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1 Introduction  

The human genome is thought to contain approximately 20,000 protein-coding genes, which is 

much less than predicted when the first genome was sequenced. Even fewer are the number of 

genes transcribed and expressed into proteins in each cell in an organism at any given time. The 

differential expression of proteins is fundamental for cellular diversity in multicellular organisms. 

Throughout the different cellular processes, the set of expressed genes can change both in time 

and magnitude according to the transcriptional programmes turned on and off.  

Transcription function involves a complex regulation of DNA and proteins capable of responding 

to cellular signals which trigger the transcriptional machinery. In pluricellular organisms, a single 

egg cell can divide and differentiate into an organism by responding to proliferation and 

differentiation signals. This in turn produces different cellular functions accordingly to the gene 

expression programs active in each cell type. Additionally, misregulation of gene expression has 

an impact on many different disease and syndromes, including autoimmune diseases, neurological 

disorders, diabetes and cancer, among others. This work focuses on understanding some of the 

many important players in the field of transcription, not only during regular cellular function, but 

also during cellular dysfunction such as disease. 

 

1.1 Eukaryotic gene expression 
Eukaryotic gene expression is a complex mechanism which involves multiple transcriptional 

regulations to produce an RNA transcript. The packaging of DNA into nucleosomes is one way 

that eukaryotic cells can regulate gene expression. Nucleosomes are composed of four histone 

proteins and about 146 base pairs (bp) of DNA around them and are the fundamental component 

of chromatin. Histone pairs H2A, H2B, H3 and H4 form the histone octamers which interact and 

wrap 1.7 turns of DNA as a “bead on a string” structure, named by its appearance when viewed 
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under an electron microscope. Chromatin not only packages the genome but controls the DNA 

accessibility for large complexes such as RNA polymerase II (Pol II). 

Transcription initiation in eukaryotes involves the assembly at the start of a gene of many distinct 

proteins, including the Pol II and general transcription factors (GTFs) to form the pre-initiation 

complex (PIC). The assembly of the PIC is a key point of regulation, as the Pol II on its own is 

unable to recognize the transcriptional start site (TSS) of the gene and accurately initiate 

transcription. The GTFs can recognize DNA elements upstream of the gene, known as core 

promoter region, which are the minimal DNA sequence that can accurately direct transcription 

initiation by Pol II and GTFs in vitro. According to the transcription initiation pattern, core 

promoters are divided into sharp and broad, also known as focused and dispersed respectively. As 

their names indicate, the former presents a transcription initiation at a specific point, while the 

latter shows several weak transcription start sites along the core promoter sequence [1]. While 

focused transcription initiation is more common in simpler organisms, in vertebrates more than 70% 

of promoters are disperse. These are characterised by the presence of CpG islands, which are 

regions of approximately 1000 bp with an elevated guanine and cytosine content and, in general, a 

low DNA methylation. Focused promoters, on the other hand, present different combination of 

initiator sequence, TATA box, TFIIB-response element, and downstream promoter elements, 

presenting a well know mechanism of action for their GTFs [2,3]. GTFs are composed of more 

than 40 proteins that are involved in the transcription initiation arranged into six indispensable 

components: TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. Starting by the recognition of the 

TATA box by TBP, a subunit of TFIID, these components form the PIC in a stepwise manner [4].  

Additionally, there are transcription factors (TFs) that regulate the expression of specific genes by 

directly binding to regulatory regions. TFs are sequence-specific DNA-binding proteins, and the 

spectrum of TFs expressed in a given cell type is dependent on temporal and spatial conditions. 

The variation in the presence of TFs generates different gene expression profiles in different cell 
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types and allows for developmental patterning [5]. TFs can not only bind to promoters but also 

enhancers. Enhancers are cell specific regulatory elements that help recruit Pol II to promoters, as 

well as bring chromatin modifying enzymes to maintain or promote an active chromatin state [6]. 

Enhancers regulate genes independent of distance or orientation, not always regulating their 

closest gene [7]. Moreover, a gene can be regulated by different enhancers at the same time, or at 

different timepoints during development [8].  

TFs can exert different functions in the different genes they regulate, dependent on the cofactors 

or interaction partners. These cofactors include chromatin remodelling complexes, histone 

regulating complexes, and the mediator complex. The first two groups will be described in more 

detail later, while the mediator complex shall be described here. The mediator acts as a bridge 

between the TFs and Pol II and facilitates the formation of the PIC. It is composed of 

approximately 30 subunits organized on 4 modules: Head, Middle, Tail and Kinase. The Head and 

the Middle are in contact with the GTFs as well as the C-terminal domain of Pol II, while the Tail 

interacts with specific TFs. The Mediator complex is responsible for stabilizing promoter-

enhancer interactions [9], and it has been shown to help in the recruitment and stabilisation of Pol 

II to promoter regions [10] and it stimulates Ser5 phosphorylation by TFIIH [11]. More recent 

studies have also linked the Mediator complex with other process of transcription such as 

elongation, termination, non-coding RNA activation, mRNA processing [12,13].  

Another important component of transcription is the cohesin complex. Cohesin is a multisubunit 

protein complex crucial for sister chromatid cohesion, DNA damage repair and gene expression. 

The Mediator-cohesin complex formation promotes cell type-specific gene activation through 

enhancer-promoter DNA co-localization known as looping [9]. This looping has been observed by 

different techniques such as imaging with fluorescence in situ hybridisation (FISH) and different 

chromatin conformation capture experiments (3C/4C/5C and ChIA-PET) that have allowed to 

detect long-range DNA interactions. Experiments as such also suggest the existence of an 
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interaction between promoter and enhancer in absence of transcription, despite the presence of Pol 

II at the region [14]. These are referred as poised promoters that can be triggered to rapid 

activation of transcription [15]. Moreover, there is a synthesis of a transcript from active 

enhancers, known as eRNA (enhancer RNA), which is bidirectional and correlated with active 

gene transcription [16]. eRNA production can stabilize the promoter-enhancer looping, but also 

release negative elongation factor (NELF) from the paused Pol II from the promoter, allowing for 

transcriptional elongation [17,18].  

 

 

Figure 1 Representation of active transcription 
Schematic representation of the interacting proteins that regulate the transcription processes to generate an mRNA 
(Figure adapted from [19]) 

 

 

 

1.2 Chromatin regulation 
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DNA is a negatively charged polymer, and it wouldn’t fit in the nucleus alone as the neighbouring 

phosphate contacts would stiffen the structure. Histone are basic proteins that can neutralize the 

negative charges of the DNA and allow for a folding into nucleosomes giving a compaction of 

DNA as a factor of 10,000. The packaging of DNA prevents the interaction of the transcriptional 

machinery, as well as represses DNA repair, recombination and replication. Regulation occurs 

through recruitment of enzymes that can recognize histones and DNA and can open up the 

chromatin structure. The N-terminal and C-terminal domains of histones, referred as tails, 

protrude out from the core particle. These histone tails can be subjected to different post-

translational modifications (PTMs), allowing for marking and regulating chromatin [20]. 

Nonetheless, the nucleosome can change the components of the octamer by other histone variants, 

as for example histone H2A.Z or macroH2A can replace histone H2A modifying the regulation 

status of that chromatin region [21]. Moreover, the nucleosome can fully or partially disassemble, 

and the positioning can change as they can be sided along the DNA by ATP dependent 

remodellers [22–24].  

Nucleosome positioning has been mapped, specially by chromatin immunoprecipitation (ChIP) 

techniques, studying as well the presence of histone variants and PTM. These studies discovered a 

preferential positioning of nucleosomes in the genome, particularly at gene start sites. Protein-

coding genes display a region at the TSS known as nucleosome-free region (NFR) or nucleosome-

depleted region (NDR) which is a region of DNA with no nucleosome giving a bigger spacer 

between the neighbouring nucleosomes [25]. Moreover, the nucleosome position downstream 

from the TSS, also known as the +1 nucleosome has a very tight positioning, often containing 

H2A.Z and H3.3 histone variants and histone tail acetylation and methylation, all of which 

facilitates nucleosome eviction and PIC assembly [26–29]. The nucleosomes following the +1 

nucleosome present each less fixed position than the previous upstream nucleosome, as well as 

less acetylation, methylation and histone variant content [30]. This organization dissipates beyond 
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1 kb from the TSS increasing the tendency for more a random nucleosome positioning [31,32]. 

Several studies have attempted to computationally predict in vivo nucleosome location de novo 

based on the underlying DNA sequence [33–36]. Despite some of these studies being successful 

from a statistical point of view (better prediction than random guessing) they have low accuracy 

suggesting that other factors than the DNA sequence contribute to nucleosome positioning in vivo. 

Chromatin is classified according to compaction levels, from the gene-rich areas of less condensed 

euchromatin, to the gene-poor, highly condensed heterochromatin. Heterochromatin itself is 

classified between constitutive heterochromatin, at repetitive regions such as telomeres that 

maintains high level of compaction, and facultative heterochromatin, in which the chromatin 

condensation can change in response to developmental or environmental cues [37,38].  

This nucleosome positioning and displacement is a highly dynamic event. The predisposition to 

initiate transcription or other enzymatic events on chromatin is dependent on many different 

factors, such as histone PTMs, histone variant exchange, DNA methylation and chromatin 

remodellers, as well as the factors involved in cell cycle progression, nuclear architecture or cell 

signalling response. 

1.2.1 The histone code 
The histone tails, as mentioned earlier, are susceptible to chemical modification. These PTMs give 

an important tool for regulating the structural and functional organization of chromatin. Several 

classes of covalent modifications on histone tails have been described, including acetylation, 

methylation, phosphorylation, citrullination or SUMOylation among others [28]. These 

modifications contribute to mechanisms that can modify the nucleosomal structure and affect 

transcription by altering the protein-DNA or protein-protein interactions [39].  

There are more than 60 different residues in the canonical histones that have been found to be post 

translationally modified [28]. From those 60, arginine and lysine can be mono-, di-, and for lysine, 
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also tri-methylated, increasing the amount of possibilities for modification patterns. Each amino 

acid that can be modified has to be recognized by an enzyme that can catalyse, or write, the 

specific modification. 

Histone PTMs are generally conserved among eukaryotes. There are enrichment of specific 

histone modifications associated with nuclear processes, such as transcription, DNA repair and 

condensed chromatin. Considering the number of possible histone PTMs, this allows for big 

combinatorial complexity. Genome-wide chromatin immunoprecipitation (ChIP) analyses have 

given us information of the distribution of different histone marks, while mass spectrometry has 

enabled the study of combinatorial aspects of marks on single histone tails [40,41]. There is a 

distinctive distribution of specific modifications related to different states of transcription and 

marking functional elements. For example, acetylation of lysine 27 of histone 3 (H3K27ac) 

correlates with active enhancers together with methylation of lysine 4 of histone 3 (H3K4me1), 

while acetylation of lysine 9 of histone 3 (H3K9ac) is commonly found in active promoters 

together with methylation of lysine 4 (H3K4me3) [42–44]. 

There are two known mechanisms that have been attributed to histone modifications. One is the 

disruption of contacts between histones and DNA inside the nucleosome. Acetylation can 

neutralize the basic charges from the lysine, loosening up the interaction of the histone with the 

DNA. These have been difficult to prove in-vivo, although it has been shown that the internal 

interactions of the nucleosome are important for its stability. Using recombinant acetylated histone 

proteins, it was possible to show that acetylation in histone 4 lysine 16 (H4K16) can disrupt the 

formation of higher-order chromatin structures in vitro [45,46]. Similarly, histone phosphorylation 

should affect the interactions between the negatively charged DNA and the histones, leading to a 

more open nucleosome. Although several phosphorylation sites have been related to open 

chromatin regions, the mechanism of action by contact disruption has not yet been shown in vitro 

[47–49]. 
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The other mechanism in which histone modifications can exert its function is by recruitment of 

non-histone proteins to the chromatin to regulate processes and compaction. Many specific protein 

domains have been discovered that can specifically bind to histone PTMs. The best described 

include the chromodomains and PHD domains for methylation, the bromodomains for acetylation, 

and the 14-3-3 protein domains for phosphorylation [50–54]. Histone modification can also inhibit 

the binding of proteins to them. Methylation of histone 3 lysine 4 disrupts the binding of the 

NuRD (Nucleosome remodelling and deacetylase) complex to H3T3ph, preventing the interaction 

with INHAT complex [55]. The inability of those two proteins to bind to H3K4me3 hinders the 

recruitment of repressive factors, then having a positive effect on transcription [55–57].  

Histone modifications patterns interplay together with the histone readers and writers. The best 

described example is the one involving H3K4 and H3K9 methylation. The first is a mark 

associated with active transcription, while the second marks silent heterochromatin regions. 

Methylation of H3K4 by Set9 in vitro blocks the interaction of the NuRD complex with H3, 

thereby stopping the action of the deacetylases HDAC1 and HDAC2. Moreover, H3K4me3 also 

inhibits the methylation of H3K9 by Suv39h1, and therefore avoiding heterochromatin formation 

[56]. Less surprisingly, acetylation of H3K9 also blocks the activity of Suv39h1 on that same 

residue, preventing the methylation [58–60]. 

Many writers, readers and erasers had been discovered for the different histone marks and most of 

these proteins have a dynamic activity. One exception is arginine methylation, as a demethylation 

responsible enzyme has not been discovered. From all the enzymes involved in establishing 

histone PTMs, methyl-transferases are the most specific for target lysines and are therefore the 

best characterised. On the other hand, phosphorylation is the least studied as it is a very dynamic 

modification and the processes it is involved in are often dependent on cell signalling pathway 

[61,62].  
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For some of the histone modification it is not well defined whether they directly have an effect on 

transcription or if they are a consequence of the presence of transcriptionally active proteins at a 

particular location. As mentioned before, acetylation has been shown to alter the chromatin 

structure to adopt a more accessible state by changing the charges of lysines, allowing the 

recruitment of the transcriptional machinery [63]. On the other hand, there has been supporting 

evidence that transcription initiation by TFs can recruit writers, helping the maintenance of the 

active state. This is supported by the recruitment of SETD1 and SETD2, H3K4 and H3K36 

methylases by Pol II to the promoter regions [63].  

 

 

Figure 2 Histone code representation of histone H2A, H2B, H3 and H4 for methylation, acetylation, 
phosphorylation and SUMOylation 
Linear representation of the canonical histones H2A, H2B, H3 and H4 with the amino acids susceptible of 
modification highlighted (Figure adapted from [64]). 
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1.2.2 ATP-dependent chromatin remodellers 
Different events in the cell, including normal development as well as transcription, DNA 

replication or DNA repair, require a dynamic rearrangement of chromatin structure. These 

changes are facilitated by ATP-dependent chromatin remodelling enzymes, also referred to as 

Snf2 or SWI/SNF-related enzymes or just chromatin remodellers. 

Chromatin remodellers were first identified in yeast by two independent mutagenesis screen that 

affected some of the subunits of the SWI/SNF complex. The resulting phenotypes were, one 

affecting the mating-type switching (SWI), and the other the sucrose fermentation (SNF) 

pathways [65,66]. Both screens identified different chromatin components suggesting a relation 

with chromatin organization [67]. Moreover, the identification of a Walker box, an element 

composed of a series of seven amino acid motifs identified in Snf2 and the superfamily 2 group of 

helicases [67,68], facilitated the identification of homologous proteins in other eukaryotes. Based 

on the homology of the ATPase core domain the remodellers can be classified into 24 subfamilies 

[69], and based on the presence of other domains adjacent to the ATPase core they are classified 

into 4 families (SWI/SNF, ISWI, NURD/Mi-2/CHD and INO80) [69,70]. Among the other 

domains present in the chromatin remodellers, most of them are related to detection and binding to 

histone marks, as chromo, bromo, or PHD domains. This suggests that the histone modifying 

enzymes’ and the ATP-dependent chromatin remodellers’ activities are interconnected. The 

normal functions of the chromatin remodelling enzymes include sliding the histone octamer across 

the DNA, changing the nucleosomal DNA conformation or replacing histones in the octamer. 

However, there are examples supporting nucleosome repositioning, histone removal, or complete 

disruption of the octamer. As one of the focus of this thesis is the Chromodomain Helicase DNA-

binding 3 (CHD3) we will describe this chromatin remodeller in more detail. 
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Figure 3 Overview of the chromatin remodelling families 

Schematic representation of the different domains in the four chromatin remodelling families. (Figure adapted from 
[71]) 

 

1.2.2.1 CHD chromatin remodellers 
The CHD family is one of the four families of ATP-dependent chromatin remodelling enzymes, 

and it is characterised by tandem chromodomains in the N-terminal region and a central SNF2-

like ATPase domain. This family is composed of 9 members in humans, from CHD1 to CHD9, 

and they are divided into three subfamilies according to additional structural motifs.  

The first subfamily, including CHD1 and CHD2 is characterised by the presence of a C-terminal 

DNA-binding domain that preferentially binds to AT-rich DNA in vitro [72]. The second 

subfamily, with CHD3 to CHD5, lacks a DNA binding domain, having a pair of PHD domains 

close to the N-terminal domain instead. The last subfamily includes CHD 6, 7, 8 and 9; this 

subfamily is more diverse with members having domains such as SANT or BRK. This 

classification is controversial, as CHD5 is classified in the 2nd subfamily because of the presence 

of a double PHD/chromodomains, while this factor also has a SANT domain, as subfamily 3 [73]. 
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As other chromatin-remodelling enzymes, CHD can fulfil its function when targeted to a specific 

chromatin region. The helicase factors have been related with both activation and repression, 

being involved in different stages, as initiation, elongation or termination. For example, hCHD1 

has been shown to interact with H3K4me2/3 by its double chromodomains [74,75], a mark of 

active genes [28]. CHD1, however, not only binds to methylated H3K4. A study done in 

Drosophila shows that binding of dCHD1 to H3K4 is independent of its methylation status 

[28,76], suggesting that the methylation works to stabilise the binding. CHD1 structure has been 

recently solved in a complex with a nucleosome [77,78]. CHD1 can interact with H3 and H4, as 

well as with the linker DNA protruding from the nucleosome, independent of its sequence. These 

contacts detaches two turns of DNA from the histone octamer, and together with the ATPase 

domain it can translocate DNA towards the histone octamer, allowing nucleosome remodelling 

[77,78] 

The NuRD complex, including CHD3 and CHD4 and mainly linked to repression, loses the 

interaction with H3K4 after histone methylation by SET9, and relieve repressed chromatin [79].  

Another component of the NuRD complex, MBD2 (Methyl-CpG Binding Domain Protein 2) can 

bind to methylated CpG islands, which is an epigenetic modification correlated with 

transcriptional silencing. CHD3/4 can then act as repressors in an MBD2-dependent manner 

[80,81].  

A novel chromatin recruitment of the NuRD complex links the interaction of CHD4 with 

poly(ADP-ribose) polymerase (PARP). PARP is enriched at DNA breaks (DSBs) and at heat 

shock loci, recruiting CHD4 promoting the transcriptional termination of the heat shock protein 

genes [82,83]. 

The Small Ubiquitin-like modifier (SUMO) is another modification that can recruit chromatin 

remodellers to chromatin. SUMO can be covalently attached to TFs, and this process is known as 
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SUMOylation. The SUMOylation of TFs is commonly correlated with transcriptional repression. 

CHD3 has been shown to bind to SUMO, as well as SUMOylated proteins. SUMOylated TRIM28 

(KAP1) recruits CHD3 and brings HDAC1 and HDAC2, part of the NuRD complex [84]. KAP1 

also recruits SETDB1 that methylates H3K9, and creates a binding platform for the repressive 

factor, HP1 [84]. The NuRD complex can interact with transcription factors and cofactors, in 

different cellular and developmental contexts, giving this complex different modes of action [85]. 

The remodelling proteins CHD3/4 are not exclusively linked to transcriptional repression and can 

act independently of the NuRD complex. dMi-2, the Drosophila homologue of CHD3 and CHD4, 

has been described in a new complex, called dMec, together with dMep1 [86]. Depletion of 

dMep1 derepresses proneuronal genes without the recruitment of HDACs, asserting the function 

of dMi-2 as a NuRD independent repressor [86]. Moreover, a recent study has shown a 

recruitment of a variant of the NuRD complex to active genes [87]. This NuRD complex variant is 

present at active genes marked with H3K36me3, recruiting MTA1-3 and HDAC1/2, but not 

CHD3-4 or MBD2-3 [87]. 

Another interesting example involves CHD1. Hrp1 and Hrp3, CHD1 homologues in S. pombe, can 

localize to promoters and interact with Nap1, a histone chaperone. Depletion of these remodellers 

increases enrichment of histone H3 at promoters reducing gene activity and showing the 

importance of nucleosome disruption to facilitate transcription [88]. Moreover, Hrp1 has a role in 

transcription termination, as the mutant strains lacking yChd1 presents an altered chromatin 

structure at the gene 3’ ends, as well as failure of transcription termination for several of the genes 

[89]. What is not clear is whether CHD1 is carrying out the same nucleosome remodelling activity 

in both cases, or if it has different functions, and in that case, how those functions are regulated. 
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Figure 4 Structure and function of the CHD subfamily of chromatin remodellers 

The CHD subfamily is composed of 9 members and is divided in 3 groups. (Figure adapted from [90,91]) 

 

1.3 SUMO regulation 
The small ubiquitin-like modifier SUMO is part of a super-family called ubiquitin-like modifiers 

and is present in all eukaryotes. SUMO can regulate many cellular processes, such as DNA 

replication, cell cycle progression, protein degradation, DNA damage repair, ribosome biogenesis, 

pre-mRNA splicing, transcription, chromatin organization, signal transduction and nuclear 

trafficking [92–102]. So far, more than 1000 proteins have been identified to be the target of 

SUMO modification, or SUMOylation, and both the modification and the cleavage are a highly 

dynamic event [103].  

SUMO proteins present a structure composed of a -sheet on top of an -helix [104]. There are 

different numbers of paralogues in different organisms, from one in Saccaromyces cerevisiae 

(Smt3), to five in human. Human SUMO1, 2 and 3 are ubiquitously expressed, and only SUMO2 



 

23 
 

is indispensable for development, as SUMO 2 and 3 can compensate for SUMO1 KO [105]. There 

is a recurrent nomenclature problem in the literature between SUMO2 and SUMO3, as they have 

97% similarity. SUMO4 and SUMO5 expression is tissue specific and they are conjugation 

deficient [106,107].  

All SUMOs are expressed in an immature form, presenting a longer C-terminal domain, not able 

to be covalently attached to proteins. SUMO 1, 2 and 3 are matured by a group of proteases called 

SENP (Sentrin specific proteases). The SENP family can cleave SUMO1-3 close to the C-terminal 

domain exposing a double glycine sequence that can then be attached to a specific lysine of the 

protein. The SUMO conjugation system has many similarities to the ubiquitin system, with the 

presence of a E1, E2 and E3 enzyme that can facilitate the conjugation. SUMO first has to be 

adenylated, forming a thioester bond to the E1 ligase composed of two subunits Sae1 and Sae2 in 

an ATP-consuming reaction [108]. SUMO is further transferred by forming a new thioester bond 

to a cysteine on a E2, Ubc9 [109,110]. SUMO can then be conjugated to the ε-amino group of an 

acceptor lysine with formation of an isopeptide bond [111,112]. Ubc9 directly interacts with the 

SUMO consensus motif to identify the lysine that will be modified of the target protein, but it 

needs an E3 ligase to stabilise the interaction making the SUMO transfer more efficient [92]. The 

deconjugation can be done by a protease of the SENP family [92]. Both the conjugation and the 

deconjugation are very dynamic processes establishing a balance between the SUMO conjugated 

and unconjugated pool.  

Different studies of SUMOylated proteins show a preferential motif that is recognized by the E2 

and E3.This can be written as ΨKxE, where Ψ is a hydrophobic residue with preference for I or V, 

and x is any amino acid [113,114]. More recent studies have shown that under physiological 

conditions at least half of the SUMOylated motifs share at least the KxE, but in case of stress 

lysines that do not contain the motif are also modified [103,115].The consensus motif is not 

enough to identify proteins that are SUMOylated, as the structural context and the surface 
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exposure are also important for the SUMOylation [104]. One particular function of SUMO is the 

targeting of non-consensus lysines as a response to stress [103]. There are different cellular stress 

signals, as hypoxia, heat stress and osmotic stress, and they can cause a rapid increase in protein 

SUMOylation [116]. The stress response is characterised by an increase in SUMOylated proteins 

and a decrease in the cytoplasmic reservoir of unconjugated SUMO2/3. Moreover, SUMO2/3 can 

be attached to other SUMO2/3, creating polySUMO chains, that can act as targets for STUbL 

(SUMO-targeted ubiquitin ligase) ubiquitination, leading to proteasomal degradation [117,118]. 

SUMO can also be involved in regulating biological processes through non-covalent interactions, 

both in its free and conjugated form. These interactions can be involved in intracellular 

localization change, protein stability, and enzymatic activity regulation [119–121]. Similarly to 

the modification motif, there is a predominant amino acid sequence that SUMO can interact with 

known as the SUMO interaction motif (SIM). There are three classes of motifs, of which the first 

class is better studied. Class I of SIM is composed of three to four hydrophobic residues, normally 

amino acids I, V and A, present on a -sheet, flanked by an acidic patch in a -strand that interact 

with the -helix and the 2-strand in SUMO [122]. Unlike SUMO1, SUMO2 can interact with 

class I SIM domains lacking the acidic residues in the flanking region[123]. The second class 

interacts with the surface of SUMO opposite to the one of class I, allowing for a double SUMO 

interaction. It has a stronger affinity than class I, but so far only two interaction partners have been 

found; between SUMO1 and dipeptidyl peptidase-9 (DPP9), and the interaction between SUMO1 

and the back side of Ubc9 [124–128]. Class III SUMO interaction was identified between the ZZ-

type zinc finger of HERC2 and the 1-strand and part of the -helix from SUMO1 [129,130].  

SUMO non-covalent interaction opens up for a new level of complexity, as both SUMO surface or 

the SIM can be covalently modified, disrupting or stabilizing this interaction. As an example, 
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acetylation of SUMO1 K37, SUMO2 K32 or SUMO3 K33 can neutralize the surface positive 

charge preventing the interaction with some of the SIM motifs [131].  

 

Figure 5 The SUMO conjugation pathway 

Before the first conjugation the nascent SUMO is cleaved by a SENP protease exposing a C-terminal di-glycine active 
for conjugation. The mature SUMO can be conjugated to a E1 (SAE1-SAE2 or UBA2-AOS1 that can be transferred 
to a E2 (UBC9). Finally, SUMO is conjugated to a substrate facilitated by a E3 ligase. The protease SENP can also 
cleave the SUMO modification from the target protein. (Figure adapted from [132]) 

 

1.3.1 SUMO proteases 
The SUMO proteases family, also known as the Ulp/SENP family, consist of two members in 

yeast, Ulp1 and Ulp2, and seven in human, SENP1-3 and SENP5-8, although SENP8, has no 

SUMO protease activity and has specificity for another ubiquitin-like modifier, Nedd8 [133–135]. 

All of them are cysteine proteases, with a conserved catalytic domain, that if classified 

phylogenetically, SENP1, SENP2, SENP3 and SENP5 are closer related to Ulp1, and SENP6 and 

SENP7 originate from Ulp2 [135]. All SENPs have the catalytic domain in the C-terminal part of 

the protein, while their N-terminal domain is less conserved and is involved in regulation and 

substrate selection [136]. SENPs function is divided into two processes, one being the maturation 

of SUMOs, and the other the cleavage of SUMO from a target modified protein. SUMO1, 2 and 3 
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have been shown to be matured, but pre-SUMO4 cannot be processed by SENPs due to a proline 

residue near the double glycine that prevents the hydrolase activity of SENPs, indicating that this 

paralogue cannot take part in PTMs [137].  

Studies of the different SENP paralogues by crystal structure and by in vitro deSUMOylation have 

focused on identifying a differential preference for the different SUMO forms [138–143]. Despite 

demonstrating that both the catalytic fraction from SENP1 and SENP2 can mature SUMO1-3 

paralogues, a preference of SENP2 and SENP5 for SUMO2, and of SENP1 for SUMO1 have been 

seen in vitro. This is attributed to a differential interaction of the SUMO C-terminal tail with the 

active site of SENPs, as seen by crystallography [138–143]. There is a lack of data about SENP3 

maturation preference, while data on SENP6 and SENP7 show that these enzymes have almost no 

maturation activity [139,144].  

More effort has been made to study the deconjugation activity of the different SENPs, most of 

them using in vitro models with SUMO-modified RanGAP1 as a substrate. Both SENP1 and 

SENP2 have no clear preference in deconjugating either SUMO form, while SENP3 and SENP5 

have a lower peptidase activity towards RanGAP1-SUMO1 [139,145]. SENP6 and SENP7 have 

preference for SUMO2 targets, with a higher activity towards SUMO2/3 chains. This is explained 

by the presence of four conserved loop insertions in SENP6 and SENP7, which are not present in 

the other SENP family members [139,144,146–148].  

An important characteristic of SUMO is their compartmentalization on subcellular domains seen 

by microscopy, such as the nuclear pore complex (NPC), promyelocytic leukaemia (PML) nuclear 

bodies, nucleolus and DNA repair foci [149]. There is also a differential distribution of the 

different SENP inside the cell, often associated with subcellular domains, implying a spatial 

determination of the SENPs’ activities. For example, SENP1 and SENP2 show a strong preference 

for NPCs and PML bodies in interphase cells, while in mitosis they are found at kinetochores after 
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envelope breakdown [150–154]. SENP3 and SENP5 are predominantly nucleolar, with a smaller 

fraction localized in the mitochondria and at chromatin regions related to the MLL1/2 complex 

(mixed lineage leukaemia) [155–161]. SENP6 and SENP7 are found in the nucleus, SENP6 are 

enriched at PML bodies, and SENP7 has DNA repair functions [146,162–164] 

 

1.3.2 SUMO as a transcription regulator 
As a general role, SUMOylation is a cause of gene repression. Studies that promote 

hyperSUMOylation by targeting SUMO and/or Ubc9 to gene promoters cause transcriptional 

repression [165,166]. Moreover, repressing SUMOylation by overexpression of different SUMO 

peptidases, depletion of Ubc9, or SUMO promotes gene expression [167–169]. These effects on 

transcription can be regulated at different levels, such as transcription factors, cofactor recruitment 

or protein localization. Nonetheless there are SUMO modifications of TFs that can promote 

transcription, which has been described for the TF Ikaros [170]. Moreover, a ChIP study in S. 

cerevisiae have shown the presence of SUMOylated proteins on gene promoters of constitutively 

active genes, as well as the recruitment of Ubc9 and SUMO to promoter regions upon activation 

of inducible genes [171]. This suggest that SUMO is involved in recruitment of Pol II on 

constitutively active genes. At inducible genes, however, SUMO acts after transcription initiation. 

The TF Gcn4 is SUMOylated after recruitment of Pol II to the promoter region, resulting in 

removal and degradation of Gcn4, thereby preventing transcriptional reinitiation [171,172].  

Other studies of SUMOylation on specific TFs have used mutants to impair the SUMO 

modification site [173,174]. A mutant version of the TF NR5A1 (SF-1) was knocked in mice, 

exhibiting changes in endocrine tissue development by regulating a different set of genes than the 

SUMOylated form [175]. The TF c-Myb, expressed in proliferating hematopoietic progenitors, is 

highly repressed by two SUMOylations, and regulates its interaction with PIAS1 and p300, both 
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positive coregulators of c-Myb [176]. These are just some of the regulatory role for SUMO in 

fine-tuning transcription events to regulate correct cell-type specific gene expression. 

The role of SUMO on transcription is also connected with chromatin regulation as commented in 

section 1.2.2.1. Studies with TF Sp3 mutants that cannot be SUMOylated show reduced levels of 

both DNA and histone methylation at promoters of Sp3 regulated genes, as well as reduced 

recruitment of histone methyltransferases, heterochromatin protein 1 (HP1), and two chromatin 

remodellers, CHD3 and CHD4 [173,177–179]. Sp3 could also be studied with a SUMOylation 

mimic mutant, by expression a fusion gene of SUMO1 with Sp3, having a lower transcriptional 

activity and a peripheral localization in the nucleus compared to the wild type version [177]. 

These data show that SUMOylation can affect transcription and transcriptional activity in a 

context-dependent manner. 

 

1.4 Pluripotency and reprogramming regulation by transcription factors 
TFs are selectively expressed according to cell-type and regulate gene transcription. There are 

some master regulators or master TFs that are the main drivers of the cell type and fate. 

Embryonic stem cells (ESCs) can differentiate into three primary germ layers, endoderm, 

mesoderm and ectoderm, developing into more than 200 cell types in an adult body [180,181]. 

Moreover, ESCs can remain in a pluripotency state by a process of self-renewal. This can be done 

by symmetric or asymmetric cell division, the first one being the predominant in vitro, while in 

vivo cells divide asymmetrically producing one identical stem cell, and another cell for 

differentiation. The first gene found to be a master regulator in ESCs of pluripotency was Pou5f1 

(Oct4). Nichols et al. showed that Oct4-deficient mouse embryos produced a blastocyst with 

impaired pluripotent inner cell mass [182]. Oct4 expression has to be precisely regulated, as it has 

been shown that an increase in expression can lead to a more primitive cell stage of endoderm or 

mesoderm, while a reduction leads to trophectoderm formation [183]. This led to the question of 
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how many TFs are needed for gene regulation in ESCs, and also how many of them being master 

regulating factors. The discovery of Nanog, a gene that could sustain cell-renewal in vitro 

suggested a repressive role on transcription of differentiation genes [184]. Further studies, 

however, showed that Nanog was a potent activator, itself regulating the expression of Oct4 

[183,185]. Other gene KO (knockout) studies identified more TFs involved in the regulation of 

pluripotency, such as Sox2 [186].  

In mammals the process of development of a cell from a fertilized egg to an adult was for long 

considered irreversible, but 2012 Nobel prize winners Sir John B. Gurdon and Shinya Yamanaka 

prove that wrong [187,188]. With more than 40 year apart, they both made discoveries showing 

that mature cells can, under certain circumstances be reconducted to a stem cell state. Gurdon, in 

1962, discovered reprogramming of specialized cells into immature pluripotent cells by nuclear 

transplant in frog egg cells [188]. In 2006 Yamanaka managed the reprogramming of a mature 

fibroblast cell into an stem-like cell by overexpression of four of the TFs present in ESCs [187]. 

These cells were called induced pluripotent stem cells (iPS cells)[187]. These four TF could be 

expressed from an exogenous source, activating transcriptional gene programmes resulting in 

induced pluripotent stem cells.  

 

1.5 Transcriptional regulation in cancer 
Cancer is a group of diseases that have as a common factor an abnormal cell growth with a 

potential to invade into other tissues. From a molecular point of view, cancer is an indication of 

abnormal gene regulation leading to different expression patterns. This involves TFs activity, 

either directly or indirectly. Similarly to the iPS cells, change in the expression patterns of the 

carcinogenic cells can lead to the rescue or death of the cancer.  

A commonly studied link to cancer is DNA mutation. There are many options for DNA variability, 

from single nucleotide polymorphisms (SNPs), short tandem repeats (STRs), and variable number 
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tandem repeats (VNTRs). These variations occur naturally in a population, giving differential 

adaptation or risk for some diseases. In an average tumour, as those from colon, breast, brain or 

pancreas, there are between 33 to 66 genes displaying a somatic mutation capable of altering the 

expressed protein. The most abundant mutation, which is present in more than 95% of the cases, is 

single base substitution or SNPs, while the remaining percent include deletions or insertions of 

several bases.  

Mutation rates, however, are not the same in all tumour types; benign melanomas and lung 

tumours are in the higher end of the spectrum with approximately 200 nonsynonymous mutations, 

suggesting the presence of a potent mutagen, such as UV light and cigarette smoke. Tumours with 

DNA repair defects, whichever origin they have, are outliers, carrying more mutations than those 

of melanoma and lung [189]. The same is seen for cancers with mutations on the proofreading 

domain of DNA polymerase POLE or POLD1 [190,191]. On the lower end of the spectrum we 

find leukaemias and paediatric tumours, with an average of 9.6 mutations [192].  

In order to develop a tumour a cell gains a first mutation, or “driver” mutation that gives a growth 

advantage compared with a normal cell, thereby being able to outgrow the surrounding cells. In 

the development of well-studied tumours, as in colorectal cancer, there is most often a mutation of 

a gatekeeping gene, with a following cascade of mutations that provides an advantage in the cell 

expansion [193,194]. Replication continues with further mutations, in genes such as SMAD4 or 

TP53, eventually producing a malignant tumour capable of invading and metastasising in lymph 

nodes and distal organs [195]. Despite the driver mutation conferring a cell with just a slight 

increase in growth, over a prolonged period of time this can result in billions of clonal cells with 

the same mutation. Therefore, it is not surprising to find, for example, twice as many mutations in 

a colorectal tumour from a 90-year-old patient compared to a morphologically identical tumour 

from a 45-year-old patient. This correlation of mutations with age is, however, only applicable to 
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self-renewing tissue [196]. In non-replicating cells, such as glial cells or pancreatic duct cells, 

their derived tumours have much fewer mutations [192]. 

Understanding the mutation rate of tumours is very important for patient treatment. They can 

distinguish between developing a primary tumour, which easier to remove surgically, and the 

stage of metastatic lesions, which is more difficult to detect and treat as they tend to be 

widespread. From the genetic point of view, there should be a mutation that drives the tumour 

cells to invade other tissues. To date no genetic trigger has been identified to separate cancers that 

have metastasized and those that have not. One possible explanation for this is the heterogeneous 

nature of metastatic tumours. On the other hand, as far as we know, it can take many years for a 

primary tumour to develop into metastasis, allowing a lot of time for the tumour to release cells 

into the circulation. Despite those cells having short half-lives, they may randomly access a 

capillarized region of an organ, this being a favourable microenvironment to establish a metastasis 

[197–199].  

Epigenetic misregulation can lead to abnormal gene expression. During cancer development the 

tumour genome goes through an overall DNA demethylation (except in CpG island promoter 

regions), changes in nucleosome positioning and histone modification status. An anomalous 

epigenetic regulation can lead to genetic mutations, and vice versa. For example, malfunction of 

polycomb-mediated H3K27 methylation can lead to the silencing of gene promoters. Upregulation 

of EZH2 (enhancer of zeste 2) of the polycomb complex is a common misregulation in prostate 

and breast cancer with poor prognosis [200,201]. EZH2 can place H3K27me3 on promoters of 

tumour-suppressing genes [202]. Promoter hypermethylation is also a predominant mechanism of 

gene silencing in cancer cells [203]. Moreover, cytosine methylation can lead to SNPs. 5 

methylcytosines (5mC) can suffer spontaneous deamination mutating to a thymine. The removal 

of a cytosine at CpG islands can as well prevent correct gene silencing via DNA methylation. 
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Whole genome sequencing studies of thousands of human cancers have revealed a high number of 

mutations in genes in control of the epigenome [204]. Whether the cancer tissue comes from a 

genetic alteration or it evolved from an epigenetic misregulation, both processes are 

interconnected and can cooperate for the progression of the tumour. In this thesis I focused more 

on the role of the transcription factor FOXA1 misregulation in the event of prostate cancer. 

 

1.5.1 Forkhead box protein A1 
Forkhead proteins belong a a transcription factor family involved in regulation of many important 

biological functions [205]. The name originates from a Drosophila mutant presenting a double 

spiked-head structure in embryos [206]. The Drosophila forkhead mutant also shows defective 

anterior and posterior gut [206]. Due to the high degree of homology of the 110 amino-acid DNA-

binding domain, the mammalian hepatocyte nuclear factor 3 (HNF-3) transcription factors were 

discovered, also known as Forkhead Box A (FOXA) [207]. Currently at least 43 factors have been 

identified in the Forkhead Box family, all with a conserved DNA binding region having two wing 

loops (W1 and W2), and three α-helices [208], named the winged helix domain. 

FOXA1-3 have a high degree of homology between amino acid 169 and 269 (Figure 6). Part of 

this region of FOXA3 has been co-crystallized with DNA, showing the helix-turn-helix (HTH) 

structure interacting with the DNA major groove, mediating base specific contacts for DNA-

recognition in a similar manner as linker histones do [209]. Along with the wing helix domain, 

FOXA1 has two trans-activation domains, located at the N- and C-terminus, also important for its 

transcriptional activity [210]. The C-terminal domain of FOXA1 can interact with histone proteins, 

while the N-terminal winged helix domain can displace the linker histone H1, allowing FOXA1 to 

open chromatin in a chromatin-remodeller independent manner being defined as having “pioneer” 

activity [210–212]. In studies using fluorescence recovery after photobleaching (FRAP) FOXA1 

has a slower mobility on chromatin compared to other transcription factors, such as c-Myc or 
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GATA4, suggesting a more stable binding to chromatin [213]. Moreover, FOXA1 is a master 

regulator of liver differentiation and presents a “bookmarking” property, being bound at target 

genes throughout the mitotic cycle [214].  

 

Figure 6 Structure of the FOXA family 

Schematic representation of the functional domains of FOXA family showing the transcriptional activation domains 
and the DNA binding domain. (Figure adapted from [207]) 

 

1.5.1.1 FOXA1: a developmental factor 
Early studies on the transcription factor FOXA1 focused on developmental functions, as it is 

expressed in tissue derived from endoderm, mesoderm and ectoderm [215–217]. Despite FOXA1 

KO mice showing an expected Mendelian offspring of normal weight, the pups could not make it 

past day 14 due to underdeveloped pancreas [218,219]. Further analysis show a 70% decrease in 

expression of the proglucagon gene (GCG), related to the regulation of FOXA1 binding to the 

promoter region [219]. The same effect is not seen if the FOXA1 ablation is in pancreatic B cells 

of the adult mouse, however, due to compensation of homology between FOXA1 and FOXA2, a 

triple mutant of FOXA1-3 is necessary to observe pancreatic defect [220]. A similar situation can 

be demonstrated in other tissues where a double mutant is required to alter the correct function. In 

lung cells, where FOXA1 prevents correct proliferation and differentiation [220,221], whereas in 

hepatocytes, FOXA1 promotes hyperplasia of bile duct related to enhanced IL-6 signalling [222]. 
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In dopaminergic neurons in the midbrain, FOXA1/2 are essential in promoting neuronal function 

and differentiation [223].  

There are some examples, nonetheless, where FOXA1 is the master regulator of the tissue 

function and development, independent of FOXA2. These are tissues associated with sex hormone 

signalling regulation, such as prostate and mammary gland [224,225]. At puberty, these glands 

become stimulated by different sexual hormones inducing transcriptional regulation programs that 

promote tissue proliferation. FOXA1 is co-expressed with ERα in the luminal epithelia, and a KO 

of the forkhead factor results in a deficient morphogenesis of the ductal tissue, correlating with the 

phenotype of ERα deletion [225]. The FOXA1 KO shows loss of ERα expression and is therefore 

required for the regulation of transcription of the hormone receptor [225]. Similar studies done 

with prostate tissue show differential expression of FOXA factors throughout development 

[207,226]. FOXA1 is expressed in epithelial compartments, while FOXA2 is present in the 

budding prostatic basal epithelia, and in contrast to FOXA1, FOXA2 expression is lost upon 

differentiation [224]. FOXA1 deletion shows a drastic phenotype, with defects in ductal 

development and immature luminal cells within an abnormal thick stromal tissue. There is, in this 

case, no effects on the expression or distribution of androgen receptor (AR), the sexual hormone 

receptor [224]. FOXA1 and AR expression, nonetheless, correlate in prostate epithelium, being 

required for correct prostate development, survival and function [226,227]. These findings show a 

clear relation between FOXA1 and sex steroid hormone nuclear receptors and the regulation of 

these tissues through development. FOXA1 is as a master TF of hepatic tissue development and is 

misregulated in hormone-dependent cancers. 

 

1.5.1.2 FOXA1 function in human cancer 
FOXA1 has an important role in several malignancies, both pro and anti-tumorigenic. In 

pancreatic cancer, FOXA1 expression, together with FOXA2, correlates inversely with the disease 
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stage, where FOXA1 is highly expressed in early epithelium and precancerous lesions but loses 

expression in late stages, related with epithelial to mesenchymal transition [228]. Contrary, in 

thyroid tumours FOXA1 is highly expressed in proliferative and poorly differentiated thyroid 

tumours [229]. 

Moreover, FOXA1 has an important functions in prostate and breast cancer. Prostate cancer 

tissues show positive staining in 89% of metastatic prostate cancers studied [230]. FOXA1 also 

colocalizes with AR, correlating the expression level with the tumour size, extension and 

metastasis in lymph nodes [230]. Other studies on prostate metastatic tissue display high FOXA1 

expression due to gene amplification [231]. In breast cancer, expression of FOXA1 is upregulated 

in ductal carcinomas; here, however, it is a marker of good prognosis [232].  

Genome-wide enrichment studies show occupancy of AR and ERα at enhancer and promoter 

regions, regulating gene expression [233–236]. ERα bound at enhancers were next to FOXA1 

binding motifs in 56% of the cases. Furthermore, ERα binding was lost at these enhancers upon 

FOXA1 knockdown, suggesting the need of FOXA1 pioneering activity to promote ERα 

recruitment [234]. Similar studies in prostate cancer cells identified the interactive role of FOXA1 

with AR near regulatory regions of androgen responsive genes [237]. Interestingly, loss of 

FOXA1 in prostate cancer results in novel AR binding events [238]. 

FOXA1, as a pioneer factor, can recognise forkhead binding motifs in condensed chromatin in 

vitro and is able to regulate AR and ERα cistrome [211,239]. Therefore, we would expect a 

similar gene regulation in both prostate and breast cancer cell lines. However, that is not the case, 

as a comparison of FOXA1 binding sites between breast cancer cell line MCF-7 and prostate 

cancer cell line LnCaP showed less than 50% overlap, suggesting a cell lineage specific binding 

[235]. This indicates that some other histone marks in the chromatin and other factors are 

influencing FOXA1 binding and that it’s not only based on DNA sequence recognition. 
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Chromatin landscape studies of FOXA1 binding sites in breast cancer cell lines (MCF-7 and 

MDA-MB-231) show co-occupancy of FOXA1 with H2A.Z when present in enhancer regions 

[240]. Moreover, a study in breast cancer cell line (MCF-7) and prostate cancer cell line (LnCaP) 

show a correlation of FOXA1 binding with H3K4me1 and H3K4me2, marks of active enhancers 

[241]. Removal of these methylation marks by overexpression of the demethylases KDM1/LSD1 

shows loss of FOXA1 at enhancer regions, as well as the presence of AR in LnCaP [235,237]. In 

addition to those histone marks and variants that are present at active FOXA1-binding enhancers, 

these regions show DNA hypomethylation [241]. Loss of DNA methylation during differentiation 

is, however, not essential for a correct FOXA1 binding [241]. 

 

1.5.1.3 FOXA1 and prostate cancer 
Prostate development, as well as prostate cancer, is related to AR regulation. AR localizes in the 

cytosol, and upon interaction with androgenic hormone, testosterone, AR translocate to the 

nucleus and exerts its function as a TF [242]. Prostate cancer development is dependent on AR 

signalling, and the progression can be modelled by the AR levels. AR is also highly expressed in 

late stages after hormonal therapy known as castration resistant prostate cancer (CRPC). Inhibition 

of testosterone production is a common prostate cancer treatment, and relapse of the cancer is a 

sign of AR transcriptional activity being testosterone independent, and a sign of poor prognosis 

[227,243]. FOXA1 is indispensable for AR function, and both are needed for expression of 

proliferative and pro-survival genes driving the CRPC growth [237].  

FOXA1 can interact both with AR and chromatin, and it functions as a pioneer factor to open 

chromatin and regulate AR transcriptional programs [244]. FOXA1, therefore, facilitates the 

activity of AR, driving the disease survival, development and progression. A study of the cistrome 

of FOXA1 and AR by Sahu et al. proposed a differential role for the two TFs [238]. ChIP-seq 

analysis in an AR-positive cell line (LnCaP), also expressing FOXA1, have reported more than 70% 
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co-occurrence of FOXA1 in AR binding sites [238]. Yet, only 25% of the FOXA1 cistrome is 

shared with AR, suggesting a bigger role of FOXA1 in transcriptional regulation. Interestingly, 

FOXA1 depletion resulted in the appearance of an increased number of AR binding sites [238]. 

AR showed approximately 13000 novel binding sites but remained present at 57% of the previous 

binding sites that coregulated with FOXA1. This study revealed a FOXA1-independent AR 

function, indicating that the presence of FOXA1 can recruit AR to regulate some FOXA1 target 

genes, but also prevents AR from controlling the expression of a new set of target genes [238]. 

Further examination of these new binding sites show enrichment for androgen response elements 

(AREs) together with a lack of FOXA1 consensus motifs. Moreover, regions co-occupied by AR 

and FOXA1, such as PSA and other well-established AR regulated genes, also present AREs and 

FOXA1 binding motifs, suggesting a possible recruitment competition between the two TFs [238].  

Understanding the recruitment mechanism of FOXA1 and AR becomes more important, as a 

study elucidates a possible double recruitment method for AR [238]. FOXA1 is bound to enhancer 

regions enriched for H3K4me1 and H3K4me2, and that is also the case for the shared binding 

sites with AR in prostate cancer [245]. Upon FOXA1 knockdown AR binds at novel sites which 

have a different profile, with lack of H3K4me2, implying a different recruitment method for the 

hormone receptor [245]. FOXA1 depletion also modified the DNAse hypersensitive site pattern, 

showing higher openness on 16% of the new AR recruitment areas in the genome. Other studies of 

the AR cistrome after FOXA1 knock-down have shown a change in the transcriptional programme 

by GRO-seq, a technique that can detect nascent RNA [246]. Upon FOXA1 depletion and 

induction by hormone stimulation, the new AR bound enhancers express eRNA as well as activate 

the enhancer target genes [246]. Moreover, a common feature of both the conserved AR binding 

regions and the novel ones is the presence of H2A.Z in a central nucleosome, suggesting the 

ability for AR to disrupt or open chromatin at these sites [246,247]. These data show how 
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chromatin remodelling happens at the new AR binding sites, suggesting an activation of 

transcription dependent on nucleosome positioning [246]. 

FOXA1 expression is measured in tumour samples by immunohistochemistry and high staining 

correlates with poor prognosis in prostate cancer according to Gleason scores [248]. This 

correlates with the importance of FOXA1 in cancer progression. 

 

1.6 Chromatin interaction methods 
In order to fully understand transcription, it is important to understand all the events that regulate 

chromatin. As I mentioned, transcription occurs in open chromatin and there are several 

mechanisms that regulate it. These are chromatin-interacting proteins, ATP-dependent chromatin 

remodellers, non-coding RNAs, DNA methylation, histone variant exchange and PTMs.  

Moreover, there are also several TFs that can recognize specific sequences and regulate the 

recruitment of a set of chromatin regulators and transcriptional machinery. 

Large consortia as the ENCODE [249] or the Roadmap Epigenomics Mapping Consortium [250] 

started to classify and identify the different functional elements along the genome. Their study of 

gene regulation involve the binding of TFs and other DNA binding elements, characterization of 

nucleosome positioning and PTMs of histones, and long-range chromatin interaction. These 

consortia expect to classify the different functional elements of the genome and to provide a 

framework or reference for the study of tissue and understanding of disease.  

Different techniques have helped in understanding the function and specificity of the different 

DNA-binding factors. ChIP studies have been a major source of information on the binding sites 

of TFs and other chromatin associated proteins [251,252]. Together with computational methods it 

is possible to predict TF binding sites by motif recognition analysis [253]. Other approaches have 
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used oligonucleotides as affinity probe followed by mass spectrometry (MS) to identify proteins 

binding to functional DNA elements [254,255]. ChIP has also been used to identify histone PTMs 

and histone variant enrichment through the genome, presenting a clear distribution of marks on 

functional elements, such as promoters, enhancers or heterochromatic regions [256].  

DNA accessibility within chromatin can be studied and characterized by MNase, identifying 

nucleosome positioning [257]. An more novel method for studying chromatin accessibility is 

ATAC-seq, which benefits of a mutated hyperactive transposase that can identify exposed DNA 

[258].  

The development of Hi-C, a technique that couples chromatin cross-linking with high-throughput 

sequencing have identify long range interactions in a genome-wide manner [259]. These studies 

have shown colocalization of actively transcribed regions connecting distal DNA regions such as 

promoter-enhancer interaction, giving information on gene regulation. 

So far, the most used method for studying the proteins that are interacting with chromatin involve 

ChIP methods. These techniques profit from the specificity in recognition of a protein by an 

antibody. This way, a TF, chromatin interacting protein or histone can be purified one at a time, 

bringing along the DNA fragments it was bound to. Further analysis of these fragments by 

sequencing (ChIP-seq) determines where the protein was bound in the genome. An advantage of 

these methods is that they can be performed with relatively small number of cells, as the DNA is 

amplified prior to readout. However, this method also present certain limitations such as the need 

for it to be a known protein, and the need for an available antibody against it. 

Further ChIP-based analyses are emerging for identification of bound proteins to a single locus or 

multiple loci. There have been two different main approaches for these developments. The first 

approach, more similar to previous ChIP methods, focuses on the binding of a TF, DNA-binding 

protein or histone to purify a chromatin section for further MS analysis. This method, depending 
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on the role of the protein purified, can enrich for several genomic regions, giving information of 

protein complexes. This has been used to purify proteins linked with histone marks such as 

enhancer or promoters, as well as proteins linked with chromosome X silencing [260–262]. The 

second approach focuses on the purification of a DNA fragment for analysis of the proteome 

associated with that region. There have been several ways to do so, including insertion of DNA 

tags that contain binding regions for proteins exogenous to the system analyzed [263,264]. Both 

approaches are more challenging that ChIP-Seq or ChIP-chip methods, as there is no possible 

amplification step for protein analysis. Nevertheless, and despite the need for improvement, these 

new techniques should give more information regarding DNA-protein interactions. 

All of these techniques represent an important progress towards the better understanding of the 

cell regulation and its epigenetics. Improvement in the technologies such as sequencing and MS 

have and will accelerate the investigations in several fields, including cancer biology and 

molecular genetics. 
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2 Aims of the study 

Transcription is a fine-tuned event regulated by different proteins, DNA and RNA interactions. 

The goal of this thesis was to better understand some of the processes underlying transcriptional 

events. 

The first process studied involves the transcriptional regulation of a promoter at a specific time. It 

has been known for many decades that chromatin associated proteins and different epigenetic 

factors are essential for coordinating gene expression and play important functions in maintaining 

the pluripotency of ESCs and somatic cell reprogramming. To better understand these 

mechanisms we studied the regulation of the pluripotency gene Nanog. 

The second investigation of this study involves the identification of FOXA1 as a SUMO target. 

SUMOylation regulates the activity of its substrate, having an effect on TFs stability, localization 

and activity, with the effects being substrate specific.  

The third focus links a chromatin remodeller with a SUMO protease. Preliminary work identified 

SENP1 as a putative interaction partner of CHD3. Based on our current understanding of the role 

of the chromatin remodeller CHD3 and SUMOylation on transcriptional repression we 

hypothesised a common mechanism of transcription regulation. 

The final objectives of the study were as follows: 

I. Establish a method for studying the regulation of transcription at a single gene locus  

II. Explain the role of the SUMO modification on the TF FOXA1 on transcription regulation 

III. Understand the interplay between the interaction of the chromatin remodeller CHD3 and 

the SUMO protease SENP1 with SUMO as a link 
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3 Summary of Papers I-III 

Paper I 

Locus-specific chromatin purification by targeted DNA tag insertion 

Cuervo, I.; Rogne, M.; Nadratowska-Wesołowska, B; Eskeland, R.  

Manuscript 

This work presents a method for the purification of a single gene locus from mouse ESCs. The 

gene Nanog is expressed in ESCs, where it is a master TF, involved in maintaining the 

pluripotency state. The regulation of Nanog has previously been studied in relation to pluripotency 

and differentiation and in association with its extended locus [265,266]. The Nanog promoter is 

part of a higher-order chromatin structure with interacting loops bringing together Apobec1/GDF3 

and Dppa3 genes in the locus, as well as a described super-enhancer located 45 kb upstream of 

Nanog [267]. Nanog expression is regulated by a network of pluripotency factors, including 

Nanog, Oct4, Klf4, Sox2, Esrrb and c-Myc, and these factors are able to recruit the mediator 

complex and cohesin to the promoter. Binding of Oct4 is essential for the maintenance of the 

interaction loop in the locus, and for transcription of the genes involved [265]. Studying the 

complex interplay of factors binding to the Nanog promoter will advance our understanding of 

pluripotency regulation. 

We inserted a sequence for the binding of the bacterial repressor LexA by CRISPR technology 

into the Nanog promoter in mouse ESCs. The integrated sequence is only 272 bp long, and 

contains 16 binding sites for LexA. qRT-PCR experiments showed that the cell clone with 

homologous insertion of LexA binding sequence at the promoter had normal expression of Nanog 

and neighbouring genes. Furthermore, we generated a LexA fusion protein, having a Strep-II tag, 

a Flag tag and a nuclear translocation sequence from the glucocorticoid receptor protein that was 
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stably transfected into the cell clone with homologous LexA DNA binding sequence integration. 

This system allow for a transient translocation of LexA from the cytoplasm into the nucleus in the 

presence of the synthetic ligand triamcinolone acetonide for specific interaction with the inserted 

sequence at the Nanog promoter. Using immunohistochemistry we show that LexA is bound at the 

Nanog locus after addition of the ligand. A Strep-II tag purification shows that we can get a good 

retention of the chromatinized LexA sequence only when LexA is translocated into the nucleus. 

The presence of both Flag and Strep-II tag allows for a cleaner purification in a proteomics 

approach. 
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Paper II 

Sumoylation modulates FOXA1 interaction with the oncogene STAT3 

Cuervo, I.; Sharma, A.; Rogne, M.; Gabrielsen, O.S.; Eskeland, R.  

Manuscript 

Previous studies done by us and others showed the presence of a SUMO modification on the 

transcription factor FOXA1 [268]. FOXA1 is an important transcription factor in the prostate 

development that functions as a pioneer regulator of AR activity. Notably, FOXA1 is essential for 

the transcriptional activity of AR and ER  in prostate and breast cancers respectively. The SUMO 

modification of FOXA1 remains yet to be fully understood. In this study we have used FOXA1 

lysine to arginine mutants co-expressed with SUMO1 and 2 proteins and identified a single 

SUMO modification on lysine 6 of FOXA1. We show by luciferase reporter assay that the 

transcriptional activity of FOXA1 decreases when it is SUMOylated, while FOXA1 lysine 6 

mutant, conversely, has a higher activity. As FOXA1 is a prognostic marker of prostate cancer we 

chose a prostate cancer cell line with low FOXA1 expression (DU145) and rescued with different 

FOXA1 proteins. We expressed C-terminally TY1 tagged versions of FOXA1 as wild type, K6R 

and the N-terminal K6R SUMO-mimic to study the differential transcriptional regulation. 

Immunoprecipitation of the TY-tagged FOXA1 from the clonal cells coupled to mass 

spectrometry analysis identified the interactome of FOXA1 in its different SUMO state. FOXA1 

wt and FOXA1 SUMOylation deficient have a higher interaction with SUMO2 interacting 

proteins including three members from the STAT family. In this study we suggest an interaction 

between FOXA1 and phosphorylated STAT3, which is reduced by SUMOylation of the forkhead 

TF. 
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Paper III 

Rodriguez-Castañeda, F. ; Berhanu Lemma, R. ; Cuervo, I.; Begtsen, M.; Moen, L.M.; 

Ledsaak, M.; Eskeland, R.; Gabrielsen, O.S. 

The SUMO protease SENP1 and the chromatin remodeller CHD3 interact and jointly affect 

chromatin accessibility and gene expression 

J. Biol. Chem. 2018 293: 15439-. doi:10.1074/jbc.RA118.002844 

These authors contributed equally to this work 

In this study we introduce a novel role for the chromatin remodeller CHD3 in the regulation of 

transcription via the interaction with the SUMO protease SENP1. Using a two-hybrid screen we 

identified CHD3 as a putative interaction partner of SENP1. This was further confirmed and 

mapped using GST pulldown and co-immunoprecipitation assays. CRISPR Cas9 generated KO 

cell lines for the factor CHD3 or SENP1 in Chronic Myelogenous Leukaemia (CML) derived 

haploid cell line HAP1 were analysed for openness by genome-wide ATAC-Seq. These cell lines 

revealed a high degree of overlap in differential chromatin accessibility. Comparison with ChIP-

Seq available datasets for SUMO1 (substrate of SENP1) in CML derived K562 cells revealed an 

enrichment of the motif for CCCTC-binding factor (CTCF) and SUMOylated chromatin-

associated factors. Finally, genome-wide RNA-Seq analysis of the HAP1 KO cell lines indicated a 

co-regulatory expression pattern of several genes, in concordance with the ATAC-Seq openness 

data. However, the number of genes with change in expression for SENP1-KO was much higher 

than those of CHD3-KO cell line, suggesting that this co-regulation is only a part of the 

mechanisms of action of SENP1. Ontology analysis of the shared downregulated genes showed an 

enrichment for functions linked to growth and signalling. 
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4 Discussion and future perspectives 
PAPER I 

Despite transcriptional control being known for more than half a century, the precise regulation of 

the events that are involved in this process are far from being fully understood. Many studies have 

focused on the different processes that regulate gene expression such as TF regulation, chromatin 

remodelling or histone modification. However, a complete overview of the transcription 

regulation is needed to understand the interplay of these different processes. So far, we have been 

limited by the technology and the methods to fully study transcriptional functions. Nevertheless, 

improvements in the sensitivity of techniques such as sequencing or mass spectrometry have 

allowed for the field to venture into more challenging studies. However, with single locus 

purification for proteomic analysis there is room for optimization. In this section I will discuss 

some of the previous strategies, explain our approach, and discuss the limitations. 

 

4.1 Studies on chromatin locus interaction 
The early knowledge of the transcriptional regulation on specific DNA regions is based on 

experiments with episomal DNA elements [269]. However, these studies focus on an exogenous 

DNA sequence not being part of a chromosome nor being chromatinized. A study, however, 

presents a clever approach to isolate chromatinized DNA. Griesenbeck and collaborators benefit 

from a previously described technique using a recombinase to generate an excision of chromatin, 

converting a chromatin fragment into a circular form and successfully purifying a chromosomal 

region in yeast [270,271]. The authors characterized the specific nucleosome positioning in vivo 

in the vicinity of a promoter region in an active and inactive state [271]. They isolated the 

circularized chromatin fragment by affinity purification of a LexA binding protein bound to LexA 

operator present upstream of the gene promoter [271]. After a purification of 13 litres of media, 

and a total of 1012 cells, they managed to enrich for the circularized chromatin fragment 
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containing the LexA operator to study the nucleosome position. However, the amount of 

contaminant proteins was up to 20 fold higher than the amount of histones associated to the DNA 

region, making this method unfeasible for MS analysis of histone modifications [271]. 

Further improvements to this method include the generation of a synthetic chromosomes. Small 

DNA structures that could behave like chromosomes and segregate during meiosis and mitosis 

were identified in plants [272]. This allowed for the generation of synthetic minichromosomes 

which have been used to study locus factor binding in yeast [272]. Unnikrishnan et al. studied the 

nucleosome position in active replication of minichromosomes, as well as the presence and 

combination of histone modifications [273]. Another study used the same minichromosome took 

advantage of the presence of kinetochore sequences to develop a method to purify centromere-

bound proteins [274]. The authors identified 44 proteins and described a novel kinetochore 

associated protein [274]. These approaches use a minichromosome containing 8 repeats of LacO, 

which can be purified by a LacI fusion protein. The main advantages of minichromosomes is the 

small size, that are chromatinized with the presence of a centromere. Minichromosomes can be 

used to give a wide range of answers on what proteins are associated to the kinetochore, or to 

identify histone modifications at different cellular states, as well as to identify other DNA 

interacting protein complexes. However, the purity and the yield of the purified minichromosomes 

is crucial for that analysis, requiring large cell numbers and improvements in the purification 

protocol. 

Two recent studies benefited from the high specificity for particular histone marks present on 

promoter, enhancer and heterochromatic regions to identify regulatory proteins interacting with 

those regions [260,261]. In a similar way, a study on the dosage compensation of the X 

chromosome of Drosophila took advantage on the specificity of the MLS (male-specific lethal) 

protein complex for the X chromosome [262]. These proteins localize specifically to active genes 

on the male X chromosome, and are therefore a good target for ChIP-MS to identify other 
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interacting proteins on this chromosome [262]. Both the histone mark and the MLS studies present 

an advantage which is the specificity for their protein of interest to bind to a more or less reduced 

number of sites, but all of them with similar function, allowing for the identification of protein 

complexes that regulate related processes.  

An alternative approach is to purify regions with a common function and has been achieved for 

region where the similarity relies on the DNA sequence and not on the proteins that bind to them. 

In a seminal work, Déjardin and Kingston purified human telomeric chromatin exploiting the 

sequence repetition of those regions [275]. The authors used biotinylated DNA probes towards 

telomeric repeats which hybridized for isolation of the loci.  

The studies described above present alternative approaches for purification of specific DNA 

regions rather than a single genomic locus. Moreover, these methods don’t rely on genome editing 

of a cell line of interest, which is time consuming. However, purification of multiple genomic 

regions results in heterogeneous protein complexes and, therefore, cannot discriminate which 

group of proteins are bound at specific locations. Worth to mention in this category the ChroP 

method, that can purify proteins associated with a specific histone PTM, histone variant or 

interacting with a non-histone protein [276]. This method uses both native and crosslinked 

chromatin for purification, together with either MNase fragmentation or sonication, respectively, 

and is a thorough step-by-step strategy. 

In 2009 Hodaka Fujii’s lab published a technique called iChIP for purification of specific genomic 

regions. iChIP relies on a stable insertion of a DNA sequence containing LexA binding sites 

upstream of a region of interest and the expression of a FLAG tagged LexA recombinant protein 

[277]. In this study they inserted eight LexA binding sites together with the reporter gene GFP in 

a mouse lymphocytic cell line together with the human IRF-1 promoter region [277]. Not only 

could they purify the inserted region by ChIP, but they also could purify Stat1 protein in a 
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sequential ChIP analysis. Stat1 had been described to bind to IRF-1 promoter, confirming the 

correct locus purification [277–279] The iChIP technique has been used in other studies, as for 

example to purify chicken β-globin HS4 (cHS4) binding factors [280]. cHS4 is a chromatin 

insulator that regulates the expression of β-globin genes [281]. In this work they inserted of a 

construct with two repetitions of the HS4 core insulator sequence flanked each on each side by six 

LexA sequence to a total of 24 LexA binding sites. Using iChIP followed by MS they managed to 

purify parts of the insulator complex, such as Matrin-3 and p68/DDX5 [280]. These proteins were 

confirmed to bind the region, mediated by CTCF [280]. However, the MS analysis failed to 

identify CTCF from in-gel purification, as the size of the protein was hindered by non-specific 

purified proteins in the same size range [280]. Using repetitive binding sequences of a region of 

interest the authors managed to affinity purify it and detect interacting proteins from a low cell 

number of 4x107 cells relative to previous approaches. 

The iChIP technique was subjected to improvements by removing the overexpression of the DNA-

binding protein to be analysed in the cell line of interest. In the study from Fujita and Fujii in 2014 

they managed to isolate a promoter region of chicken Pax5 gene that presented eight LexA 

binding sites inserted 300 bp upstream of the gene promoter [282]. The purification was achieved 

by incubating the chromatin (after crosslinking and sonication) with an exogenous expressed 

recombinant FLAG-LexA fusion protein [282]. The expression of the LexA DNA-binding protein 

outside the cells studied makes it more straightforward than the previous iChIP, and avoids 

possible LexA protein degradation during the sonication process or incorrect subcellular 

localization [282]. Another iChIP study used the same LexA integration in front of the Pax5 

promoter, but this time with overexpressed 3xFLAG-LexA protein with a nuclear localisation 

sequence (NLS). This method applied SILAC Heavy/Light labelling and trans-differentiation to 

pull down Pax5 in a transcriptional active versus repressed state and identified Thy28 and MYH 

proteins as a novel complex regulating Pax5 gene expression [283] 



 

53 
 

Development of genome engineering methods made it possible to target a specific genomic locus 

without insertion of exogenous DNA sequences. The CRISPR/Cas9 system provides a flexible 

and inexpensive mean to target a precise genomic region, and thanks to its endonuclease activity it 

has been broadly used since its discovery for genome editing [284]. A method again coming from 

Fujii’s lab takes profit of dCas9, a version of Cas9 without endonuclease activity, fused to a 

3xFLAG tag [285]. This method called enChIP targets the 3xFLAG-dCas9 to the IRF-1 genomic 

locus, and purifies several proteins specific to that locus by MS [285]. By using a different set of 

guide RNAs it is easy to target 3xFLAG-dCas9 to another locus, increasing the versatility of the 

tool [285]. However, the efficiency of purification of enChIP is 50% of the yield of iChIP, making 

the identification of proteins associated with a locus more difficult to achieve [285]. 

A very relevant article studied the regulation of the GAL1 gene in a S. cerevisiae strain with a 

technique called ChAP-MS [264]. Byrum and collaborators inserted a LexA binding sequence 

upstream of the first codon of GAL1 in a strain constitutively expressing LexA-PrA. The PrA 

moiety was used to purify 1000 bp section of chromatin for high resolution MS analysis. An 

advantage of this method is the selection of the GAL1 gene, which presents a regulation of 

expression dependent on the presence of glucose in the growth media, meaning that the locus 

study can be performed both when the gene is active and when it is inactive. This study also 

benefits from their previous work on isotopic labelling technique (iDIRT) that can determine co-

enriched proteins that are specific or non-specific to a complex [286]. ChAP-MS managed to 

purify enriched proteins and histone PTMs both in active transcription and inactive transcription 

of the GAL1 gene [264]. There is, however, some need for improvements, as a total of 2x1011 

yeast cells were used for the purification, which is a large number of cells if this method should be 

used for mammalian cell culture. 

Recently a new innovative method for analysing the proteins bound to a region has been 

published. The method called Epi-Decoder has been developed in yeast and it benefits from two 
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previously published strain libraries, one strain library having TAP tagged 4,000 of the 5,600 open 

reading frames (ORFs) in S. cerevisiae, and the other having a barcoding cassette on genes of 

interest, both at the start and at the end of the gene [287–289]. These yeast strains, plus the mating 

and crossing properties of yeast, allowed for the identification of protein binding to a gene 

avoiding using MS, and relying on DNAsequencing as specific DNA regions can be amplified 

prior to counting, allowing for a more sensitive detection method [289]. This method allows for 

the identification of protein interaction to more than one locus at a time in a systematic and 

quantitative manner. All proteins analysed are purified using the same affinity tag, making the 

retention directly comparable. Despite tagged protein libraries becoming more common for other 

organisms, the crossing properties of yeast make this system such a powerful tool, making it easier 

to barcode genes in the tagged protein libraries at once.  

Table 1 shows an overview of the different methods described in this section reflecting some of 

the important aspects. In our approach, we chose a mouse ESC cell that would allow for the 

identification of proteins regulating active and inactive transcription of our gene locus, being a 

good model to study transcription. However, ESCs are adhesive cells which is a disadvantage 

respect to yeast or other suspension cells and requires more resources to achieve comparable cell 

numbers. With this starting point we decided to design a method with novelty and improvement 

compared to previously described LexA-pulldown methods, especially in terms of yield and purity 

of the sample. In order to increase the yield retained after the locus isolation we focused on 

optimizing a DNA binding region that would have high affinity. We selected an improved LexA 

binding region which includes more binding sites in a shorter sequence and more stable bindings 

based on structural studies of the linker region of LexA binding sites [290]. To improve the purity 

of the sample we focused on the design of the LexA binding fusion protein. The fusion protein 

contains two affinity tags, Strep II, a biotin mimic, and a 3xFLAG, which can be used for tandem 
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purification, and therefore, decrease the possible contaminants in the sample [291]. Moreover, 

instead of a NLS we added a glucocorticoid-receptor chimera 

that can rapidly translocate the LexA protein to the nucleus from the cytoplasm by addition of the 

steroid triamcinolone acetonide [292,293].  

In Paper I we propose an improved method for a chromatin locus purification, confirming the 

sensitivity of the pulldown by RT-qPCR. For future perspectives this method needs to be tested 

for protein purification of factors associated to the region by mass spectrometry for protein 

discovery. This should be combined with immunoblot to show known interactants at the Nanog 

promoter, such as promoter histone modification marks, the pluripotency factors Sox2 or Oct4, as 

well as Pol II as examples. Interestingly our method suggested a new possible use for this tool in 

combination with imaging. The LexA fusion protein can be visualised bound to the 16 LexA 

binding repeats by immunocytochemistry of fixed cells, being of interest due to the small size of 

the DNA insertion. 
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PAPER II 

The first description of SUMO as a post translational modification was published in 1996, and 

since then there has been much effort in the identification for new substrates for SUMOylation 

and their functional consequences [112]. Many studies have focused on identification of SUMO 

targets by MS [115,118,296]. However, the cell specificity for SUMOylation makes it more 

laborious to identify all possible SUMO targets [297]. Here we focus on understanding the role of 

SUMOylation of the pioneer transcription factor FOXA1.  

 

4.2 Confirmation of FOXA1 SUMOylation 
FOXA1 appeared as a putative SUMO2 target in HeLa cells on a MS screen [118]. FOXA1, when 

we coexpressed it with SUMO1 or SUMO2, we observed SUMOylation (Figure 2 in Paper II) 

[268]. Mutation of the putative consensus lysines indicated that lysine 6 was the preferred 

modified amino acid, and this correlates with a report that showed that FOXA2 is also 

SUMOylated at lysine 6 [298]. We discovered that the position of and epitope tag at the N- or C- 

terminal region of FOXA1 influenced the SUMOylation status when K6 was mutated into an 

arginine. If the epitope tag was placed on the N-terminal region of the protein, FOXA1 K6R 

would be SUMOylated in a non-consensus lysine, while the C-terminal tagged K6R mutant had 

no SUMO attached to it (Figure 2B and 5B in Paper II). Accordingly, the previous report on 

FOXA1 SUMOylation using an N-terminal FLAG tag did not manage to rule out a single 

modified lysine and opted for a triple lysine mutant for their study [268]. One reason for this could 

be related to the interaction with a E3 SUMO ligase, PIAS1. PIAS1 promotes the SUMOylation of 

FOXA1, and its interaction with an N-terminally tagged FOXA1 may lead to a more promiscuous 

selection of the target lysine [268]. Supporting this hypothesis, PIAS1 has previously been 

reported as a promiscuous SUMO ligase for the transcription factor c-Myc [299].  
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FOXA1 can be SUMOylated by SUMO1 and SUMO2, showing a preference for SUMO1 when 

co-expressed with the wild type FLAG-SUMO versions (Figure 1B in Paper II). However, co-

transfection of FOXA1 with SUMO1-Q94P and SUMO2-Q90P mutants that are resistant to 

deconjugation shows higher levels of SUMO2 modification (Figure 2B in Paper II). This 

difference in paralogue preference observed for the SUMO modification may therefore be related 

to a more rapid de-conjugation of SUMO2 by a SENP protein, as SUMOylation is a highly 

dynamic process. Moreover, a study with endogenously expressed SUMO and FOXA1 may give a 

different preference, as this study was performed in overexpression conditions for only those two 

proteins. As a note, in the MS screen that identified FOXA1 as a putative SUMO2 target, FOXA1 

SUMOylation was not increased by heat shock treatment [118].  

 

4.3 SUMO as a transcription repressor 
The molecular consequences of SUMOylation are diverse and dependent on the protein it targets, 

such as regulating protein stability, subcellular localization or their activity. However, the role of 

SUMO modification over transcription are generally associated with transcriptional repression 

[300,301]. As shown in Paper II in a transient luciferase reporter assay, SUMOylated FOXA1 

have a lower transcriptional activity, which is increased when the acceptor lysine 6 is mutated 

(Figure 4, Paper II). The result is in concordance with a previous study that showed decrease in 

activity of FOXA1 after mutation of three lysines, including lysine 6 (K6R, K267R and K389R) 

[268]. SUMOylation can regulate transcription by preventing another PTM to take place in the 

target lysine. For example, the tumour suppressor protein HIC1 has a repressive role on 

transcription when SUMOylated, while when the same lysine is acetylated this reduces the 

interaction with MTA1, a subunit of the repressive NuRD complex [302]. Nonetheless, the most 

described effect for transcriptional repression mediated by SUMO is linked to HDAC recruitment 

[303]. Recruitment of HDAC proteins mediated by SUMO represses transcription by removing 
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acetyl groups on histones. Moreover, other corepressor complexes, such as CoREST, NCoR1, and 

SMRT also interact with SUMOylated proteins [167,303,304]. Given the importance of protein 

interaction on SUMOylation mediated repression, we hypothesised a differential binding for 

SUMOylated and unSUMOylated FOXA1. 

 

4.4 How does SUMO1 affect FOXA1 interaction? 
To better understand the role of FOXA1 SUMOylation we decided to study the interaction 

partners of FOXA1 in prostate cancer. We took advantage of the cell line DU145 which has a low 

expression of FOXA1 to stably overexpress a wild type FOXA1 and two mutant versions, one 

with a lysine to arginine mutation on the SUMO acceptor lysine (K6R), and the other being a 

SUMO1 SUMOylated mimic version of FOXA1-K6R. All the three expressed proteins had a C-

terminal 3xTY1 tag for purification purposes. The MS analysis showed an enrichment for already 

described FOXA1 binding targets, as well as some novel ones (Figure 6, Paper II). Interestingly, 

we found a group of proteins that had a higher enrichment on the FOXA1 wild type and K6R 

mutant samples compared to the FOXA1 SUMOylation mimic (S Figure 1, Paper II). Here we 

identified a group of proteins that had SUMO2 as an interaction partner, such as TEX10 and 

LAS1L, which are known interactants of PELP1, WDR18 and NOL9. This protein complex 

regulates pre-rRNA processing in a process colocalizing with SENP3, being all of those proteins 

enriched by FOXA1 purification [167,305,306]. Despite not following up this result, it would be 

interesting to further study the role of FOXA1 in this context. 

FOXA1 also show enrichment for some STAT family of proteins compared (Figure 7, Paper II). 

STAT1, STAT3 and STAT5B, enriched in our analysis, are activated by cytokines, growth factors 

and hormones and become phosphorylated, form dimers and translocate to the nucleus [307]. 

Moreover, an overexpression study done with STAT3 in DU145 suggests a role for the TF in 

metastasis development [308]. STAT1, STAT3 and STAT5B are enriched in FOXA1 wt and 
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FOXA1 K6R, and detected in lower abundance in the FOXA1 SUMOylated mimic sample. To 

validate this interaction, we performed immunohistochemistry and showed a colocalization of the 

phosphorylated version STAT3 with wt FOXA1-TY1. STAT3 promotes metastatic progression of 

prostate cancer, and its phosphorylated form is associated with cell survival [308–310]. More 

studies are needed to reveal the role of FOXA1 interaction with pSTAT3 and the relevance of 

FOXA1 SUMOylation in this interaction. 

 

4.5 Is SUMO involved in FOXA1 protein interaction? 
Altogether our study shows that FOXA1 have an enrichment for SUMOylated or SUMO 

interacting proteins (Figure 6, Paper II). This interaction is observed also for FOXA1 K6R, which 

is not SUMOylated. A SIM motif analysis on FOXA1 finds a putative sequence for interaction 

with SUMO, however, with a low predictive score. This sequence is a hydrophobic region found 

between the amino acids 176 and 180 (Figure 7). However, the flanking region lacks acidic 

residues, which are important for the binding to SUMO1, but less essential for SUMO2 binding 

[123]. If FOXA1 interacts with SUMOylated proteins through its SIM it would be more likely a 

preferred interaction with SUMO2. These observations suggesting that FOXA1 interact with 

proteins conjugated with SUMO2 is an interesting finding to investigate further in the future.  

 

Figure 7. Representation of FOXA1 showing the described SUMOylation site, together with the putative SIM 
motif. SIM motif analysis done according to [307]. 
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PAPER III 

In Paper III we described a novel link between the chromatin remodeller CHD3 and the protease 

SENP1, suggesting a connection for the SUMO system with chromatin dynamics. CHD3 was 

identified in a yeast two-hybrid screen with a mutant version of SENP1. Their physical association 

were further validated by several interaction studies. Their role in chromatin regulation was 

analysed by ATAC-Seq of KO cell lines for SENP1 and CHD3, where a large part of the sites 

where CHD3 regulates chromatin opening overlapped with those regulated by SENP1. Moreover, 

the common regulated sites for chromatin opening share an effect on gene expression, reassuring 

the link of SUMO in chromatin regulation. The precise mechanism of action for CHD3 and 

SENP1 to regulate these processes is, however, yet to be elucidated.  

4.6 How are CHD3 and SENP1 targeted together to chromatin? 

CHD3 and SENP1 can interact with chromatin at specific places despite lacking DNA binding 

domains. Motif enrichment analysis of the jointly affected regions from the CHD3 and SENP1 

KO cell lines showed enriched motifs for pluripotency factors, CTCF, CTCFL and NRF2. 

Moreover, ChIP-Seq correlation analysis using publicly available data for K562, also a CML 

derived cell line highlighted overlap with CTCF and SUMO2/3. CTCF is a TF involved in 

activation and repression, although it is better known for its insulator activity [312–315]. 

Furthermore, CTCF is subjected to SUMOylation on its transactivation domain, down regulating 

transcription and reducing chromatin opening [316,317]. Further experiments are however 

required to elucidate the recruitment mechanism for CHD3 and SENP1. 

4.7 Is the interaction between CHD3 and SENP1 related to SUMOylation? 

Even though the interaction observed between CHD3 and SENP1 being strong and involving 

several domains in CHD3, we cannot rule out that the interaction is coupled to a deSUMOylation 

event. There is yet no extensive studies of CHD3 SUMOylation. Nonetheless, there have been 
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described three putative SUMO modification sites on lysines 627, 1238 and 1308 in CHD3 from a 

global SUMOylation study under SUMO protease inhibition [296]. Moreover, a SUMO 

modification on CHD3 on lysine 1971 enhanced by PIAS1 has been described in unpublished data 

[318]. Further analysis by arginine to lysine mutations of those sites could be used to study the 

interaction with SENP1 in relation to deSUMOylation, as well as to explore the effect on CHD3 

interaction with chromatin.  

4.8 Is CHD3 the only chromatin remodeller to interact with SENP1? 

As already described before, CHD3 is part of the chromatin remodeller family CHD, having 

significant protein similarity with CHD4, both being part of the NuRD complex [73]. Recent 

studies have described distinct NuRD complexes, containing either CHD3 or CHD4 [319]. 

Despite exerting similar function across the genome, there have been revealed a subset of specific 

genes for each remodeller [319]. CHD4 can also interact with SENP1 in a GST-pulldown study 

(Figure 8). It would be interesting to study the functional role of this interaction, together with 

CHD3.  
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Figure 8 Interaction study of full length CHD4 and SENP1 versions using GST pulldown. COS-1 cells lysate 
transfected with 3xFLAG-CHD4 shows interaction with bacterial expressed catalytic domains of SENP, GST-SENP1 
and GST-SENP1 C603S. The samples were analysed by immunoblot using anti-FLAG antibody. (Figure obtained 
from [320]) 
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6 Conclusion 

This thesis has used three different transcriptional events to explore gene regulation through the 

interplay of SUMOylation, chromatin remodelling and TF interaction. A new method was 

designed for the study of transcription of the pluripotency gene Nanog in ESCs. The design opens 

up for identifying known and unknown proteins associated with the promoter region of Nanog in 

an on-and-off state by mass spectrometry 

We explored the role of FOXA1 SUMOylation, which regulates its transcriptional activity as well 

as its interactome. We identified several factors that have a decreased interaction when FOXA1 is 

SUMOylated. Moreover, we validated by colocalization the interaction between FOXA1 and 

phosphorylated STAT3, a transcription factor regulating metastasis progression and cell survival 

in cancer. This novel link with FOXA1 and the differential interaction depending on FOXA1 

SUMOylation could open for new inhibitor studies in the regulation of cancer metastasis.  

Furthermore, we identified a novel function of SENP1 affecting chromatin accessibility through a 

novel interaction partner CHD3. Our study revealed an unexplored links with deSUMOylation, 

chromatin remodelling, CTCF and SUMO, which would be interesting to explore in order to 

understand the molecular details of the cooperation between these systems. 
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The small ubiquitin-like modifier (SUMO) post-translation-

ally modifies lysine residues of transcription factors and co-reg-

ulators and thereby contributes to an important layer of control

of the activities of these transcriptional regulators. Likewise,

deSUMOylation of these factors by the sentrin-specific pro-

teases (SENPs) also plays a role in gene regulation, but whether

SENPs functionally interact with other regulatory factors that

control gene expression is unclear. In the present work, we

focused on SENP1, specifically, on its role in activation of gene

expression investigated through analysis of the SENP1 interac-

tome, which revealed that SENP1 physically interacts with the

chromatin remodeler chromodomain helicase DNA-binding

protein 3 (CHD3). Using several additional methods, including

GST pulldown and co-immunoprecipitation assays, we vali-

dated and mapped this interaction, and using CRISPR-Cas9–

generated CHD3- and SENP1-KO cells (in the haploid HAP1

cell line), we investigated whether these two proteins are func-

tionally linked in regulating chromatin remodeling and gene

expression. Genome-wide ATAC-Seq analysis of the CHD3-

and SENP1-KO cells revealed a large degree of overlap in differ-

ential chromatin openness between these two mutant cell lines.

Moreover, motif analysis and comparison with ChIP-Seq

profiles in K562 cells pointed to an association of CHD3 and

SENP1 with CCCTC-binding factor (CTCF) and SUMOylated

chromatin–associated factors. Lastly, genome-wide RNA-Seq

also indicated that these twoproteins co-regulate the expression

of several genes. We propose that the functional link between

chromatin remodeling byCHD3anddeSUMOylation by SENP1

uncovered here provides another level of control of gene

expression.

SUMOylation is a fundamental post-translational modifica-

tion (PTM)3 involved in a broad range of cellular processes such

as transcription, nuclear transport, signal transduction, and

maintenance of genome integrity (1–4). A large fraction of

nuclear proteins has been found to be SUMO-conjugated, in

particular transcription factors and chromatin modifiers. In

fact, 60–80% of all proteins involved in key nuclear functions

(transcription factors, chromatin regulators, DNA damage-re-

sponse factors, the spliceosome, or cell cycle regulators) were

recently identified as SUMO target proteins (5). In themajority

of studies of transcription, SUMOylation has been linked to

repression (1, 6–8), although exceptions exist (9). Therefore,

removal of SUMO conjugation is expected largely to be associ-

ated with transcriptional activation, implicating SUMO-pro-

teases as putative players in gene activation. Our knowledge is

limited of how they exert this role and within which interaction

networks they operate.

The SUMO family (SUMO1–4) consists of small 10-kDa

proteins that are conjugated to lysine residues in their target

proteins using an enzymatic pathway consisting of E1, E2, and

E3 enzymes, which resembles that of ubiquitinylation. SUMO1

is only 45% identical to SUMO2and SUMO3,whereas the latter

two are almost identical and are functionally undistinguishable.

The vast majority of SUMO1 exists in conjugated species,

whereas a free pool of SUMO2/3 species is usually found in

cells. SUMO2/3 conjugation is strongly induced in response to

in vivo heat shock and oxidative stress (1–4).

SUMOylated proteins may be part of dynamic and complex

interaction networks. SUMO modifications are recognized, or

“read,” by proteins harboring one or several SUMO interaction

motifs (SIM). This noncovalent interaction depends on a short

hydrophobic core flanked by acidic amino acids ((V/I)X(V/

I)(V/I)aaa) (10).

In the SUMO system, SUMOylation is finely balanced by

deSUMOylation (11–13). Proteolytic enzymes are responsible

for the maturation of the SUMO precursor, for substrate
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deconjugation, and for depolymerizing SUMO2/3 chains (12).

Six mammalian SUMO proteases have been described,

SENP1–3 and SENP5–7 (12, 13). The C-terminal regions of

SENP proteins encode a highly conserved catalytic domain,

whereas their N-terminal domains are variable and appear to

direct subcellular localization and substrate specificity (11–13).

The SUMO system is essential. Deletion of either SUMO-

conjugating or -deconjugating genes resulted in embryonal

lethality (14–16). Dysregulation of the SUMO system has been

increasingly implicated in cancer and other diseases (17–19).

SENP1 is an essential gene; its knockout inmice is embryonic

lethal, causing anemia between embryonic day 13.5 and post-

natal day 1 (20). This fetal anemia probably stems from defi-

cient erythropoietin production appearing because SENP1-

mediated GATA1 deSUMOylation is critical for definitive

erythropoiesis (15). SENP1was also found to be essential for the

development of early T and B cells (21). However, the full func-

tion of the SENP/ULP family within the cell has yet to be deter-

mined (22–24).

Transcription depends on a dynamic chromatin structure

that can respond to changes in the regulatory inputs. This

dynamic is controlled through PTMs of histones and other

chromatin-associated factors. Among these, SUMOylation has

gained increasing importance, playing a key role in the regula-

tion of transcription and chromatin dynamics through a variety

of mechanisms (6). However, despite extensive studies, our

understanding of the role of SUMOylation in chromatin

dynamics remains incomplete. Several chromatin-related

mechanisms have been proposed to explain the repressive

effect observed for a large number of factors as a consequence

of their SUMOylation. SUMO appears to recruit a diversity of

chromatin-modifying enzymes and chromatin-associated pro-

teins, including the histone deacetylase HDAC2, the histone

demethylase LSD1, the histonemethyltransferase SETDB1, the

nucleosome remodeling ATPase Mi-2, and chromatin-associ-

ated proteins HP1, L3MBTL1, and L3MBTL2 (25–27). It has

been proposed that SUMO sets up a local repressive hetero-

chromatin (26). Even if this process is only partially understood,

we know even less when it comes to how this repression is

abolished or relieved. The dampening effect of SUMOylation

implies that in many cases relief from SUMO repression may

represent an important contribution to the transcriptional acti-

vation caused by a transcription factor.

In this work, we focus on SUMO-proteases as putative play-

ers in gene activation. We reasoned that their role in gene acti-

vation might be clarified through their interactome. By screen-

ing for interaction partners of SENP1, we identified the

chromodomain helicase DNA–binding protein 3 (CHD3),

implicating a novel link between deSUMOylation and chroma-

tin remodeling. We used CRISPR-Cas9–generated KO cells in

combination with ATAC-Seq and RNA-Seq to uncover a func-

tional link between the two proteins.

Results

SENP1 interacts with CHD3

As a first step toward finding novel gene activation mecha-

nisms dependent on SENP1, we performed a yeast two-hybrid

screening of a human thymus cDNA library using a centro-

meric bait-plasmid to identify partners of SENP1. Even at the

low expression level achieved with our single copy CEN-plas-

mid approach, SENP1 turned out to be toxic to yeast cells pre-

cluding ordinary screening (Fig. 1A). However, by using a pro-

tease-dead mutant of SENP1 (C603S), the toxic effects were

minor, and we were able to perform a screening of 6 � 107

clones, of which 92 positive grew on various selective media.

Figure 1. CHD3 is a candidate interaction partner of SENP1. A, toxicity test of the bait plasmid pDBT– hSENP1-WT and its C603S mutant derivative in the
yeast strains Y187 and PJ69-4A on SC/�trp medium. Controls used were pDBT (empty vector), pDBT-hcM (encoding c-Myb (65)), and pDBT-hFlashA (66). The
cells were incubated for 48 h at 30 °C. Number of cells/�l are indicated. Each spot represents 5 �l plated. B, validation by remating of selected positive cDNAs
in the pACT2 vector (SUMO1, PIAS3, and CHD3), crossed with the indicated bait plasmids (in the pDBT vector). The left panel shows growth on the control plate
(SC/�trp/�leu medium) selecting only for diploid a/�-cells containing both pDBT and pACT2 plasmids. The� right panel shows growth on SC/�trp/�leu/�his/
�ade/�X-�-Gal medium where growth and color depend on interaction.� C, Superose-6 fractions of 3�Ty1–CHD3 K562 nuclear extract. The fractions were
revealed with a rabbit polyclonal anti-SENP1 antibody and with a mouse anti-Ty1 mAb. D, Superose-6 fractions of 3�Ty1-Empty nuclear extract. The fractions
were revealed with a rabbit polyclonal anti-CHD3 antibody and with a rabbit polyclonal anti-SENP1 antibody.
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We sequenced the cDNA of 40 of the clones with the strongest

blue color on 5-bromo-4-chloro-3-indolyl �-D-galactoside
(X-Gal) plates. The interaction between SENP1 and selected

prey was verified in yeast by retransformation and growth on

reporter-selective media (Fig. 1B). Among the cDNAs with

highest frequency in this screening, we found the chromatin

remodeler CHD3 (Figs. 1B and 2A), which we selected for fur-

ther studies because we thought CHD3may represent an inter-

esting novel link between the SUMO system, chromatin

remodeling, and transcription.

But before we embarked on a further analysis, given that the

interaction was observed in yeast cells, we performed size frac-

tionation of nuclear extracts fromK562 cells. Using Superose-6

fractionation of nuclear extracts from a derived K562 cell line

expressing 3�Ty1-tagged CHD3 and a control cell line, we

observed in both cases that endogenous SENP1 migrated in

high-molecularweight fractions supporting its associationwith

larger proteins or complexes (Fig. 1, C and D). CHD3 eluted as

a high-molecular weight complex as expected from its associa-

tion with NuRD-type complexes (28).

To confirm the interaction between SENP1 and CHD3 by

independent methods, we first performed GST-pulldown

assays using full-length GST–SENP1 WT and C603S mutant.

The purified fusion proteins were incubated with lysate from

COS-1 cells transfected with an expression plasmid for full-

length CHD3. As shown in Fig. 2B, CHD3 was retained on

GST–SENP1 (WT andmutant) but not on the GST control. To

map in more detail the interacting regions, we performed GST

pulldown assays with deletion constructs of both SENP1 and

CHD3. The catalytic domain of SENP1(297–644) bound more

strongly to CHD3 than its N-terminal regions (amino acids

1–296) (Fig. 2C). It appears that the minimal catalytic domainC

of SENP1(416–644) is sufficient for strong interaction of

SENP1 with CHD3 (Fig. 2D). When GST fusions of

SENP1(297–644) were used to retain subdomains of CHD3

expressed in COS-1 cells, we observed more than one region of

CHD3 binding to SENP1. Both the N-terminal domain (CHD3

(1–324)), the PHD-chromodomain region (CHD3(308–708))

and the C-terminal CTD-region (CHD3(1655–2000)) were

retained by GST–SENP1(297–644) (Fig. 2E). In contrast, the

central ATPase domain of CHD3(709–1217) and the DUF

region of CHD3(1218–1654) showed no affinity for SENP1.

An additional line of evidence for the CHD3-SENP1 interac-

tion was provided by co-immunoprecipitation assays, first

using lysates from COS-1 cells transfected with 3�FLAG-

SENP1 and 3�Ty1–CHD3. As shown in Fig. 2F, SENP1 wasFF

co-immunoprecipitated with CHD3 (anti-Ty1 antibody). Con-

trol transfections indicated that this interaction is specific. We

then used a K562 cell line stably expressing 3�Ty1–CHD3 to

perform co-immunoprecipitation assays undermore stringent,

semi-endogenous conditions. In K562 nuclear extracts from

this stable cell line, endogenous SENP1 was co-immunopre-

cipitated with CHD3 as revealed by a polyclonal rabbit anti-

SENP1 antibody (Fig. 2G). The level of expression of 3�Ty1–

CHD3 in this stable cell line was close to the endogenous level

ofCHD3 in the parental K562 cells, supporting an interaction at

physiological levels of both SENP1 and CHD3 (Fig. S1).

Fluorescence anisotropy experiments with a fluorescently

labeled SUMO1 (SUMO1–AMC) gave evidence for the forma-

tion of a CHD3–SENP1–SUMO1 ternary complex in solution

(Fig. 2H). CHD3 has been reported to bind SUMO1 (HH 29).

Hence, we monitored the binding of SUMO1–AMC to CHD3

as fluorescence anisotropy. Upon increasing concentrations of

CHD3, we observed the expected change in anisotropy (Fig.

2H). If CHD3 in addition were binding to SENP1, we expectedHH

an increase in anisotropy because of the increased size of the

ternary complex. To avoid too strong a binding of SUMO1 to

CHD3, wemade use of a CHD3mutant where its SUMO inter-

action motif close to its C terminus was mutated (amino acid

positions 1994–1997 changed from VICI to AACA). We also

used a catalytic dead mutant of SENP1 (C603S) to avoid cleav-

age of the AMC fluorophore under these conditions, and we

used only the catalytic domain of SENP1(297–644), binding

CHD3 strongly (Fig. 2C). The shift in the CHD3-titration curveCC

upon addition of a fixed amount of SENP1 suggests that

SUMO1–AMC was binding to a larger complex when CHD3

and SENP1 were combined compared to when CHD3 was

titrated alone, supporting the interaction of the two proteins in

solution.

Because CHD3 operates on chromatin, we tested whether

the remodeler was able to recruit SENP1 to chromatin. For this

purpose, we performed ChIP experiments in the HEK293-c1

cell line (26) transfected with a Gal–CHD3 fusion and moni-

tored the occupancy of SENP1 both at the Gal–CHD3-bound

site (5�Gal4 response-element promoter) and at a more dis-

tant locus (NCOA5 intron) serving as background reference.

SENP1 was not recruited to any of these sites in the presence of

the control Gal4 DNA-binding domain (GBD) only. However,

in presence of the Gal–CHD3 fusion protein, which becomes

directed to the Gal4-responsive promoter, the recruitment of

SENP1 was evident (Fig. 3). These observations are in line with

the interaction experiments and consistent with the hypothesis

that SENP1 and CHD3 interact in a chromatin context where

SENP1 becomes recruited to chromatin-associated CHD3.

Taken together, these independent interaction assays all sup-

ported the validity of an interaction between SENP1 andCHD3

both in vitro and in vivo involving the catalytic domain of

SENP1 and regions of CHD3.

SENP1 and CHD3 affect shared loci in the genome

To address the functional implications of the interaction

between SENP1 and CHD3, we focused first on the effects on

chromatin features.We reasoned that because CHD3 is a chro-

matin remodeler, the accessibility of some loci should be

affected by loss of CHD3. Furthermore, if CHD3 and SENP1

interact in away that affects the function ofCHD3, there should

also be some shared loci where accessibility is affected by loss of

each of the two proteins. For this purpose, we made use of

HAP1 cells in which the genes for either SENP1 or CHD3 were

inactivated by CRISPR-Cas9–generated frameshift mutations

into the coding sequence of the respective genes. HAP1 is a

near-haploid human cell line that was derived from the male

chronic myelogenous leukemia (CML) cell line KBM-7 (30).

The characterization of the KO cell lines showed that they both

lacked the full-length proteins (Fig. S2). However, they appear
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to express a reduced amount of a truncated protein (20% for the

truncatedCHD3, less for the truncated SENP1), suggesting that

there is an alternative start codon downstream of the primary

ATG or that an alternatively spliced transcript is formed that

does not include the edited exon. Hence, the KO cell lines used

here may be regarded as a KO for the full-length protein but a

knockdown for the total pool of proteins caused by expressed

isoforms.

The WT reference cell line and the two KO HAP1 cell lines

(CHD3-KO and SENP1-KO) were analyzed genome-wide for

chromatin accessibility using theATAC-Seqmethod. A total of

about 60,000 ATAC signals were found in each of the three cell

lines. (For details on statistical correlation of ATAC-Seq repli-

cates, see Fig. S3.) Fig. 4A shows an overview of the differential

chromatin accessibility based on the number of sites that

exhibit a�50% fold change inATAC signals in theKOcell lines

relative to the control WT cell line. Using this threshold, the

CHD3-KO cells showed differential peaks at 3026 sites, a

majority of which showed increased chromatin accessibility

after knockdown (2364), in line with a main role of CHD3 as a

repressor of transcription. However, a significant fraction

showed decreased chromatin accessibility (662), suggesting

that CHD3 may also contribute to open chromatin at specific

sites. Because the role of SENP1 on chromatin is less well char-

acterized, the expected profile for the SENP1-KOwas not obvi-

ous. However, it turned out to be very similar to that of CHD3-

KO. The SENP1-KO cells showed differential peaks at 2909

sites, a majority of which showed increased chromatin accessi-

bility after knockdown (2209), suggesting a main role of SENP1

at chromatin as restricting openness. However, also in this case,

a significant fraction showed decreased chromatin accessibility

(700). Finally, and most important, was the observation of a

significant overlap between the differentially accessible regions

(1716 sites) between SENP1-KO (both increased and de-

creased) and CHD3-KO (both increased and decreased). The

most frequent type of genomic region affected by both dele-

tions was “other intergenic” in which most enhancers are

found, but also regions in the “gene body” and the different

“promoter” categories were significant, representing together

about 24% of the sites and being associated with specific genes.

Whenwe centered all the differential ATACpeaks according to

the transcription start sites (TSS) of the closest gene, the result-

ing heatmap of the average ATAC-Seq signals showed an

increased openness in the two KO strains around the TSS with

a peak just upstream of the TSS (Fig. 4B). This suggests that for

the subfraction ofATAC-Seq peaks that are close to aTSS, both

CHD3 and SENP1 appear to affect the nucleosome-free regions

of promoters. We show examples of this effect, where in the

CHD3-KO and SENP1-KO cell lines chromatin is more open

next to a TSS (BHLHE22, SERTAD4, CTGF, and TFPI2), and

one case represents the less frequent opposite effect (RHOB)

(Fig. 4C and Fig. S4). This suggests that CHD3 is involved in

keeping a significant fraction of loci closed in a way that also

depends on associated SENP1.

Unfortunately, there are no public genome-wide ChIP-Seq

data on HAP1 cells. To evaluate the relevance of our ATAC

profiling, we took advantage of the fact that both HAP1 cells

and K562 cells are CML-derived cell lines, so we reasoned that

ChIP-Seq data from K562 might be used as a proxy to evaluate

whether the ATAC sites found in HAP1 cells correlate with

relevant ChIP-Seq profiles. Unfortunately, genome-wideChIP-

Seq data for CHD3 and SENP1 are lacking. However, we rea-

soned that an enzyme needs a substrate, so the location of

SENP1 along chromatin might show a correlation with the

location of SUMO associated with chromatin. Niskanen et al.

(31) analyzed chromatin occupancy of SUMO-2/3–modified

proteins in K562 cells using ChIP-Seq and concluded that heat-

shock SUMOylation targets promoters and enhancers of

actively transcribed genes, thereby restricting the transcrip-

tional activity of the induced genes. When we compared the

1716 sharedATACpeakswith the SUMO-2/3 peaks fromK562

(control, not heat shock), amajority (1084 peaks, i.e. 63%) of the

regions overlap with SUMO-2/3 peaks in K562 cells (Fig. 5).

The overlap shown in Fig. 5A is based on shared peak annota-

tions localizing to specific genes. A comparable result was

obtainedwith another calculation based on physical overlaps of

peaks (Fig. S5). When we used the SUMO data and centered all

the ATAC peaks according to the SUMO2/3 peaks found in

K562 cells, the resulting heatmap of the average ATAC-Seq

signals showed an increase in the ATAC profile centered over

the SUMO peaks (Fig. 5). Given that HAP1 cells and K562 cells

are not identical, we find this overlap indicative of a link

between the fraction of SENP1 and of SUMO associated with

chromatin.

Figure 2. CHD3 interacts with SENP1. A, human CHD3 and SENP1 are depicted with their domain structures. B–E, GST pulldown binding assays were
performed with different GST protein domains and 3�FLAG–CHD3 from transfected COS-1 cells. The GST fusion proteins used were full length versions of
SENP1 (panel B), and the indicated deletions of SENP1 (panels C,CC D, and E). InEE panels B, C, andCC D, binding of the GST proteins to full-length CHD3 was monitored,
while binding to deletions of 3�FLAG-CHD3 was monitored in panel E. 24 h after transfection, the COS-1 cells were lysed in KAc-interaction buffer, and the
lysates were incubated with comparable amounts of the different GST fusion proteins bound to GSH beads. The bound proteins were separated by SDS-PAGE,
and the immunoblot was analyzed using anti-FLAG antibody (1:10,000) and LI-COR IRDye 680RD anti-mouse secondary antibody (1:10,000). 5% of total cell
extract used for each pulldown was loaded as reference. The upper panels show the Western blots (anti-FLAG) for CHD3, and the lower panel shows the
Coomassie-stained gel of the indicated GST fusion proteins. B and C are derived from the same experiment and the same gel with the common input and GST
controls placed in the middle. Therefore, the controls of B are re-used in C. F, co-immunoprecipitation of SENP1 with CHD3. COS-1 cells were transfected with
the indicated combinations of pCIneo-3�FLAG-SENP1 and pEF1–3�Ty1–CHD3. Whole-cell lysates were immunoprecipitated (IP) with anti-Ty1 antibody and
separated by SDS-PAGE, and SENP1 was revealed by immunoblotting (IB) using anti-FLAG antibody. 5% of total transfected cell lysate was loaded as input
reference. G, co-immunoprecipitation at endogenous levels of SENP1 with 3�Ty1–CHD3. The K562 nuclear extract from 3�Ty1–CHD3 (clone H6) was incu-
bated with protein A magnetic beads coupled to an anti-Ty1 mAb (right). A nuclear extract from a 3tt �Ty1–Empty stable K562 cell line served as control (left).t
From a measure of the pixels in the bands in the upper panel, we estimated that in the right part from 3�Ty1–CHD3-expressing cells, 1.7% of the total input with
endogenous SENP1 was found in the anti-Ty1 precipitate (pixels in 4th lane � 17% in 3rd lane). This is in contrast to the left control pair from 3�Ty1 empty cells
where the co-IP band was only 0.01% of the total input. H, change in fluorescence anisotropy of SUMO1–AMC in complex with increasing amounts of
recombinant full-length CHD3–(1994-SIMmutant) in the absence (binary complex) or presence (ternary complex) of recombinant SENP1-(C603S)(297– 644).
The anisotropy values were measured in the presence and absence of added protein, and the difference was plotted as indicated. In the ternary complex
binding curve, the fixed concentration of SENP1-(C603S)(297– 644) was 580 pM. This fixed concentration of SENP1 used for the ternary complex curve was
based on a separate titration of SENP1-(C603S)(297– 644) to SUMO1–AMC, where a concentration of SENP1 well below saturation was selected.
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As expected from the differential effect of each KO (Fig. 4A),

also the shared 1716 peaks were dominated by regions showing

increased chromatin accessibility after knockdown (1366 sites)

compared with decreased chromatin accessibility (350 peaks)

(Fig. 6A). To better characterize the regions dependent on both

CHD3 and SENP1 for being closed, we performed amotif anal-

ysis of the 1366 sites with increased chromatin accessibility

using the HOMER motif discovery algorithm, searching for

enrichment of knownmotifs (32). The argument is that because

neither CHD3 nor SENP1 are sequence-specific DNA-binding

proteins; they probably are recruited to specific sites through

association with transcription factors. Among the list of

enriched motifs (Fig. 6B), the two with the highest p values

(estimated from the frequency of the found knownmotif in the

target set relative to the background frequency of the same

motif in the background set) were the following: 1) motifs for

the pluripotency factors OCT4–SOX2–TCF–NANOG (328

sites, p� 1� 10�30), and 2)motifs for CTCF (142 sites, p� 2�
10�13) and for CTCFL/BORIS (189 sites, p � 1 � 10�9), a

paralog of CTCF having a DNA-binding specificity identical to

that of CTCF (33). The latter is reflected in 102 sites being

shared between CTCF and CTCFL in our dataset. An extended

list is shown in Fig. S6.

To evaluate the relevance of these motifs, we again took

advantage of the fact that both HAP1 cells and K562 cells are

CML-derived cell lines and that CTCF occupancy often is con-

served between different cell types (34–36). Hence, we com-

pared the 142 sites affected by both SENP1 and CHD3 KO in

HAP1 cells (and harboring a CTCFmotif) with available ChIP-

Seq profiles for CTCF from K562 cells. As shown in the Venn

diagram in Fig. 6C (upper left) and illustrated by example pro-tt

files in Fig. S7, the vast majority (i.e. 88%) of the 142 regions are

in fact occupied by CTCF in K562 cells. When all the 1716

shared ATAC peaks were compared with CTCF ChIP peaks in

K562 (Fig. 6C,CC lower diagram), again a high percentage (1096

peaks, 64% of the total) overlapped, suggesting a significant

association between CTCF and the sites where CHD3 and

SENP1 cooperate. The overlap shown in Fig. 6C is based on

shared peak annotations localizing to specific genes. A compa-

rable result was obtained with another calculation based on

physical overlaps of peaks (Fig. S5). Of note, 87% of the 1096

overlapping peaks also shared a SUMO-2/3 ChIP peak in K562

cells (Fig. 6C,CC upper right), in line with an association betweentt

SENP1 and SUMO at chromatin. When all the ATAC peaks

were centered according to the CTCF peaks found in K562

cells, the resulting heatmap of the average ATAC-Seq signals

showed an increase in the ATAC profile centered over the

CTCF peaks (Fig. 6D). We also performed a “functional term

analysis” of this subgroup (i.e. genes closest to the ATAC peak

regions of the 142 sites) and saw an enrichment of various pro-

cesses, in particular linked to immature B cell differentiation

and regulation of mRNA splicing (Fig. S8). Taken together, this

suggests that one important group of regions where CHD3 and

SENP1 operate together is CTCF-occupied sites.

A similar analysis of the link to the motifs with the highest p

value was not possible because the associated factors are not

expressed in K562 cells, although at least SOX2 is expressed in

HAP1. OCT4, SOX2, and NANOG are pluripotency factors

expressed in embryonic stem cells. However, we compared

some factors on the list that are well expressed in K562, NRF2,

NF-E2, and Bach1. The HOMER analysis revealed 58 peaks

(p(( � 0.007) with motifs for NRF2/GABPA (EntrezGene

ID:2551) (70). The ATAC peaks centered clearly around

regions enriched for binding of this factor (Fig. 7). A similar

comparison with NF-E2 (59 sites, p � 0.02), also highly

expressed in K562 (EntrezGene ID:4778) (70), however,

showed only a weak, less convincing correlation (Fig. S9). The

same poor correlation was true for Bach1 (63 peaks, p � 0.002)

(Fig. S10). The latter illustrates that the ATAC peak regions are

found enriched only at a selection of open sites.

Figure 3. CHD3 recruits SENP1 to the chromatin. ChIP assays were per-
formed in the HEK293-c1 cell line containing an integrated 5�GAL4-Lucifer-
ase gene (26). Cells were transfected with plasmids encoding the Gal4 DNA-
binding domain (GBD), GBD–CHD3, and 3�FLAG–SENP1 in the combinations
indicated. A, illustration showing the genomic loci in the NCOA5 gene where
the 5�GAL4-Luciferase gene is integrated. B, ChIP assay against 3�FLAG-
SENP1. The mean of three biological replicates is shown, with error bars show-
ing standard error of the mean. C, representative immunoblot of the
transfections.
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In addition to genome-wide comparison of our ATAC-Seq

data to publicly available ChIP-Seq data for different factors,

we also took advantage of DNase-Seq data in HAP1 cells

(ENCSR620QNS), which is the only public data set to date that

is generated using HAP1 cells. Similar comparisons were done,

where we centered ATAC-Seq signals on DNase-Seq peaks

from HAP1 cells. The resulting comparison revealed as

expected enrichment of ATAC-Seq signals on DNase-Seq

peaks (Fig. S11).

SENP1 and CHD3 affect the expression of shared genes in the
genome

To further analyze the functional implications of the interac-

tion between SENP1 and CHD3, we reasoned that their shared

effect on accessibility of many regions would imply a shared

effect on the expression of some genes. We therefore per-

formed RNA-Seq analysis of the same variants of the HAP1

cells as used for the ATAC-Seq analysis. Hence, RNA was iso-

lated from three independent biological replicates of SENP1-

KO, CHD3-KO, and WT reference HAP1 cells, delivered to

high-throughput sequencing and subjected to downstream sta-

tistical processing. Transcriptome-wide fold change of differ-

entially expressed genes for the knockout cell lines relative to

the control is presented in volcano plots (Fig. S12). Analysis of

the sequencing data revealed that SENP1-KO had a significant

change in the expression of 2245 genes, whereas the CHD3-KO

had a significant change in the expression of 808 genes (Fig. 8).

43% of the latter (351 genes) were also among those affected in

SENP1-KO cells, supporting the hypothesis that SENP1 affects

the function of CHD3 at a significant fraction of genes. SENP1

clearly also affects a large number of genes through othermech-

anisms than through CHD3. We noticed that all combinations

of up- and down-regulation were found in comparable num-

bers among the shared genes, probably because both direct and

indirect effects are to be expected in this type of analysis. We

assume that this is the reason why the RNA-Seq analysis gave a

more diverse pattern than the ATAC-seq. One may argue that

opposite expression patterns are more likely to be caused by

indirect effects. In support of this, we observed a higher corre-

lation between genes associated with ATAC-Seq peaks and

genes with altered expression when we compared genes that

were similarly regulated (both up- or both down-regulated)

than for oppositely regulated genes. In the first case, visual

inspection of the ATAC tracks close to each gene with altered

expression identified that 40% of the latter had a significantly

altered ATAC profile. The same analysis in the oppositely reg-

ulated group of genes showed only 13% correlation. However,

because themajority of the differential ATACpeakswere found

in locations (“other intergenic”) at larger distances from genes,

it is difficult to assess precisely which genes are affected by the

changes in chromatin openness.

Figure 4. Chromatin accessibility changes assayed by ATAC-Seq. A, diagrams show the regions that exhibit �50% fold change upon CHD3-KO and
SENP1-KO with increased and decreased chromatin accessibility indicated. The Venn diagram shows the overlapping differentially accessible regions (n �
1716) between SENP1-KO (both increased and decreased) and CHD3-KO (both increased and decreased). The pie chart shows the distribution of genomic
regions for the shared changes in chromatin accessibility (n � 1716). Differential chromatin accessibility was obtained by comparing with the HAP1
control cell lines. B, heatmap showing the average ATAC-Seq signal centered on the TSS of the nearest genes. Ensembl human reference genome
annotation (GRCh37 release 87) was used as regions for calculating enrichment of the ATAC signal at and around the TSS. The line plot shows the
intensity of the centered average ATAC signal at and �1 kb around the TSS. The heatmap and line plot were made using deepTools2 (67). C, example
ATAC track for the BHLHE22 locus showing ATAC-Seq signals for CHD3-KO and SENP1-KO as well as control cell lines. Visualization of the tracks
were made using the UCSC genome browser (68).
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Finally, to get an idea of which functions were involved, we

performed a gene ontology (GO) analysis of the shared genes. A

quite diverse pattern of functions was found in the groups with

opposite effects of the two knockouts. In the group of genes

where SENP1-KO and CHD3-KO both were associated with

down-regulation, we observed an enrichment for functions

linked to growth and signaling. In the group of genes where

SENP1-KO and CHD3-KO both were associated with up-reg-

ulation,we observed an enrichment for a signaling pathway, but

also to histone modifications (Fig. S13).

Discussion

SUMO proteome analysis has revealed the involvement of

SUMO in a wide range of nuclear functions, including tran-

scription and chromatin remodeling (5, 37). As is well known

from extensive studies of phosphorylation, acetylation, and

methylation of nuclear proteins, the processes of de-modifica-

tions are equally important as the modification processes. Our

objective in this study was to focus on the deSUMOylation pro-

cess and seek a better understanding through the identification

of novel interaction partners of the SENP1 enzyme. We

Figure 5. Correlation between open regions affected by CHD3 and SENP1 and chromatin-associated SUMO. A, Venn diagram showing number of
overlapping regions (n � 1084) between the ATAC-Seq subgroup with shared differentially accessible regions (n � 1716) and SUMO2/3 ChIP-Seq peaks from
K562 (GSE66448). The overlapping regions were obtained by annotating SUMO2/3 peaks and the jointly affected differential ATAC regions using the HOMER
program annotatePeaks.pl (32). The annotated files were then used to obtain intersections of peak regions that are annotated to promoter ID of the nearest
gene. B, heatmap showing the average ATAC-Seq signal centered on SUMO2/3 binding sites along with line plot, showing the intensity of the centered average
ATAC signal in HAP1 cells. Similarly, a heatmap showing average SUMO2/3 ChIP-Seq signal from K562 centered on SUMO2/3-binding sites along with a line plot
showing the intensity of the centered average ChIP-Seq signal is displayed. Public ChIP-Seq data for SUMO2/3 in K562 (GSE66448) (31) was used as regions for
calculating enrichment of the ATAC signal at and �3 kb around SUMO2/3-binding sites. Heatmaps and line plots were made using deepTools2 (67).
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observed that SENP1 from a nuclear extract of K562 cells

migrates as a rather high-molecular weight entity (Fig. 1, C and

D). Using a stringent version of the yeast two-hybrid method

and a nontoxic mutant of SENP1, we identified the chromatin

remodeler CHD3 as a novel interaction partner of SENP1 (Fig.

1B). The interaction was validated in vitro by GST-pulldown

assays, co-immunoprecipitations, and fluorescence anisotropy

titrations (Fig. 2). The interactionwas also validated in vivo by a

ChIP assay where we directed CHD3 to a specific locus through

fusion to a Gal4–DNA-binding domain and observed that

SENP1 became enriched at the same locus (Fig. 3). We also

mapped the domains involved as the catalytic domain of SENP1

and at least two regions of CHD3, its C-terminal region and the

N-terminal region, including its PHD and CHD domains (Fig. 2).

Figure 6. Correlation between open regions affected by CHD3 and SENP1 and chromatin-bound CTCF. A, Venn diagram showing the number of
overlapping peaks (n � 1366) between differential ATAC peak regions in SENP1-KO and CHD3-KO having increased chromatin accessibility (left). Thet right Venn
diagram shows the same overlap for differential ATAC peak regions with decreased chromatin accessibility (n � 350). B, motif enrichment of the subgroup with
shared increased chromatin-accessible regions (n � 1366). The specific binding motifs are arranged in descending order based on their p value. Motif analysis
around peak regions of the shared differential ATAC subgroup with increased chromatin accessibility (n � 1366) was done using the HOMER program (32). The
small Venn diagram below shows the overlap of motif instances (n � 102) between two of the most significantly known motifs enriched among the shared
differential ATAC subgroup (n � 1366). Motif regions with CTCF binding (n � 142) and with CTCFL binding (n � 189) was used to calculate the overlapping
regions. C, Venn diagram showing the number of overlapping regions (n � 125) between motif regions with CTCF binding (n � 142), extracted from enriched
motifs above, and CTCF ChIP-Seq peaks from K562 (ENCSR000EGM). The lower Venn diagram shows overlapping regions (n � 1096) between the same CTCF
ChIP-Seq peaks from K562 and the ATAC-Seq subgroup with shared differentially accessible regions (n � 1716). The upper right Venn diagram shows the
overlapping regions (n � 953) between the subset that is shared between ATAC differential accessible regions and CTCF peaks above (n � 1096) and that of
SUMO2/3 peaks (GSE66448) (n � 1084) (from Fig. 5A). The overlapping regions were obtained by annotating the relevant files (i.e. extracted motif instances
from ATAC peaks, public CTCF peaks, and the jointly affected differential ATAC regions) using the HOMER program annotatePeaks.pl (32). The annotated files
were then used to obtain the corresponding pairwise intersections of peak regions that are annotated to promoter ID of the nearest gene. A separate analysis
of the pairwise intersection using a different tool representing physical overlaps is shown in Fig. S5. D, heatmap showing the average ATAC-Seq signal centered
on CTCF-binding sites along with a line plot showing the intensity of the centered average ATAC signal. Similarly, a heatmap showing average CTCF ChIP-Seq
signal centered on CTCF-binding sites along with a line plot showing the intensity of the centered average ChIP-Seq signal. Public ChIP-Seq data for CTCF in
K562 (ENCSR000EGM) from ENCODE was used as regions for calculating enrichment of the ATAC signal at and �3 kb around CTCF-binding sites. Heatmaps and
line plots were made using deepTools2 (67).

Figure 7. Correlation between open regions affected by CHD3 and SENP1 and chromatin-bound NRF2. Upper panel, heatmap showing average ATAC-
Seq signals centered on NRF2-binding sites along with a line plot showing the intensity of the centered average ATAC signal. Lower panel, similar heatmap
showing average NRF2 ChIP-Seq signals centered on NRF2-binding sites along with a line plot showing the intensity of the centered average ChIP-Seq signal.
Public ChIP-Seq data for NRF2 in K562 (ENCSR290MUH) from ENCODE was used as regions for calculating enrichment of the ATAC signal at and �3 kb around
NRF2-binding sites. Heatmaps and line plots were made using deepTools2 (67).
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To test the functional relevance of this novel interaction, we

took a global approach and used ATAC-Seq profiling of HAP1

cells in which either CHD3 or SENP1 were knocked out. The

sites where the accessibility of chromatin depended on CHD3

largely overlapped with those where the accessibility of chro-

matin depended on SENP1, strongly supporting the functional

relevance of their interaction (Fig. 4). A more indirect analysis

of the transcriptomes of the KO cells still showed that a signif-

icant fraction of the genes affected by loss of CHD3 were also

affected by loss of SENP1 (Fig. 8).We conclude that the SUMO

system and the chromatin-remodeling system involving CHD3

are linked and operate together at specific chromatin loci.

Several links between the SUMO system and chromatin

remodeling have already been reported for other remodelers,

such as the yeast chromatin–remodeling Isw1a complex (38)

and the INO80 chromatin–remodeling complex (39), both of

which appear to be regulated by SUMOylation.

Our findings raise several questions on how SUMOylation

and deSUMOylation processes cooperate with chromatin-re-

modeling processes. The simplest model for explaining our

observations would be that CHD3 was SUMOylated and asso-

ciated with SENP1 because of being a substrate. CHD3 is well

known to be involved in SUMObinding, acting as a SUMO-de-

pendent corepressor and contributing to the repressive effect

often observed after SUMOylation of transcription factors (26,

27, 41). A well-studied example is the repressor protein KAP1,

the SUMOylation ofwhich is required forKAP1-mediated gene

silencing. KAP1 seems to function by directly recruiting the

SETDB1 histone methyltransferase and CHD3 via SUMO-in-

teracting motifs (40). Less is known about SUMOmodification

of CHD3 itself. However, according to the proteome studies of

Hendricks et al. (41), three SUMOylation sites were identified

inCHD3 (Lys-627, Lys-1238, and Lys-1308), whereas eight sites

were found in the paralog CHD4. If and how the activity of

CHD3 is modulated through these modifications is not known.

Recently, another SUMOconjugation site in CHD3 (Mi2�) was�
identified in Lys-1971 (42). Based on various functional studies,

the authors concluded that the transcription factor hDREF

might incite transcriptional activation by SUMOylating CHD3,

resulting in its dissociation from chromatin. Combined with

our observations, an attractive hypothesis would be that SENP1

through deSUMOylation of CHD3 would enhance its chroma-

tin association. This hypothesis also implies that CHD3 would

be less chromatin-associated in the absence of SENP1.

However, several of our interaction assays were performed

with recombinant proteins that are unmodified, so the SENP1–

CHD3 interaction is clearly not dependent on SUMO modifi-

cation. It appears that CHD3 and SENP1 interactmore strongly

and specifically than a transient enzyme–substrate interaction.

Another attractive hypothesis is based on the concept of “group

SUMOylation” (43), assuming that SUMOylation controls the

activity not only of individual proteins but also of entire com-

Figure 8. RNA-Seq changes in CHD3-KO and SENP1-KO HAP1 cells. A, heatmap showing hierarchical clustering of significant differentially regulated genes
shared between SENP1-KO and CHD3-KO (n � 351), with each row representing a gene. The cluster heatmap was generated using ClustVis webtool (41). B,
significant differentially regulated genes upon CHD3-KO and SENP1-KO and the intersection between them (n � 351). C, proportion of different subgroups
among the shared affected genes by CHD3-KO and SENP1-KO; the number of shared genes that were both down-regulated (n � 82), both up-regulated (n �
80), up-regulated in SENP1-KO, and down-regulated in CHD3-KO (n � 66), and vice versa (n � 123). Differential gene expression was calculated using cuffdiff
(69).
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plexes. Here, the scenario would be that when a locus needs to

be remodeled, as it occurs during changes in gene programs,

onemay imagine a coordinated actionwhereCHD3 is recruited

to SUMOylated clusters in chromatin (possibly enhanced by

SENP1), followed by remodeling the local chromatin. At the

same time, SENP1 recruited by CHD3 will remove SUMO

modifications of several proteins or complexes in the same

region, leading to coordinated reprogramming.

The latter scenario is also interesting in light of our finding of

a link toCTCF,where a significant subfraction of the chromatin

sites that were affected by loss of both SENP1 and CHD3 were

also enriched in CTCF-binding motifs. Combined with a cor-

relation with K562 CTCF ChIP-Seq data, supporting actual

binding of CTCF to these sites, this suggests that CHD3 and

SENP1 operate together at someCTCF-occupied sites. Because

CTCF is a key component of the structures that determine

chromatin organization, one may even imagine a cooperation

between CHD3 and SENP1 contributing to the regulation of

chromatin architecture during processes where gene programs

need to be modulated. Whether CHD3 or SENP1 is directly

recruited to chromatin by CTCF is not known, but it has been

reported thatCHD7andCHD8 in fact associatewithCTCF (44,

45). Other chromatin remodelers have also been observed to

operate and organize arrays of nucleosomes adjacent to CTCF-

bound sites, promoting CTCF binding (46).Moreover, CTCF is

itself SUMOylated at two major sites (47), affecting its tran-

scriptional and chromatin opening activity (49, 50). Thismakes

CTCF a putative substrate for SENP1. The functional implica-

tions of these interactions and cooperation require further

studies.

The link between SUMO, CTCF, and chromatin architec-

ture, including enhancer–promoter looping, will be a highly

interesting focus for future research. A recent study byWhalen

et al. (48), where they developed a computational method for

reconstructing regulatory landscapes from diverse features

along the genome, concluded that most of this signature is not

proximal to the enhancers and promoters but instead decorates

the looping DNA. In particular, they found that SUMOylation

in the window between an enhancer and a promoter was a top

predictor of interactions, nearly as important as CTCF (48).

We also found it intriguing that the most significant motif

enrichment indicated a link to pluripotency factors or other

transcription factors playing a role in development. The model

herewould be that a specific transcription factor recruitsCHD3

to assist in remodeling the local chromatin, whereas SENP1

performs its group deSUMOylation leading to a coordinated

action. Interestingly, the pluripotency factors are also pioneer

factors with a key role in making a region accessible to other

transcription factors (49). It is still a debate whether they per-

form this only by themselves or by recruiting chromatin remod-

elers (50). In the latter case, recruiting CHD3 would, according

to our findings, also imply recruitment of SENP1 leading to

deSUMOylation. An example of a transcription factor operat-

ing both as a pioneer factor and associatedwith CHD3 is c-Myb

(51, 52).

In summary, the interaction between SENP1 and CHD3

studied in this work suggests a novel level of coordinated con-

trol of gene expression where chromatin remodeling and

deSUMOylation cooperate at specific genomic loci. Our stud-

ies have pointed to unexplored links with deSUMOylation,

chromatin remodeling, CTCF, SUMO, and pioneer factors.

Future studies will be necessary to understand the molecular

details of the cooperation between these nuclear systems.

Experimental procedures

Cell cultures

The following four cell lines were used: COS-1 (ATCC�

CRL-1650TM Cercopithecus aethiops kidney); HEK293

(ATCC� CRL-1573TMHomo sapiens embryonic kidney); K562

(ATCC� CCL-243TM H. sapiens bone marrow, chronic

myelogenous leukemia); and HAP1 cells (near-haploid cell line

derived from the male CML cell line KBM-7, Horizon). HAP1

knockout (KO) cell lines for CHD3 and SENP1, and a parental

control cell line were obtained from Horizon Discovery. The

cells were grown at 37 °C and 5% CO2. The COS-1 and K562

cells were grown and transfected with the indicated plasmids as

described previously (53, 54). The HAP1 cell cultures were

maintained in Iscove’s modified Dulbecco’s medium contain-

ing 10% fetal calf serum and 1% penicillin/streptomycin. K562

cells stably expressing a tagged CHD3 variant (3�Ty1–CHD3)

were selected byG418 for 2weeks before selecting single clones

for 1 week. Stable expression was confirmed by Western

blotting.

Plasmid construction

The pDBT–hSENP1 WT and C603S derivative were con-

structed by subcloning a human SENP1 cDNA (53) into the

pDBT vector. We discovered four point mutations in our orig-

inal SENP1 cDNA that were repaired prior to designing the

various SENP1-containing plasmids. The C603S mutant deriv-

ative of SENP1 was generated by QuikChange site-directed

mutagenesis. The various GST–SENP1 fusion proteins were

PCR-cloned into pGEX-6P2 vector using BamHI and NotI.

Human CHD3 cDNA from the construct pCIneoB-3�FLAG–

CHD3 (52) was transferred using SacII and NotI to the

pEF1neo-3�Ty1 vector to express a 3�Ty1-tagged version of

CHD3. The plasmid expressing a Gal4 fusion to CHD3 has

been described (52). All constructs were verified by DNA

sequencing.

Antibodies

For immunoblot detection, the following antibodies were

used: mouse anti-FLAG M2 mAb (F3165, Sigma); mouse anti-

proliferating cell nuclear antigen (PC-10, sc-56 Santa Cruz Bio-

technology, Inc.); mouse anti-GAPDH (AM4300, Invitrogen);

rabbit anti-GBD (06-62, Upstate Biotechnology); rabbit anti-

CHD3 (ab114100 and ab109195, Abcam); rabbit anti-SENP1

(ab108981, Abcam); and from Li-Cor Biosciences, IRDye

800CW anti-mouse (926-32212); IRDye 680RD anti-mouse

(926-68072); IRDye 680RD anti-rabbit (92668073); and IRDye

800CW anti-rabbit (926-32213). The anti-Ty1 monoclonal

mouse antibody was produced in our laboratory from a

hybridoma cell line (55).
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Yeast two-hybrid screening

The two-hybrid screening was performed by mating as

described previously (52, 56–58), using as bait theCENplasmid

pDBT–hSENP1–C603S pretransformed in the Y187 yeast

strain and mated with the PJ69-4A strain pretransformed with

a human thymus cDNA library. The interactions were con-

firmed by transformation of pDBT, pDBT–hSENP1, and

pDBT–hSENP1–C603S and the rescued interaction candi-

dates in pACT2 into yeast strains of opposite mating type fol-

lowed by mating. Diploids were grown on yeast minimal

medium lacking the selection amino acids or adenine.

GST-binding assay

GST and GST fusion proteins were expressed in Escherichia

coli, as described previously (59). GST pulldown assays were

performed essentially as described (52) but with the F-buffer

replaced with a KAc-interaction buffer (150 mM KAc, 20 mM

HEPES, pH 7.4, 10% glycerol, 0.2% Triton X-100, 1 mM DTT,

1� Complete protease inhibitor, Roche Applied Science) or

with a NaCl-interaction buffer (50 mM Tris-HCl, pH 8.0, 150

mMNaCl, 5mMEDTA, 1% (v/v)TritonX-100, 1mMDTT, 1mM

PMSF, and 1�Complete protease inhibitor), using total cell

extracts from COS-1 cells transfected with the indicated

expression constructs. The proteins retained on the GST-Sep-

harose beads were analyzed on a 4–15% Criterion SDS-poly-

acrylamide gradient gel. The membrane was blocked with LI-

COR blocking solution (product no. 927-50010) for 1 h, probed

with anti-FLAG antibody in LI-COR blocking solution over-

night at 4 °C, and washed before being probed with LI-COR

IRDye 680RD anti-mouse secondary antibody in LI-COR

blocking solution for 1 h. After washing with TBS-T, the PVDF

membrane was scanned with the LI-COROdyssey� CLx Imag-

ing System.

Co-immunoprecipitation

Co-immunoprecipitations were performed essentially as

described (58) using the KAc-interaction buffer (150 mM KAc,

20 mM HEPES, pH 7.4, 10% glycerol, 0.2% Triton X-100, 1 mM

DTT, 1� Complete protease inhibitor) and lysates from trans-

fected COS-1 cells for immunoprecipitation. Proteins were

separated by SDS-PAGE and detected with immunoblotting.

SENP1 and CHD3 were detected with anti-FLAG and anti-Ty1

antibodies, respectively.

The endogenous co-immunoprecipitation of SENP1 was

donewith a nuclear extract of theK562 3�Ty1–CHD3 cell line.

500 �g of nuclear extract was incubated with 5� �g of anti-Ty1�
antibody (mouse monoclonal), 10 �l of 10 mg/ml BSA, and 20�
�l of protein A Dynabeads for 2 h at 4 °C with rotation. The�
beads were washed three times with 1 ml of BC300 � 0.05%

Nonidet P-40 and once with 1 ml of BC100 � 0.05% Nonidet

P-40. Proteins were separated by SDS-PAGE and detected with

immunoblotting. SENP1was detected with an anti-SENP1 rab-

bit polyclonal antibody and CHD3 with an anti-Ty1 mouse

mAb.

Preparation of K562 nuclear extract

The methodology described in Wright et al. (60) was fol-

lowed. K562 cells were grown to confluency and processed

essentially as described. The clear supernatant after the ammo-

nium sulfate precipitationwas subjected to dialysis (rather than

column desalting), against Buffer C (25mMHEPES, pH 7.6, 150

mM NaCl, 12.5 mM MgCl2, 0.1 mM EDTA, 10% (v/v) glycerol, 1

mM DTT, 0.2 mM PMSF, and Complete protease inhibitors).

The extract was finally centrifuged at 16,000 rpm for 5 min at

4 °C and flash-frozen in liquid nitrogen.

Superose-6 fractionation of K562 nuclear extracts

The Superose-6 columnwas equilibrated in BC200 buffer (25

mMHEPES, pH 7.6, 200mMNaCl, 1 mMMgCl2, 0.5 mM EGTA,

0.1 mM EDTA, 10% (v/v) glycerol, 1 mMDTT, and 2mM PMSF)

filtered through a 0.2-�m membrane. 500 �l of the K562�
nuclear extract were injected (flow rate 0.3ml/min). The 0.5-ml

fractions were frozen in liquid nitrogen and stored at �80 °C.

Before analysis of the fractions by SDS-PAGE, they were pre-

cipitated with TCA to a final concentration of 20%, incubated

for 10 min on ice, and centrifuged at 13,000 rpm at 4 °C for 10

min. The pellets were washed once with 1500 �l of ice-cold�
acetone. The protein pellets were dried at room temperature,

resuspended in 1� SDS-PAGE loading buffer before separation

on a 4–15% Criterion Gel, transferred to PVDF, and immuno-

blotted with the desired primary antibodies.

Expression and purification of 3�FLAG–CHD3 protein from
COS-1 cells

Two 15-cm plates with COS-1 cells were transfected with

132 �g of pCIneoB–3� �FLAG–CHD3 or pCIneoB–3�FLAG–

CHD3–SIM1994–AACA constructs using polyethyleneimine

(23966, Polysciences, Inc.). 24 h after transfection, the cells

were washed and resuspended in 1.5 ml of BC100 � 0.05%

Nonidet P-40. The cell suspension was sonicated (Up400s,

Hielscher Ultrasonics GmbH) four times at 50% intensity for

15 s. The cell debris was removed (13,400 rpm for 20 min), and

the supernatant was flash-frozen in liquid nitrogen and stored

at �80 °C until purification.

The FLAG–CHD3proteinswere purified by affinity chroma-

tography. First, 125 �l of FLAG M2-magnetic beads (M8823,�
Sigma) were added and incubated at 4 °C with rotation. The

beads were washed once with 2ml of BC1000� 0.05%Nonidet

P-40 and once with 2 ml of BC100 � 0.05% Nonidet P-40. The

FLAG–CHD3 proteins were eluted with 100 �l of BC100� �
0.05%Nonidet P-40� 0.5mg/ml FLAGpeptide (GenScriptHK

Ltd.). The eluted proteins were separated on a 4–15%Criterion

Gel, transferred to a PVDF membrane, and detected with anti-

FLAG antibody (mouse monoclonal).

Expression and purification of SENP1

Recombinant SENP1 was expressed as a GST fusion protein

in E. coli BL21 cells using standard methods. The GST fusion

tagwas cleaved on columnwith 40 units of PreScission protease

(27-0843-01, GE Healthcare) in the following buffer: 50 mM

Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT.

The cleavage was done overnight at 4 °C. The cleaved protein

was further purified by gel-filtration chromatography on a

Superdex 75 column.
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Protein–protein interaction studies using fluorescence
anisotropy

The binding of SENP1 and CHD3 to SUMO1–AMC (UL-

551, Boston Biochem) was followed with fluorescence anisot-

ropy in the following buffer: 25mMHEPES, 200mMNaCl, 1mM

DTT, pH 7.6, using a PerkinElmer Life Sciences LS-50 fluores-

cence spectrometer with excitation at 380 nm and emission

recorded at 460 nm. For binding of SENP1-(297–640) to

SUMO1–AMC, the catalytic dead C603Smutant was used. For

CHD3, we used the full-length FLAG-tagged protein (affinity-

purified) but harboring a mutant in the SUMO1-interaction

motif (SIM, at amino acids 1994–1997), with weaker SUMO

binding that facilitated the titration. The binding of FLAG–

CHD3 1994 SIM mutant proteins to SUMO1–AMC was mea-

sured at a SUMO1–AMC concentration of 200 pM.

ChIP

A HEK293 reporter cell line harboring a 5�GRE Gal4-lucif-

erase reporter integrated transgene (26) was co-transfected

with an HA-tagged Gal-fusion derivative of CHD3 and a

3�FLAG-tagged SENP1. The ChIP analysis was performed as

described previously (61).

RNA-Seq and analysis

Total RNA was isolated from HAP1 cell lines using an RNA

isolation kit (Qiagen-RNeasy mini kit). The quality and quan-

tity of total RNA were determined using NanoDrop (Thermo-

Fisher Scientific) and agarose gel electrophoresis, respectively.

RNA samples were delivered for sequencing to the Norwegian

sequencing center, Oslo, Norway, where libraries were pre-

pared using strand-specific TruSeqTM library preparation kit.

Transcriptomic data for the three cell lineswith three biological

replicates were generated using Illumina HiSeq 4000 se-

quencer, where 150-bp paired-end reads were obtained. The

subsequent bioinformatics analysis is detailed in the supporting

Materials andmethods. Data have beenmade publicly available

under GEO (accession number GSE111272).

ATAC sequencing and analysis

ATAC libraries for the HAP1 cell lines were made as

described previously (62). Ad1 noMX and Ad2.1–2.12 bar-

coded primers were used from Ref. 63. Crude nuclei were pre-

pared from 150,000 cells per cell line, and the amount of all

reagents used in the transposition assay were doubled relative

to Ref. 62.

Background regions that are normally Tn5 transposase-ac-

cessible were obtained by isolating genomic DNA from HAP1

control cell lines using GenEluteTMmammalian genomic DNA

miniprep kit (Sigma). This was followed by the transposition

reaction and ATAC library preparation as described above.

ATAC libraries were delivered to the Norwegian sequencing

center, Oslo, Norway, where library quality was determined

and sequenced. Three biological replicates were used to gener-

ate 40-bp paired-end reads using the Illumina NextSeq 500

sequencer. The bioinformatics analysis is detailed in the sup-

porting Materials and methods. Data have been publicly avail-

able through GEO (accession number GSE111047).

Public datasets

ChIP-Seq datasets fromK562 cells that weremapped to hg19

for CTCF (ENCSR000EGM), NRF2 (ENCSR290MUH), NFE2

(ENCSR552YGL), and BACH1 (ENCSR740NPG) were obtained

from the ENCODE project (64). HAP1-derived DNase-Seq

data (ENCSR620QNS) that are mapped to hg19 were obtained

from the ENCODE project (64). K562-derived raw SUMO2/3

ChIP-Seq data (GSE66448) (31) were obtained from GEO. The

SUMO2/3 ChIP-Seq sequencing files were processed the same

way as the ATAC-Seq files, where peak calling was made using

MACS2 with the parameters “-m 5 50 -bw 500 -fix-bimodal

-extsize 200 call summits -B -q 0.01”. Peak refinement was per-

formed, and the resulting peak calls were used to generate heat-

maps and profile (line) plots compared with the ATAC-Seq

data.
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Supplementary Figure S1.  
Western blot analysis of nuclear extracts to estimate expression levels of CHD3 in normal K562 cells 

versus in a K562 cell line stably expressing 3×Ty1-CHD3, the latter used in co-immunoprecipitation assays 
under semi-endogenous conditions (Figure 2G). The western blots were analysed using the primary 
antibodies anti-CHD3 (rabbit polyclonal antibody, ab109195) and anti-Ty1 (monoclonal mouse antibody). 
PCNA was used as loading control (anti-PCNA). The blot was quantitatively analysed using the LI-COR 
Odyssey® CLx Imaging System, Image Studio (version 5.2) and the relative levels of expression of CHD3 
(signal) in the two cell lines were normalized to the corresponding signals from the loading control (PCNA 
signal). Based on this, the 3×Ty1-CHD3 stable expression showed only 13% increase in expression level 
compared to the endogenous CHD3 level from K562 cells.  
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Supplementary Figure S2.  
Western blot analysis of HAP1 cells showing endogenous SENP1 and CHD3 for both the wild type 

and the knockouts. The western blots were analysed using the primary antibodies, anti-SENP1 (rabbit 
polyclonal antibody) and anti-CHD3 (rabbit polyclonal antibody). 
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Supplementary Figure S3.  
Correlation heatmaps showing Pearson correlation between ATAC-Seq replicates. The heatmaps were 

generated by plotCorrelation program in deepTools2 (1).  
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Supplementary Figure S4. Tracks for 
SERTAD4, CTGF, TFPI2, and RHOB loci, 
showing ATAC-Seq signals for CHD3-
KO, SENP1-KO as well as control cell 
lines. Vista HMR-conserved enhancers 
and K562 chromHMM tracks were shown. 
Color guide for display conventions used 
by Chrom HMM segmentation tracks, is 
given. Visualization of the tracks were 
made using the UCSC genome browser 
(2). 
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Supplementary Figure S5. Venn diagram showing correlation between open regions jointly affected 
by CHD3-KO and that of SENP1-KO in HAP1 cells and chromatin associated SUMO2/3 and CTCF public 
data from K562 cells. The pair-wise intersections indicated show physical overlaps of peaks between the 
corresponding datasets. The overlapping regions were obtained by employing bedtools intersect in 
bedtools2 (version 2.17.0) (3). The overlaps shown here are comparable to those shown in Fig. 5A and 6C, 
which are separate analysis made using a different approach and a different tool. 
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Supplementary Figure S6. Motif enrichment for the subset of regions that showed significant increase in 
chromatin accessibility and are common to CHD3-KO and SENP1-KO (n=1366). The specific binding 
motifs are arranged in descending order based on their p-value. Motif analysis around peak regions for the 
intersection of differential ATAC subgroup with increased chromatin accessibility between CHD3-KO and 
SENP-KO was done using the HOMER program (4). 
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Supplementary Figure S7. Tracks for 
TMEM200A, BHLHE22, SP8, and RHOB loci 
showing ATAC-Seq signals for CHD3-KO, 
SENP1-KO as well as control cell lines. Public 
ChIP-Seq tracks for CTCFL, Vista HMR-
conserved enhancers, K562 chromHMM tracks, 
and K562 ChIP-Seq tracks for SUMO2/3 
(GSE66448) and CTCF (ENCSR000EGM) 
were shown. Color guide for display 
conventions used by Chrom HMM 
segmentation tracks, is given in Supplementary 
Figure S4. Visualization of the tracks were 
made using the UCSC genome browser (2).  
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Supplementary Figure S8.  
Functional enrichment for motif regions with CTCF binding (n=142), extracted from enriched motifs 

for the subset of overlapping differential ATAC peak regions with increased chromatin accessibility 
between CHD3-KO and SENP-KO (Supplementary Figure S6). Functional enrichment analysis was done 
using the Cytoscape app ClueGO+CluePedia (5, 6). 
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Supplementary Figure S9. Heatmap showing average ATAC-Seq signal centered on NF-E2 binding 

sites along with line plot showing the intensity of the centred average ATAC signal. Similarly, a heatmap 
showing average NF-E2 ChIP-Seq signal centered on NF-E2 binding sites along with a line plot showing 
the intensity of the centred average ChIP-Seq signal. Public ChIP-Seq data for NF-E2 in K562 
(ENCSR552YGL) from ENCODE was used as regions for calculating enrichment of the ATAC signal at 
and ± 3kb around NF-E2 binding sites. Heatmaps and line plots were made using deepTools2 (1). 
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Supplementary Figure S10. Heatmap showing average ATAC-Seq signal centered on Bach1 binding 

sites along with line plot showing the intensity of the centered average ATAC signal. Similarly, a heatmap 
showing average Bach1 ChIP-Seq signal centered on Bach1 binding sites along with a line plot showing the 
intensity of the centered average ChIP-Seq signal. Public ChIP-Seq data for Bach1 in K562 
(ENCSR740NPG) from ENCODE was used as regions for calculating enrichment of the ATAC signal at 
and ± 3kb around Bach1 binding sites. Heatmaps and line plots were made using deepTools2 (1). 
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Supplementary Figure S11. Heatmap showing average ATAC-Seq signal centered on HAP1 DNase-

Seq peaks along with line plot showing the intensity of the centered average ATAC signal. Similarly, a 
heatmap showing average HAP1 DNase-Seq signal centered on HAP1 DNase-Seq peaks along with a line 
plot showing the intensity of the centered average DNase-Seq signal. Public DNase-Seq data for HAP1 cells 
(ENCSR620QNS) from ENCODE was used as regions for calculating enrichment of the ATAC signal at 
and ± 3kb around DNase-Seq peaks from HAP1. Heatmaps and line plots were made using deepTools2 (1). 
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Supplementary Figure S12.  
Differentially expressed genes for CHD3-KO and SENP1-KO relative to the wild type ctrl, visualized 

through volcano plots (each gene is represented by one point. Fold change is indicated on the X-axis, 
whereas statistical significance is shown on the Y-axis. Only those genes that pass the p<0.01 significance 
threshold (represented by red points) were included for further analyses. Volcano plots were generated using 
the R package CummeRbund (Goff, L., C. Trapnell, and D.R. Kelley, cummeRbund: Analysis, exploration, 
manipulation, and visualization of Cufflinks high-throughput sequencing data. R package version 2.16.0. 
2013). 
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Supplementary Figure S13.  

Functional enrichment analysis of the different sets of differentially expressed genes that are shared 
between CHD3-KO and SENP1-KO. (A) Functional enrichment of the subset of shared genes that were 
significantly down regulated (n=82). (B) Functional enrichment of the subset of shared genes that were 
significantly up regulated (n=80). Functional enrichment analysis was done using the Cytoscape app 
ClueGO+CluePedia (5, 6). 
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RNA-Seq analysis 
Quality of raw reads were investigated using fastqc (version 0.11.2) (Andrews, S., FastQC: a quality 

control tool for high throughput sequence data. Available online at: 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc. 2010). Adaptors and low quality reads were 
removed using trimmomatic (version 0.36) (7). Reads aligning to PhIX sequence (RefSeq: NC 001422.1), 
which was used as a spike-in control during sequencing, were removed using BBMap (version 37.4) 
(Bushnell, B., BBMap short read aligner, and other bioinformatic tools. Available online at: 
http://bbmap.sourceforge.net/. 2010). Tophat2 (version 2.1.1) (8) with the parameters ‘--library-type fr-
firststrand --no-mixed --no-novel-juncs’ was used to align processed reads to the ensemble transcriptome 
GRCh38 release-90 (9). Insert size metrics, which was used to set certain parameters for tophat2 alignments, 
were generated using picard-tool (version 2.10.4), after aligning the reads to the GRCh38 cDNA using 
bowtie2 (version 2.2.9) (10). Differential gene expression of known genes was calculated using cuffdiff in 
the cufflinks suite (version 2.2.1) (11).  Volcano plots showing differentially expressed genes were 
generated using CummeRbund (version 2.16) (Goff, L., C. Trapnell, and D.R. Kelley, cummeRbund: 
Analysis, exploration, manipulation, and visualization of Cufflinks high-throughput sequencing data.. R 
package version 2.16.0. 2013). Cluster heatmap for the shared significantly differentially regulated genes 
were generated using ClustVis webtool (12). Each row in the cluster heatmaps represents a gene where rows 
were centered and unit variance scaling was applied to rows. Both rows and columns were clustered using 
correlation distance and average linkage.  

Functional enrichment analysis was made using the Cytoscape (version 3.5.1) (13) app 
ClueGo + CluePedia (version 2.3.4) (5, 6), by selecting different databases for ontologies and pathways. In 
the GO-term and functional ontology enrichment report, only those terms that have p ≤ 0.01 were included. 
Data have been made publicly available under GEO (accession number: GSE11127). 
 
ATAC-Seq analysis 

The quality of raw sequencing reads was investigated using fastqc (version 0.11.2) (Andrews, S., 
FastQC: a quality control tool for high throughput sequence data. Available online at: 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc. 2010). Low quality reads and adaptors were 
removed using TrimGalore (version 0.3.3) (Krueger, F., Trim Galore! Available online at: 
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Reads aligning to PhIX sequence 
(RefSeq: NC 001422.1) were removed using BBMap (version 37.4) (Bushnell, B., BBMap short read 
aligner, and other bioinformatic tools. Available online at: http://bbmap.sourceforge.net/. 2010). Processed 
reads were aligned to the human reference genome assembly, hg19 using the bwa-mem algorithm in 
Burrows-Wheeler-Aligner (version 0.7.5a)  (14). Aligned reads with poor mapping quality (MAPQ < 20), 
PCR duplicates, ambiguously aligned reads, and reads that mapped to the mitochondrial chromosome were 
filtered using SAMtools (version 1.3.1) (15).  

Peaks were generated using MACS2 (version 2.1.0) (16), broad peaks were called using the parameters 
“--broad-cutoff 0.1 -f 'AUTO' -g hs -m 5 50 --bw 150 --fix-bimodal --extsize 100 -q 0.01”. During peak 
calling, ATAC-Seq genomic DNA from HAP1 control cell lines were used as a control to remove 
background peaks. The bdgcmp function of MACS2 was used to refine the resulting peaks using the 
“Poisson Pvalue” (ppois) method. The refined peaks in bedGraph format were converted to bigWig format 
using bedGraphToBigWig (version 4) (17), the peaks were then visualized using the UCSC genome browser 
(2). Based on this peak calling, a total of 40690, 62229 and 66830 peaks were recorded for control, SENP1-
KO and CHD3-KO cell lines, respectively. IDR (version 2.0.3) (18) was employed on peaks obtained from 
each replicates, to investigate irreproducibility discovery rate (consistency of peaks between the three 
replicates) with a 0.05 p-value cutoff. Bedtools intersect (version 2.17.0) (3) was used to identify intersecting 
genomic regions (common peaks) with p ≤ 0.05 between replicates, the resulting merged peaks were 
visualized. Based on irreproducibility discovery rate analysis the number of peaks that passed IDR threshold 
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of p-value 0.05 between ctrl replicate 1 and ctrl replicate 2 are 11374, which is 4.3% of the total reported 
peaks under p-value 0.1, between ctrl replicate 1 and ctrl replicate 3, 8454 (4.1%), and between ctrl replicate 
2 and replicate 3, 15783 (6.0%). Similarly, for CHD3-KO, peaks passing IDR threshold between replicate l 
and replicate 2 are 20483 (7.6%), between replicate 1 and replicate 2 are 20483 (7.6%) and between replicate 
2 and rep3 are 14628 (5.7%). Peaks passing IDR threshold for SENP1-KO between replicate 1 and replicate 
2 are 15285 (7.0%), replicate 1 and replicate 3 are 15177 (7.7%) and between replicate 2 and replicate 3 are 
20250 (7.7%). 

Correlation scores of genomic regions between each biological replicates were generated using the 
plotCorrelation program under deepTools2 (version 2.5.3-2-503c71b) (1). Average ATAC-Seq signal 
across intervals were calculated using computeMatrix tool and plotted using the plotHeatmap and 
plotProfile tools under deepTools2 (version 2.5.3-2-503c71b) (1). 

BED formatted files were generated from the aligned BAM files using bedtools (version 2.17.0)  (3). 
Subsequently, differential chromatin accessibility was investigated using diffReps (version 1.55.6) with 
sliding window of 1kb and a step size of 100bp (19). The negative binomial model with p value cutoff 
0.0001 was used for the differential chromatin accessibility analysis. Benjamini-Hochberg adjustment 
between two treatment conditions at a time was performed to identify peaks that have significant differential 
regions (α < 0.05). Differential regions that exhibit ≥ 50 % log2 fold change and average normalized read 
count of the treatment group > 20 were considered for further investigation. 

Motif analyses around peak regions for the intersection of differential chromatin accessible regions 
between CHD3-KO and SENP1-KO were carried out using the HOMER program findMotifsGenome.pl 
(version 4.9) (4) with the parameter ‘--size given’. Motif instances for specific, enriched known motifs were 
extracted using the HOMER program findMotifsGenome.pl with the parameter ‘-m -mdist --size given ’. 
Specific motif instances from differentially accessible ATAC-Seq regions were annotated using the 
HOMER program annotatePeaks.pl (4). Similarly, peak annotation was made for public ChIP-Seq datasets 
from K562. As opposed to the overlaps shown in the heatmaps and line plots that show physical overlaps 
of ATAC peaks with ChIP-Seq peaks from the public data, the annotated ATAC-Seq peak files and the 
annotated public ChIP-Seq peak files were used to obtain overlapping peaks (bound sequences) that localize 
to the nearest gene. These overlaps were used to make the Venn diagrams in Fig. 5A and Fig. 6C. In addition, 
to obtain pair-wise intersections in terms of physical overlap, we made a separate analysis using “bedtools 
intersect (version 2.17.0). For these pair-wise physical overlap analyses we used the ChIP-Seq peaks from 
CTCF and SUMO2/3 public data sets and broad peak files of our ATAC-Seq data from MACS2 peak 
calling. The resulting Venn diagrams are shown in Supplementary Figure S5. Data have been made publicly 
available through GEO (accession number: GSE11104). 
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