4.1: CLAMP and Mxc target the D. virilis histone loci. (A) We confirmed previous 

results (Rieder et al. 2017) that CLAMP (green) targets the single histone locus in D. 

melanogaster by staining female larvae polytene chromosome spreads. Multi sex combs (Mxc; 

pink) is a core HLB protein that specifically targets the histone locus. (B) CLAMP (green) also 

targets the two histone loci (colocalizing with Mxc) in Drosophila virilis. (C) In D. melanogaster 

(D. mel), CLAMP targets two long GA-repeats in the H3/H4 promoter (Rieder et al. 2017). 

These GA-repeats are conserved but shorter and interrupted in D. virilis (D. vir). 
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CLAMP targets GA-rich motifs genome-wide in D. melanogaster early during 

development (Kuzu et al. 2016; Rieder et al. 2019) and facilitates several essential processes, 

including dosage compensation (Kuzu et al. 2016; Larschan et al. 2017; Rieder et al. 2019) and 

transcriptional elongation (Urban et al. 2017). The GA-repeats found in the D. melanogaster 

H3/H4 promoter are long and unbroken while they are shorter and interrupted in D. virilis 

(Figure 4.1C). The D. virilis H3/H4 cis elements therefore more closely resemble the 

interrupted, GA-rich MREs found on Drosophila melanogaster X-chromosomes, which are 

critical for dosage compensation (Alekseyenko et al. 2008; Villa et al. 2016). We therefore 

considered that CLAMP might be attracting MSLc to the major D. virilis histone locus.  

 

4.4.3 MSL2 targets the major D. virilis histone locus 

MSLc is confined to the male X-chromosome in D. melanogaster (Lucchesi and Kuroda 

2015), and this pattern is apparent when staining third instar larval polytene chromosomes 

(Figure 4.2A-B). MSLc does not co-localize with Mxc, which marks the single histone locus on 

chromosome 2L. We stained male wild-type D. virilis polytene chromosomes for Mxc (to mark 

the histone loci), and MSL2, the male-specific structural component of MSLc (Bashaw and 

Baker 1995; Kelley et al. 1997). We were surprised to observe that MSL2 specifically targets the 

male D. virilis major histone locus on Chromosome II but not the minor histone locus on 

Chromosome IV (Figure 4.2C).  

Our anti-MSL2 antibody was raised against D. melanogaster MSL2 sequence, and MSLc 

proteins are not well conserved even in Drosophilidae (Kuzu et al. 2016). Strangely, we did not 

observe male X-chromosome staining in D. virilis (Figure 4.2C; Supplemental Table 4.1), in 

contrast to prior work (Marín et al. 1996). Therefore, to confirm that our antibody is specific to 
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MSL2 in both species, we performed western blotting. Our anti-MSL2mel antibody recognized 

proteins around the correct predicted sizes: ~85 kDa in D. melanogaster and ~81 kDa in D. 

virilis, although the virilis ortholog may be modified and appears larger than the melanogaster 

ortholog (Figure 4.2E). Critically, we do not observe MSL2 staining at 25F in female D. virilis 

(Figure 4.2D), further indicating that the anti-MSL2mel antibody is recognizing the D. virilis 

ortholog. These observations indicate that our antibody is specific to MSL2 and recognizes the 

protein in both species.  
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Figure 4.2: MSL2 targets only one histone locus in D. virilis. (A) MSL2 (pink) targets the D. 

melanogaster male X-chromosome, but does not overlap with Mxc (white) at the histone locus. 

(B) MSL2 is not present in female D. melanogaster. (C) Two polytene chromosome spreads 

from D. virilis males show that MSL2 (red) signal overlaps with CLAMP (green) Mxc (pink) at 

the major D. virilis histone locus (25F) but not the minor locus (43C). (D) MSL2 is not present in 

female D. virilis. (E) The anti-D. melanogaster MSL2 antibody detects a ~81-85 kDa protein in 

both D. melanogaster and D. virilis embryo extracts, as well as a non-specific protein (*) present 

in both species. Samples are not concentration-normalized. 

 

MSL2 is the structural component of MSLc and is usually found complexed with other 

members (Hallacli et al. 2012). However, MSL2 has some affinity for DNA sequence in both D. 

melanogaster and D. virilis (Villa et al. 2016, 2021) and CLAMP and MSL2 directly interact 

with each other through well-conserved domains (Tikhonova et al. 2022b), suggesting that 

CLAMP might recruit MSL2 outside of the complex. We therefore stained chromosome spreads 

for another MSLc member, MSL3. We did not observe recruitment of MSL3 to either of the 

histone loci in male D. virilis (Figure 3), indicating that MSL2 targets the major histone locus 

outside of its role in MSLc.  

 

https://paperpile.com/c/uphsGA/NJGQ
https://paperpile.com/c/uphsGA/NJGQ
https://paperpile.com/c/uphsGA/NJGQ
https://paperpile.com/c/uphsGA/0iZN+xHrM
https://paperpile.com/c/uphsGA/0iZN+xHrM
https://paperpile.com/c/uphsGA/0iZN+xHrM
https://paperpile.com/c/uphsGA/JKOm
https://paperpile.com/c/uphsGA/JKOm
https://paperpile.com/c/uphsGA/JKOm


 

 139 

 

Figure 4.3: MSL3 does not target the histone locus in Drosophila. (A) MSL3 (purple) targets 

the X-chromosome in D. melanogaster males, but does not colocalize with Mxc (white). (B) 

MSL3 does not target loci on female D. melanogaster polytene chromosomes. (C) MSL3 does 

not target the major histone locus (25F) in D. virilis males. (D) MSL3 does not target loci on 

female D. virilis chromosomes. 

 

We repeated our polytene experiments in D. pseudoobscura and D. willistoni (Figure 4), 

which both have a single histone locus. D. melanogaster and D. pseudoobscura diverged ~25 

MYa, while D. melanogaster and D. willistoni diverged ~35 MYa (Powell 1997). We observed 

MSL2 specifically on the male X-chromosome in these species, indicating that MSLc targeting 

the histone genes is specific to D. virilis (Supplemental Table 1). These data suggest that MSLc 

specifically targets one of the two histone loci in D. virilis, a localization not observed in the 

other Drosophilids we investigated. 
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Figure 4.4: MSL2 does not target histone loci in other Drosophila species. MSL2 (purple) 

targets the X-chromosome in D. willistoni (A) and D. pseudoobscura males (C) but not females 

of either species (B, D). MSL2 does not co-localize with Mxc (white), which targets the single 

histone locus in both species. 

  

4.4.4 MSL2 does not directly interact with histone array sequence 

CLAMP targets the zygotic D. melanogaster histone locus by nuclear cycle 10 (Rieder et 

al. 2017), just prior to detectable Mxc nuclear puncta (White et al. 2007) and zygotic histone 

gene expression in nuclear cycle 11 (Edgar and Schubiger 1986). Similarly, CLAMP targets loci 

genome-wide, including sites on the male X-chromosome, by nuclear cycle 11 (Rieder et al. 

2019) and MSLc localizes to the male X-chromosome by nuclear cycle 14 (Rastelli et al. 1995). 

Although MSLc X-chromosome targeting requires CLAMP (Soruco et al. 2013), MSL2 has 

some ability to interact directly with DNA sequence (Villa et al. 2016, 2021; Tikhonova et al. 

2019). Specifically, MSL2mel identifies a subset of X-linked sequences called PionX sites (Villa 

et al. 2016), which often include GA-rich MRE elements. Villa et al. (2021) discovered that the 

D. virilis MSL2 ortholog is able to interact with DNA, but does not show the same specificity for 

X-linked sequences as the D. melanogaster ortholog. We hypothesized that MSL2 might be 
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found specifically at the H3/H4 promoter within the histone array, since that is where the 

CLAMP protein targets GA-repeats (Figure 4.1C) (Rieder et al. 2017), and CLAMP targets X-

linked GA-rich MREs prior to MSLc in D. melanogaster (Rieder et al. 2019).  

No studies have examined MSLc localization in D. virilis using genomics techniques. 

However, Villa et al. (2021) overexpressed GFP-tagged D. melanogaster (MSL2mel-GFP) and D. 

virilis (MSL2vir-GFP) MSL2 in cultured female D. melanogaster Kc cells and performed 

chromatin immunoprecipitation followed by sequencing (ChIP-seq). We mapped these datasets 

to a single D. melanogaster histone gene array (McKay et al. 2015). Since the array units in D. 

melanogaster are virtually identical in sequence (Bongartz and Schloissnig 2019), sequencing 

data is collapsed from ~100 arrays onto a single array. Neither D. melanogaster nor D. virilis 

MSL2 targets a sequence in the D. melanogaster histone gene array (Supplemental Figure 4.1). 

Importantly, we noticed that the control anti-GFP ChIP-seq dataset from untreated cells gives a 

sharp peak over the H2a/H2b promoter (Supplemental Figure 4.2), which is also found in other 

datasets. This peak in the control indicates that the GFP antibody interacts with sequences at the 

histone locus and likely elsewhere, confounding conclusions. In addition, we mapped MSL3 

ChIP-seq datasets after MSL2 transfection (Villa et al. 2021) and did not observe enrichment 

over the D. melanogaster histone gene array (Supplemental Figure 4.3). 

Finally, MSLc deposits the activating H4K16ac histone mark on the male X-chromosome 

(Gelbart et al. 2009). If MSLc is depositing H4K16ac at the major D. virilis histone locus, this 

post-translational modification could affect histone expression from the locus, specifically in 

males. In D. melanogaster, CLAMP targets sites across the X-chromosome, followed by MSLc 

and the appearance of H4K16ac by nuclear cycle 14 (Rieder et al. 2019). We mapped available 

H4K16ac ChIP-seq datasets from staged D. melanogaster male embryos (Rieder et al. 2019) to 
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the histone gene array and did not observe H4K16ac enrichment (Supplemental Figure 4.4). 

However, this finding is not surprising given that we also do not observe MSLc at the D. 

melanogaster histone gene array by polytene chromosome immunostaining (Figure 4.2A) or by 

ChIP-seq (Supplemental Figure 4.1). We also mapped H4K16ac ChIP-seq datasets after 

MSL2mel and MSL2vir transfection (Villa et al. 2021) and did not observe H4K16ac enrichment 

over the D. melanogaster histone gene array (Supplemental Figure 4.5), which is not surprising 

since MSL2, but not other MSLc members, is present at the D. virilis major locus (Figures 4.2, 

4.3). 

We conclude that MSL2 does not directly interact with histone array sequence in either 

D. melanogaster or D. virilis and that other MSLc components are unlikely to be present at the 

major D. virilis histone locus. 

 

4.4.5 CLAMP does not require the GA-rich elements to interact with the virilis H3/H4 

promoter in vitro 

It is difficult to assay CLAMPmel recruitment to single histone array transgenes (L. 

Hodkinson, observation) since CLAMP is present at loci genome-wide (Figure 4.1A-B) (Urban 

et al.). It is also possible that CLAMP is present at the 1xHisvir transgene without interacting 

directly with DNA sequence, as was previously observed in histone array transgenes lacking 

GA-repeats (Koreski et al. 2020). We therefore turned to an in vitro approach to probe the 

interaction between CLAMPmel and DNA sequence.  

CLAMP is a member of the Late Boundary Complex (LBC) (Kaye et al. 2017) that forms 

in late embryogenesis (Wolle et al. 2015). We performed electrophoretic mobility shift assays 

using D. melanogaster late embryo extract and DNA probe sequences (Supplemental Table 
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4.2). We found that both D. melanogaster embryo extract, as well as recombinant full-length 

CLAMPmel protein (Kuzu et al. 2016), shift both the wild-type D. melanogaster and D. virilis 

H3/H4 sequences (Figure 4.5). The GA-rich cis elements in the D. virilis sequence are poorly 

conserved (Figure 4.1C) and there are other, short GA-repeats at other locations in the promoter. 

We therefore performed EMSAs using recombinant CLAMPmel and 60 bp probes that tile the D. 

virilis promoter to confirm that CLAMP is targeting the region that contains the GA-rich cis 

element (Supplemental Figure 4.6). 

Deleting or shortening the GA-repeats in the D. melanogaster sequence compromises the 

shifting of the melanogaster probe. However, even deleting the GA-rich elements entirely from 

the D. virilis probe does not compromise shifting with D. melanogaster late embryo extract or 

recombinant full-length CLAMP (Figure 4.5A-B). Our in vitro observations suggest that 

CLAMPmel, and therefore likely CLAMPvir, is directly interacting with the D. virilis H3/H4 

promoter sequence. In addition, CLAMPmel, and therefore likely CLAMPvir, can target non-GA-

repeat sequences in the D. virilis H3/H4. 
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Figure 4.5: CLAMP binds the D. virilis H3/H4 sequence in vitro and does not require the 

GA-rich elements. (A) We shifted 32P-labeled dsDNA probes using protein extract from early 

(0-6hr) and late (6-18hr) D. melanogaster embryos. The wild-type (WT) D. melanogaster H3/H4 

sequence is shifted, but the shift is weaker when the GA-repeats are shortened (GA short). D. 

melanogaster H3/H4 probe does not shift when the GA-repeats are removed (GAΔ). D. virilis 

H3/H4 probes shift with D. melanogaster late embryo extract, even when the GA-rich element is 

removed. (B) Recombinant full-length CLAMPmel shifts the wild-type (WT) D. melanogaster 

and D. virilis H3/H4 probes. Recombinant CLAMP continues to shift the D. virilis GAΔ probe. 

Probe sequences in Supplemental Table 4.2.  

 

4.4.6 The D. virilis H3/H4 promoter does not promote Mxc recruitment in D. melanogaster 

Since CLAMPmel is able to bind to the D. virilis H3/H4 promoter sequence, we wondered 

if the D. virilis promoter might promote Mxc recruitment in D. melanogaster. It is difficult to 

manipulate the endogenous D. melanogaster histone locus, which includes ~100 nearly-identical 

histone gene arrays (McKay et al. 2015; Bongartz and Schloissnig 2019). However, wild-type D. 

melanogaster histone array transgenes recruit all tested HLB factors and express histone genes 

similar to the endogenous histone locus (Salzler et al. 2013; Rieder et al. 2017; Koreski et al. 

2020) (1xHisWT; Figure 4.6A). Histone array transgenes are therefore a powerful tool with 

which to interrogate DNA sequence contribution to histone locus identification.  

As expected, deleting the GA-repeats from the D. melanogaster H3/H4 promoter leads to 

failure to recruit the critical HLB scaffolding protein Mxc (1xHisGAΔ; Figure 4.6B) (Rieder et al. 

2017). We recently discovered that replacing the perfect GA-repeat sequence in a histone array 

transgene with X-linked CLAMP-binding cis elements abrogates HLB factor recruitment to the 
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transgene (L. Hodkinson, observation), indicating the critical nature of the cis element sequence 

itself, rather than just the ability to recruit CLAMP.  

The D. virilis GA-repeats in the H3/H4 promoter are much shorter than that of D. 

melanogaster (Figure 4.1C) and they more closely resemble the X-linked GA-rich MREs 

involved in male dosage compensation (Alekseyenko et al. 2008; Villa et al. 2016). Although 

there are sequence differences between arrays, and even more differences between the major and 

minor loci, the GA-rich sequences are present in most arrays (Supplemental Figure 4.7). We 

leveraged the transgenic histone array system to determine if the D. virilis H3/H4 sequence is 

able to support Mxc recruitment in D. melanogaster.  

We engineered a histone array transgene that replaces the majority of the D. 

melanogaster H3/H4 promoter with a sequence from D. virilis (1xHisvir; Supplemental Table 

4.3). We also engineered a transgene with the D. melanogaster promoter sequence but shortened 

GA-repeats (1xHisGA), using sequences similar to our in vitro gel shift assays (Supplemental 

Table 4.2). We discovered that neither transgene is able to recruit Mxc (Figure 4.6C-D). Since 

the D. virilis sequence is bound by CLAMPmel in vitro (Figure 4.5B), our observations suggest 

that CLAMP targets the 1xHisvir transgene but is unable to recruit Mxc.  

 

 

A. 1xHisWT B. 1xHisGAΔ  C. 1xHisGA  D. 1xHisvir  

DAPI
Mxc
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Figure 4.6: The D. virilis H3/H4 promoter does not promote HLB formation in D. 

melanogaster. We performed polytene immunostaining for Mxc (white; bottom panels) in 

animals carrying 1x histone array transgenes. (A) A wild-type transgene attracts Mxc (inset). (B) 

Deleting the GA-repeats abrogates Mxc recruitment. (C) Shortening the GA-repeats also 

abrogates Mxc recruitment to the transgene. (D) Replacing the H3/H4 promoter with that of D. 

virilis does not support Mxc recruitment. Transgene sequences in Supplemental Table 4.3. 

 

4.5 Discussion 

Here we show that MSL2 targets the major histone locus in D. virilis, but does not target 

the single histone locus in other Drosophila species. We propose that this is due to CLAMP 

interacting with the D. virilis H3/H4 promoter sequence in a different manner than it does in D. 

melanogaster. The GA-rich element in the D. virilis H3/H4 promoter more closely resembles 

GA-rich X-linked MREs (Alekseyenko et al. 2008) than it does the perfect, long GA-repeat of 

the D. melanogaster H3/H4 promoter (Rieder et al. 2017). We recently discovered that X-linked 

MREs can drive MSL2 recruitment in the context of a transgenic histone gene array in D. 

melanogaster (L. Hodkinson, observation). However, our in vitro observations indicate that this 

element may even be dispensable for CLAMP interactions in D. virilis.  

We previously observed that both D. virilis histone loci are targeted by CLAMP (Rieder 

et al. 2017). It is curious that we only observe MSL2 at the major locus. There are multiple 

suggested mechanisms to HLB formation, even in D. melanogaster; the GA-repeats are required 

in transgenic histone gene arrays for localization of CLAMP, Mxc, and other factors in D. 

melanogaster, as long as the transgene is in the background of the endogenous histone locus 

(Rieder et al. 2017). Transgenic arrays lacking the GA-repeats are targeted by Mxc only when 
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the endogenous locus is deleted (Koreski et al. 2020). CLAMP is present in transgenic HLBs 

lacking GA-repeats by polytene chromosome immunostaining, but it does not interact with 

specific DNA sequences by ChIP-seq (Koreski et al. 2020). In addition to a zinc-finger domain, 

CLAMP contains a disordered prion-like domain (Kaye et al. 2018; Tikhonova et al. 2022a) that 

may facilitate dimerization and/or inclusion into the phase-separated HLB (Hur et al. 2020) 

likely through protein-protein interactions (Staller 2022).  

This is not the first example of a degenerate cis elements facilitating a conserved 

interaction at the histone locus. In humans, octamer binding transcription factor 1 (Oct-1) 

controls S-phase H2B expression by targeting an 8 bp “octamer” element in the promoter (Zheng 

et al. 2003). Pdm-1/Nubbin is the Oct-1 counterpart in Drosophila, yet only cryptic octamer 

elements are found in both H2B and H4 promoters and Pdm-1 influences expression of all core 

histone genes (Lee et al. 2010). Although humans and Drosophila share similar cell cycle needs 

for histone expression, histone octamer elements are conserved in vertebrates but not amongst 

Drosophila species. These observations led Lee et al. (2010) to suggest that invertebrates have 

greater tolerance for histone regulatory sequence flexibility, compared to vertebrates. 

CLAMP is likely an evolutionary ancient protein that has been co-opted for multiple 

distinct functions (Kuzu et al. 2016; Rieder et al. 2017). CLAMP targets locations across the 

genome during very early embryogenesis. It targets the D. melanogaster histone locus around the 

same time as Mxc (Rieder et al. 2017; Kemp et al. 2021) and X-linked MREs prior to MSLc 

(Rieder et al. 2019). CLAMP and MSLc synergistically enrich each other’s occupancy on the 

male X-chromosome in vivo (Soruco et al. 2013; Soruco and Larschan 2014) and in vitro (Albig 

et al. 2019). We were surprised that we did not detect MSL2 on the male D. virilis X-

chromosome, as was previously reported (Marín et al. 1996). Despite relatively low protein 
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conservation (Copps et al. 1998; Kuzu et al. 2016), anti-MSL2mel antibodies have long been used 

to assay other species. We discovered that MSL2vir appears slightly larger than expected by 

western blot, which may indicate a post-translational modification on the majority of MSL2vir 

that interferes with antibody-based detection. 

However, MSLc components are not always confined to the X-chromosome. Males 

absent on the first (MOF) is an MSLc member that is present in other non-sex-specific 

complexes (Feller et al. 2012; Lam et al. 2012), while the Maleless helicase (MLE) member of 

the complex is expressed in both males and females and plays a role in RNA structure and 

splicing (Reenan et al. 2000). MSL2 is a core member of MSLc and is usually only present on 

the male X-chromosome. However, MSL2 mis-localizes to tandem repeats when the long non-

coding RNA on the X (roX) components of the MSLc are missing in D. melanogaster (Figueiredo 

et al. 2014). Compromising the ability of MSL2 to interact with both CLAMP and DNA, via 

mutation of the MSL2 CLAMP-binding domain (CBD) and CXC domain, respectively, results in 

loss of complex X-chromosome specificity (Tikhonova et al. 2019). Both of these domains are 

well conserved between D. melanogaster and D. virilis (Villa et al. 2021). CLAMP and MSLc 

may search for genomic loci together as a “wolf pack” (Staller 2022) and have a higher affinity 

for sites resembling X-linked MREs. This model is supported by our recent observations that 

CLAMP targets loci genome-wide, and is followed by MSLc during very early D. melanogaster 

development, prior to MSLc X-chromosome specialization (Rieder et al. 2019).  

While MSL2 is usually found complexed with other MSLc members (Hallacli et al. 

2012), it retains some DNA binding ability in both D. melanogaster (Villa et al. 2016) and D. 

virilis (Villa et al. 2021). Further, White et al. (2011) identified MSL2, although not other MSLc 

proteins, in a proteomics screen for phosphorylated Mxc in cultured male D. melanogaster S2 
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cells. Mxc is phosphorylated by CyclinE/Cdk2, which activates histone gene expression and 

HLB phase separation (Wei et al. 2003; Hur et al. 2020). These observations provide evidence 

for the presence of MSL2 at histone loci, even sometimes in D. melanogaster. 

Yet several lines of evidence argue against the presence of MSL2 at D. melanogaster 

histone genes. We do not observe MSL2 targeting the histone locus in D. melanogaster in vivo 

by polytene chromosome immunostaining or MSLc member ChIP-seq from multiple tissues. D. 

melanogaster polytene chromosome proximity ligation assays indicate that CLAMP only 

interacts with MSLc on the male X-chromosome (Lindehell et al. 2015). The above observations 

include both polytene chromosome immunostaining and analysis of sequencing datasets from 

cultured cells. Although the histone loci of polytene chromosomes appear to recruit all known 

HLB factors (Salzler et al. 2013; Rieder et al. 2017; Koreski et al. 2020), salivary gland nuclei 

undergo endoreplication without cell division and therefore might have unusual histone 

biogenesis requirements (Andreyeva et al. 2017). Cultured cells are asynchronous, and MSL2 

might target the D. melanogaster histone locus at a specific cell cycle time point or in a subset of 

cell types, confounding results. Therefore, it is unlikely that the tissues examined here represent 

the histone regulatory needs of all tissues across developmental time. 

It is curious that MSL2 targets only the major D. virilis histone locus on Chromosome II, 

which includes ~32 arrays of both the quintet and quartet organization (Schienman et al. 1998). 

The minor locus on Chromosome IV, which includes only ~5 quintet arrays, is targeted by 

CLAMP and Mxc but not MSL2. These observations indicate that the two histone loci may be 

differentially regulated in male D. virilis. There is no direct evidence that the ~100 nearly 

identical histone arrays in D. melanogaster are differentially regulated, however 100 copies are 
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not required for viability; 12 transgenic arrays rescue viability when the endogenous locus is 

deleted (Günesdogan et al. 2014; McKay et al. 2015; Zhang et al. 2019). 

It is not uncommon for histone genes to experience differential regulation. For example, 

the sea urchin genome carries three sets of histone genes: 2000 “early” ɑ-histone genes are 

expressed in early embryogenesis, 35 “late” histone genes are expressed in somatic cells, and 

three histone genes are testes-specific (Marzluff et al. 2006). Saccharomyces cerevisiae mutants 

lacking one H2a/H2b unit (TRT1) cannot undergo mitosis, while those lacking the other unit 

(TRT2) have no dramatic phenotypes, indicating differential histone biogenesis from the two loci 

(Norris and Osley 1987; Cross and Smith 1988). The two histone loci in D. virilis may fulfill 

different developmental or cell cycle needs for histone production. 

MSL2 is only expressed in XY Drosophila; msl2 translation is repressed by Sex Lethal in 

XX individuals (Bashaw and Baker 1995; Kelley et al. 1997). The presence of MSL2 at the 

major histone locus in male, but not female, D. virilis indicates that histone genes might be 

differentially regulated between males and females. Although there is little current evidence of 

differential histone gene regulation between males and females, differences in sex chromosome 

size and chromatin content, and the existence of dosage compensation suggest that XX and XY 

individuals are likely to have different histone requirements. In addition, the requirement for 

maternal deposition of histone proteins (Horard and Loppin 2015) and the presence of maternal-

effect histone gene-specific transcription factors such as abnormal oocyte (Berloco et al. 2001) 

indicate that males and females likely regulate histone loci differently, since female nurse cells 

must produce large amounts of histone mRNAs and proteins for egg deposition (Horard and 

Loppin 2015).  
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CLAMP participates in both male dosage compensation and histone biogenesis and 

therefore crosstalk between these gene regulatory networks (Friedlander et al. 2016) could occur 

in males but not in females. Factors are often shared between membraneless compartments (also 

called nuclear bodies). For example, Coilin is shared between Cajal and histone locus bodies at 

different developmental time points in Drosophila and Xenopus (Liu et al. 2006; Nizami et al. 

2010). Nucleolin, fibrillarin, and other nucleolus factors are found in the Cajal body (Trinkle-

Mulcahy and Sleeman 2017).  

Overall, our results indicate that the two histone loci in D. virilis may be differentially 

regulated in males and females. The recruitment of MSL2 to the major D. virilis histone locus 

may be due to differential interactions between local DNA sequence and the CLAMP factor. 

Finally, CLAMP is shared between several compartments, which may lead to cross talk between 

gene regulatory networks.  

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/uphsGA/UNF4
https://paperpile.com/c/uphsGA/UNF4
https://paperpile.com/c/uphsGA/UNF4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/XwLj+sXQ4
https://paperpile.com/c/uphsGA/2b56
https://paperpile.com/c/uphsGA/2b56


 

 152 

4.6 Acknowledgments  

We thank John Ali for generating the original Galaxy pipeline. We thank Dr. Bob Duronio and 

Dr. William Marzluff for the anti-Mxc antibody, Dr. Victoria Meller (originally Dr. Ron 

Richmond) for the affinity purified anti-MSL2 antibody, Dr. Mitzi Kuroda for the anti-MSL2 

serum, and Dr. Erica Larschan (originally Dr. Mitzi Kuroda) for the anti-MSL3 serum. We thank 

fellow group members Dr. Casey Schmidt, Tommy O’Haren, Greg Kimmerer, Eric Albanese, 

and Edgar Hsieh, who all supported this project. This work was supported by an Emory Summer 

Undergraduate Research Experience (SURE) Fellowship to MX, grants T32GM008490 and 

F31HD105452 to LJH, and grants K99HD092625, R00HD092625, and R35GM142724 

(including S1) to LER. 

  



 

 153 

4.7 Supplemental Figures and Tables: 
 
Supplemental Table 4.1: Summary of MSL protein localization from polytene chromosome 
immunostaining experiments, related to Figures 4.2 and 4.4 
 
 
Species 

 
M/F 

MSL2 at 
histone 
locus/loci? 

MSL2 
detected on 
X? 

MSL3 at 
histone 
locus/loci? 

MSL3 
detected on 
X? 

D. melanogaster M No Yes No Yes 

F No No No No 

D. virilis M Yes No Yes No 

F No No No No 

D. pseudoobscura M No Yes Not tested Not tested 

F No No Not tested Not tested 

D. willistoni M No Yes Not tested Not tested 

F No No Not tested Not tested 
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Supplemental Figure 4.1: Ectopically expressed MSL2 from either species does not target 

the D. melanogaster histone gene array. Villa et al. (2021) overexpressed GFP-tagged MSL2 

from D. melanogaster and D. virilis in female D. melanogaster cell culture. They performed 

GFP ChIP-seq and we mapped their datasets to the D. melanogaster histone gene array, 

normalizing to the non-transfected control. Neither D. melanogaster MSL2 (top) nor D. virilis 

MSL2 (bottom) target a specific DNA sequence in the D. melanogaster histone gene array. The 

light purple indicates spread between two biological replicates, while the dark purple line 

indicates the average between replicates. 
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Supplemental Table 4.2: dsDNA EMSA probes, related to Figures 4.5 and S4.7 
 

Probe (length) Probe sequence 

Wild-type Dmel 
GA-repeats in 
bold 
 
(226 bp; Fig 6) 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTG
TGTGCCCCTATTTATAGGTAAAACGACAAAAACCCGAGAGAG
TACGAACGATATGTTCGTTCGCTTTTCGCTCGTCAAATGAAAT
GGCCTCTGTTTTTCTCTCTCTCTCTCTCTCTCTTTCACCGTCC
ACGATTGCTATATAAGTAGGTAGCAAATGCTCTGATCGTTTAT
TGTGTTTTCAAAC 

Dmel GA 
GA-repeats in 
bold 
 
(211 bp; Fig 6) 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTG
TGTGCCCCTATTTATAGGTAAAACGACAAAAACCCTAGAGAC
TACGAACGATATGTTCGTTCGCTTTTCGCTCGTCAAATGAAAT
GGCCTCTGTTTTTCTCTTTCACCGTCCACGATTGCTATATAAG
TAGGTAGCAAATGCTCTGATCGTTTATTGTGTTTTCAAAC  

Dmel GAΔ 
Locations of 
deletions (X) 
 
(198 bp; Fig 6) 

CACAGCACGAAAGTCACTAAAGAACTAATTTCAACGTTTCTG
TGTGCCCCTATTTATAGGTAAAACGACAAAAACCCXTACGAA
CGATATGTTCGTTCGCTTTTCGCTCGTCAAATGAAATGGCCTC
TGTTTTXTTCACCGTCCACGATTGCTATATAAGTAGGTAGCAA
ATGCTCTGATCGTTTATTGTGTTTTCAAAC 

Wild-type Dvir  
GA-repeats in 
bold 
 
(235 bp; Fig 6) 

CACCACGAATGTCACTGAGGTACTAATGCTAGCTCTTCGGGC
AGCGCTTATATTTATACCAAAAACCAAAAAGACGAGCGAGT
GAAAACATATTTCCATCTCGCTCACATACTACCCTTGTAACAT
ATTCGACAAAACAGCGAACAGCGAATATATCGTTCTCTTTCT
AACTTATCACTCATTTTCTATATAAGCGATACACAAACGAGAC
GCACGATTATTGTGTTTTTAACA 

Dvir GA 
GA-repeats in 
bold 
 
(231 bp; Fig 6) 

CACCACGAATGTCACTGAGGTACTAATGCTAGCTCTTCGGGC
AGCGCTTATATTTATACCAAAAACTCAAAAAGACAGAGATGA
AAACATATTTCCATTCTCTACATACTACCCTTGTAACATATTC
GACAAAACAGCGAACAGCGAATATATCGTTCTCTTTCTAACTT
ATCACTCATTTTCTATATAAGCGATACACAAACGAGACGCAC
GATTATTGTGTTTTTAACA 

Dvir GAΔ 
Locations of 
deletions (X) 
 
(221 bp; Fig 6) 

CACCACGAATGTCACTGAGGTACTAATGCTAGCTCTTCGGGC
AGCGCTTATATTTATACCAAAAACTCAAAAAGACXTGAAAAC
ATATTTCCATXACATACTACCCTTGTAACATATTCGACAAAAC
AGCGAACAGCGAATATATCGTTCTCTTTCTAACTTATCACTCA
TTTTCTATATAAGCGATACACAAACGAGACGCACGATTATTGT
GTTTTTAACA 

Wild-type Dmel 
GA-repeats in 
bold 

TGAAATGGCCTCTGTTTTTCTCTCTCTCTCTCTCTCTCTCTTT
CACCGTCCACGATTGCT 
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(60 bp; Fig S7) 

Dvir 1  
GA-repeats in 
bold 
(60 bp; Fig S7) 

CACCACGAATGTCACTGAGGTACTAATGCTAGCTCTTCGGGC
AGCGCTTATATTTATACC 

Dvir 2  
GA-rich elements 
in bold 
(60 bp; Fig S7) 

TACCAAAAACTCAAAAAGACGAGCGAGTGAAAACATATTTC
CATCTCGCTCACATACTAC 

Dvir 3  
GA-repeats in 
bold 
(60 bp; Fig S7) 

CATACTACCCTTGTAACATATTCGACAAAACAGCGAACAGCG
AATATATCGTTCTCTTTC 

Dvir 4  
GA-repeats in 
bold 
(60 bp; Fig S7) 

TATCGTTCTCTTTCTAACTTATCACTCATTTTCTATATAAGCG
ATACACAAACGAGACGC 

Dvir 5  
GA-repeats in 
bold 
(60 bp; Fig S7) 

TCACTCATTTTCTATATAAGCGATACACAAACGAGACGCACG
ATTATTGTGTTTTTAACA 
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Supplemental Figure 4.2: Anti-GFP ChIP-seq from non-transfected cells gives a peak in 

the H2a/H2b promoter. Villa et al. (2021) overexpressed GFP-tagged MSL2 from D. 

melanogaster and D. virilis in female D. melanogaster cell culture. They performed GFP ChIP-

seq in control, non-transfected cells and we mapped their datasets to the D. melanogaster histone 

gene array. We discovered a sharp peak in the H2a/H2b promoter, which is present in all anti-

GFP ChIP-seq datasets.   
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Supplemental Table 4.3: H3/H4 promoter sequences from D. melanogaster histone array 
transgenes, related to Figure 4.6 
 

Transgene  Promoter sequence (between H4 and H3 start codons) 

1xHisWT 
(Hodkinson et al.) 
GA-repeats in 
bold 
 
(239 bp) 

TTTTCACTGTTCTATACTATTATACACGCACAGCACGAAAGTC
ACTAAAGAACTAATTTCAACGTTTCTGTGTGCCCCTATTTATA
GGTAAAACGACAAAAACCCGAGAGAGTACGAACGATATGTT
CGTTCGCTTTTCGCTCGTCAAATGAAATGGCCTCTGTTTTTCT
CTCTCTCTCTCTCTCTCTTTCACCGTCCACGATTGCTATATA
AGTAGGTAGCAAATGCTCTGATCGTTT 

1xHisGAΔ 
(Hodkinson et al.) 
Locations of 
deletions (X) 
 
(211 bp) 

TTTTCACTGTTCTATACTATTATACACGCACAGCACGAAAGTC
ACTAAAGAACTAATTTCAACGTTTCTGTGTGCCCCTATTTATA
GGTAAAACGACAAAAACCCXTACGAACGATATGTTCGTTCGC
TTTTCGCTCGTCAAATGAAATGGCCTCTGTTTTXTTCACCGTC
CACGATTGCTATATAAGTAGGTAGCAAATGCTCTGATCGTTT 

1xHisGA 
GA-repeats in 
bold 
 
(222 bp) 

TTTTCACTGTTCTATACTATTATACACGCACAGCACGAAAGTC
ACTAAAGAACTAATTTCAACGTTTCTGTGTGCCCCTATTTATA
GGTAAAACGACAAAAACCCTAGAGATACGAACGATATGTTC
GTTCGCTTTTCGCTCGTCAAATGAAATGGCCTCTGTTTTTCTC
TTTCACCGTCCACGATTGCTATATAAGTAGGTAGCAAATGCTC
TGATCGTTT 

1xHisvir 
GA-rich elements 
in bold 
 
(297 bp) 

TTTTCACTTTATATTTTTTTTTAACTTAACACCACGAATGTCAC
TGAGGTACTAATGCTAGCTCTTCGGGCAGCGCTTATATTTATA
CCAAAAACTCAAAAAGACGAGCGAGTGAAAACATATTTCCA
TCTCGCTCACATACTACCCTTGTAACATATTCGACAAAACAG
CGAACAGCGAATATATCGTTCTCTTTCTAACTTATCACTCATT
TTCTATATAAGCGATACACAAACGAGACGCACGATTATTGTG
TTTTTAACAGTGACAGTGTGAAGTTGGAATTGTGAAAGAAAG 
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Supplemental Figure 4.3: MSL3 does not target the D. melanogaster histone array after 

MSL2 transfection. Villa et al. (2021) overexpressed MSL2 from D. melanogaster and D. 

virilis in female D. melanogaster cell culture. They performed MSL3 ChIP-seq and we mapped 

their datasets to the D. melanogaster histone gene array. MSL3 does not target the D. 

melanogaster histone gene array after transfection from either D. virilis MSL2 (top) nor D. 

melanogaster MSL2 (middle). These datasets look similar to MSL3 ChIP-seq from the non-

transfected control (bottom). The light purple indicates spread between two biological replicates, 

while the dark purple line indicates the average between replicates. 
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Supplemental Figure 4.4: H4K16ac is not enriched over the D. melanogaster histone array 

during male D. melanogaster embryogenesis. Rieder et al. (2019) performed male embryo 

H4K16ac ChIP-seq over a tight developmental time course (nuclear cycles = NC). We mapped 

single replicate datasets from this study to the D. melanogaster histone gene array, normalized to 

input samples. We observe no enrichment of H4K16ac over the D. melanogaster histone gene 

array. 
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Supplemental Figure 5: H4K16ac is not enriched over the D. melanogaster histone array 

after MSL2 transfection. Villa et al. (2021) overexpressed MSL2 from D. melanogaster and D. 

virilis in female D. melanogaster cell culture. They performed H4K16ac ChIP-seq and we 

mapped their datasets to the D. melanogaster histone gene array. H4K16ac is not enriched over 

the D. melanogaster histone gene array after transfection from either D. virilis MSL2 (top) nor 

D. melanogaster MSL2 (middle). These datasets look similar to H4K16ac ChIP-seq from the 

non-transfected control (bottom). The light purple indicates spread between two biological 

replicates, while the dark purple line indicates the average between replicates. 
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Supplemental Figure 6: CLAMP interacts with the region containing the poorly conserved 

GA-rich cis elements in the D. virilis promoter. The D. virilis promoter carries poorly 

conserved GA-rich elements (blue) as well as shorter GA-repeats (4 bp each; blue). We 

segmented the promoter into 60 bp probes (Supplemental Table 2) and performed EMSAs with 

recombinant CLAMPmel. We confirmed that only probe 2 (orange), which carries the projected 

GA-rich cis elements, shifts with recombinant CLAMP. 
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Supplemental Figure 4.7: Conservation of the H3/H4 promoter within and between D. 

virilis loci. We aligned sequences in SnapGene using Coffee (Erb et al. 2012). The minor (top) 

D. virilis locus includes five intact H3/H4 promoters, while the major (bottom) includes 30 

similar promoters. Conservation within loci is indicated by nucleotide height. GA-rich sequences 

shown in Figure 4.1 are indicated by black bars. H3 CDS represents the coding sequence, 

beginning with the start codon, of the H3 gene. 
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5.1 Abstract 

Cells orchestrate histone biogenesis with strict temporal and quantitative control. To efficiently 

regulate histone biogenesis, the repetitive Drosophila melanogaster replication-dependent 

histone genes are arrayed and clustered at a single locus. Regulatory factors concentrate in a 

nuclear body known as the histone locus body (HLB), which forms around the locus. 

Historically, HLB factors are largely discovered by chance, and few are known to interact 

directly with DNA. It is therefore unclear how the histone genes are specifically targeted for 

unique and coordinated regulation. To expand the list of known HLB factors, we performed a 

candidate-based screen by mapping 30 publicly available ChIP datasets of 27 unique factors to 

the Drosophila histone gene array. We identified novel transcription factor candidates, including 

the Drosophila Hox proteins Ultrabithorax (Ubx), Abdominal-A (Abd-A) and Abdominal-B 

(Abd-B), suggesting a new pathway for these factors in influencing body plan morphogenesis. 

Additionally, we identified six other factors that target the histone gene array: JIL-1, hormone-

like receptor 78 (Hr78), the long isoform of female sterile homeotic (1) (fs(1)h) as well as the 

general transcription factors TBP associated factor 1 (TAF-1), Transcription Factor IIB (TFIIB), 

and Transcription Factor IIF (TFIIF). Our foundational screen provides several candidates for 

future studies into factors that may influence histone biogenesis. Further, our study emphasizes 

the powerful reservoir of publicly available datasets, which can be mined as a primary screening 

technique.  
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5.2 Introduction 

Cells rely on strict temporal and quantitative orchestration of gene expression. One way 

the nucleus accomplishes coordinated gene regulation is through the establishment of nuclear 

bodies (NBs), membraneless concentrations of proteins and RNAs. The NB micro-environment 

facilitates processes such as efficient gene expression through transcription and RNA-processing 

(Matera et al. 2009; Tatomer et al. 2016; Arias Escayola and Neugebauer 2018). 

The histone locus body (HLB) is a conserved NB that regulates histone gene expression 

and forms at the loci of the replication-dependent histone genes (Duronio and Marzluff 2017) in 

many different organisms, including humans and Drosophila. The HLB is characterized by a set 

of factors that collectively regulate the uniquely organized histone genes. The Drosophila 

melanogaster histone locus is a cluster of ~100 tandemly repeated arrays, in which each 5 Kb 

array includes the 5 canonical histone genes along with their respective promoters and regulatory 

elements (McKay et al. 2015; Duronio and Marzluff 2017; Bongartz and Schloissnig 2018). 

Each array contains two TATA-box containing promoters, one for H3 and H4 and one H2A and 

H2B (Figure 5.1A). Additionally, the H1 gene has its own unique promoter that lacks a TATA-

box. The promoters contains some known transcription factor motifs (Crayton et al. 2004; Isogai 

et al. 2007; Rieder et al. 2017), but overall little is known about how the locus is 

transcriptionally controlled. The clustered, repetitive organization of the locus allows for precise 

HLB formation at a single genomic location and highly coordinated histone biogenesis linked to 

S-phase of the cell cycle (Marzluff et al. 2002; White et al. 2011). 
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Figure 5.1: Known HLB factor CLAMP localizes to the GA-repeat cis element in the 

H3/H4 promoter. (A) A diagram detailing the validated cis elements in the histone array 

including the TATA-box elements (teal boxes), the TATA-less motif (maroon box), and the 

CLAMP binding GA-repeat elements (green boxes). (B) We mapped the known ChIP-seq data 

for the known HLB factor CLAMP (green) from 2-4 hr embryos (Duan et al. 2021).The ChIP 

signal was normalized to its respective ChIP input signal (blue). 

 

The Drosophila HLB is a well-characterized NB that includes several known components 

that play a role in both the cell cycle regulation of histone gene transcription and the unique 

processing of histone mRNA transcripts. Several proteins are involved in the initiation and 

regulation of histone gene transcription including Chromatin Linked Adaptor for MSL proteins 

(CLAMP; (Rieder et al. 2017)), Multi Sex combs (Mxc (White et al. 2011; Yang et al. 2014); 

the Drosophila ortholog of human Nuclear Protein mapped to the Ataxia-Telangiectasia locus 

(NPAT; (Terzo et al. 2015)), FLICE-associated huge protein (FLASH (Tatomer et al. 2016)) and 

Muscle wasted (Mute (Bulchand et al. 2010)). Histone mRNA processing is distinct from that of 
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other mRNAs because histone pre-mRNAs lack polyA tails and introns (Duronio and Marzluff 

2017). Several known factors are involved in histone mRNA processing and target the histone 

gene locus including, the U7snRNP (Godfrey et al. 2009), Stem Loop Binding Protein 

(SLBP(Jaeger et al. 2006)), and Lsm11 (Duronio and Marzluff 2017).  

Other than CLAMP, the above-mentioned factors target the histone locus but do not 

interact directly with DNA sequence. Since CLAMP is found at locations genome wide, it is 

currently unclear how non-DNA binding factors identify and target the histone locus. The 

presence of histone mRNA is likely to play a role (Shevtsov and Dundr 2011) as are the presence 

of cis elements within the histone gene array (Salzler et al. 2013; Rieder et al. 2017). One critical 

interaction involves CLAMP recognizing GA-repeat sequences within the H3/H4 promoter 

(Rieder et al. 2017) (Figure 5.1). Although the presence of CLAMP is critical for the 

localization of HLB-specific factors such as Mxc (Rieder et al. 2017), the interaction between 

CLAMP and GA-repeat is not strictly necessary for HLB formation (Koreski et al. 2020) and 

CLAMP is not sufficient for HLB formation (Rieder et al. 2017). Therefore, it is likely that other 

DNA-interacting proteins participate in defining the histone locus. We still lack a comprehensive 

list of factors associated with histone biogenesis and therefore our model of the mechanisms of 

histone gene regulation remains incomplete.  

Historically, novel HLB factors are often discovered by chance through 

immunofluorescence such as CLAMP (Rieder et al. 2017), Myc (Daneshvar et al. 2011), Mute 

(Bulchand et al. 2010), and Abnormal oocyte (Berloco et al. 2001). To discover novel DNA-

binding proteins that target the histone locus, we first screened the literature for likely candidates 

and then funneled these into a secondary bioinformatics screen. We leveraged publicly available 

Drosophila ChIP-seq datasets and knowledge of histone gene regulation to curate and analyze a 
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list of candidate DNA-binding factors. We used a bioinformatics pipeline on Galaxy (Afgan et 

al. 2016; The Galaxy Community 2022) to map candidate ChIP-seq data to a single copy of the 

histone gene array. The ~100 histone gene arrays are nearly identical in sequence (Bongartz and 

Schloissnig 2018) and we can collapse -omics data from the entire locus onto a single array 

(McKay et al. 2015; Rieder et al. 2017; Koreski et al. 2020). Supervised undergraduate students 

conducted much of the initial screen as part of a course-based undergraduate research experience 

(CURE; (Schmidt et al. 2022), demonstrating the simplicity and versatility of the pipeline 

design. Using our qualitative analysis criteria (Supplemental Figure 5.1 in Appendix A), we 

discovered several DNA-interacting proteins that pass our initial bioinformatics screen. Our 

novel candidates that target the histone gene array include development transcription factors such 

as Hox factors, which may provide a mechanistic link between segment identity and cell 

division.  

Future wet lab studies are required to confirm the presence of these candidates at the 

histone locus, determine any tissue and temporal specificity, and describe the precise roles of 

candidates in HLB formation and histone biogenesis. As a whole, our screen establishes mining 

of existing -omics data as a tool to identify new candidate HLB factors. Although we are limited 

by the factors, tissues, treatments, and timepoints interrogated by the dataset generators, our 

pipeline is an inexpensive and rapid tool to screen candidate factors for future wet-lab studies. 

 

5.3 Methods 

5.3.1 GEO Datasets  

All datasets were downloaded from the NCBI SRA Run Selector through the Gene Expression 

Omnibus (GEO). See Table 1 for Accession numbers and references.  

 



 

 180 

Table 5.1: DNA-binding factor candidate datasets 
 

Candidate   
 

GEO 
Accession # 

SRA Run Selector # Paper citation 

Abd-A 
Abdominal-A 

GSE69796 anti-GFP ChIP DNA from Kc167 cells expressing AbdA-GFP 
1- SRR2060648 2 -SRR2060649 
Input 
1 - SRR2060652 2 - SRR2060653 

(Beh et al. 2016) 

Abd-B 
Abdominal-B 

GSE69796 anti-GFP ChIP DNA from Kc167 cells expressing AbdB-GFP 
1- SRR2060650 2 -SRR2060651 
Input 
1 - SRR2060652 2 - SRR2060653 

(Beh et al. 2016) 

ANTP 
Antennapedia 

GSE125604 anti-GFP (Invitrogen) from ANTP-GFP genotype 
1 - SRR8483063 
Input 
1 - SRR8483064 

(Kribelbauer et al. 2020) 

CP190 
Centrosomal protein 
190kD 

GSE118699
  

CP190 rabbit (Pai et al 2004) 
1 - SRR7706256 2 - SRR7706258 
Input 
1 - SRR7706251 2 - SRR7706252 

(Bag et al. 2019) 

CTCF  GSE175402 CTCF  
1 - SRR14631231 2 - SRR14631232 
Input 
1 - SRR14631233 2 - SRR14631234 

(Kyrchanova et al. 2021) 

Exd 
Extradenticle 

GSE125604 anti-V5 (Invitrogen) on exd-V5 transgene genotype 
1 - SRR8483055 
Input 
1 - SRR8483056 

(Kribelbauer et al. 2020) 

Fs(1)h  
Female sterile (1) 
homeotic 

GSE42086 Female late embryo-derived cell line, ChIP of Fs(1)h long isoform 
1- SRR611533 
Female late embryo-derived cell line, ChIP of both isoforms of 
Fs(1)h 
1 - SRR611535 
Input 
1 - SRR611537 

(Kellner et al. 2013) 

Gcn5 
 

GSE83408 Gcn5 rabbit polyclonal antibody (5 ug/IP) 
1 - SRR3671294 2 - SRR3671295 3 - SRR3671298 
Input 
1 - SRR3671296 2 - SRR3671297 3 - SRR3671299 

(Ali et al. 2017) 

Hr78 
Hormone-receptor-like 
78 

GSE50370 Hr78-GFP_8-16_embryonic_ChIP-seq_ChIP 
1 - SRR1198798 2 - SRR1198799 
Input 
1 - SRR1198796 2 - SRR1198797 

(THE MODENCODE 
CONSORTIUM et al. 2010) 

Hnf4 
Hepatocyte nuclear 
factor 4 

GSE73675 rat anti-dHNF4 3600 
1 - SRR2548371 2 - SRR2548372 
3 - SRR2548373 4 - SRR2548374 
Inputs 
1 - SRR2548367 2 - SRR2548368 
3 - SRR2548369 4 - SRR2548370 

(Barry and Thummel 2016) 

HTH 
Homothorax 

GSE125604 anti-Hth (gp52, N-terminal) 
1 - SRR8483065 
Input 
1 - SRR8483066 

(Kribelbauer et al. 2020) 

JIL-1  GSE54438 JIL-1 monoclonal antibody 5C9 
1 - SRR1145605 2 - SRR1145606 
Input  
1 - SRR1145612 2 - SRR1145613 

(Cai et al. 2014) 

M1BP 
Motif 1 Binding Protein 

GSE97841 
  

M1BP_Antibody 
1 - SRR10759878 
Input 
1 - SRR10759877 

(Baumann and Gilmour 2017) 

MSL-1 
Male-specific Lethal 1 

GSE37864 polyclonal rabbit MSL1, crude serum 
1 - SRR495366 2 - SRR495367 
Input 
1 - SRR495378 2 - SRR495380 

(Straub et al. 2013a) 

Ndf/CG4747 
Nucleosome-
destabilizing factor 

GSE42025 PAP antibody (Sigma P1291) 
1 - SRR611192 2 - SRR611194 
3 - SRR611196 4 - SRR611198 
Input 
1 - SRR611193 2 - SRR611195 
3 - SRR611197 4 - SRR611199 

(Wang et al. 2013) 

Nej (S2 cells) 
Nejire 

GSE72666 anti-CBP, custom-made antibodies 
1-  SRR2232434 
Input 
1 - SRR2232432 

(Doiguchi et al. 2016) 

Nej (Embryos) 
Nejire 

GSE68983 Nej 
1 - SRR4044401 

(Koenecke et al. 2016)  

https://trace.ncbi.nlm.nih.gov/Traces/sra?run=SRR8483063
https://trace.ncbi.nlm.nih.gov/Traces/sra?run=SRR8483063
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Input 
1 - SRR2031906 

Opa 
Odd Paired 

GSE140722 In-house anti-Opa antibody 
1 - SRR10502454 2 - SRR10502455 
3 - SRR10502458 4 - SRR10502459 
Input 
1 - SRR10502456 2 - SRR10502457 
3 - SRR10502460 4 - SRR10502461 

(Koromila et al. 2020) 

Pan 
Pangolin 

GSE50340 Pan 
1 - SRR1198824 2 - SRR1198825 
Input 
1 - SRR1198822 2 - SRR1198823 

(THE MODENCODE 
CONSORTIUM et al. 2010) 

Pnt 
Pointed 

GSE114092 Pnt 
1 - SRR7126165 
Input 
1 - SRR7126164 

(Webber et al. 2018) 

Psc 
Posterior sex combs 

GSE38166 Psc Mitotic S2 
1 - SRR 500149 2 - SRR 500150 
Psc Control S2 
1 - SRR500151 2 - SRR500152 
Psc Mitotic S2 Input 
1 - SRR 500153 2 - SRR 500154 
Psc Control S2 Input 
1 - SRR 500155 2 - SRR 500156 

(Follmer et al. 2012) 

Scm 
Sex comb on midleg 

GSE66183 BioTAP-N-Scm 
1 - SRR1813233 2 - SRR1813243 3 - SRR1813245 
Input 
1 - SRR1813234 2 - SRR1813244 3 - SRR1813246 

(Kang et al. 2015) 

su(z)12 
suppressor of zeste 12 

GSE36039 Su(z)12 ChIP 
1 - SRR363407 2 - SRR363408 
Input 
1 - SRR363409 2 - SRR363410 

(Herz et al. 2012) 

TAF1 
TBP-Associated Factor 1 

GSE97841 TAF1 Antibody 
1 - SRR5452843 2 - SRR5452844 
Inputs 
1 - SRR5452847 2 - SRR5452848 

(Baumann and Gilmour 2017) 

TFIIB 
Transcription Factor II 
B 

 GSE120152 anti-TFIIB rabbit polyclonal, custom 
1 - SRR7874066 2 - SRR7874067 
Inputs 
1 - SRR7874069 2 - SR7874070 

(Ramalingam et al. 2021) 

TFIIF 
Transcription Factor II 
F  

GSE120152 anti-TFIIF rabbit polyclonal, custom 
1 - SRR7874068 
Inputs 
1 - SRR7874069 

(Ramalingam et al. 2021) 

TRF2 
TBP protein-related 
factor 2  

GSE97841 TRF2 Antibody 
1 - SRR5452845 2 - SRR5452846 
Inputs 
1 - SRR5452847 2 - SRR5452848 

(Baumann and Gilmour 2017) 

Ubx (Kc cells) 
Ultrabithorax 

GSE69796 anti-GFP ChIP DNA from Kc167 cells expressing Ubx-GFP   
1 - SRR2060646 2 - SRR2060647 
Inputs: 
1 - SRR2060652 2 - SRR2060653 

(Beh et al. 2016)  

Ubx (embryos) 
Ultrabithorax 

GSE64284 Anti-V5 ChIP, Ubx-V5 
1 - SRR1721317 2 - SRR1721321  
Inputs 
1 - SRR1721316 2 - SRR1721320 

(Shlyueva et al. 2016) 

Ubx (larva) 
Ultrabithorax 

GSE184454 Anti-FLAG monoconal, 3xFLAG-Ubx 
1 - SRR15972582 2 - SRR15972584 
Inputs 
1- SRR15972583 2 - SRR15972585 

(Feng et al. 2022) 

 

5.3.2 Bioinformatic Analysis and Data Visualization 

We directly imported individual FASTQ datasets into the web-based platform Galaxy (Afgan et 

al. 2016; The Galaxy Community 2022) through the NCBI SRA Run Selector by selecting the 

desired runs and utilizing the computing Galaxy download feature. We retrieved the FASTQ 

files from SRA using the “Faster Download and Extract Reads in FASTQ format from NCBI 

SRA” Galaxy command. Because the ~100 histone gene arrays are  extremely similar in 
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sequence (Bongartz and Schloissnig 2018), we do not utilize the dm6 or dm3 genomes and 

instead can collapse ChIP-seq data onto a single histone array (McKay et al. 2015; Bongartz and 

Schloissnig 2018; Koreski et al. 2020). We used a custom “genome” that includes a single 

Drosophila melanogaster histone array similar to that in Mckay et al. 2015, which we directly 

uploaded to Galaxy using the “upload data” feature, and normalized using the Galaxy command 

“NormalizeFasta” specifying an 80 bp line length for the output.fasta file. We aligned ChIP reads 

to the normalized histone gene array using Bowtie2 (Langmead and Salzberg 2012) to create 

.bam files using the user built-in index and “very sensitive end-to-end” parameter settings. We 

converted the .bam files to .bigwig files using the “bamCoverage” Galaxy command in which we 

set the bin size to 1 bp and set the effective genome size to user specified: 5000 bp (approximate 

size of l histone array). We also mapped relevant input or IgG datasets. If an input dataset was 

available, we normalized ChIP datasets to input using the “bamCompare” Galaxy command in 

which we set the bin size to 1 bp. We visualized the bigwig files using the Integrative Genome 

Viewer (IGV) (Robinson et al. 2011). 

 

5.3.3 Criteria for Positive Candidates vs. Negative Candidate  

Because we focused our analysis on a single 5 Kb sequence and condensed data from ~100 

identical histone arrays onto a single array, we were unable to use quantitative peak calling 

programs. We instead utilized the following qualitative criteria to determine positive and 

negative candidates (Supplemental Figure 5.1 in Appendix A). We only considered the 

candidate as positive if a peak emerged in the ChIP data that was not present in the input. We 

considered the following false positives: 1) obvious overrepresentation of gene bodies (e.g. 

Su(z)12, Supplemental Figure 5.2 in Appendix A), 2) underrepresentation of intergenic regions 
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(CP190 input, Figure 5.3C) and 3) if the input coverage and ChIP coverage peaks looked 

identical, candidate was also considered a negative hit (e.g MSL1, Figure 5.3B). Datasets with 

the above-mentioned characteristics cause peaks to emerge in the normalized data that do not 

represent the binding of the factor but rather a bias in the amplification of the ChIP library or 

alignment. We also checked spot length (read length) and considered peaks over the GA-repeat 

cis element in the H3/H4 promoter found in datasets with read lengths ≤50 bp false positive 

peaks (e.g Psc, Supplemental Figure 5.2 in Appendix A). 

 

5.4 Results 

5.4.1 Validating the bioinformatics pipeline by mapping TATA-associated factors to the 

histone gene array 

We first sought to validate our bioinformatics pipeline through analysis of known histone 

locus proteins and associated factors. Isogai et al. (2007) used immunofluorescence and cell 

culture ChIP-qPCR assays to demonstrate that the TATA binding protein (TBP)/TFIID complex 

selectively binds to the H3/H4 promoter and the H2A/H2B promoter, but TBP-related factor 2 

(TRF2) targets the promoter of the TATA-less H1 promoter. We identified a publicly available 

TRF2 ChIP-exo dataset from Baumann et al. (2017) for TRF2 and used our pipeline to map the 

data to the histone gene array. ChIP-exo is similar to ChIP-seq but identifies a more complete set 

of binding locations for a factor with higher resolution than standard ChIP-seq (Rhee and Pugh 

2012). We validated that TRF2 localizes to the H1 promoter (Figure 5.2A). Because we were 

unable to normalize to an input dataset, we compared the TRF2 alignment to an IgG control. The 

localization of TRF2 to the TATA-less H1 promoter is consistent with Isogai et al. (2007) and is 

consistent with where a TBP-related factor (TRF) would be expected to bind as they are known 
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to target TATA-less promoters (Wang et al. 2013). Baumann et al. 2017 demonstrated that Motif 

1 binding protein (M1BP) interacts with TRF2 but that this interaction is mostly restricted to the 

ribosomal protein genes (Baumann and Gilmour 2017). We mapped ChIP-exo data for M1BP 

and observed that it did not localize to the H1 promoter under our qualitative criteria 

(Supplemental Figure 5.1) as we saw with TRF2 nor to any other part of the histone array 

(Figure 5.2A), further validating our pipeline. 

 

 

Figure 5.2: Expected general transcription factors localize to the histone array. (A) We 

mapped ChIP-exo data for TRF2 (maroon,(Baumann and Gilmour 2017)) from S2 cells to the 

histone gene array which recapitulates results from Isogia et al. 2007 showing localization 
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specifically to the H1 promoter validating our bioinformatics pipeline. We also mapped ChIP-

exo data for M1BP (yellow, (Baumann and Gilmour 2017)) which did not localize to the histone 

gene array, further validating our pipeline. We compared ChIP-exo data to an IgG control (blue, 

(Baumann and Gilmour 2017) did not provide input sample).  (B) We aligned ChIP-exo data for 

TAF-1 (maroon, (Baumann and Gilmour 2017)) from S2 cells to the histone gene array and 

compared to a corresponding IgG control. We aligned ChIP-seq datasets for TFIIB (teal, two 

replicates overlayed, (Ramalingam et al. 2021)) and TFIIF (pink, one replicate, (Ramalingam et 

al. 2021)) from OregonR mixed population embryos to the histone gene array and normalized to 

the provided input (blue). TFIIB shows localization to the H3/H4 promoter and the H2A/H2B 

promoter and TFIIF shows localization to both core promoters and the H1 promoter confirming 

that our bioinformatics pipeline can be used to identify novel factors that localize to the histone 

gene array. 

 

Novel general transcription factors that target the histone locus 

To expand the list of general transcription factors that target the histone locus, we 

mapped an additional ChIP-exo dataset from Baumann et al. 2017 for TAF1 (TBP associated 

factor 1). TAF1 is a member of the Transcription Factor IID (TFIID) complex which Isogai et al. 

(2007) also suggested localized to the same regions of the histone gene array as TBP. When we 

mapped the TAF1 ChIP-exo data we observed that TAF1 targets the TATA-box regions of the 

H3/H4 promoter and, less robustly, to the TATA-box regions of the H2A/H2B promoter (Figure 

5.2B, elements annotated in Figure 5.1A). Again, we compared this alignment to an IgG control 

because we were unable to normalize to an input, but because TAF1 associates with TBP which 
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binds to AT-rich (TATA box) regions (Baumann and Gilmour 2017), the localization of TAF1 to 

the TATA-box regions of the core histone genes is expected.  

To test the ability of our pipeline to identify novel factors that localize to the histone gene 

array, we investigated the relationships of additional general transcription factors to the histone 

array. We identified ChIP-seq datasets for both TFIIB and TFIIF. Both TFIIB and TFIIF are 

associated with TBP (Ramalingam et al. 2021) and therefore we would expect them to localize to 

the H3/H4 and H2A/H2B promoters, similar to TBP (Isogai et al. 2007). We observed both 

TFIIB and TFIIF localized to the H3/H4 and H2A/H2B promoters while, surprisingly, TFIIF 

localized to the H1 promoter (Figure 5.2B).   

 

5.4.2 Candidate DNA-binding factors that did not pass the bioinformatics screen 

After verifying our bioinformatics pipeline, we curated a list of candidate DNA-binding 

factors (Table 1, Supplemental Table 5.1 in Appendix A) that we hypothesized would target 

the histone gene array. To create this candidate list, we prioritized factors that meet at least one 

of the following criteria: 1) DNA-binding factors with a relationship to a validated HLB factor; 

2) DNA-binding factors involved in dosage compensation because CLAMP, a non-sex specific 

dosage compensation factor, targets the histone locus (Rieder et al. 2017; Koreski et al. 2020); 3) 

chromatin remodeling or histone-interacting factors since the epigenetic landscape of the histone 

locus is largely undefined; 4) early developmental transcription factors since histone gene 

regulation is critical during early development and synchronized cell division (Chari et al. 2019). 

We also utilized the online platform STRING (Szklarczyk et al. 2019) that provides the known 

and inferred interactomes of a given protein to identify candidates that met the above criteria. 

Out of the 27 candidates, we rejected 19 as likely not targeting the histone gene array based on 
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our qualitative analysis of the datasets we investigated (Supplemental Figure 5.1 in Appendix 

A). 

HLB factor-associated candidates: 

We investigated the DNA-binding factor Sex comb on midleg (Scm), because of its 

suspected interaction with the known HLB factor Multi-sex combs (Mxc; (White et al. 2011; 

Yang et al. 2014). Based on STRING, Scm is predicted to interact with Mxc, as determined by a 

genetic interference assay in which a double Mxc/Scm mutant resulted in enhanced mutant sex 

combs phenotypes (Docquier et al. 1996; Saget et al. 1998). Despite possible interaction with 

Mxc, neither Scm ChIP-seq data from S2 cells nor 12-24 hr embryos gave meaningful signal 

over the histone gene array (Figure 5.3A). This result was surprising because the human 

ortholog of Mxc associates exclusively with the histone promoters (Kaya-Okur et al. 2019) and 

Mxc is only found at the histone locus (Terzo et al. 2015).  



 

 188 

 



 

 189 

Figure 5.3: DNA-binding factors from different categories that did not pass the 

bioinformatics screen. We aligned ChIP-seq datasets for (A) Scm (pink, two replicates 

overlayed, (Kang et al. 2015)) from S2 cells, (B) MSL1 (yellow, one replicate, (Straub et al. 

2013b)) from S2 cells, (C) CP190 (maroon, two replicates overlayed, (Bag et al. 2019)) from Kc 

cells, and (D) Opa (teal, two replicates overlayed, (Koromila et al. 2020)) from 3 hr mixed 

population embryos to the histone array. We normalized each ChIP signal to its respective ChIP 

input signal (blue). 

 

Dosage compensation candidates: 

The HLB factor CLAMP targets the H3/H4 promoter (Figure 5.1B) and regulates histone 

gene expression (Rieder et al. 2017), but also plays additional roles in Drosophila male dosage 

compensation: it binds to GA-rich elements along the male X-chromosome and recruits the Male 

Specific Lethal complex (MSLc). Further, MSL2, the male specific component of MSLc, also 

emerged from a cell-based HLB factor screen (White et al. 2011) and we recently discovered 

that MSL2 targets one histone gene locus in Drosophila virilis (Xie et al. 2022b). We therefore 

hypothesized that dosage compensation factors target the histone gene array along with CLAMP. 

We chose the following DNA-binding factors for our candidate screen because of their 

relationship to dosage compensation: MSL1, a protein that scaffolds MSLc (Larschan et al. 

2006; Straub et al. 2013a), and nucleosome destabilizing factor (Ndf, CG4747), a putative 

H3K36me3-binding protein that is important for MSLc localization (Wang et al. 2013). When 

we mapped ChIP-seq datasets from these factors, we found that neither gave meaningful signal 

over the histone gene array (MSL1: Figure 5.3B, Ndf/CG4747: Supplemental Figure 5.2 in 

Appendix A). This is not surprising as we previously determined that MSL2 does not target the 
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histone locus in Drosophila melanogaster by polytene chromosome immunofluorescence (Xie et 

al. 2022b). 

Chromatin remodeling candidates: 

One of the lesser-studied characteristics of the histone locus is the regional chromatin 

environment. The endogenous histone locus is located on chromosome 2L, proximal to 

pericentric heterochromatin. Despite this proximity, histone expression rapidly increases at the 

start of G1 in preparation for DNA synthesis during S phase, and quickly ceases upon G2 

(Duronio and Marzluff 2017) indicating that chromatin remodeling is likely critical in precisely 

controlling histone gene expression. We therefore hypothesized that chromatin remodeling 

factors target the histone locus. We chose the following candidates because of their association 

with chromatin or role in chromatin remodeling: centrosomal 190 kDa protein (CP190), an 

insulator protein that impacts enhancer protein interactions and stops the spread of 

heterochromatin (Bag et al. 2019); Gcn5, a lysine acetyltransferase critical for oogenesis and 

morphogenesis (Ali et al. 2017); CCCTC-binding factor (CTCF), a genome architectural protein 

(Kyrchanova et al. 2021); Posterior sex combs (Psc), a polycomb-group gene (Follmer et al. 

2012); and Suppressor 12 of zeste (su(z)12), a subunit of polycomb repressive complex 2 (Herz 

et al. 2012) (CP190: Figure 5.3C, all others: Supplemental Figure 5.2 in Appendix A). 

After identifying relevant ChIP-seq datasets (Table 5.1), we used our analysis pipeline to 

map data to the histone gene array. We observed that none of the above chromatin remodeling 

candidates gave meaningful signal over the histone gene array (CP190: Figure 5.3C, all others: 

Supplemental Figure 5.2 in Appendix A). We were especially surprised that CP190 did not 

target the histone array. CP190 binds promoter regions, aids enhancer-promoter interactions, and 

halts the spreading of heterochromatin. Because the histone locus is proximal to pericentric 
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heterochromatin, we hypothesized the presence of CP190 could explain how centromeric 

heterochromatin does not expand into the histone locus. In addition, CP190 is a member of the 

Late Boundary Complex (LBC) (Wolle et al. 2015), which also contains the CLAMP protein 

(Kaye et al. 2018). We discovered that the LBC binds to the H3/H4 promoter region in vitro (Xie 

et al. 2022b). We were therefore surprised that CP190 does not appear to target the histone gene 

array, based on the ChIP-seq datasets we analyzed. These data underscore the requirement for 

visualizing both ChIP and input datasets, rather than just the final normalized trace: although 

CP190 ChIP-seq data does not show enrichment over the histone gene array, bias in the input 

dataset lead to misleading peaks in the normalized data (Figure 5.3C, Supplemental Figure 5.2 

in Appendix A). 

Developmental transcription factor candidates: 

Zygotic histone biogenesis is critical for the constantly dividing embryo; increased 

histone expression can lengthen the cell cycle whereas decreased histone levels can shorten the 

cell cycle (Amodeo et al. 2015; Chari et al. 2019). Histone biogenesis is tightly coupled to DNA 

replication, and excess histones are buffered so as not to interfere with zygotic chromatin (Li et 

al. 2012, 2014; Stephenson et al. 2021). We therefore hypothesized that early embryonic 

transcription factors target the histone locus. We chose the following DNA-binding factors based 

on their roles in the early embryo: Odd paired (Opa), a pair ruled gene that contributes to 

morphogenesis (Koromila et al. 2020); Motif 1 binding protein (M1BP), a transcription pausing 

factor that interacts with the Hox proteins (Baumann and Gilmour 2017; Bag et al. 2021); 

Hepatocyte nuclear factor 4 (Hnf4), a general developmental transcription factor (Barry and 

Thummel 2016), Pangolin (Pan), a component of the Wingless signaling pathway (Ravindranath 

and Cadigan 2014); and Pointed (Pnt), a factor the regulates cell proliferation and differentiation 
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during development (Webber et al. 2018; Vivekanand 2018). When we mapped appropriate 

ChIP-seq datasets from these factors, none gave meaningful signal over the histone array (Opa: 

Figure 5.3D, M1BP: Figure 5.2A, all others: Supplemental Figure 5.2 in Appendix A). 

 

5.4.3 Candidates that passed the bioinformatics screen 

We found several factors that exhibited distinct, meaningful localization patterns to the 

histone gene array and therefore warrant further investigation (Figure 5.4). First, we used our 

bioinformatics pipeline to map a ChIP-seq dataset for the kinase JIL-1, which is responsible for 

phosphorylating serine 10 on histone 3 (Cai et al. 2014; Albig et al. 2019). We observed JIL-1 

localizing to the histone gene array, specifically to the H2A/H2B promoter (Figure 5.3A). We 

observed an additional sharp peak at the H3/H4 promoter, but this peak is likely an artifact of 

short read lengths from the dataset and overlaps with a perfect, long GA-repeat sequence in the 

H3/H4 promoter (Supplemental Figure 5.1 in Appendix A). JIL-1 is a DNA-binding factor that 

associates with the Maleless helicase and MSL1, two members of MSLc (Albig et al. 2019). In 

addition to CLAMP performing a role in histone biogenesis, it also plays a role in dosage 

compensation and associates with MSLc (Larschan et al. 2012).  

We also observed hormone-like receptor 78 (Hr78) localize to the H3/H4 promoter 

(Figure 5.4B). Finally, we mapped two isoforms of female sterile (1) homeotic (fs(1)h; the 

Drosophila homolog of BRD4). The long and short isoforms of fs(1)h have distinct binding 

profiles but both are assumed have a role in chromatin architecture (Kellner et al. 2013). We 

observed that the long isoform, but not the short isoform, localizes to both the H2A/H2B and the 

H3/H4 promoters (Figure 5.4C). Interestingly, Kellner et al. (2013) inferred that the fs(1)h long 
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isoform has a unique role in chromatin remodeling by interacting with specific insulator proteins, 

including CP190, which did not pass our screen (Figure 5.3C).  
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Figure 5.4: JIL-1, Hr78, and Fs(1)hL localize to the histone gene array. We mapped ChIP 

datasets for (A) JIL-1 (pink, two replicates overlayed, (56)) from male third instar larva, (B) 

Hr78 (maroon, two replicates overlayed, (72)) from 8-16 hr mixed population embryos and (C) 

the long( (L, teal) and short (S, yellow) isoform of fs(1)h from Kc cells (59) to the histone gene 

array. We normalized each ChIP-seq dataset to its respective input (blue). 

 

5.4.4 Hox factors localize to the Drosophila histone gene array when overexpressed in cell 

culture 

Hox factors are critical for developmental processes like morphogenesis in which cells 

are constantly dividing and therefore require a near constant supply of histones (Duronio and 

Marzluff 2017). Histone biogenesis is critical within the first few hours of Drosophila 

development (Amodeo et al. 2015; Chari et al. 2019). We therefore investigated histone array 

localization patterns of transcription factors that are critical during early development, including 

Hox proteins. We identified a publicly available dataset (Table 1) in which Beh et al. (2016) 

individually expressed the three Bithorax complex Hox proteins, Ultrabithorax (Ubx), 

Abdominal-A (Abd-A) and Abdominal-B (Abd-B), in Kc167 cells and performed ChIP-seq. We 

used our analysis pipeline to map the Ubx, Abd-A, and Abd-B ChIP-seq datasets to the histone 

gene array and observed striking localization to the H3/H4 promoter (Figure 5.5). We conclude 

that when overexpressed in cultured cells, Ubx, Abd-A, and Abd-B all target the histone gene 

array by ChIP-seq.   
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Figure 5.5: Hox factors Ubx, Abd-A, and Abd-B localize to the histone array. (A) Diagram 

of relative tissue expression patterns for Ubx (maroon), Abd-A (teal) and Abd-B (yellow). (B) 

We aligned ChIP-seq datasets from Kc cells expressing Ubx (marron, two replicates overlayed, 

(62)), Abd-A (teal, two replicates overlayed, (62)), and Abd-B (yellow, two replicates overlayed, 

(62)) to the histone gene array. We normalized each ChIP-seq dataset to the provided input (blue, 
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two replicates overlayed, (62)). (C) Enlarged signal from (B) of Ubx (maroon), Abd-A (teal), and 

Abd-B (yellow) over the H3/H4 promoter. 

 

Because our Hox factor observation (Figure 5.5), could be an artifact of overexpression 

in cultured cells, we identified two additional Ubx ChIP-seq datasets from 0-16 hr embryos and 

third instar larval imaginal discs (Table 1). We used our pipeline to map these data to the histone 

gene array and observed that Ubx targets the H3/H4 promoter and, to a lesser extent, the 

H2A/H2B promoter (Figure 5.6). We conclude that Ubx targets the histone gene array at various 

developmental stages and in various tissues, and is therefore a promising candidate for future 

wet-lab research designed to validate these bioinformatic observations.  

To further investigate the relationship between Hox factors and the histone locus, we 

identified three additional datasets for Hox proteins and Hox cofactors. There are two Hox gene 

complexes in Drosophila: the Bithorax complex (which includes Ubx, Abd-A, and Abd-B) and 

the Antennapedia complex. We first mapped ChIP-seq data for Antennapedia (Antp) 

(Kribelbauer et al. 2020) but did not observe robust localization to the histone gene array 

(Supplementary Figure 5.2 in Appendix A). We next mapped ChIP-seq datasets for the Hox 

cofactors extradenticle (Exd) and Homothorax (Hth) (Kribelbauer et al. 2020). Exd and Hth 

associate with the hexapeptide motif in Hox proteins and form heterodimers to impact Hox 

binding specificity to their gene targets (Rezsohazy et al. 2015; Beh et al. 2016). We observed 

that neither Exd nor Hth gave meaningful ChIP signal over the histone gene array 

(Supplementary Figure 5.2 in Appendix A).  
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Figure 5.6: Ubx localizes to the H3/H4 promoter in embryos and 3rd instar larva. We 

mapped Ubx ChIP-seq datasets from (A) mixed population embryos (maroon, top panel, two 

replicates overlayed, (76)) and (B) imaginal wing discs in third instar larva (maroon, bottom 

panel, two replicates overlayed, (77)) to the histone gene array. We normalized ChIP-seq 

datasets to the provided inputs (blue, two replicates overlayed). Signal from the H3/H4 promoter 

is enlarged in the panels on the right. 

 

5.4.5 Power and limitations of the screen 
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The range of results from our candidate screen demonstrates both the power and 

limitations of our bioinformatics pipeline. In total, we analyzed datasets for 27 different DNA-

binding factors and produced 9 candidates that warrant further wet lab investigation. Despite the 

power of this screen, we are limited by the availability of public datasets. Characteristics of these 

datasets, such as quality of reads, read length, and inclusions of controls such as inputs are based 

on the original experimental design and research. Furthermore, we are also restricted by the 

tissues or genotypes investigated in the original study, limiting the scope of our investigation.  

For example, we analyzed several datasets for Nejire (Nej; homolog of mammalian 

CREB-binding protein (CBP) and Pointed (Pnt). A previous screen in S2 cells identified Nej and 

Pnt as potential HLB factors (White et al. 2011). We mapped a Pnt ChIP-seq dataset from Stage 

11 embryos (Table 1) and observed that Pnt does not give meaningful signal over the histone 

gene array (Figure 5.7, bottom). Additionally, we investigated two Nej ChIP-seq datasets in 

which we obtained disparate results. The Nej ChIP-seq dataset from S2 cells did not yield 

meaningful signal over the histone gene array (Figure 5.7, center). In contrast, we investigated a 

Nej ChIP-seq dataset from early Drosophila embryos and observed robust localization to the 

H3/H4 promoter, H2A/H2B promoter and, to a lesser extent, the H1 promoter (Figure 5.7, top). 

From these observations, we conclude that Nej likely targets the histone gene array in embryos 

and would therefore be a strong candidate for future wet-lab studies to validate this observation. 

Our Pnt and Nej observations demonstrate how our screening approach is powerful but limited 

by data availability and experimental variables. 
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Figure 5.7: ChIP-seq datasets from different tissues can show different alignment results. 

We mapped two different ChIP-seq datasets for Nejire (Nej) were aligned to the histone gene 

array. ChIP data from 2-4 hr embryos (maroon, one replicate, (74)), showed localization to the 

H3/H4 promoter and the H2A/H2B promoter, while ChIP-seq data from S2 cells (pink, one 

replicate, (73)) showed no localization to the histone gene array. We also aligned ChIP-seq data 

for Pnt from stage 11 embryos (54) to the histone gene array. We normalized the ChIP-seq 

signals to their respective input signals (blue). 

 

5.5 Discussion 

To broaden our understanding of factors that impact histone biogenesis in Drosophila 

melanogaster, we conducted a candidate-based bioinformatics screen for DNA-binding factors 

that localize to histone gene array. Although many HLB factors are known, it is likely that there 

are many other factors critical for histone biogenesis that have yet to be identified, since several 
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have been discovered by chance in the past few years including CLAMP (Rieder et al. 2017), 

Winged-Eye (WGE; (Ozawa et al. 2016), and Myc (Daneshvar et al. 2011). To begin to close 

this gap in knowledge, we chose 27 factors based on their roles in chromatin remodeling, dosage 

compensation, development, and interaction with known HLB factors, hypothesizing that these 

represent strong candidates for novel HLB factors. As our screen is limited by availability of 

relevant datasets, it will likely produce both false positives and negatives. Additionally, because 

we used a targeted screening approach by investigating factors with relevant functions and at 

relevant developmental timepoints to histone gene expression, we expected more positive hits 

than we would find using completely unbiased screen. Given our starting pool of 27 factors, we 

were pleased to produce 9 candidates of potential HLB factors. We envision that the final 9 

candidates that passed our qualitative analysis will be investigated through future wet lab 

experiments (Salzler et al. 2013; Rieder et al. 2017; Xie et al. 2022a).  

We validated our bioinformatics pipeline by investigating TRF2, a general transcription 

factor known to target the histone genes (Isogai et al. 2007) and confirmed that TRF2 binds to 

the TATA-less H1 promoter. Isogai et al. (2007) determined that TBP, another general 

transcription factor, targets the TATA-containing H3/H4 and H2A/H2B promoters. We expanded 

this observation by investigating TBP-associated factors TAF1, TFIID, and TFIIF. We 

discovered that all of these general transcription factors target the histone gene array, further 

validating our pipeline.  

We also discovered that the localization of some factors such as Nej to the histone gene 

array is tissue specific. Nej emerged from a proteomic screen for factors involved in HLB 

activation in cultured cells (White et al. 2011). However, Nej ChIP-seq from cultured cells did 

not give meaningful signal over the histone gene array, whereas embryo ChIP-seq showed Nej at 
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histone promoters. These observations denote limitations of our screening technique: we are 

hindered by the availability and quality of datasets for candidate proteins in specific tissues, 

genotypes, and conditions. Despite the constraints of data availability, we identified 9 out of 27 

candidates that give meaningful signal over the histone gene array based on our qualitative 

analysis criteria and warrant future wet lab study. 

We initially identified several categories of candidate factors, some of which produced 

positive hit whereas some did not.  For example, Scm, which may interact with the confirmed 

HLB scaffolding factor, Mxc (Docquier et al. 1996; Saget et al. 1998; Kemp et al. 2021) did not 

show meaningful signal over the histone gene array and therefore we determined that it does not 

likely target the histone genes.  

We also investigated factors involved in dosage compensation, including MSL1, 

Ndf/CG4747, and JIL-1, because the HLB factor CLAMP plays a key role in male X-

chromosome activation. MSL2, another member of the MSLc, was identified in an unbiased 

proteomics-based HLB candidate screen in cultured cells (White et al. 2011), and we recently 

discovered that MSLc targets one of the two histone loci in Drosophila virilis in salivary gland 

polytene chromosomes (Xie et al. 2022b). Although neither MSL1 nor Ndf localized to the 

histone gene array, JIL-1 robustly localized to the histone gene array.  

Of note, the ChIP-seq datasets for MSL1 were produced from S2 cells, the Ndf datasets 

were from both male and female larvae, and the JIL-1 dataset came from specifically male third 

instar larva. MSL1 and Ndf may target the histone gene array in other tissues or only in embryos, 

representing potential false negatives in our bioinformatics screen. However, JIL-1 is a more 

generalized kinase that is responsible for phosphorylating serine 10 on histone 3 across the 

genome, not just on the male X-chromosome (Regnard et al. 2011; Cai et al. 2014; Albig et al. 



 

 202 

2019). JIL-1 may therefore be present at the histone locus independent of its role in dosage 

compensation by contributing to the epigenetic landscape of the histone locus. Taken together, 

our results indicate that dosage compensation and histone gene expression are likely distinct 

regulatory events, and the majority of factors are not shared between these processes in 

Drosophila melanogaster. 

One of the lesser studied characteristics of the histone locus is the local chromatin 

environment and how epigenetic marks influences histone gene expression. We chose CP190, 

Gcn5, Psc, Pangolin, and su(z)12 as chromatin remodeling candidates that might target the 

histone genes but, after mapping relevant datasets, none of these candidate chromatin remodelers 

target the histone gene array. We did, however, discover that the long isoform of fs(1)h (fs(1)hL) 

robustly localizes to the histone gene array. Fs(1)hL has a unique role in chromatin remodeling 

that differs the short fs(1)h isoform, as it associates with insulator proteins, including CP190 

(Kellner et al. 2013). Since the histone locus is situated near heterochromatin, it is possible that 

insulators prevent spreading of heterochromatin into the histone locus. CP190 was also a strong 

candidate for histone locus-association. CLAMP and CP190 share binding profiles at many 

promoters and each is important for the other’s localization (Bag et al. 2019). However, when we 

mapped a CP190 ChIP-seq dataset from female embryos, we did not observe histone array 

localization. Based on these observations, we conclude that fs(1)hL is a strong candidate for 

future wet lab studies. Fs(1)hL and CLAMP may interact with CP190 at the histone locus, in 

specific tissues or at precise developmental timepoints that were not captured in the datasets we 

investigated. 

Finally, we explored several developmental transcription factors because histone 

biogenesis is critical in the first few hours of Drosophila development during rapid zygotic cell 
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divisions. We chose Opa, M1BP, and Hnf4 as candidates. Despite their roles in early 

development and patterning, these factors did not target the histone gene array. However, we 

identified Nej (CREB-binding protein; CBP) as a candidate that targets the histone gene array, 

specifically in Drosophila embryos but not in S2 cells. Nej was previously identified as an HLB 

candidate through a cell-based proteomics screen (White et al. 2011). Nej is a histone 

acetyltransferase, but it has roles in cell proliferation and developmental patterning. Nej could 

influence the chromatin environment of the histone locus during key times in development or in 

tissues that are constantly dividing where histone proteins would be needed. Because of the roles 

Nej plays in general developmental processes, it is a strong candidate for future wet lab studies.  

We were surprised to discover that the Hox proteins Ubx, Abd-A and Abd-B, all localize 

to the histone array when overexpressed in Kc cells. Specifically, these factors all target the 

H3/H4 promoter. This ~300 bp promoter is unique within the 5 Kb histone gene array; it is the 

minimal sequence required for Mxc localization and HLB formation (Salzler et al. 2013) and 

contains critical GA-repeat cis elements targeted by CLAMP (Rieder et al. 2017). The CLAMP-

GA-repeat interaction promotes recruitment of histone-locus specific transcription factors 

(Rieder et al. 2017; Koreski et al. 2020). To confirm that our observations are not a byproduct of 

overexpression, we also investigated independent Ubx ChIP-seq datasets prepared from early 

embryos (0-16 hrs) and from third instar larval imaginal wing discs. These datasets confirm that 

Ubx targets the histone gene array, although the distribution across the array varies between 

tissues. Ubx, as well as Abd-A and Abd-B, are all highly active in the early embryo when histone 

proteins are needed to organize newly synthesized DNA. Therefore Ubx, Abd-A, and Abd-B 

could provide a spatial and temporal link between histone biogenesis, cell division, and 

morphogenesis in the embryo.  
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With 9 out of 27 hits from our screen emerging as strong candidates for future studies, 

our screen has proven to be a powerful tool to identify strong candidates for DNA-binding 

factors that target this histone gene array. However, our screen also demonstrates the limitations 

of using publicly available data. Although we curated a list of candidates that were based on 

known characteristics of histone biogenesis, we were limited by several aspects of these datasets, 

such as quality of reads, read length, and inclusions of proper controls such as inputs. Controls 

are specifically important to our pipeline because relative peaks at a given location do not always 

represent true localization. Our negative hits show a range of different negative signals displayed 

in Figure 5.3. In some cases, we saw clear enrichment for open chromatin regions, over 

promoters and/or gene bodies, but did not characterize these factors as hits based on our 

qualitative analysis criteria. These regions can be overrepresented in the ChIP sequencing 

experiment as a whole and, therefore, do not reflect where the DNA-binding factor is truly 

localizing. This phenomenon is best demonstrated when looking at inputs that also show 

enrichment over open chromatin or gene bodies as shown in our Supplemental Figure 5.2 in 

Appendix A. Inputs between datasets can be highly variable and, because they are used in the 

normalization process, can bias the final visualization.  

The HLB was discovered by Liu and Gall only seventeen years ago (Liu et al. 2006). 

Since then, novel HLB factors have largely been discovered one at a time by chance. Proteomic 

screens identified several new candidates but failed to identify known factors, including CLAMP 

(White et al. 2011). A comprehensive inventory of HLB factors is necessary to establish a 

thorough mechanism of histone biogenesis. Histone regulation is especially critical in the early 

animal embryo: excess histones drive extra, asynchronous mitotic cycles, whereas depletion of 

maternal histones lengthens cell division in Drosophila embryos (Chari et al. 2019). The timing 
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of important early developmental events such as the mid-blastula transition is influenced by 

histone to DNA ratios (Amodeo et al. 2015). Histone levels also affect pre-mRNA splicing in 

human cells (Jimeno-González et al. 2015), and H1 isoform loss-of-function mutations are 

associated with B cell lymphomas (Yusufova et al. 2021). Factors that influence histone 

biogenesis likely contribute to these developmental and disease phenotypes. 

 

5.6 Conclusions 

Here we present a candidate-based screen for novel histone locus-associating factors. Our 

screen was largely driven by the undergraduate student coauthors in two stages: first, we 

identified strong candidates based on their established or inferred roles, second, we identified 

and mapped relevant ChIP-seq datasets to the histone gene array. A similar recent bioinformatic 

screen searched through thousands of datasets and hundreds of hematopoietic transcription 

factors for those associated with the repetitive mammalian rDNA array. This analysis identified 

numerous candidate transcription factors but required intensive computational pairwise 

comparisons and thresholding (Antony et al. 2022). Another recent screen searched through 

1200 chromatin proteins and post-translational modifications to identify those associated with 

repetitive human centromeres (Corless et al. 2023). We instead chose an informed, narrow list of 

initial candidates and identified 9 out of 27 that we will prioritize for future wet lab studies. Our 

results not only identify factors that may be involved in histone biogenesis, but also demonstrate 

the power of a candidate-based bioinformatics screen driven by students. 
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6.1 Abstract 

Research experiences provide diverse benefits for undergraduates. Many academic institutions 

have adopted course-based undergraduate research experiences (CUREs) to improve student 

access to research opportunities. However, potential instructors of a CURE might still face 

financial or practical hurdles that prevent implementation. Bioinformatics research offers an 

alternative that is free, safe, compatible with remote learning, and may be more accessible for 

students with disabilities. Here, we describe a bioinformatics CURE that leverages publicly 

available datasets to discover novel proteins that target an instructor-determined genomic locus 

of interest. We use the free, user-friendly bioinformatics platform Galaxy to map ChIP-seq 

datasets to a genome, which removes the computing burden from students. Both faculty and 

students directly benefit from this CURE, as faculty can perform candidate screens and publish 

CURE results. Students gain not only basic bioinformatics knowledge, but also transferable 

skills, including scientific communication, database navigation, and primary literature 

experience. The CURE is flexible and can be expanded to analyze different types of high-

throughput data or to investigate different genomic loci in any species. 

  



 

 222 

6.2 Introduction 

Undergraduate research experiences are invaluable to students. Documented benefits include 

retention in STEM (1), increased confidence in research abilities (2), and inclusion of 

underrepresented populations (3). Yet many students struggle to find a space in laboratories 

already at capacity. Course-based undergraduate research experiences, or CUREs, can remedy 

this problem, as they offer students authentic research experiences within the context of a 

classroom (4). Not only do CUREs involve many more undergraduates in research than the 

traditional “apprentice” model, but they also allow faculty (especially those with high teaching 

responsibilities) to make research progress. For example, the instructor of a CURE course can 

perform a screen (5, 6), follow up on an interesting result from their lab (7), or increase the rigor 

and reproducibility of a research project through replication by different lab groups or sections.  

Despite these clear benefits, there are often limitations to running bench-based CUREs. 

For example, large schools with high enrollment might face space and time constraints. In 

addition, the materials required to perform wet-lab experiments may be expensive and time-

consuming to prepare for large classes. Overall, these and other limitations can be prohibitive to 

implementing wet-laboratory CUREs (8). 

Bioinformatics CUREs can skirt these hurdles. Because laboratory space is not necessary, 

the class can be held in a computer lab, a classroom (if the students have access to personal 

laptops), or completely virtually. There are no costly reagents to purchase or biohazard concerns. 

Bioinformatics research can offer students with disabilities a less physically demanding 

alternative to bench-based experiments. It is also compatible with remote or asynchronous 

teaching, which became necessary during the early COVID-19 pandemic (9, 10). 
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Although bioinformatics research is typically performed on expensive computing 

clusters, we instead use Galaxy (11), which is a free, user-friendly platform that integrates many 

widely-used bioinformatics tools. All memory-intensive computing is performed on Galaxy’s 

servers, allowing students to simply set up commands, execute, and log off; neither sophisticated 

programming knowledge nor computing power is needed. Bioinformatics research is easily 

integrated into students’ busy schedules, and each activity can typically be completed in less 

time than a traditional 3-hour wet laboratory. Students participating in bioinformatics CUREs 

report high sense of achievement and high levels of satisfaction with their projects (12). 

Furthermore, students can publish their discoveries, which fosters a sense of belonging to the 

scientific community (13, 14). 

Here, we document a successful CURE that applies bioinformatics tools to discover 

candidate DNA-binding factors that interact with a genomic locus. Specifically, we investigated 

the Drosophila melanogaster histone gene array, which encodes the replication-dependent 

histones. Because histones undergo non-canonical mRNA processing and exhibit cell cycle-

dependent expression, they require a unique suite of transcription and processing factors (15). 

Although many of these factors are known, the complete inventory of histone gene expression 

regulators remains incomplete. 

In this CURE, students utilize a hypothesis-based candidate approach to identify existing 

high-throughput datasets (specifically, ChIP-seq or similar techniques). By mapping the reads 

from a ChIP-seq experiment to the Drosophila histone gene array and critically examining the 

alignment data, students determine if a transcription factor likely targets the locus, suggesting 

that it may contribute to histone biogenesis. Our approach functions as a primary screen to 

identify candidate regulatory proteins and provides opportunities for wet-lab follow-up 
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undergraduate research projects (for example, co-immunostaining for the candidate and a 

positive control to validate bioinformatics findings) (16).  

We piloted our CURE remotely with students who were confined at home during the 

early COVID-19 pandemic. We then transitioned to an in-person experience during a 50-minute 

weekly “discussion” period attached to a sophomore-level genetics course. Over the course of a 

semester, each student chose at least one protein to investigate, identified appropriate datasets, 

mapped datasets to the Drosophila histone gene array using Galaxy, and produced alignment 

figures. The semester culminated in a poster session, during which the students presented their 

findings to members of the Biology Department (i.e., faculty, staff, and students). 

The CURE presented here is beneficial to all parties involved: not only did the students 

obtain valuable research experience and transferable skills, but they also identified new 

candidate factors to further investigate in our wet laboratory, allowing us to make research 

progress (14, 16). There are thousands of ChIP-seq datasets across multiple repositories that are 

available for analysis. Future students could examine other types of high-throughput datasets, 

such as ATAC-seq, to further probe the chromatin landscape of the histone gene locus. The 

bioinformatics analysis presented here can be extended to any annotated locus of interest in any 

organism. These seemingly endless possibilities support the sustainable implementation and 

adaptation of this CURE. 

 

6.2.1 Intended audience  

We implemented this CURE in a 200-level genetics course that contained 25 sophomores, 

juniors, and seniors, most of whom were biology majors. Previously, we piloted the CURE 

virtually with smaller groups of volunteer college students of similar demographics. We also 
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sponsored a remote high school student, indicating that students with a wide range of experience 

levels can perform the research with appropriate training.  

 

6.2.2. Learning time 

The course had two 75-minute lecture periods and one 50-minute “discussion” period per week 

over a 14-week semester. Traditionally, the discussion period for this course was used for 

worksheets, activities, and/or literature discussions. Instead, we implemented the CURE during 

this time over the entire semester, which accounted for 20% of their overall course grade.  

 

6.2.3 Prerequisite student knowledge 

We covered all of the background information on conceptual topics, such as transcription factors 

and ChIP-seq, in the lecture portion of the class (see Appendix A for ChIP-seq resources). 

Therefore, the only prerequisites for the CURE were the course prerequisites (freshmen-level 

introductory courses for biology majors). In addition, students did not need prior bioinformatics 

or computer science experience; all required skills were taught in the training modules. 

 

6.2.4 Learning objectives 

Our overall goal was to provide students with an authentic bioinformatics research experience. 

Upon completion of this CURE, students will be able to: 

 

1. Search peer-reviewed literature to identify candidate proteins that target the Drosophila 

histone gene locus. 

2. Form a hypothesis about the candidate protein based on background literature. 
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3. Identify appropriate datasets (e.g., ChIP-seq or CUT&RUN) through literature or 

database searches.  

4. Map datasets to the Drosophila histone gene locus using bioinformatics tools in Galaxy. 

5. Visualize data by producing alignment figures in Integrative Genomics Viewer (IGV) 

software. 

6. Synthesize data and conclude if the candidate targets the Drosophila histone gene locus. 

7. Propose at least two follow-up experiments related to the candidate protein based on 

ChIP-seq outcome. 

8. Present findings to a wider audience (i.e., peers and department) at an in-person poster 

session. 

 

6.3 Procedure 

6.3.1 Materials 

The following materials are required for this CURE: 

• Computer and Internet access 

• Galaxy account (free web-based platform, www.usegalaxy.org) 

• Integrative Genomics Viewer software (free downloadable software, 

https://software.broadinstitute.org/software/igv/) 

• Learning management software such as Canvas, or cloud storage program such as Google 

Drive or OneDrive to house files and course materials 

• Customizable form software, such as Google forms, to assess weekly student progress. 

Alternatively, students could use a software such as Benchling, OneNote, or Google Docs 

as a lab notebook, and allow instructors access to monitor progress 

http://www.usegalaxy.org/
https://software.broadinstitute.org/software/igv/
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• Poster making software, such as PowerPoint, Google Slides, or BioRender 

• Poster printing facility or online poster platform such as SpatialChat 

• Optional: video production software such as Zoom, if the instructor is generating pre-

recorded tutorials or the CURE is conducted remotely 

 

Week Category Topic Assignment 

1 

Background 

Introductions - histone gene expression, 
high-throughput dataset repositories 

 

2 Discuss review paper (15) Read paper (due before class) 

3 Discuss research paper (17) Read paper (due before class) 

4 Histone gene expression knowns & 
unknowns; how to select a candidate 

Fill out Google spreadsheet with 
your candidate 

5 

Tutorials 

Tutorial - finding data (NCBI GEO) and 
Galaxy introduction Google form with screenshot 

6 Tutorial - Galaxy commands Google form with screenshot 

7 Tutorial - Galaxy outputs, IGV Google form with screenshot 

8 

Work days 

Work session 1 Google form with screenshot 

9 Work session 2 Google form with screenshot 

10 Work session 3 Google form with screenshot 

11 Work session 4 Google form with screenshot 

12 Poster tutorial (work session 5)  

13 Poster making session (work session 6) Poster draft 

14 Poster session Poster session Fill out 3 peer review forms 
during the poster session 
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Figure 6.1: Weekly class schedule for the CURE. We divided the 14-week semester into 4 

categories (background, tutorials, work days, and poster session). We assessed student 

participation through activity logs (Google forms). 

 

6.3.2 Student instructions 

Students received the schedule (Figure 6.1) at the beginning of the semester, which we divided 

into four general categories:  

1. Background (weeks 1-4), during which students read and discussed review (15) and 

research (17) articles 

2. Tutorials (weeks 5-7), during which students learned how to use Galaxy and IGV through 

instructor-led in-person tutorials 

3. Work days (weeks 8-13), during which students independently carried out their 

bioinformatics analyses and created their poster, under in-person supervision from the 

instructor 

4. The poster session (week 14), during which students presented their work 

For the background sessions, we assigned small groups a figure from the review and research 

papers to annotate using a presentation template (Appendix 2). During the tutorial and work day 

sessions, students completed a Google form at the end of class describing their efforts and 

progress that day (Appendix 3). At the poster session, each student presented their poster and 

filled out three peer review forms (Appendix 4).  

 

6.3.3 Faculty instructions 

6.3.3.1 Background 
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Our class met twice weekly for the lecture portion (75-minute periods) and once weekly for the 

bioinformatics CURE portion (two sections of a 50-minute period) over 14 weeks (see Figure 

6.1 for the schedule). During lectures, we followed a “molecules first” rather than “Mendel first” 

approach (18) to introduce CURE-relevant concepts earlier. For example, concepts covered in 

the first weeks included transcription, transcriptional regulation, and epigenetics. Lecture topics 

also paid special attention to high-throughput procedures, such as ChIP-seq (see Appendix A for 

ChIP-seq teaching resources). Students learned how wet-lab scientists generate sequencing data, 

how to identify appropriate experimental controls, and the types of research questions that these 

techniques address. This approach synchronized the lecture and discussion sessions, and 

provided students with the required background knowledge for the CURE. 

 During the discussion period, we spent the first four weeks introducing students to 

Drosophila histone gene expression through literature discussions. Students read and discussed 

both a review article (15) and a research article that used a bioinformatics approach similar to 

that introduced in the CURE (17). For each paper, we assigned small groups a figure to annotate 

during class and submit to the instructor (see Appendix 2), which served as their graded 

assessment for the week.  

In the fourth week, we shifted to candidate protein selection. Students gathered additional 

information on histone gene expression and DNA-binding proteins from PubMed and FlyBase 

(19). We gave several guiding criteria for finding a candidate factor, such as: (A) proteins that 

interact with known histone regulators, using protein interaction databases such as STRING 

(https://string-db.org/) (20); (B) transcription factors that act in the early Drosophila embryo, 

which requires rapid histone biosynthesis (21); (C) DNA-binding factors implicated in cell cycle 

progression, as histone expression is linked to S-phase (15); and (D) dosage compensation 

https://string-db.org/
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factors, because a prominent histone gene regulator is also involved in dosage compensation 

(17). Students worked independently while the instructor circulated the classroom for individual 

ad hoc check-ins. Although the instructors provided guidance, candidate selection was ultimately 

student-driven. At the end of this class period, students recorded their chosen protein on a class-

wide Google spreadsheet, which served as their assessment for the week. 

 

6.3.3.2 Tutorials 

We followed background and brainstorming sessions with three weeks of bioinformatics 

tutorials, during which we led students through analysis and visualization of example data using 

Galaxy (11) and IGV (22). Pre-recorded tutorials were also posted on our learning management 

site (Canvas) for students to reference outside class, and contained the same information as what 

was presented in class. In the tutorials, we used ChIP-seq data from the background primary 

research article (17) to ensure that their results matched the published figures. See Figure 6.2 for 

an overview of the tools we used in Galaxy, and Appendix 5 for the Galaxy workflow tutorial. 

Due to computing demands on the Galaxy servers, some tools can take several hours to 

complete. During any downtime, students continued their background research on candidate 

proteins in preparation for designing their poster. We consulted with each student individually 

during class time to provide guidance, and students could also come to office hours for additional 

help. 

 

Galaxy tool Description Input Output 

Faster Download 
and Extract Reads 
in FASTQ 

Extracts sequencing 
reads (.fastq files) from 
an SRA import folder 

SRA import folder .fastq file(s) 
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FastQC Quality control of the 
sequencing reads 

.fastq file(s) (1) “webpage” 
readout 
(2) “raw data” readout 

Bowtie2 Aligns sequencing reads 
to genome (either built-in 
genome or user-provided 
genome) 

(1) .fastq file(s) 
(2) Normalized .fasta 
genome file (only if 
using a user-provided 
genome) 

.bam file (ChIP-seq 
reads mapped to user-
specified genome) 

bamCoverage Converts .bam files to 
.bigwig files, which are 
better for visualization 

.bam file .bigwig file 

bamCompare Normalizes experimental 
conditions to input (if 
available ) 

(1) Input .bam file 
(2) Experimental 
.bam file 

.bigwig file 

 

Figure 6.2: Summary of tools used in Galaxy. Each tool can be found by using the search 

function in Galaxy (see Appendix for Galaxy tutorial).  

 

6.3.3.3 Work days 

The next six discussion periods functioned as work sessions for students to carry out their 

bioinformatics analyses. Because the majority of NIH-funded high-throughput sequencing 

experiments are deposited into public databases such as the NCBI Gene Expression Omnibus 

(GEO; https://www.ncbi.nlm.nih.gov/geo/), many students identified ChIP-seq datasets for their 

candidate protein(s) by directly searching this database. Others located GEO accession numbers 

within primary literature. We also directed students to additional databases such as 

modENCODE (23), which contains ChIP-seq datasets for various transcription factors from 

numerous tissues and developmental timepoints in model organisms. In several cases, students 

formed strong hypotheses, but ChIP-seq data did not yet exist for their candidate protein. We 

https://www.ncbi.nlm.nih.gov/geo/
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instructed these students to choose another factor, and this did not bias their grade. Although 

some students went through this selection process several times, all found a unique factor to 

investigate. Once each student located usable data, they carried out the analysis pipeline in 

Galaxy (Figure 6.2) and subsequently generated alignment figures using IGV (Appendix 5). 

Several students had time to investigate multiple (often related) candidates based on the 

conclusions from their first hypothesis. 

We dedicated two of the work sessions to poster design. We presented resources for 

crafting posters (for example, https://www.posternerd.com/tutorials) and shared our assessment 

rubric (Appendix 6). Students submitted a draft of the poster in week 13 (Figure 6.1), for which 

we provided written feedback and allowed students to revise before printing.  

 

6.3.3.4 Poster session 

We held the poster session on the last day of the discussion period and invited members of the 

Biology Department to attend. See Figure 6.3 for an example student poster. We divided the 

students into two groups: while the first group presented their posters, each student in the second 

group filled out three peer review forms (Appendix 4), which served as a graded assessment. The 

students switched roles halfway through the session.   

https://www.posternerd.com/tutorials
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Figure 6.3: Example student poster. (A) The background section contains an image created in 

BioRender, information on the specific factor the student investigated, and information on the 

Drosophila histone gene locus. (B) The research question accurately summarizes the project. (C) 

The methods section lists the type of data analyzed (ChIP-seq, paired-end reads, 2 replicates), the 

programs/databases used, and the specific tools in Galaxy. (D) In the results section, the student 

re-labeled the tracks to descriptive titles and increased the default font size. The IGV tracks are 

also color-coded. (E) The conclusion section summarizes the data while considering limitations 

(i.e. the cell type used for the ChIP experiment). (F) At least 2 future experiments are proposed.  

 

6.3.3.5 Notes and recommendations 

A

B

C

D

E

F
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Instructors may wish to have a set of “backup” datasets for students who have difficulty locating 

appropriate data. Students can map data from ChIP-seq variation techniques, such as ChIP-nexus 

(24), CUT&RUN (25), and CUT&Tag (26) using the same bioinformatic analysis as ChIP-seq. 

However, ChIP-chip (chromatin immunoprecipitation followed by microarray) datasets cannot 

be used with our pipeline (Figure 6.2), because microarrays utilize different analyses. 

Unfortunately, some datasets do not contain appropriate controls. For example, we routinely find 

ChIP-seq datasets that do not include an input or control immunoprecipitation (e.g. IgG) 

condition, which are important to normalize or compare to the experimental ChIP data. The lack 

of normalization can sometimes lead to misleading or false positive results, wherein small local 

peaks appear as positive signal (16). Although there is no way to rectify the lack of controls, it 

allows for important discussions with students on what conclusions one can draw from their 

datasets. 

 

Suggestions for determining student learning  

Student posters were the primary mode of assessment for our CURE (worth 25% of the 

discussion grade, plus 15% for the poster peer review assignment). The remaining 60% of the 

discussion grade was based on participation in the research, assessed through student-reported 

activity logs. It is sometimes difficult to assess inquiry-based research, and the bioinformatics 

component added additional hurdles for some students. For example, there may not exist 

appropriate datasets for a student’s selected candidate, Galaxy may perform slowly, or a dataset 

from a large study may contain many variables (e.g., environmental conditions, mutant 

genotypes, treatments, tissue types) such that students struggle to determine which samples are 

relevant (see Appendix 5). Therefore, we emphasized progress and effort over results and did not 
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penalize students for things out of their control. At the end of each discussion session, the 

students filled out a Google form describing the activities they performed that day. These forms 

included space to upload a screenshot of Galaxy or IGV (Appendix 3). Through the Google 

forms, we assessed participation and monitored progress so that we could intervene if necessary. 

Specifically, we ensured that students had found a dataset for their candidate by week 9 (work 

session 2 – see Figure 6.1), and provided guidance if they had not. 

An additional approach to determining student learning is to include formative 

assessments throughout the semester. For example, groups of students might complete a 

worksheet such as the Figure Facts template (27) that walks through a figure from a primary 

research article, which could be a graded formative assessment. Students could also gain 

presentation experience by sharing a research article that includes the dataset they plan to 

analyze. The instructor may choose to have students self-report their activities in graded lab 

notebooks. These assessments offer additional opportunities for instructor feedback but may be 

impractical in a larger class. 

 

Sample data 

We present example candidates (Figure 6.4). First, we identified a dataset for GAGA Factor 

(GAF) (28) and mapped ChIP-seq reads to the Drosophila histone array. We classify GAF as a 

“positive” candidate, due to the strong, broad peak between the H3 and H4 genes (Figure 6.4A). 

This result suggests that GAF targets this region of the histone array, and is a good candidate for 

wet-lab follow up experiments. Second, we mapped ChIP-seq data for the transcription factor 

Caudal (23), but did not observe meaningful signal (Figure 6.4B). Although the normalized 

panels appear to have signal, the peaks are not reflected in the ChIP panels, suggesting that they 
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are an artifact of normalization and thus not true signal. Other students also observed this 

phenomenon (Figure 6.3). We classify Caudal as a “negative” candidate. The results from these 

and other CURE iterations are suitable for publication (14, 16). 

 

 

Figure 6.4: Sample data. (A) ChIP-seq alignment of GAGA Factor (GAF) in stage 3 

Drosophila embryos (teal; input, gray). The figure shows two replicates from the same study. 

There is a clear peak between the H3 and H4 genes, suggesting that GAF localizes to this region. 

This finding was surprising, given that GAF does not target the histone gene array in cultured S2 

cells or by immunofluorescence in early embryos (17). Data from (28), GEO accession 

A

B

Scale: [-1.318 - 6.85]

Scale: [-3.052 – 5.24]
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GSE152770. (B) ChIP-seq alignment of Caudal in 0-4hr embryos (orange; input, gray). The 

figure shows two replicates from the same study. Although there is a signal upstream of H1 in 

the normalized panels, the peaks are not reflected in the ChIP panels, suggesting that they are not 

true signal. Thus, there is no clear enrichment of Caudal at the histone gene array. Data from 

(23), GEO accession GSE20000.  

 

Safety issues 

Because this activity does not involve a traditional laboratory setup, we do not foresee any safety 

issues. 

 

6.4 Discussion 

6.4.1 Field testing 

We began this bioinformatics project as a strategy to engage our junior laboratory members in 

remote work during the early COVID-19 pandemic. During the fall of 2020, undergraduates at 

our institution were not permitted to work in research buildings. Instead, our undergraduate 

laboratory researchers collectively learned basic bioinformatics skills. Four students each chose a 

protein to study, identified datasets, mapped data to the histone gene array, and presented their 

findings to the larger laboratory group. After this first pilot, we recruited nine naive 

undergraduates from our institution to remotely study the chromatin landscape of the Drosophila 

histone gene array in the spring of 2021. For this iteration, students chose a histone post-

translational modification and mapped ChIP-seq data from the modENCODE project (23). The 

students presented their findings to a wider audience via a virtual poster session. Three students 
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from this group joined our wet laboratory when we returned to in-person instruction and carried 

out independent projects.  

Our laboratory also sponsored a remote high school student that continued the 

bioinformatics project during the summer of 2021. This student investigated several early 

Drosophila embryo patterning factors (Figure 6.4), providing our wet laboratory with candidates 

for follow-up studies. Most recently, we implemented the project as an in-person CURE in a 

200-level genetics course with 25 students.  

The class size will likely contribute to the effectiveness of this CURE. Our weekly 

discussion period was split into two 50-minute sections, with 14 students in one and 11 in the 

other. This small size allowed us to grant individual attention to each student. Because several of 

our students ran into difficulties finding appropriate ChIP-seq datasets for their chosen candidate 

factor, we found that this one-on-one time was necessary to ensure the success of all students, 

and we recommend a ratio of one instructor to no more than 15 students. If individual 

conversations are not feasible, the instructor could employ additional experienced TAs to consult 

with the students, or students could operate in small groups. 

 

6.4.2 Evidence of student learning 

We primarily evaluated the CURE learning objectives through the student posters, which served 

as a summative assessment (Figure 6.5). Learning objectives 1-7 were reflected in the poster 

rubric (Appendix 6). The posters were worth 50 points in total. We gave all students ungraded 

feedback on their poster before the final submission by providing written comments. Student 

grades for the poster ranged between 92-100%. Most deductions were related to data 
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presentation, as we instructed students to change the default labels and font size in the IGV plots 

(Figure 6.5, Appendix 6). 

 

 

 

Figure 6.5: The primary form of summative assessment for this CURE was the students’ 

posters. The bar graph represents the score (as a percent) for individual poster sections and the 

entire poster. Each dot (black) represents an individual student’s score. Each bar (gray) 

represents the average of the dots. The point value of each poster section is listed in parentheses. 

Learning objectives addressed by each poster section are listed above the bars. Data obtained 

from consenting students. 
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We also documented student learning in CURE-related exam questions, which at least 

80% of students answered correctly (Figure 6.6). For example, we asked what experiment a 

student would perform to determine the genomic localization of a hypothetical new histone 

variant protein. This question, which we classify in the “Apply” level of Bloom’s taxonomy (29), 

required students to recall that histones are DNA binding proteins and to differentiate between 

types of experiments (Figure 6.6A). In addition, we asked students to draw the results of a ChIP-

seq experiment if the researcher forgot to add the primary antibody (Figure 6.6B). We classify 

this question in the “Analyze” level of Bloom’s taxonomy, because it addresses the role of 

different reagents in an experiment. Collectively, these results demonstrate that our students 

displayed higher-order reasoning on CURE-related topics in their exams.  

 

 

A You discover a new variant of histone H4, which you name 
H4.1. You want to determine where in the genome H4.1 is 
typically found. What experiment would you perform?

a. Northern blot
b. Western blot
c. ChIP-seq
d. RNA-seq

B Dr. Schmidt is working in the lab and performing a 
ChIP-seq experiment on CLAMP. She knows that 
CLAMP normally binds to the H3-H4 promoter in the 
histone gene array (see example below, left). 
However, she was distracted and forgot to add the 
CLAMP antibody! Draw the results of the 
experiment (mapping the reads to the histone gene 
array) on the bottom right graph.

B
C
D

Correct
Partially correct
Incorrect
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Figure 6.6: CURE-related exam questions. (A) A multiple-choice exam question answered 

correctly by 85% of students; the correct answer is highlighted in green. (B) An open-ended 

exam question answered correctly by 80% of students; a correct answer is drawn on the right 

panel by the instructor in purple. CLAMP ChIP-seq data from (17). Data obtained from 

consenting students. 

 

6.4.3 Possible modifications  

Because bioinformatics research does not require a wet laboratory setup, this CURE can be 

implemented remotely and/or asynchronously. We held our CURE pilots synchronously over 

Zoom during the early COVID-19 pandemic and used the platform SpatialChat 

(https://spatial.chat) to hold a virtual poster session. In addition, instructors can adapt this CURE 

to study any genomic locus of interest (for example, an enhancer region that might attract 

regulatory factors) in any species with an annotated genome. The workflow is particularly 

suitable for repetitive regions (such as the histone or ribosomal gene arrays) because these 

regions are often excluded from genome-wide analyses in prior publications. Galaxy contains 

many built-in genomes, but instructors can also provide a custom genome. We used a custom 

genome that contains a single copy of the histone gene array (30) because the sequences of the 

~100 array copies are nearly identical in the Drosophila melanogaster genome (31). This 

approach amplifies the ChIP-seq signal (Figure 6.4) (17). Furthermore, this CURE can be used 

to map other types of high-throughput data. -For example, students could examine chromatin 

landscape data, such as ATAC-seq or FAIRE-seq, and compare to histone modification ChIP-seq 

datasets that correlate with different chromatin states at a particular locus (32).  

https://spatial.chat/
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An exciting follow-up to the bioinformatics CURE is to confirm positive candidates with 

wet lab experiments. Drosophila melanogaster is a particularly useful model organism for these 

follow-up studies due to the wealth of available mutant and RNAi lines in public stock centers, 

as well as established protocols for staining tissues. There are also numerous custom antibodies 

that researchers can request from individual laboratories or purchase from stock centers such as 

the Developmental Studies Hybridoma Bank (https://dshb.biology.uiowa.edu/). These wet-lab 

experiments can provide a platform for future studies: for example, testing histone gene 

expression in the absence of a validated protein that targets the histone gene locus (17).  

 

6.5 Summary 

The data generated from this CURE will ultimately add to the growing body of knowledge 

regarding transcription factor targeting of genomic loci. In addition, the CURE provides students 

with an authentic research experience, especially in situations where in-person wet laboratory 

research is not feasible. Students also gain transferable skills that are important for STEM 

education, including: (A) reading and interpreting primary literature; (B) forming hypotheses 

based on prior research; (C) navigating complex databases; (D) drawing conclusions from data; 

and (E) proposing future studies. Furthermore, students interested in continuing bioinformatics 

research will require less training because they have learned basic bioinformatics techniques. 

The skills gained during this CURE are crucial to both research science and critical thinking. 

 

 

 

 

https://dshb.biology.uiowa.edu/
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7.1 Overview: Coordinated gene regulation is a heavy burden 

Coordinated gene regulation is a heavy burden for the nucleus. Coordination serves many 

purposes, including allowing groups of related or even unrelated genes to be expressed together 

in order to meet strict spatial or temporal regulatory needs (Michalak 2008; Nair et al. 

2022)(Michalak 2008; Nair et al. 2022). Because coordinated gene expression can involve co-

transcription at specific times or in specific places, the combinations of transcription factors that 

are responsible for regulating these genes also require a high level of orchestration to target 

genes at the correct times. A current knowledge gap is what cues factors integrate to determine 

where, when, and how to regulate their gene targets. Investigating coordinated gene expression 

by transcription factors presents an experimental challenge because there can be tens or hundreds 

of genes and factors involved in these large-scale processes. As a model, I focused on the 

Drosophila melanogaster histone locus for interrogating both coordinated gene regulation and 

transcription factor function.  

 

7.2 The Drosophila melanogaster histone locus is inherently absurd 

The D. melanogaster histone locus exists as a comically perfect paradox for 

understanding coordinated gene regulation. On one hand, it is a hallmark example of coordinated 

regulation in both gene arrangement and temporal coupling: the histone locus comprises highly 

regular tandemly repeated gene arrays at a single locus (diagramed in Figure 7.1) and the histone 

genes have strict expression requirements coupled to the cell cycle (Duronio and Marzluff 2017; 

Bongartz and Schloissnig 2018).  On the other hand, because of these qualities, the D. 

melanogaster histone locus is unlike almost any other repetitive or coordinated gene family. 

Although there are other examples of genes that are repetitive and that are clustered together in 
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arrays for regulatory purposes such as the rDNA loci or the Hox genes, neither of these 

mentioned examples are quite as extreme in their arrangement as the D. melanogaster histone 

locus. In flies, there two rDNA loci which are organized into repetitive units but, these units are 

somewhat less regularly organized than the histone array and are also present on both the X and 

Y chromosomes which presents some different organization based on sex (Tartof and Dawid 

1976). The Hox genes are clustered together like the histone genes however the arrays function 

to allow for specific expression at the right time and in the right areas of the developing embryo 

rather than to be expressed together (Pearson et al. 2005). Furthermore, the histone genes 

themselves are clustered across many different organisms however none of them share the 

characteristic of having a single histone locus like D. melanogaster. As the famous Dr. Leila 

Rieder often says: “if someone were to ask me how I would construct the perfect genomic locus, 

I would want it to be organized like the D. melanogaster histone locus.” Needless to say, the D. 

melanogaster histone locus is an extreme example of clustered, coordinated genes. 
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Figure 7.1 A diagram of the D. melanogaster histone locus and HLB. The histone locus body 

(HLB) forms as a concentration of phase separated factors around the histone locus. The histone 

locus is located on chromosome 2L near the centromere and contain ~107 highly organized 

tandemly repeated gene arrays. Each array is ~5 kb and contains all 5 canonical histone genes 

(bottom) along with their respective promoters and regulatory elements. 

 

We have the luxury of working in the well-developed D. melanogaster model system in 

which we can leverage powerful transgenic models and genetic tools to understand the nuanced 

regulation of histone gene expression (McKay et al. 2015). In Chapter 2, I discovered that the 

only variable sequence within the 107 histone gene arrays is the CLAMP recruiting GA-repeat 

however that this variability does not suggest that the arrays are differentially regulated due to 

the impact on CLAMP binding. In Chapter 3, I leveraged the single histone gene array 

transgene in which I induced subtle DNA manipulations to explore how transcription factor 

function at the histone locus can be impacted by cis element sequence and identity. I discovered 

that exchanging the CLAMP recruiting GA-repeat in the histone gene array for another CLAMP 

recruiting cis element changes its function meaning that CLAMP cis elements with similar 

sequence are not simply interchangeable. Furthermore, we discovered the GA-repeat must reside 

in the bidirectional H3/H4 promoter suggesting that CLAMP is using a combination of cues from 

cis element sequence and flanking sequence, possibly cofactors that bind those sequences, to 

determine function at the histone locus.  

Although our results give insight into the cues required by transcription factors or their 

tolerance for sequence changes, our specific discoveries may be unique to the coordination of 

histone gene expression. The long, perfect GA-repeat that is imperative to CLAMP factor 
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recruitment in D. melanogaster (Rieder et al. 2017)), is distinctly different from that of 

Drosophila virilis, which I explore in Chapter 4. This observation sparks many additional 

questions and suggests that transcription factors that target the D. virilis histone loci use different 

cues to achieve their histone locus functions, or alternatively, the regulatory mechanism for D. 

virilis histone genes is completely unique from that of D. melanogaster. 

While there are likely factors that serve different regulatory functions in histone 

biogenesis across organisms, there remain some regulatory mechanisms that are conserved to 

facilitate histone gene expression. Mxc, or the orthologous NPAT, is completely unique to the 

HLB meaning it has only ever been shown to associate with the histone genes and conserved 

across Drosophila species and humans (Gao et al. 2003; Duronio and Marzluff 2017). Even 

more broadly speaking, although there is no human ortholog to CLAMP, there is likely a factor 

or set of factors that assists in the targeting the histone gene arrays and recruitment of these 

conserved, critical factors like Mxc/NPAT to the histone locus. Our observations about the 

general cues that impact transcription factor recruitment and function at the histone locus can be 

applied to these systems despite how specific CLAMP’s function may be D. melanogaster 

histone biogenesis.  

 

7.3 The impact of cis element length on transcription factor recruitment  

The clustering of Drosophila histone genes at one (D. melanogaster) or a few (D. virilis) 

loci raises additional questions about how the genes might be differentially regulated, especially 

as they experience similar transcription factor nuclear microenvironments. In the genomes of 

other animals like humans (Marzluff et al. 2002) and sea urchins (Marzluff et al. 2006), histone 

genes are clustered, sometimes only loosely, in several sets and these sets are differentially 
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regulated to ensure the required concentrations of the histones are produced in different ratios or 

at different developmental time points.  

In Chapter 2, we therefore sought to understand how the histone gene arrays in D. 

melanogaster might be differentially regulated. The 107 histone gene arrays present in the D. 

melanogaster genome are virtually identical in sequence other than the GA-repeat cis element 

within the H3/H4 promoter, which we discovered varies in length. We also showed that this GA-

repeat is targeted by CLAMP (Chapter 3, (Rieder et al. 2017)). CLAMP contains six DNA-

interacting zinc-fingers and we do not yet understand how CLAMP physically interacts with its 

GA-repeat targets. When tested by in vitro binding assays, a CLAMP DNA interaction domain 

with four zinc fingers bound similar 15 bp long GA-rich DNA targets when compared to six 

zinc-fingers but did have weaker affinity for these targets (Kuzu et al. 2016). It is currently 

unknown if or when CLAMP uses all six zinc fingers to bind DNA targets or if the length of the 

GA-repeat can impact this interaction. Furthermore, the length of the GA-repeat does not seem to 

influence CLAMP binding at different histone gene arrays, although the GA-repeat itself is 

important for HLB factor recruitment (Chapter 2, 3). We also investigated other GA-repeat 

binding factors, GAF and Psq, and discovered that they both target the embryonic histone locus 

by ChIP-seq (Chapter 2). It is possible that CLAMP competes for binding at the histone locus 

with these two other GA-repeat binding factors. However, previous work indicated that GAF is 

not present at the histone locus in embryos nor in polytenes by immunofluorescence unless 

CLAMP has been depleted by RNAi (Rieder et al. 2017), implying that GAF may be a “backup” 

transcription factor that can bind the free GA repeats at the histone locus when it is not being out 

competed by CLAMP. This is true of the cites on the X chromosome as well; when CLAMP is 

depleted, GAF will localize to GA-rich motifs it normally does not occupy on the X chromosome 
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(Kaye et al. 2018). This may be due to the fact that GA-repeats that are not occupied by another 

binding factor are targeted by GAF opportunistically rather than for a true functional “backup” 

mechanism. Still, future studies can explore whether a low level of GAF undetectable by 

normally immunofluorescent assays targets a subset of histone arrays. We could construct a 

barcoded 12-array transgene where we could differentiate the expression of the histone genes 

from each array while also genetically manipulating the length of the GA-repeat in the H3/H4 

promoter to assess whether GAF targets and is functionally active at histone gene arrays based 

on GA-repeat length or CLAMP targeting.  

More than one CLAMP protein can bind a GA-repeat if it contains enough “GA” 

nucleotides to stoichiometrically accommodate more than just a single CLAMP protein (Kuzu et 

al. 2016; Kaye et al. 2018). Bioinformatic and immunofluorescence assays are unable to resolve 

this detail therefore we do not yet know if more than one CLAMP molecule is interacting with 

the GA-repeat in the histone gene array or how this may impact histone gene expression within 

each array. The repetitiveness of the histone locus also creates a barrier to resolving this 

question. The variable length of the GA-repeat likely influences the number of transcription 

factors that can simultaneously bind this region, which also may impact the regulation of the 

histone genes and lead to differential expression. Future experiment could include completion 

electrophoretic mobility shift assays with histone promoter probes and recombinant proteins that 

associate with these regions. We expect CLAMP to be able to bind all GA-repeat lengths within 

the H3/H4p in these assays and then could utilize antibodies to identify of additional factors such 

as GAF or other candidates can bind in combination with CLAMP to histone locus-like DNA 

probes.  
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7.4 A combination of cues can influence transcription factor function 

We now know that the length of the GA-repeat does not seem to impact CLAMP 

targeting of histone gene arrays; however, CLAMP has several functions across the genome. 

CLAMP is a context dependent transcription factor that not only functions as a critical factor at 

the histone locus but also functions in dosage compensation. CLAMP targets GA-rich cis 

elements across the genome; on the X chromosome it binds GA-rich regions called MREs and 

recruits dosage compensation factors. However, at the histone locus on chromosome 2L CLAMP 

targets a long, strict GA-repeat in the H3/H4 promoter and recruits HLB specific factors. 

CLAMP, therefore, can bind similar cis elements on the X chromosome versus the autosomes 

and retain the ability to function uniquely in dosage compensation and histone biogenesis 

respectively. How transcription factors integrate cues at different loci and retain unique functions 

is currently a large knowledge gap. 

To interrogate the cues that impact transcription factor function, we leveraged a 

transgenic histone gene array system with which we could manipulate the CLAMP binding cis 

elements. We found that X chromosome GA-rich MREs do not functionally substitute for the 

GA-repeat in the histone gene array and therefore changes in cis element sequence and local 

structure are enough to impact TF function modeled in Figure 7.2 (Hodkinson et al. 2023b). 

Additionally, we found that the GA-repeat must reside within the H3/H4p for proper CLAMP 

function and HLB factor recruitment. These data suggest that there may be additional cis 

elements and, therefore, additional TFs, that aid in providing contextual cues for CLAMP to 

function. Zelda is a strong candidate for this early acting transcription factor that might function 

in combination or separate from CLAMP to regulate histone gene expression based on an already 

established relationship with CLAMP and Zelda (Duan et al. 2021). We found that there are 
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TAGteam motifs within the histone gene array and that Zelda targets the histone locus early in 

development by immunofluorescence assays. Despite these data, based on our current 

observations, Zelda is dispensable at the histone locus and depleting Zelda does not impact 

histone mRNA levels or HLB factor recruitment  (O’Haren et al. 2023) implying Zelda may not 

be this secondary mechanism of regulation that works in tandem with CLAMP. This leaves a 

large open question about what other transcription factors could be good candidates for 

understanding the additional factors that aid in CLAMP’s targeting and regulation of histone 

gene expression. In Chapter 5, I discuss how we have started screening for additional DNA-

binding factors that may fill this roll and have several HLB-member candidates to explore in the 

future.  

 

 

Figure 7.2 Model depicting how CLAMP incorporates information from cis element sequence 

and flanking DNA sequence to determine function at the histone array. CLAMP modulates its 

function as more X chromosome sequence (yellow, increases left to right) is introduced to the 

H3/H4 promoter (Purple, deceases left to right). In chromosomal females (top) CLAMP does not 

recruit histone locus body factors to the histone array as more X chromosome sequence is 
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introduced. In chromosomal males, CLAMP recruits X chromosome factors to the histone array 

(autosomal) as more X chromosome sequence is introduced.  

 

Considering our current model where CLAMP function is influenced by the H3/H4 

promoter DNA sequence, a recent study presents a conundrum. A 12-array transgene in which 

the H3/H4 promoters are replaced with the H2A/H2B promoter, which does not contain any 

CLAMP binding GA-repeats, is able to support histone gene expression and viability in an 

endogenous histone locus deletion background (Koreski et al. 2020). CLAMP is present at this 

transgene by immunofluorescence assays, but does not interact with any particular DNA 

sequence by ChIP-seq (Koreski et al. 2020). These data imply that, in dire situations where the 

only source for histones is from the genes within the 12-array transgene, there is an additional 

mechanism or cofactor that assists CLAMP in targeting the histone genes. Although these data 

are still a mystery given that we found CLAMP gleans information from cis element sequence 

and the flanking sequence of the H3/H4 promoter itself (Chapter 3), these data support the idea 

that there are important cofactors that can heavily influence CLAMP function, even helping 

chaperone it to a locus where it has no cis binding targets. These data also prompt a question of 

additional CLAMP functions at the histone locus suggesting that CLAMP may be participating 

in protein-protein interactions that are additional to its function of binding the H3/H4 promoter, 

opening chromatin as a pioneer factor, and seeding the HLB for other factors to then be recruited 

(Duan et al. 2021). Future studies should focus on trying to understand CLAMP and its potential 

for protein-protein interactions by looking at in vitro protein binding or co-immunoprecipitation 

assays. 
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Additionally, based on our observations the GA-repeat and other possible cis element 

information in the H3/H4 promoter is important, but there is likely a “backup” mechanism of 

HLB formation, related to factors that can target the H2A/H2B promoter, to ensure histone gene 

expression is maintained. To date, CLAMP is the only known DNA binding factor with direct 

evidence of physically binding DNA at the histone locus in Drosophila and have yet to confirm 

factors that bind to the H2A/H2B promoter. There may be one or several other DNA-binding 

factors that target the histone gene arrays that impact CLAMP function or provide necessary 

contextual cues for CLAMP to distinguish its function at the histone locus from its other 

functions.   

 

7.5 Regulatory mechanisms of histone gene expression vary between species 

The histone locus in Drosophila melanogaster is a unique system for studying histone 

gene regulation because all the replication dependent histone genes are clustered at a single 

locus. Even within the genus Drosophila, there is substantial variability in the number of histone 

genes and their genomic organization, further complicating our understanding of histone gene 

regulation. In Chapter 4, we sought to explore the sequence differences and regulatory 

mechanisms of other Drosophila species to expand our comprehensive understanding of histone 

gene expression.  

D. virilis, a species ~40 MYa diverged from D. melanogaster, has two histone loci each 

with somewhat unique characteristics and almost better represent histone gene organization since 

it is closer to the way the human histone genes are organized. As discussed in Chapter 4, the 

major locus located on chromosome 2 is composed of 27 quartet histone gene arrays that include 

H3, H4, H2A, and H2B and 5 quintet arrays that also include H1 however this locus is not 
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regularly spaced and is interrupted by spacing and other gene fragments based on our annotation. 

The minor locus of chromosome 4, however, only includes 5 regularly spaced quintet arrays. We 

sought to understand how these different loci may be differentially regulated and focused on 

attempting to identify factors that may influence differences in expression between the two loci. 

Similar to D. melanogaster, there exists a GA-repeat in the D. virilis H3/H4 promoter that is 

targeted by CLAMP, however the virilis GA-repeat is considerably shorter and resembles the 

MRE GA-rich motifs CLAMP targets on the X chromosome for male dosage compensation. 

Interestingly, CLAMP recruits MSL2, a member of the MSLc, is recruited to the major histone 

locus in D. virilis but not to the minor locus or any loci in other Drosophila species we examined 

(Xie et al. 2022). 

Our observations imply not only that there may be distinct regulatory differences between 

the two histone loci in D. virilis but that there are also significant differences between the 

regulation of histone genes among Drosophila species. Furthermore, this introduces the 

possibility that D. virilis MSL2 serves a function outside of male dosage compensation, evolving 

additional or altogether different functions from D. melanogaster MSLc members. Future work 

should focus on exploring whether CLAMP is recruiting MSL2 to the D. virilis major locus 

which can be assessed by disrupting the known MSL2 interaction domain of CLAMP to see the 

impact on MSL2 at the histone locus. Additionally, we could assess MSL2 functionality at the 

histone locus related to histone gene regulation by looking at expression of the histone genes by 

qPCR when MSL2 is not at the locus.  

I leveraged the D. melanogaster system because of the extensive genetic tool repertoire 

we have at our disposal to answer these nuanced questions about histone gene regulation. Based 

on the differences we already know in other Drosophila species such as multiple histone loci and 
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different factor recruitment, to gain a comprehensive understanding of histone gene regulation 

we need to focus on looking in other Drosophila species. We already have some evidence that 

implies histone gene regulation and HLB formation use different mechanisms when there are 

multiple histone loci. A recent model suggests that recruitment of HLB factors and competition 

for those facts between loci is a mechanism for coordinated, differential regulation of the histone 

genes from different clusters to maintain the correct concentrations of histone transcripts, and 

subsequent proteins (Chaubal et al. 2023). The fact that many other Drosophila species do not 

have completely published genomes coupled with the fact that the genetic tools that are utilized 

in D. melanogaster may not translate in other systems, we are faced with a large challenge in 

studying other Drosophila species. Thinking more broadly, future studies should involve 

characterizing sequence differences of other Drosophila species, such as D. simulins and D. 

yakuba. We recently conducted a preliminary annotation of the histone gene arrays in D. 

simulins and D. yakuba and found that not only the number of histone loci differed, but 

regularity of the arrays at those loci are distinct from D. melanogaster (Sisi Falcone and Annalise 

Weber, unpublished data). Additionally, there are differences in the H3/H4 GA-repeat which we 

know is critical for CLAMP binding and seeding the HLB in D. melanogaster. In future 

experiments, we could leverage the barcoded 12-array transgene system to differentiate histone 

gene expression from each gene array and probe how these different cis elements or array 

structures influence differential regulation of the histone genes. We could also utilize this 

barcoded 12-array transgene system to create animals with histone arrays from both D. simulins 

and D. yakuba probing how differences in array structure can influence HLB factor recruitment, 

or even competition of recruitment, and histone gene expression. 
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7.6 The HLB is a wild unknown entity  

Our observations suggest that CLAMP is not the only DNA binding factor that might 

target the histone locus and, furthermore, that there may be additional cofactors that impact 

histone gene regulation. We therefore performed a bioinformatics screen to identify novel HLB 

candidates. The Hox factors Ubx, Abd-A, and Abd-B emerged as strong candidates targeting the 

H3/H4 promoter (Hodkinson et al. 2023a). Hox factors are expressed early during 

embryogenesis and are responsible for body patterning based on where in the embryo they are 

spatially expressed (Pearson et al. 2005). Since histone gene expression is both non-cell specific 

and critical in the dividing syncytial embryo, we might expect other transcription factors acting 

early in the embryo, like Hox factors, to also regulate histone gene expression.  

Our bioinformatics screen likely masks nuanced information about the factor under 

investigation. For example, a Hox factor might only target a subset of the 107 histone gene 

arrays, or that the number and identity of arrays targeted might change through embryogenesis. 

There are several possibilities of how proteins like the Hox factors target the locus that we are 

unable to resolve by aligning to the custom single histone gene array genome, modeled in Figure 

7.3. Besides the Hox factors, we identified several other DNA-binding candidates for future wet 

lab studies. These experiments could include performing immunofluorescence staining for these 

Hox factors in the early embryo where they may be associating with the histone locus and in 

different cycling tissues where Hox factors are active.  
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Figure 7.3 Challenges with aligning ChIP data to the single histone gene array. We cannot 

resolve detailed information about transcription factor targeting at the histone locus using the 

custom single histone array genome in ChIP alignment. ChIP-sequencing alignment for a given 

transcription factor to the single histone array might show a peak at the H3/H4 promoter (left 

panel) however, there are several possibilities for how that factor targets the arrays in vivo.  Out 

of the ~107 histone gene arrays that comprise the histone locus, a given transcription factor may 

target all arrays (possibility #1), only a set of neighboring arrays (possibility #2), a series of 

arrays distributed across the locus (possibility #3), or as few as one histone gene array 

(possibility #4). 

 

Identifying other DNA-binding factors that target the histone gene arrays is imperative to 

understanding the regulation of the histone locus. It may be that CLAMP is the primary DNA-

binding factor that orchestrates the initial regulation of the histone locus early in the embryo; 

maternally deposited CLAMP is important for proper zygotic histone gene regulation. However, 
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it is likely that other factors target the locus at different times during embryogenesis or related to 

the cell cycle. Furthermore, based on our observations from Chapter 2, GA-repeat length does 

not impact CLAMP targeting, and therefore CLAMP may not contribute to the differential 

regulation of the histone gene arrays. It is possible that some of our candidate DNA-binding 

factors identified in this screen are influencing that differential regulation, providing another 

layer of coordination for the expression of the histone genes in D. melanogaster.  

 

7.7 Histone gene regulation is way more complicated than you think 

Histone gene expression and regulation in D. melanogaster is far more complicated than 

just considering how transcription factors are functioning to express a gene family. The three-

dimensional and spatial qualities of the histone locus and the body of factors that regulate the 

histone genes are complex and, currently, less defined. The histone locus body itself is a phase 

separated nuclear body; it is a membraneless concentration of factors that is phase separated 

from the rest of the nuclear material and because there is no barrier, components can be readily 

exchanged (Mitrea and Kriwacki 2016; Tatomer et al. 2016; Duronio and Marzluff 2017). 

Because there are over 100 histone gene arrays that may have different TFs interacting with 

different regions of the histone locus at any given time, the histone locus body may act like a 

sink for transcription factors, theoretically pulling all the necessary regulatory factors to the 

histone locus. This characteristic could potentially explain why GAF is recruited to the histone 

locus in the absence of CLAMP (Rieder et al. 2017) since the histone locus would contain 

unbound GA-repeats and the phase separated HLB could pull GAF into the concentration of 

factors already present at the histone genes.  
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Mxc is an HLB scaffolding protein that targets the histone locus in the early embryo prior 

to zygotic genome activation. Mxc has a self-interaction domain that facilitates oligomerization, 

and the C terminus directly interacts with the C terminus of FLASH, another key component of 

the HLB (Kemp et al. 2021). Together, they form a core-shell configuration. Besides these data, 

we know about distinct protein-protein interactions between the factors that process histone 

mRNAs which have unique needs since they lack both introns and polyA tails, and instead have 

a 3’ end hairpin structure that needs to be bound and cleaved (Marzluff et al. 2008; Tatomer et 

al. 2016). FLASH is also critical for histone mRNA processing factor and FLASH can be 

mutated in a way that prevents it from being recruited to the phase separated HLB but does not 

change its protein levels (Tatomer et al. 2016). By simply disrupting the ability for FLASH to 

localize, histone biogenesis was completely disrupted. These data provide evidence that nuclear 

bodies concentrate factors to make regulatory events more efficient and in turn, make an unusual 

environment to make unique processes efficient. 

Discounting mRNA processing, there is little known about other protein-protein HLB 

interactions that would give more insight into HLB composition as well as overall histone gene 

transcription. Furthermore, because of the organelle-like nature of the phase separated HLB, it 

may be that cofactors do not always need to directly bind to one another but rather can simply be 

in close proximity to influence histone gene regulation.  

Beyond just the less defined protein-protein interactions in the HLB, the three-

dimensional interactions of the DNA within the histone locus (D. melanogaster) and between the 

histone loci (D. virilis and other organisms) remains an open-ended area of study in histone gene 

regulation. The major histone cluster in humans spans over several megabases and has multiple 

subclusters where the histone genes are concentrated but not arrayed like in Drosophila. 
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According to Hi-C, these subclusters physically interact and create hubs for histone gene 

regulatory factors to congregate and control expression of many histone genes at the same time 

(Carty et al. 2017; Ghule et al. 2023). We currently do not know if there are inter array or intra 

array interactions occurring between within the D. melanogaster histone locus or how this might 

impact histone gene regulation. There is some preliminary evidence of bother intra and inter 

array interactions of the D. melanogaster histone locus. Driving CLAMP to the H3/H4 promoter 

promotes accessibility and expression across the entire histone gene array, not just at the H3 and 

H4 genes (Rieder et al. 2017). A recent paper also shows preliminary findings where, in a 12-

array transgene where all the H3/H4 promoters have been replaced with the H2A/H2B promoter 

except for one, that “active” array containing the H3/H4 promoter can induce the expression of 

the adjacent histone gene arrays that would otherwise be “inactive” or have no expression 

(Koreski et al. 2020). These data suggest that expression of genes within individual arrays can 

influence the expression of the other histone gene within that array as well as genes within 

flanking arrays. 

I would argue the three-dimensional organization and interactions of the D. melanogaster 

histone genes is the largest area for future studies in histone gene regulation. Future experiments 

could include using newer technologies such as DamID which is a system where a DNA adenine 

methyltransferase can be fused to a given transcription factor and subsequently methylate the 

DNA around where that factor targets (Aughey et al. 2019). This technique could give insight 

into what arrays or histone genes are actively targeted, and perhaps expressed, within the histone 

locus and if that targeting impacts the activity of neighboring genes. We would also resolve some 

of the inter-array interactions based on the methylation patterns. The epigenetic landscape of the 

histone gene arrays, which could also give insight to both the activity and interactions within the 
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histone locus, is a large gap in our knowledge about histone locus organizations. Here, the 

repetitiveness of the histone gene arrays is, again, a challenge for sequencing and alignment 

meaning traditional methods of identifying histone marks such as ChIP-seq or Cut&RUN are 

unusable. Future experiments using the newly developed long read technology DiMeLo-seq, 

where a methyltransferase can methylate DNA around target area where a transcription factor 

targets or histone mark resides based on antibody binding (Altemose et al. 2022; Maslan et al. 

2023), will give insight into overall epigenetic organization and activity of histone gene arrays. 

Overall, these future experiments are necessary in order to begin closing the large gaps in our 

understanding of the complicated regulation of the D. melanogaster histone genes outlined in 

Figure 7.4. 
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Figure 7.4 Summary of HLB unknowns. (A) A schematic of the different HLB features 

including the factors that regulate histone gene expression and the organization of the histone 

gene arrays. (B) Despite the organization of the arrays at the single locus, it is currently unknown 

if histone gene arrays are differentially expressed or how histone gene expression looks across all 

~100 arrays. The histone gene array may be an arbitrary unit and expression of the histone genes 

may be based on individual gene sets rather than entire arrays. (C) While some histone locus 

factors have been confirmed to regulate histone gene expression, there are additional factors that 

have not been identified and the interactions between these factors are still poorly defined. (D) 

The chromatin landscape, including histone modifications, are virtually undefined across the 

histone locus due to limitations in sequencing and aligning repetitive DNA. (E) Finally, the 

three-dimensional architecture of the histone locus including potential intra- and/or inter-histone 

gene array contacts remain undefined. 

 

7.8 The future of studying coordinated histone gene regulation: closing remarks 

I began my dissertation by describing how coordinated gene regulation is a heavy burden 

for the nucleus. Coordinated gene expression involves tight orchestration of time, space, 

transcription factor function and regulatory mechanisms that need to be in place to achieve true 

coordination. The histone locus in D. melanogaster emerges as a seemingly perfect model to 

understand coordinated gene regulation; a single locus of ordered, tandemly repeated arrays 

containing essential genes that need to be expressed at extremely specific concentrations and 

strict times. The repetitiveness of the histone locus provides significant barriers for future 

experiments however with the development of new labeling methods and long read sequencing 

technologies, coupled with the large repertoire of genetic tools we have available in Drosophila 
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such as our histone array transgenic systems, we can truly explore the nuances of histone gene 

regulation. The work in this dissertation provides more insight into the cues and information 

transcription factors at the histone locus incorporate to regulate and express the histone genes, 

there are still several open-ended questions that will fuel countless future experiments and lead to 

a more comprehensive understanding of the coordinated regulation of the histone genes. Once 

you’ve explored the complexities of histone gene regulation, you never really forget it. 
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Supplementary Data 
A bioinformatics screen reveals Hox and chromatin remodeling factors at the 

Drosophila histone locus 
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Supplemental Figure 5.1: Qualitative assessment for scoring candidates as positive or negative. 
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Supplemental Figure 5.2: Factors considered negative hits 

 

We mapped Antennapedia (Antp) ChIP-seq (cyan) and input (navy) data (Kribelbauer, et 

al. 2020) from 3rd instar larvae imaginal wing discs to the histone gene array. Experiment used 

an anti-GFP antibody to immunoprecipitate Antp-GFP. Antp does not show convincing 

localization to the histone gene array when compared to input. 
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We mapped CTCF-HA ChIP, CP190 ChIP, and preimmune ChIP-seq data (Kyrchanova, et 

al. 2021) from OregonR whole Drosophila adults to the histone gene array. CTCF and CP190 do 

not show convincing localization to the histone gene array when compared to preimmune. 
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an anti-V5 antibody to immunoprecipitate Exd-GFP. Exd does not show convincing localization 

to the histone gene array when compared to input. 

 

 

We mapped Gcn5 acetyltransferase (Gcn5) ChIP-seq (maroon) and input (navy) data (Ali, et 

al. 2017) from both Kc cells (one replicate) and S2 cells (two replicates) to the histone gene 

array. Gcn5 does not show convincing localization to the histone gene array when compared to 

the corresponding input. 
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We mapped Hepatocyte nuclear factor 4 (Hnf4) ChIP-seq (cyan) and input (navy) data 

(Thummel, et al. 2015) from whole mature adult Drosophila to the histone gene array. Hnf4 does 

not show convincing localization to the histone gene array when compared to input. 
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We mapped Homothorax (Hth) ChIP-seq (cyan) and input (navy) data (Kribelbauer, et al. 2020) 

from 3rd instar larvae imaginal wing discs to the histone gene array. Hth does not show 

convincing localization to the histone gene array when compared to input. 

 

 

We mapped Nucleosome-destabilizing factor-BioTAP (Ndf/CG4747) ChIP-seq (yellow) and 

input (navy) data (GSE42025) from whole mature adult Drosophila to the histone gene array. 

Experiment used an anti-Bio-TAP antibody in animals expressing CG47474-BioTAP. 

Ndf/CG47474 does not show convincing localization to the histone gene array when compared 

to input. 
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We mapped Pangolin (Pan) ChIP-seq (cyan) and input (navy) data (ModENCODE) from 0-8 hr 

embryos from the y,cn,bw,sp genotype to the histone gene array. Pan does not show convincing 

localization to the histone gene array when compared to input. 

 

 

We mapped Suppressor of zeste 12 (Su(z)12) ChIP-seq (maroon) and input (navy) data (Herz et 

al., 2012) from 3rd instar larvae to the histone gene array. Su(z)12 does not show convincing 

localization to the histone gene array when compared to input. 
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Candidate Category Rationale Tissue/Timing Localization Region

Abd-A
Abdominal A

Early development 
transcription factor

Continuous expression post 0-2hour developmental 
stage, 
with highest RNA expression levels between 2-4hrs

Kc cells Yes H3/H4 promoter

Abd-B
abdominal B

Early development 
transcription factor

Continuous expression post 0-2hour developmental 
stage, 
with highest RNA expression levels between 2-4hrs 

Kc cells Yes H3/H4 promoter

Antp
Antennapedia

Early development 
transcription factor

Expressed in the early embryo Imaginal wing disk

CTCF
CCCTC-binding factor

Chromatin 
structure/remodeler

Key chromatin architecture protein, serves as an 
insulator and allows for distant DNA interacts 

Mixed adults

CP190
Centrosomal protein 
190kD

Chromatin 
structure/remodeler

Insulates centromeric heterochromatin Kc/S2 cells

Exd
extradenticle

Early development 
transcription factor

Expressed in the early embryo 5-6 days wing

Fs(1)h
female sterile (1) 
homeotic

Chromatin 
structure/remodeler 

short isoform binds at promoters and enhancers and long 
isoform binds at chromatin insulators 

Kc cells Yes (long 
isoform only)

H3/H4 promoter
H2A/H2B promoter

Gcn5 Chromatin 
structure/remodeler 

Acetyltransferase, critical for oogenesis and 
morphogenesis and associates with insulators 

Kc cells

Hnf4
Hepatocyte nuclear factor 
4

Early development 
transcription factor

Important for major events in embryogenesis, works in 
cell metabolism pathways

Mixed adults

Hr78
Hormone-receptor-like in 
78

Early development 
transcription factor

Continuous expression throughout embryogenesis and 
during metamorphosis

8-16h embryos Yes H3/H4 promoter

Hth
homothorax

Early development 
transcription factor

Expressed in the early embryo Imaginal wing disc

JIL-1 Dosage 
compensation/ X-
chromosome 
associated factor

Kinase phosphorylation of H3S10
Enriched on X chromosome for dosage compensation
Serine 10 mark prevents heterochromatin spreading

3rd instar larvae Yes H2A/H2B promoter

M1BP
Motif 1 Binding Protein

Chromatin 
structure/remodeler

Interacts with TRF2 and related to insulator activity by 
associating with CP190 

Kc/S2 cells

MSL1
Male specific Lethal 1

Dosage 
compensation 
factor

Associates with the known HLB factor CLAMP S2 cells

Ndf (CG4747)
Nucleosome-destabilizing 
factor

Dosage 
compensation 
associated factor

H3K36me3-binding protein that is important for MSLc 
localization

larval

Nej
Nejire

Hit from previous 
screen for HLB 
factors 

Acetyltransferase and early developmental transcription 
factor 

2-4 hr embryos
S2 cells

Yes (embryos 
only)

H3/H4 promoter
H2A/H2B promoter

Opa
Odd Paired

Early development 
transcription factor

Continuous expression post 0-2hour developmental 
stage, 
with highest RNA expression levels between 2-4hr when 
ZGA/ histone gene expression is high (73,79)

3h embryo
4h embryo

Pan
Pangolin

Early development 
transcription factor

Expressed in the early embryo/early in development 0-8h embryo

Pnt
Pointed

Hit from previous 
screen for HLB 
factors 

Early development transcription factor Stage 11 embryo

Psc
Posterior sex combs

Chromatin 
structure/remodeler

Polycomb member S2 cells
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Supplementary Table 5.1: All candidates categories, function, and tissue details.  

 

 
 

Scm
Sex comb on midleg

HLB-associated 
factor

Genetically interacts with known HLB factor Mxc Embryo 12-24h
S2 cells

su(z)12
suppressor of zeste 12

Chromatin 
structure/remodel
er

Polycomb repressive complex member 
Highest RNA expression levels during 0-2h and 
4-8h development stages

3rd instar larvae

TAF1
TBP-associated factor 
1

General 
transcription 
factor

TATA-box-binding protein known to associate 
with TBP

S2 cells Yes H3/H4 promoter

TFIIB
Transcription Factor II 
B

General 
transcription 
factor

TATA-box binding protein complex member, 
known to associate with TBP

OregonR Embyos Yes H3/H4 promoter
H2A/H2B
promoter

TFIIF
Transcription Factor II 
F

General 
transcription 
factor

TATA-box binding protein complex member, 
known to associate with TBP

OregonR Embyos Yes H3/H4 promoter
H2A/H2B
promoter
H1 promoter

TRF2
TATA box binding 
protein-related factor 2

General 
transcription 
factor

TATA-less promoter binding activity at H1 
promoter

S2 cells Yes H1 promoter

Ubx
Ultrabithorax

Early 
development 
transcription 
factor

Continuous expression post 0-2hour 
developmental stage, 
with highest RNA expression levels between 2-
4hrs

Kc cells, 
imaginal wing 
disc
embryos

Yes (all) H3/H4 promoter


