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1. CHAPTER 1: Introduction 

1.1 Chromatin structure 

The central dogma of gene expression states that deoxyribonucleic acid (DNA) is 

transcribed into ribonucleic acid (RNA) by RNA polymerases, which is then translated into 

protein by the ribosome (Fig 1.1A) (Brenner et al., 1961; Crick, 1970, 1958). To 

understand this process, we must determine the basic biochemistry of DNA structure. 

DNA is a double helix consisting of pairs of nucleotides, also known as bases. Four bases 

(guanine, adenine, thymidine, and cytosine) encode DNA and are later transcribed into 

RNA. The human genome contains ~2 meters of DNA, which is equivalent to a total of 3 

billion base pairs. The DNA double helix is negatively charged and wraps around 

positively charged histone octamers, called nucleosomes. Histone octamers consist of 

two copies of four positively charged core histone proteins, H2A, H2B, H3, and H4 

(Kornberg, 1977; Luger et al., 1997). The negatively charged DNA helix can wrap 1.7 

times around each nucleosome equaling ~147 bp, thereby creating an organized array of 

nucleosomal-wrapped DNA known as “beads on a string” (Fig 1.1B) (Kornberg, 1977; 

Luger et al., 1997). A linker histone, H1, binds to the histone octamer and DNA between 

nucleosomes. The H1 histone acts as the glue to promote the folding and structure of the 

147-bp nucleosome and the 20–50 bp linker DNA to create higher-order chromatin 

(Thoma et al., 1979). The spacing between nucleosomes can vary within a cell, changing 

the fluidity of chromatin compaction and gene regulation through nucleosome mobilization 

(Sandro Baldi et al., 2020). 

The 3 billion base pairs of DNA in a human cell are divided into 23 pairs of compact 

chromatin structures, known as chromosomes. The 3 billion base pairs within the 23 
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chromosome pairs encode about 20,000 genes. Regulation of these 20,000 genes within 

chromosomes requires the balanced coordination of histone-modifying enzymes, 

chromatin-remodeling enzymes, and transcription factors (TFs) along the DNA and 

histone octamers. DNA-templated processes regulate these genes during transcription, 

replication, and repair. In this dissertation, I will discuss a chromatin remodeling ATPase, 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin A5 

(SMARCA5), and how its role in chromatin structure affects DNA-templated processes 

such as TF binding, transcription, and DNA replication. 
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Figure 1.1: The DNA components of the cell. 

(A) The central dogma. DNA (blue) with RNA Polymerase II transcribing mRNA (purple). Then, 

the ribosome translates mRNA into amino acids (green). The amino acids then fold into proteins. 

(B) The DNA double helix is wrapped around a histone octamer, which is known as the 

nucleosome core. Nucleosomes also contain a linker Histone H1 on the piece of linker DNA 

between the nucleosome cores. The nucleosome structures are compacted into chromatin, which 

then forms the chromatin fibers of the chromosomes. 

DNA RNA Protein
transcription translation

RNA Pol II Ribosome
A.

B.
DNA

Histone

Linker DNA

Nucleosome

Chromosome

Chromatin
Chromatin fibers
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DNA
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1.2 Histone modifications 

It is essential to understand the building blocks of the nucleosome, histones, and 

their role in chromatin dynamics. The histones that make up the nucleosome were first 

discovered to be modified by methylation or acetylation marks in the 1960s (Allfrey et al., 

1964; Murray, 1964; Phillips and Simson,1962). Studies in the 1970s determined that 

these marks were located on the histone 'tails' (Lilley et al., 1976). Subsequent research 

established that histone-modifying enzymes add or remove post-translational 

modifications (PTMs) to histone tails, and these enzymes are called writers and erasers 

(Fig 1.2). The writers, such as histone acetyltransferases (HATs), add chemical 

modifications to the histone tails in the form of acetylation. Other marks that can be added 

to histone tails by different histone-modifying enzymes are methylation, phosphorylation, 

and ubiquitination. Erasers remove these chemical marks. An example eraser includes 

histone deacetylases (HDACs), which remove the acetylation mark catalyzed by HATs 

(Fig 1.2). 

Readers are another class of these histone-modifying enzymes that identify and 

interpret chemical modifications (Fig 1.2). Histone tail acetylation is associated with active 

transcription or open chromatin; an example of an activating factor recruited to acetylated 

tails is the reader BRD4 (Hargreaves et al., 2009; Moon et al., 2005). Histone tail 

methylation is associated with both activation and repression of transcription. The 

activation mark H3K4me3 at promoters is read by the PHD finger domain of TAF3 within 

the TFIID complex, subsequently leading to more efficient formation of the preinitiation 

complex (PIC) for transcription activation (Lauberth et al., 2013; Vermeulen et al., 2007). 

The repressive mark H3K27me3 is read by EED, which recruits the rest of the PRC2 to 
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add more H3K27me3 to neighboring nucleosomes for repression of developmental genes 

(Margueron et al., 2009). We can measure global changes in the histone code using 

methods such as chromatin immunoprecipitation followed by sequencing (ChIP-seq) and 

cleavage under targets and release using nuclease (CUT&RUN) (Mardis, 2007; Skene et 

al., 2018). The histone code combined with histone-modifying enzymes and chromatin 

remodeling complexes alters the chromatin landscape and the mechanism of DNA-

templated processes (Li et al., 2007; Shi et al., 2022). 
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Figure 1.2: Histone-modifying enzymes. 

Readers (e.g., BET proteins) read the marks (acetylation) on histone tails. Erasers (e.g., HDACS 

and KDM) remove the acetylation and methylation marks on histone tails. Writer enzymes add 

different marks (e.g., acetylation and methylation) to histone tails. 

  

Writer
BET proteins

Eraser
Reader

HDACs
KDMs
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1.3 Histone Variants 

Nucleosomes consist of a DNA segment wrapped around eight positively charges 

histones, known as a histone octamer. As previously mentioned, the histone octamer 

consists of two copies of H2A, H2B, H3, and H4. Each histone family is encoded by 

multiple genes, some of which vary greatly from the consensus sequence. Incorporation 

of these histone variants into nucleosomes can be dependent on cell cycle, and 

chromatin state and have described roles in gene regulation and replication (Long et al., 

2019; Strobino et al., 2020). While there are multiple histone variants, in this study, I will 

focus on the H2A core histone variant, H2A.Z.   

H2A.Z is one of four replication-independent H2A variants. The difference between 

the H2A core histone and H2A.Z variant is in the C-terminal tail, while the histone fold 

domain has extensive homology between the two variants (Suto et al., 2000). 

SWI2/SNF2-Related 1 Chromatin Remodeling Complex (SWR1) places H2A.Z while 

Inositol-requiring protein 80 (INO80) evicts the H2A.Z histone variant (Luk et al., 2010; 

Papamichos-Chronakis et al., 2011). Vertebrates have two homologs of SWR1, p400, 

and Snf2-related CREBBP activator protein (SRCAP) which place H2A.Z.  

H2A.Z is associated with gene activation and gene silencing, and the SWR1 

complex places H2A.Z at regulatory elements and gene promoters (Giaimo et al., 2019). 

H2A.Z is enriched around regulatory elements containing CTCF sites (Fu et al., 2008).  

Loss of H2A.Z leads to improper heterochromatin formation, disorganization of 

centromere structure, and chromosome segregation defects (Greaves et al., 2007; Hou 

et al., 2010). Additionally, H2A.Z stimulates the ATPase activity of ISWI remodelers 

significantly more than the H2A core histone (Goldman et al., 2010). Understanding how 
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H2A.Z influences DNA-templated processes such as transcription, replication, and 

chromatin remodeling could provide essential insights into chromatin structure and 

function.     
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1.4 Nucleosome repeat length 

Chromatin structure can be altered by PTM-mediated changes in histone tails and 

chromatin remodeling enzymes driven by ATP-dependent reactions. Chromatin 

remodeling enzymes can install, slide, exchange, and evict nucleosomes within the DNA 

to alter chromatin structure. The chromatin structure is called open or closed depending 

on nucleosome spacing along the DNA. Euchromatin also called open chromatin, has 

equally spaced nucleosomes and/or nucleosome-free regions (NFR) that allow the 

binding of different factors for active transcription or replication. Heterochromatin (closed 

chromatin) has unevenly spaced nucleosomes that are tightly compacted into higher-

order chromatin structures. Other chromatin structures enable the binding of different 

factors to DNA, thereby achieving different transcription and replication outcomes and 

different cell states (Dixon et al., 2015). 

Chromatin is highly dynamic and can be analyzed with different experimental 

techniques to measure changes after specific cell alterations. Techniques that identify 

chromatin structure measure nucleosome positioning to understand how chromatin 

structure affects DNA-templated processes such as TF binding, transcription, replication, 

and repair (Fig 1.3 A). Genome-wide assays can measure the arrangement of 

nucleosomes within chromatin by performing next-generation sequencing (NGS) 

experiments such as assay for transposase-accessible chromatin using sequencing 

(ATAC-seq) and Micrococcal nuclease followed by sequencing (MNase-seq) (Fig 1.3 B, 

C). ATAC-seq uses a transposase with adapters to insert itself into NFRs, subsequently 

providing a range of information from NFRs to mono-, di-, and tri-nucleosomal fragments 
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(Fig 1.3 B). MNase-seq analysis can be used to determine the mononucleosomal pattern 

within a cell population (Fig 1.3 C). MNase-seq can provide information on the position of 

mononucleosomes and use that information to measure the length between nucleosome 

positions or the nucleosome repeat length (NRL) (Fig 1.3 A). The NRL is not constant but 

changes depending on the genome area, cell type, developmental stage, or 

transcriptional state of the cells (Sandro Baldi et al., 2020). 

Understanding the chromatin structure around a gene or protein binding site can 

provide information about the state of transcription or replication. The chromatin structure 

around the transcription start site (TSS) of a repressed gene contains poorly 

positioned/disorganized nucleosomes; notably, nucleosomes over the TSS block the 

binding of activating TFs (Fig 1.4 A). The structure of an active gene consists of NFRs 

around the TSS and well-positioned nucleosomes throughout the gene body (Fig 1.4 B). 

The NFRs at the TSSs are surrounded by well-positioned nucleosomes, especially +1 

and –1 nucleosome (Fig 1.4 B). Knowledge of the chromatin structures associated with 

specific transcriptional states allows us to better understand the cascades caused by 

chromatin remodeling enzymes and histone-modifying factors that can alter the chromatin 

landscape. 

Changes in chromatin structure affect transcriptional control and other DNA-

templated processes, such as DNA replication and TF binding at intergenic and intronic 

regions. To replicate DNA, the origin of replication must be available for the replisome to 

read and initiate DNA replication (Fig 1.4 C). The cell may stop dividing when the origins 

of replication are closed and chromatin remodelers such as INO80 do not function, 

leading to cell death or cell cycle arrest. Cells also can exhibit cell death or cell cycle 
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arrest due to the deregulation of transcription from the loss of TF binding events. The 

imitation switch (ISWI) chromatin remodeling protein equally spaces the nucleosomes 

around CTCF motifs and other TF binding sites, thereby enabling processes such as DNA 

looping (Fig 1.4 D) (refs throughout this section). Disorganization of these equally spaced 

nucleosome arrays can block the binding of DNA replication proteins and TFs, leading to 

the loss of essential cellular processes. The knowledge we gain by examining chromatin 

structure, and chromatin remodeling enzymes can inform us when, where, and how 

changes in DNA-templated processes can lead to alterations in the cell cycle and cell 

development. 
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Figure 1.3: Techniques used to analyze nucleosome positioning. 

(A) Diagram of the nucleosome structure within a cell population, where the nucleosome contains 

the histone octamer and the linker DNA. The nucleosome is positioned at the center of the 

nucleosome, which allows the measurement of NRL. (B) ATAC-seq is a method for measuring 

NFRs in a cell using a Tn5 transposase incubated with adapters that can insert into open regions 

of chromatin. This provides small fragments of NFRs and mono-, di-, and tri-nucleosome 

fragments. (C) MNase-seq is a method for measuring mononucleosomes in a cell using 

micrococcal nuclease digestion to cut either side of the nucleosome. This provides mono-, di-, 

and tri-nucleosome fragments; therefore, the mononucleosome fragments must be gel-extracted 

for library preparation. 
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MNase

mono
di
tri

ATAC-seq

Tn5

NFR

Cell population

Nucleosome
Linker

Position NRL
A.
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extract
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Figure 1.4: Nucleosome structure throughout the genome. 

(A) Nucleosome structure around the TSS of a silenced gene. (B) Nucleosome structure of the 

TSS of an actively transcribed gene. (C) Nucleosome structure around the TSS of a gene with 

the SWI/SNF chromatin remodeling enzymes and GTFs. The resulting ATAC-seq signal is blue, 

and the MNase-seq signal is purple. (D) Nucleosome structure around an active replication origin 

with the replisome in blue and the INO80 chromatin remodeling enzymes in purple. (E) 

Nucleosome structure around the motif binding site of the CTCF transcription factor (blue) with 

chromatin remodeling enzymes. The resulting ATAC-seq signal is blue, and the MNase-seq signal 

is purple.  
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1.5 Transcriptional regulation 

The transcription cycle for the regulation of gene expression is essential for cell 

development, growth, and survival. The steps involved in transcription involve chromatin 

remodeling enzymes, DNA-binding TFs, RNA Polymerase II (RNAPII), and general 

transcription factors (GTFs), which coordinately achieve RNA synthesis and gene 

expression. This process involves the initiation, promotor proximal pausing, pause 

release, elongation, and termination of RNAPII. Any alterations in these steps can lead 

to dysregulation of gene expression and cell death or disease. Dissecting each step 

during the transcriptional cycle will allow us to better understand how alterations could 

lead to disease initiation and progression. 

1.5.1 Initiation 

Transcriptional initiation starts with the formation of the preinitiation complex (PIC) 

at promoters with open regions of chromatin or NFRs (Fig 1.5 A). PIC formation begins 

with the binding of the TATA box binding protein (TBP), a component of TFIID, along with 

other TFIID elements that bind downstream of the TSS (Shopland et al., 1995). The GTFs, 

TFIIA, and TFIIB then bind to TBP to facilitate recruitment of RNAPII to DNA (Fig 1.5 B). 

Mediator then binds to TFIID to stabilize the PIC and create long-range interactions 

between enhancers and promoters (Chen et al., 2021). Next, RNAPII binds to the 

promoter with TFIIE, TFIIF, and TFIIH to expose the DNA for transcription initiation. The 

TFIIH complex containing the CDK7 kinase first phosphorylates the fifth residue in the C-

terminal domain (CTD) of RNAPII, Ser5 (Fig 1.5 C) (Glover-Cutter et al., 2009). 

Phosphorylation of Ser5 on the CTD of RNAPII results in the eviction of the Mediator 

complex and activation of RNA capping enzymes, and RNAPII starts to transcribe 20 to 
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60 nucleotides of RNA before pausing due to binding of Negative elongation factor 

(NELF) (Allen and Taatjes, 2015; Li et al., 2013). 

1.5.2 Pausing and pause release 

RNAPII pausing between the promoter and the first (+1) nucleosome is stabilized 

by the binding of NELF and DRB sensitivity-inducing factor (DSIF) to RNAPII on DNA 

(Vos et al., 2018b; Yamaguchi et al., 1999). NELF and DSIF stabilize paused RNAPII 

along the DNA, thereby creating a kinetic barrier for RNAPII. The first (+1) nucleosome 

also creates a physical barrier that impedes RNAPII elongation, ultimately creating the 

promoter-proximal pause (Fig 1.5 D). To be released from this pause, RNAPII can have 

premature termination from the promoter-proximal pause, or Positive transcription 

elongation factor b (p-TEFb) can mediate pause release. P-TEFb contains the CDK9 and 

Cyclin T kinase that is recruited to paused RNAPII by TFs such as c-MYC, BRD4 bound 

to acetylated histone tails, or the Super elongation complex (SEC) to activate pause 

release (Eberhardy and Farnham, 2001; Luo et al., 2012; Moon et al., 2005). Once p-

TEFb binds, CDK9 phosphorylates NELF, DSIF, and Ser2 on the RNAPII CTD, resulting 

in pause release and elongation; that is if the PP2A-Integrator complex does not block 

Ser2 phosphorylation (Fig 1.5 E) (Peterlin and Price, 2006; Vervoort et al., 2021). 

1.5.3 Elongation 

To continue productive elongation through the gene body, RNAPII must overcome 

different barriers, usually nucleosomes, by SWI/SNF chromatin remodeling enzymes. 

Polymerase-associated factor complex (PAF) is necessary for elongation and allows 

RNAPII to reach optimal speed and processivity by the binding of SPT6 and RTF1. SPT6 

facilitates transcription through nucleosomes and optimizes elongation velocity at the 
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beginning of gene bodies, whereas RTF1 is necessary to maintain elongation velocity 

throughout the gene body (Fig 1.5 F) (Chen et al., 2009; Vos et al., 2018a; Žumer et al., 

2021). Facilitates chromatin transcription (FACT) destabilizes nucleosome barriers during 

transcription by disassembling the H2A-H2B dimer from nucleosomes to allow RNAPII to 

proceed through the gene body, then redeposits the H2A-H2B dimer after RNAPII 

transcription (Formosa, 2012). 

1.5.4 Termination 

Transcription can be terminated by the following processes: mRNA 

polyadenylation, RNAPII eviction from DNA, RNAPII slowing, and/or mRNA release from 

RNAPII for nuclear export. The main process to terminate the transcriptional cycle is 

through the polyadenylation signal (PAS), which is then recognized and cleaved by the 

XRN2 exonuclease and the CPSF73 endonuclease (Eaton et al., 2018). RNAPII can then 

be recycled and recruited to the next active gene. 
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Figure 1.5: RNA polymerase II transcription. 

(A) Chromatin remodeling enzymes are recruited by transcription factors to move nucleosomes 

around the TSS. (B) Mediator and other GTFs bind the TSS to recruit RNAPII. C. CDK7 

phosphorylates the serine 5 on the RNAPII C terminal tail. D. The phosphorylation of serine 5 

leads to release of Mediator as RNAPII transcribes ~20bp and is paused by binding of NELF and 

DSIF. E. The SEC binds and p-TEFb phosphorylates NELF, DSIF, and serine 2 on the C-terminal 

tail of RNAPII leading to pause release and elongation. F. Elongation factors binds RNAPII 

leading to positive elongation.   
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1.6 Nucleosome-dependent replication 

Human cells contain ~2 meters of DNA that must be replicated every time a cell 

divides, approximately every 24 hours. This takes DNA-templated process takes many 

different factors, such as chromatin remodeling enzymes, histone chaperones, helicases, 

and DNA polymerases to bind open chromatin. Human chromatin creates a barrier to 

replisome assembly (Azmi et al., 2017). Chromatin remodeling enzymes, such as INO80 

or ISWI, must move or slide nucleosomes away from the origin of replication to allow 

access to DNA and replisome assembly (Längst and Becker, 2001; Papamichos-

Chronakis and Peterson, 2008). The ACF-ISWI complex has been shown to be important 

for replication through heterochromatin and replication fork velocity after knockdown 

(Bhaskara et al., 2013; Collins et al., 2002). INO80 is also necessary for replication fork 

velocity, as well as stabilized by BAP1 at replication forks, and necessary for recovery 

from stalled replication forks (Lee et al., 2014; Shimada et al., 2008). Together this data 

shows how important chromatin remodeling enzymes are at replication forks. 

The replisome also requires the binding of a helicase, histone chaperones, and 

nucleosome disassembly factor to an open region of chromatin (DNA without 

nucleosomes) to assemble with the DNA clamp, primase, and polymerase (Berbenetz et 

al., 2010; Lipford and Bell, 2001; Yeeles et al., 2015). In eukaryotic cells, the 

minichromosome maintenance (MCM) helicase binds to open regions of double-stranded 

DNA to transform it into single-stranded DNA as FACT disassembles the nucleosomes 

and histones in front of the replication fork (Evrin et al., 2009; Formosa, 2012; Labib et 

al., 2000). The pola primase is then loaded onto the DNA to create RNA primers for the 

pold and pole polymerases (Stillman, 2008). PCNA, the polymerase loading clamp, loads 
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leading strand polymerase, pold, and lagging strand polymerase, pole, for DNA replication 

(Navas et al., 1995; Nick McElhinny et al., 2008; Pursell et al., 2007). As DNA is 

replicated, CAF1 mediates the assembly of new nucleosomes and histones onto the new 

sets of daughter DNA (Smith and Stillman, 1989). The chromatin structure has a critical 

role in DNA replication as cells cannot replicate without access to DNA. 
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1.7 SMARCA5 

1.7.1 Discovery of ISWI homologs 

 The first descriptions of SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin A5 (SMARCA5) occurred in studies of yeast homologs. The first 

yeast ATPase (SNF2/SWI2) was described in 1986 as required for de-repression of the 

glucose-repressible gene Suc (Abrams et al., 1986). The yeast SNF2/SWI2 was 

discovered as a possible helicase in 1992 (Okabe et al., 1992). Two years after the 

discovery of the SNF2/SWI function in yeast, the Drosophila SWI2-related genes, brm 

and ISWI, were cloned, characterized, and identified (Elfring et al., 1994). In 1998, the 

Human Genome Project identified the human homolog of Drosophila ISWI from 

SMARCA5 cDNA, with 73% amino acid homology to ISWI (Aihara et al., 1998). It was 

theorized that SMARCA5 could contribute to the onset of hepatocellular carcinomas as 

there was a loss of heterozygosity in the chromosomal location of SMARCA5. These 

studies laid the groundwork for understanding the phenotypic and molecular roles of 

SMARCA5. 

1.7.2 SMARCA5 as a member of the ISWI subfamily 

 SMARCA5 is a member of the ISWI subfamily of SWI/SNF complexes. SMARCA5 

is an ATP-dependent helicase and chromatin remodeling enzyme necessary for sliding 

nucleosomes along DNA to regulate processes such as replication, repair, and 

transcription (Fig 1.6 B). The general structure and function of the ISWI chromatin 

remodeling ATPase homolog, SMARCA5, is conserved from yeast to mammals. 

Members of the ISWI subfamily contain RecA-like lobes/domains that constitute the 
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ATPase, thereby allowing DNA translocation from the nucleosome (Fig 1.6 A) (Iestyn et 

al., 2003). 

Two auto-inhibitory domains (AutoN and NegC) surround the translocation domain 

(Fig 1.6 A) (Clapier and Cairns, 2012). The AutoN domain inhibits the translocation 

domain; however, AutoN is antagonized when bound to the histone H4 tail, allowing 

increased ATPase and translocation activity (Hwang et al., 2014) (Fig 1.6 C Step 1). The 

NegC domain also inhibits translocation activity but is antagonized by the last domain, 

the HAND-SANT-SLIDE (HSS) domain, which binds to linker DNA between nucleosomes 

(Fig 1.6 C Step 2) (Grüne et al., 2003). As the HSS domain pulls along the linker DNA to 

equally space the nucleosomes, it antagonizes NegC and allows the translocation domain 

to remove DNA from the nucleosome, subsequently sliding the nucleosome along (Fig 

1.6 C Step 3). The HSS domain is released when it reaches the end of the linker DNA, 

allowing NegC to inhibit the translocation domain (Fig 1.6 C Step 4). When the HSS 

domain runs out of linker DNA and runs into the next nucleosome, the chromatin 

remodeling enzyme sets the internucleosomal distance and is then released from the 

nucleosome, ultimately leading to equally spaced nucleosome arrays. 
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Figure 1.6: SMARCA5 structure and function. 

(A) SMARCA5 has an ATPase domain that contains two auto-inhibitory domains (AutoN and 

NegC), a histone binding domain (HBD), and the translocase domain. The SMARCA5 C-terminal 

domain is a HAND-SANT-SLIDE domain (HSS). (B) ISWI slides nucleosomes to create equally 

spaced arrays of nucleosomes. (C) (1) The HSS domain binds the linker DNA between 

nucleosomes and blocks the NegC domain from inhibiting the translocation domain (Tr). HBD 

binds to the H4 histone tail, inhibiting the AutoN domain and allowing the Tr domain full activity 

(2) The HSS domain antagonizes NegC as it pulls along the linker DNA to equally space the 

nucleosomes, allowing the translocation domain to remove the DNA from the nucleosome and 

(3) slide it along. (4) Once the HSS domain reaches the end of the linker DNA it is released, 

allowing NegC to inhibit the Tr domain. The chromatin remodeling enzyme is then released from 

the nucleosome after setting the precise internucleosomal distance, leading to equally spaced 

nucleosome arrays.  
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1.7.3 SMARCA5 complexes 

SMARCA5 constitutes the catalytic subunit of five complexes: ATP-utilizing 

chromatin assembly and remodeling factor (ACF), Chromatin accessibility complex 

(CHRAC), Remodeling and spacing factor (RSF), Nucleolar remodeling complex (NoRC), 

and WSTF-imitation switch (B-WICH/WICH) (Table 1.1). The ACF complex was first 

discovered in 1997 in Drosophila; it contained ACF1 and ISWI, which express ATP-

dependent chromatin remodeling activity (Ito et al., 1997). The human ACF complex was 

not purified until 2000 when it was shown to function in vitro in nucleosome sliding along 

with SMARCA5 (LeRoy et al., 2000). A study in 2002 reported that ACF1 and SMARCA5 

were necessary for S phase replication after knockdown, specifically within 

heterochromatin (Collins et al., 2002). Since then, the ACF complex has been shown to 

be important for DNA double-strand break repair, nucleosome sliding, and G2/M 

checkpoint function (Sánchez-Molina et al., 2011). 

Varga-Weisz et al. (1997) identified two of the five members of the Drosophila 

CHRAC complex, ISWI and Topoisomerase II, and determined that the CHRAC complex 

had different remodeling activity than that of the NURF complex (Varga-Weisz et al., 

1997). Several years later, the entire human CHRAC complex was identified and reported 

to consist of SMARCA5, ACF1, p15, and p17, but not Topoisomerase II (Poot et al., 

2000). Human CHRAC was determined to have nucleosome spacing activity similar to 

that of the Drosophila CHRAC complex in vitro. 

The RSF complex consists of RSF1 and SMARCA5, and has a role in facilitating 

activator-dependent transcription initiation on chromatin template RNAPII in vitro (LeRoy 

et al., 1998). The RSF complex also is required for the assembly of centromeric chromatin 
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and double-stranded DNA break repair (Helfricht et al., 2013; Loyola et al., 2003; Min et 

al., 2014; Perpelescu et al., 2009). 

The NoRC complex was discovered by identifying the novel Transcription 

termination factor 1 interacting protein 5 gene (TIP5) and its interacting partner 

SMARCA5 (Strohner et al., 2001). The NoRC complex is recruited to rDNA promoters to 

mediate gene silencing through heterochromatin formation. NoRC silences rDNA by 

recruiting different interacting factors to hypoacetylated Histone H4 and methylate H3K9 

around the rDNA promoters (Guetg et al., 2010; Santoro et al., 2002; Zhou et al., 2002). 

The WICH complex, which contains SMARCA5 and Williams syndrome 

transcription factor (WSTF), functions in late S phase to control replication through 

heterochromatin (Bozhenok et al., 2002). In 2006, a complex containing the WICH 

components SMARCA5 and WSTF, along with Nuclear myosin (NM1), was identified as 

the B-WICH complex (Cavellán et al., 2006). The B-WICH complex is required to regulate 

chromatin structure by activating rDNA with RNAPI and RNAPIII (Sadeghifar et al., 2015). 

Together, these complexes function to specifically alter the chromatin remodeling activity 

of SMARCA5 in DNA-templated processes such as transcription, replication, and repair 

(He et al., 2008).  
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Complex Components Functions 

ACF SMARCA5, ACF1 DNA replication and repair 

CHRAC SMARCA5, ACF1, p15, p17 DNA replication  

RSF SMARCA5, RSF1 dsDNA break repair, centromeric 

chromatin assembly 

NoRC SMARCA5, TIP5 RNAPI transcription  

WICH SMARCA5, WSTF Replication through 

heterochromatin 

B-WICH SMARCA5, WSTF, NM1 RNAPI and RNAPIII transcription 

 

Table 1.1: SMARCA5 complexes and their functions. 
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1.7.4 SMARCA5 in hematopoiesis 

 In the early 2000s, Stopka and Skoultchi studied the function of SMARCA5 in 

mammalian development and discovered that it was essential for early murine 

embryogenesis (Stopka and Skoultchi, 2003). The lethality of Smarca5 knockout (KO) in 

early murine development was due to a degeneration of Smarca5-null blastocyst at day 

2 of embryogenesis (Stopka and Skoultchi, 2003). Not only is Smarca5 important for 

healthy development of mice, it is also is overexpressed in CD34+ AML (Stopka et al., 

2000); therefore, these investigators studied the role of SMARCA5 in adult erythropoiesis 

using K562 human erythroleukemia cells (Stopka and Skoultchi, 2003). Stopka and 

Skoultchi discovered that Smarca5 knockdown caused cytokine-induced erythropoiesis 

blockage in vitro. This led to studies of the specific function of Smarca5 in the 

hematopoietic system in mouse models. Smarca5 knockout using Vav1-Cre and Epor-

Cre mice resulted in embryonic lethality due to anemia (Kokavec et al., 2017). These 

results were supported by more recent studies in zebrafish that demonstrated the 

importance of Smarca5 in fetal hematopoiesis in zebrafish (Ding et al., 2021b). Bone 

marrow samples from patients with AML have significantly higher SMARCA5 expression 

at the time of diagnosis than after complete remission (Zikmund et al., 2020). Together, 

these data indicate that SMARCA5 has a key role in hematopoietic development. 

1.7.5 SMARCA5 functions in transcription and chromatin structure 

Numerous studies have investigated SMARCA5 function in chromatin structure 

and transcription in vitro. SMARCA5 slides the nucleosome from 1-2bps in ~20 seconds, 

and slides nucleosomes in a non-directional manner in isolation in vitro (Gamarra et al., 
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2018; Oppikofer et al., 2017). Combining ACF1 or WSTF1 with SMARCA5 in vitro 

remodels the nucleosome to the center of an 80 bp DNA fragment, suggesting that these 

subunits are important for the directionality of SMARCA5 remodeling (Oppikofer et al., 

2017). 

Smarca5 deletion is embryonic lethal in mice and impairs blastocyst-derived stem 

cell proliferation, but Barisic et al. (2019) used CRISPR Cas9 to generate SMARCA5 

knockout (KO) clones in mouse embryonic stem cells (mESCs) with a homozygous 

frameshift mutation in exon 6 of Smarca5. SMARCA5 KO mESCs have normal 

morphology and a similar cell cycle as WT but lost their differentiation potential and grow 

about 13% slower than WT. The inability to differentiate suggests that there were specific 

differences between WT and Smarca5 KO; therefore, the Schübeler laboratory performed 

RNA-seq to identify differences in the steady-state mRNA levels. They detected 2000 

changes in steady-state mRNA levels that showed enrichment for differentiation and 

proliferative function. 

SMARCA5 was previously described as a “nucleosome ruler” in vitro. Barisic et al. 

(2019) tested this using the SMARCA5 KO model. Analyzing nucleosome repeat length 

(NRL) in combination with MNase-seq data showed an increase in NRL in Smarca5 KO 

mESCs. As a control, they analyzed NRL in Brg1 KO cells, which had no changes in NRL 

compared to WT. Dr. Michael Stadler created a Loess model to calculate NRL within 

ATAC-seq data sets, removing NFR fragments and utilizing mono-, di-, and tri-

nucleosomal fragments. The ATAC-seq of Smarca5 KO exhibited an increase in NRL 

compared to that of WT, with an increase of up to 10 bp around genes and intergenic 

regions. 
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Smarca5 knockdown in HELA cells disrupts nucleosome organization around 

CTCF motifs and reduces human homolog of radiation sensitive mutant 21, RAD21, 

localization around CTCF motifs (Dluhosova et al., 2014). An association between CTCF 

and SMARCA5 was found that led to increased PU.1 expression (Dluhosova et al., 2014). 

SMARCA5 is also associated with RAD21 (Hakimi et al., 2002). Smarca5 KO in mESCs 

led to a global decrease in nucleosomes specifically around CTCF motifs but not around 

REST motifs, which was measured by tracking mononucleosome spacing around motif 

centers using MNase-seq and by differential motif analysis of NFRs using ATAC-seq. 

These global changes in nucleosome structure around CTCF motifs led to a loss of CTCF 

binding in Smarca5 KO, which was rescued by the addition of WT Smarca5. In a different 

outcome, the mESC KO of Brg1, another chromatin remodeling ATPase and member of 

the SWI/SNF family, led to loss phasing around REST sites and REST binding, but no 

changes CTCF binding or phasing around CTCF sites (Barisic et al., 2019). Smarca5 KO 

genome-wide chromatin capture conformation, Hi-C, data indicated that there was a 

global loss in topologically associated domains (TADs), similar to what was observed in 

Ctcf KO (Barisic et al., 2019). These combined data provide evidence for the indirect and 

probably secondary effects of SMARCA5 loss due to the use of knockdown and knockout 

models. 

1.8 Fast biology and proteolysis targeting chimeras (PROTACs) 

Genome dynamics within a cell display rapid changes in response to internal or 

external changes, such as drug treatments, gene knockdown/knockout, or environmental 

effects. These changes can lead to a chromatin remodeling enzyme sliding a nucleosome 

along DNA within 20 seconds, leaving spaces of open chromatin and nucleosome-free 
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regions (NFR) or the alternative, closing regions of chromatin (Fig 1.7) (Gamarra et al., 

2018). A TF can find binding sites along the NFRs of DNA in 0.5 to 12 seconds, leading 

to transcriptional changes (Fig 1.7) (Mazza et al., 2012; Morisaki et al., 2014). These rapid 

changes, called Fast biology, can alter the genome structure and transcriptional content. 

The transcriptional changes are accompanied by changes in gene networks and protein 

expression, leading to activation of secondary targets. This cascade of events can lead 

to rapid phenotypic changes, such as cell differentiation or apoptosis within one day (Fig 

1.7). 

To resolve each of these stages of molecular and cellular changes in chromatin 

structure, experimental techniques have evolved from gene knockdown or knockout 

(which requires days to establish) to chemical inhibitors. Many of these inhibitors are 

nonspecific and affect other protein family members. Many other proteins are not 

considered “druggable” because they function as scaffolds and/or do not contain an 

ATPase domain. This barrier of undruggable targets is overcome by using proteolysis 

targeting chimeras (PROTACs), which are heterobifunctional molecules that bind to the 

protein of interest (POI) and utilize the cell proteasome system [e.g., Cereblon (CRBN) 

E3 ubiquitin ligase] to ubiquitinate the POI and send it to the degradation pathway. 

PROTACs enable protein degradation within minutes. 

The ability to target E3 ubiquitin ligases for direct degradation of a POI was first 

described 20 years ago. They designed Protac-1 to recruit methionine aminopeptidase-2 

(MetAP-2) to Skp1-Culline-F box–containing Hrt (SCF) for ubiquitination followed by 

degradation (Sakamoto et al., 2001). This led to increasing interest in creating PROTAC 

therapies for different diseases. One of the early targets was the androgen receptor to 
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the E3 ubiquitin ligase MDM2 (Schneekloth et al., 2008). This was followed by the 

discovery of thalidomide and lenalidomide as heterobifunctional molecules that bind to 

the CRBN and Ikaros family members IKZF1 and IZKF3 (Ito et al., 2010). IKZF3 is highly 

upregulated in chronic lymphocytic (CML) and multiple myeloma (MM) patient samples. 

Treating cells with lenalidomide or thalidomide resulted in anti-cancer effects and led to 

many clinical trials (Avet-Loiseau et al., 2009; Krönke et al., 2014). 

 Drug development for customized PROTACs can take years and requires a 

molecular binding site for the heterobifunctional molecule and CRBN. Therefore, in vivo 

studies have begun by modifying the N-terminal or C-terminal portion of the POI with a 

degron tag. The dTAG system was developed by utilizing the FKBP12F36V mutant that 

serves as the tag for the POI and the pocket created by the mutation allows for binding 

of the degron molecules dTAG-7 and dTAG-13 (Clackson et al., 1998; Erb et al., 2017). 

This enables incorporation into the endogenous locus of the POI or overexpression of the 

tagged POI by lentiviral infection followed by knockout of the endogenous copies. 

Examples of early studies with FKBP12F36V are the lentiviral fusion ENL by James 

Bradner’s group using dTAG-13, followed by endogenous tagging of YY1 by Richard 

Young’s laboratory with the use and creation of dTAG-47 (Fig 1.8) (Erb et al., 2017; 

Weintraub et al., 2017). These studies have revolutionized biological, biochemical, and 

genomic analyses of chromatic structure, allowing quick removal of POIs from the system 

within minutes to hours, versus days to weeks from knockout and knockdown 

experiments.  
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Figure 1.7: Fast biology. 

ISWI remodelers and other chromatin remodeling enzymes can slides nucleosomes a few base 

pairs every 20 seconds. Transcription factors can bind and activate transcription of genes within 

20-30 seconds. Translation of protein can occur with a few minutes, all leading to new gene 

expression profiles and possible phenotypic changes in cells.  (Swift and Coruzzi, 2017) 
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Figure 1.8: Utilizing the dTAG system. 

Schematic of homology-directed repair plasmids (HDR) containing the FKBP12F36V FLAG tag that 

is incorporated into the endogenous alleles of the protein of interest (POI) and bulk sorted based 

on mCherry and BFP fluorescence. The endogenously tagged POI can be degraded with a 

heterobifunctional proteolysis targeting chimera (PROTAC) molecule known as dTAG that binds 

both FKBP12 F36V and Cereblon E3 ubiquitin ligase, ubiquitinating the POI, and sending it to the 

proteasome for degradation.  
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1.9 Scope of dissertation 

The subsequent work represents a chapter-by-chapter summation of the 

dissertation work on Human SMARCA5. Determining the direct role of chromatin 

remodeling enzymes such as SMARCA5 can allow for a better understanding of how 

DNA-templated processes occur. In this dissertation I utilize engineered cell lines with 

degron tags in the endogenous locus of SMARCA5, to determine which DNA-templated 

processes SMARCA5 is directly required for and those that are secondary effects of 

SMARCA5 knockout.  

Chapter 1 presents background on chromatin structure, transcription, replication, 

SMARCA5 history, and recent development of innovative tools in the field. Chapter 2 

presents the Material and Methods used in the studies described in this dissertation. 

Chapter 3 presents detailed descriptions of which DNA-templated processes were 

determined to be directly regulated by human SMARCA5, which were published in 

Molecular Cell (Bomber et al., 2022). The combination of short inducible degradation time 

courses and deep sequencing techniques gave us the temporal resolution required to 

identify the direct role of SMARCA5 in transcription, protein binding, and overall 

nucleosome positioning. Chapter 4 presents a discussion of the conclusions and 

limitations of this studies and future directions for this research moving forward. 
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2. CHAPTER 2: Materials and Methods 

2.1 Antibodies  

Antibody Dilution Species Company Catalog Use 

7AAD 5uL  BD 51-2359KC Flow 

AnnexinV 

(FITC) 

5uL  BD 556419 Flow 

BrdU 

(FITC) 

15uL  BD 556025 Flow 

CD11b 15uL  BD  Flow 

CD82 5uL  BD  Flow 

CTCF 1:100 Rabbit Millipore 07-729 C&R 

ETOZnf 1:100 Rabbit House  C&R 

Flag 1:200 Mouse Sigma F1804 C&R 

H2AZ 1:100 Rabbit abcam ab4174 C&R 

H3K27me3 1:100  CST C36B11 C&R 

HA 1:800 Rabbit CST C29F4 C&R 

GAPDH 1:1000 Mouse SantaCruz  WB 

Propium 

Iodide 

  BD 51-66211E Flow 

RUNX1 1:100 Mouse SantaCruz sc-365644  

 

C&R 
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Secondary 

Mouse  

1:200  abcam ab46540  C&R 

Secondary 

Mouse  

1:5000  LICOR  WB 

Secondary 

Rabbit 

1:200  Invitrogen 31238  

 

C&R 

Secondary 

Rabbit 

1:5000  LICOR  WB 

SMARCA5 1:1000 Rabbit Abcam ab72499  WB 

Zombie NIR 1:2000  Biolegend 423106 Flow 

 

Table 2.1: Antibodies 
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2.2 ATAC-seq 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells at 5 x105/mL were treated with 

500nM dTAG-47 at the 2hr, 6hr, and 24hr in duplicate. The nuclei were isolated and 

incubated with Tn5 following the protocol as previously described (Barnett et al., 2020), 

adding in 1% Drosophila S2 nuclei. The sequencing libraries were created as previously 

described (Buenrostro et al., 2013). Samples were sequenced by the VANTAGE 

Sequencing Core on the NovaSeq6000 instrument. Kasumi-1, HEL, and OCI-LY1 

SMARCA5FKBP12F36V-expressing cells at 5 x105/mL were treated with 500nM dTAG-47 at 

the indicated times in duplicate. The nuclei were isolated and incubated with Tn5 following 

the Active motif protocol (Active Motif, 53150) adding in 1% Drosophila S2 nuclei in 

duplicate. The sequencing libraries were created and SPRI clean-up was performed with 

the Active Motif kit per protocol. Samples were sequenced by the VANTAGE Sequencing 

Core on the NovaSeq6000 instrument. Data were trimmed and analyzed as described in 

github (https://github.com/monnieb92/SMARCA5_paper), using trimmomatic, bowtie2, 

and samtools (Bolger et al., 2014; Langmead and Salzberg, 2012; Li et al., 2009). Data 

were further analyzed as described in github 

(https://github.com/monnieb92/SMARCA5_paper), using Genrich (v0.6.1, available at 

https://github.com/jsh58/Genrich, parameters: -q 0.05 -j -r -E) for peak calling, Diffbind for 

creating a counts table, and DESeq2 with or without batch effect to normalize counts 

tables and call differential peaks (Love et al., 2014; Ross-Innes et al., 2012; Stark and 

Brown, 2011; Zhang et al., 2008). ATAC-seq data were visualized using deepTools 

(Ramírez et al., 2016). HOMER was used to annotate peaks (Heinz et al., 2010).  
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2.3 Cell Culture 

The Kasumi-1 cell line was purchased from ATCC and grown in RPMI 

supplemented with 20% heat inactivated fetal bovine serum, 1% L-glutamine, and 1% 

penicillin and streptomycin at 37°C with 5% CO2. The HEL cell line was grown in RPMI 

supplemented with 10% fetal plex, 1% L-glutamine, and 1% penicillin and streptomycin 

at 37°C with 5% CO2. The OCI-LY1 cell line was grown in IMDM supplemented with 10% 

fetal plex, 1% L-glutamine, and 1% penicillin and streptomycin at 37°C with 5% CO2. 

Drosophila S2 cells were gown at 28°C in Schnieder media supplemented with 10% heat 

inactivated fetal bovine serum and 0.5% penicillin and streptomycin.   

2.4 Cell Cycle Analysis  

The Kasumi-1 Parental and Kasumi-1-SMARCA5FKBP12F36V-expressing cells  

were seeded at 3 x 105/mL and treated with 500nM dTAG-47 for 24h and 48h time points. 

BrdU (20mM) was diluted 1:1000 into cell cultures for 1.5 hours at 37°C 5% CO2, the cells 

were washed with PBS, and then fixed overnight with 5 mL of 70% EtOH. Cells were 

collected by centrifuging at 1500x rpm, then resuspended in 1mL 2N HCl supplemented 

with 0.5mg/mL Pepsin (Sigma, P7012- 1G). After 30 minutes in 37°C water bath, the 

solution was neutralized with 3mL of 0.1M Sodium Tetraborate pH 8.5. The cells were 

pelleted and washed in 0.5% BSA in PBS, then permeabilized with 1mL of 0.5% 

BSA/0.5% Tween-20 in PBS. Cells were stained with 15uL of FITC-anti-BrdU (BD, 

556025) in 85uL of 0.5% BSA PBS and incubated for 45 minutes at 20°C in the dark. Cells 

were washed with 1mL of 0.5% BSA/0.5% Tween-20 in PBS, collected using 

centrifugation and resuspended in 400uL of PBS with Proprium Iodide (PI) (BD, 51-
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66211E) supplemented with RNAse A (Sigma, CAS 9001-99-4) before flow cytometry in 

which cells were acquired at 400 events per second.  

2.5 Cell Proliferation  

The Kasumi-1 Parental and Kasumi-1-SMARCA5FKBP12F36V-expressing cells  

were seeded at 3 x 105/mL, then treated with 500nM dTAG-47 or DMSO. Cell viability 

was assessed using Trypan Blue (Gibco, 15250-061) exclusion and counted on a 

hemocytometer every day for three days. Alamar Blue was also used to assess 

proliferation by first seeding cells at 3 x 105/mL and treating with 500nM dTAG-47 or 

DMSO. 100uL aliquots of dTAG-47 and DMSO treated cells were put in a 96 well plate in 

triplicate, then mixed with 10uL of alamar Blue (Invitrogen, DAL1100). The 96 well plate 

of cells mixed with alamar Blue was then incubated at 37°C and 5% CO2 for 4 hours, and 

absorbance measured at 590nm emission wavelength.  

2.6 CRISPR Knockin and Electroporation  

The homology directed DNA repair (HDR) plasmids were created using Gibson 

cloning (NEB, E5510S) to assemble the 5’ and 3’ SMARCA5 homology arms (amplified 

by PCR from genomic DNA) and the FKBP12 plasmid containing either mCherry or blue 

fluorescent protein (pAW62.YY1.FKBP.knock-in.mCherry/BFP; #104370/104371 

AddGene). Cells were seeded at 6 x 105/ml the day before electroporation. The gRNAs 

complexes were mixed at a ratio of 1.5uL 100uM crRNA_C (IDT, Alt-R® CRISPR-Cas9 

crRNA, 2 nmol, Table 2.2), 1.5uL 100uM crRNA_D (IDT, Alt-R® CRISPR-Cas9 crRNA, 2 

nmol, Table 2.2), 1.5uL 200uM tracrRNA (IDT, 1072532), 1.5uL R buffer (Neon Kit) and 

heated at 95°C for 5 minutes and then allowed to cool to 20°C. Ribonucleoprotein (RNP) 

complexes were formed with 10ug of gRNA complex and 15 ug of Cas9D10A-Nickase 
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(IDT, 1081062) by incubation at 20°C for 25 minutes. The Neon System was used to 

electroporate using a 100uL tip (ThermoScientific, MPK100025) with the following 

conditions: 1350V, 35ms, 1 pulse (Kasumi-1); 1300V, 20ms, 2 pulses (HEL); 1700V, 

20ms, 1 pulse (OCI-LY1) . 1 x 106 cells were resuspended in 100uL of R buffer 

(ThermoScientific, MPK100025) and added to the RNP reaction with 4 ug of mCherry and 

4ug of BFP HDR plasmids prior to electroporation. Electroporated cells were placed in 

antibiotic free media overnight at 37°C 5% CO2 and the media replaced 24 hours after 

electroporation.  
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gRNA type Target Sequence 

crRNA_C SMARCA5 5' GATGGCGCACCTGATGGTCG 3'  

crRNA_D SMARCA5 5' GGTGAAGACTGAAAGGGACAA 3'  

tracrRNA Universal  5’ AGCAUAGCAAGUUAAAAUAAGGCUAGUC 

CGUUAUCAACUUGAAAAAGUGGCACCG 

AGUCGGUGCUUU 3’ 

 

Table 2.2: gRNA sequences 
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2.7 CUT&RUN and Analysis  

2.7.1 CUT&RUN 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells at 5 x105/mL were treated at 

indicated time points with 500nM dTAG-47. Concanavalin A (Con A) Conjugated 

Paramagnetic beads were activated by washing 11uL/sample on a magnet with 

100uL/sample of Bead Activation Buffer (20mM HEPES pH7.9, 10mM KCL, 1mM CaCl2, 

1mM MnCl2) for a total of two washes. Con A Beads were then resuspended in 

11uL/sample of Bead Activation Buffer and aliquot 10uL/sample in PCR tubes. Harvested 

5x105 cells through centrifugation at 500xg for 3 minutes at 200C then washed with 

100uL/sample Wash Buffer (20mM HEPES pH7.5, 150mM NaCl, 0.5mM Spermidine, 1x 

Roche complete mini tablet EDTA-free (Sigma, 4693159001)) for a total of two washes. 

The 100uL of cells was incubated with 10uL of activated ConA beads for 10 minutes at 

20°C, resuspended in 50uL Antibody buffer (Wash Buffer + 0.02% Digitonin, 2mM EDTA) 

with antibodies at proper concentrations: anti-Flag (1:200, Sigma, F1804), anti-CTCF 

(1:100, Millipore, 07-729), anti-RUNX1 (1:100, SantaCruz, sc-365644), or anti-ETOZnf 

(1:100, made in house) at 4°C overnight on nutator. The next day cells were washed two 

times with Digitonin Buffer (Wash Buffer + 0.02% Digitonin), while on the magnet. Then 

the Con A Beads with cells were incubated with 50uL of Antibody buffer containing anti-

mouse secondary (1:200, abcam, ab46540) or anti-rabbit secondary (1:200, Invitrogen, 

31238) for 1.5 hours at 4°C as described. Beads were washed two times with 250uL 

Digitonin Buffer and resuspended in 50uL Digitonin Buffer with 2.5uL of pA/G-MNAse 

(Epicypher, 15-1116) for 10 min at 20°C. The Con A Beads with cells were washed two 
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times with 250uL Digitonin Buffer before being resuspended in 50uL of Digitonin Buffer 

and the 1mM CaCl2 for 2 hours at 40C to activate the MNase. Finally 33uL of Stop Buffer 

was added and the solutions was incubated at 37°C. The DNA fragments were isolated 

by removing the solution from the beads and purifying with the NEB Monarch DNA 

Cleanup Kit (NEB, T1030S) per the manufacture’s protocol, eluting with 10uL. Libraries 

were created with the NEB Next Ultra II DNA Library Prep Kit (NEB, E7645S) per the 

manufacturer’s protocol, skipping the initial size selection, and amplifying for 14 cycles. 

The samples were sequenced by the VANTAGE Sequencing Core on the NovaSeq 6000 

instrument.  

2.7.2 Bioinformatics Analysis  

Data were trimmed and aligned as described in github: 

https://github.com/monnieb92/SMARCA5_paper), using trimmomatic, bowtie2, and 

samtools (Bolger et al., 2014; Langmead and Salzberg, 2012; Li et al., 2009). Bam files 

were analyzed using MACS2 for peak calling, and Diffbind was used to create counts 

tables, for the default normalization DESeq2 was used (Love et al., 2014; Stark and 

Brown, 2011; Zhang et al., 2008). Due to global changes in SMARCA5 and CTCF peaks, 

these analyses could not use DESeq2 for normalization, so normalization was done using 

total read counts. CUT&RUN data was visualized using deepTools (Ramírez et al., 2016) 

and HOMER was used to annotate peaks and perform motif analysis (Heinz et al., 2010).  

2.8 Flow Cytometry Analysis  

2.8.1 AnnexinV 

Kasumi-1, HEL, and OCI-LY1 SMARCA5FKBP12F36V-expressing cells were treated 

for the indicated times with 500nM dTAG-47 and 1x106 cells were spun down at 1100xg 
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for 5 minutes, washed with PBS, then pelleted again. Cells were resuspend in 1x binding 

buffer (BD 556454) at 1x106/mL and 1x105/mL stained with 5uL FITC-AnnexinV (BD 

556419), Zombie NIR (BioLegend, 423105) 1:2000 (substituting Zombie NIR for 

propidium iodide), and 10,000 events were acquired on the Flow cytometer. 

2.8.2 CD11b 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells were treated for the indicated 

times with 500nM dTAG-47 and 1x106 cells were spun down at 1100xg for 5 minutes 4°C, 

washed with PBS, then pelleted again. Cells were resuspended in 85uL of PBS with 15uL 

APC-CD11b (BD 550019) and incubated at 4°C for 15 minutes. Cells were pelleted at 

1100xg for 5 minutes 4°C then resuspended in 400uL 0.5% BSA in PBS. 10,000 events 

were acquired on the Flow cytometer. 

2.9 Gibson Cloning  

The homology directed DNA repair (HDR) plasmids were created using Gibson 

cloning (NEB, E5510S) to assemble the 5’ and 3’ SMARCA5 homology arms (amplified 

by PCR from genomic DNA) and the FKBP12 plasmid containing either mCherry or blue 

fluorescent protein (pAW62.YY1.FKBP.knock-in.mCherry/BFP; #104370/104371 

AddGene). The homology arms were amplified with Phusion (NEB, M0530S), the primers 

from Table 2.3, and either genomic DNA or plasmids. The PCR reactions were performed 

per NEB manufacture protocol and PCR products were gel purified (Promega, A9282) 

before Gibson Assembly. 
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Fwd/Rev Sequence (5’-3’) Fragment 

Fwd tgggttgatgtctggtttttccttgaCTGTTAGTCTCTAAGCTT

TGATTATTTCAG 

5’h gDNA 

Rev gatggtttccacctgcactcctccggatccTAGTTTCAGCTTC

TTTTTTCTTCCTCGACC 

5’h gDNA 

Fwd ccaccggcggcatggacgagctgtacaagtaaATATGTTTTT

GTTTCATAATCACTAACTTTAAACCAG 

3UTR gDNA BFP 

Fwd accggcggcatggacgagctgtacaagtaaATATGTTTTTGT

TTCATAATCACTAACTTTAAACC 

3UTR gDNA 

mcherry 

Rev tcgagctcggtacccggggatccTGGAATTATAGTCAGTC

TTGCTAACAC 

3UTR gDNA 

Rev tcaaggaaaaaccagacatcaacccacttg PlasmidFrag1 

Fwd GTCTCATACCTATTACTTTGTAGTAGTTGT PlasmidFrag1 

Fwd GGTCGAGGAAGAAAAAAGAAGCTGAAACTAggat

ccggaggagtgcaggtggaaaccatc 

PlasmidFrag2 

Rev AGTTAGTGATTATGAAACAAAAACATATttacttgtac

agctcgtccatgccgccggtgg 

PlasmidFrag2-

mcherry 

Rev AAAGTTAGTGATTATGAAACAAAAACATATttaatta

agcttgtgccccagtttgctagg 

PlasmidFrag2-

BFP 

 

Table 2.3: SMARCA5-FKBP12-1xFlag Gibson Cloning Primers 
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2.10 MNase-seq 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells at 5 x105/mL were treated with 

500nM dTAG-47 at the indicated times in duplicate. 10 million cells were lysed with cell 

lysis buffer (10mM Tris- HCl pH 7.4, 300mM sucrose, 3mM CaCl2, 2M MgCl2, 1% Triton-

X100, 100mM DTT), spun down at 600xg for 3 minutes, placed in reaction buffer (50mM 

Tris HCl pH8, 5mM CaCl2) and 2 million cell equivalents were incubated with 0.1U/uL 

MNase (Sigma N3755) for 4 minutes at 20°C (Chereji et al., 2019). Stop buffer (250mM 

EDTA pH 8.0, 5% SDS) was added along with 1uL RNAse A (10ug/uL) and 10uL 10% 

SDS then incubated at 37°C for 30 minutes. The sample was treated with 1.uL Proteinase 

K (20mg/mL) and the cells were incubated at 55°C for 1 hour. The DNA was extracted 

with phenol::chloroform isoamyl alcohol extractions using Qiagen MaXtract High Density 

tubes (Qiagen 129046) followed by a chloroform extraction, and repeated for a total of 

two phenol::chloroform isoamyl alcohol and chloroform extractions. Then the DNA was 

ethanol precipitated with 1/10th the volume of 3M NaOAc pH 5.5, 1uL glycogen 20mg/mL, 

and 3x volume of 100% Ethanol. The sequencing libraries were created from gel 

extracted mono-nucleosomes using the NEB Ultra II DNA Prep Kit (NEB E7645L) with 7 

cycles of amplification. Samples were sequenced by the VANTAGE Sequencing Core on 

the NovaSeq6000 instrument. Data was trimmed and analyzed as described in github 

(https://github.com/monnieb92/SMARCA5_paper), using trimmomatic, “bowtie2 --very-

sensitive”, and samtools (Bolger et al., 2014; Langmead and Salzberg, 2012; Li et al., 

2009). MNase-seq data were further analyzed using “deepTools –alignmentseive” to 

isolate fragment sizes between 140 and 200 bp as well as remove “blacklist peaks” with 

ENCODE hg19 blacklist peaks, and the data visualized via metaplots using “deepTools -
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-MNase” (Ramírez et al., 2016). A previously published loess model algorithm was used 

to determine nucleosome repeat length (Barisic et al., 2019; Valouev et al., 2011). 

2.11 PRO-seq 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells were seeded at 5 x105/mL for a 

total of 30 million cells per sample. The cells were treated with 500nM dTAG-47 and at 

the indicated times. Nuclei was isolated by first washing the cells twice with ice-cold PBS. 

The washed cell pellets were resuspended in 10 mL of swelling buffer (10mM Tris-HCl 

pH 7.4, 300mM Sucrose, 3mM CaCl2, 2mM MgCl2, and Protease inhibitors) and 

incubated on ice for 5 minutes. The cells were spun down for 5 minutes at 1000rpm and 

then resuspended in 1mL of cell lysis buffer without detergent (10mM Tris-HCl pH 7.4, 

300mM Sucrose, 3mM CaCl2, 2mM MgCl2, 10% glycerol, and Protease inhibitors) 

followed by 1mL of cell lysis buffer with detergent (10mM Tris-HCl pH 7.4, 300mM 

Sucrose, 3mM CaCl2, 2mM MgCl2, 10% glycerol,0.2% Triton X-100 and Protease 

inhibitors). The cells were incubated on ice for 5 minutes and then dounce homogenized 

40 times before moving to a new 15mL conical and adding 5mL of 1x detergent cell lysis 

buffer (Triton X-100 final concentration 0.1%). Cells were spun down at 1500 x rpm for 5 

minutes and washed with 5mL 1x detergent cell lysis buffer. The nuclei were resuspended 

in 1mL glycerol storage buffer (50mM Tris-HCl pH 8.3, 40% glycerol, 0.1 mM EDTA, 5mM 

MgCl2, and protease inhibitors) and counted. Nuclei are put at a final concentration of 

100uL of glycerol storage buffer per 20 million nuclei and stored at -80°C.  

The following day, the nuclei are thawed on ice to prepare for the nuclear run on, 

base hydrolysis, bead binding, and 3’ adapter ligation. The 100uL of 2x run on reaction 

(10mM Tris-HCl pH 8, 5mM MgCl, 1mM DTT, 300mM KCl, 375uM ATP, 375uM GTP, 
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375uM UTP, 375uM Biotin CTP (Perkin-Elmer, cat# NEL542001) , 0.8units/uL SuperseIN 

RNAse inhibitor (Thermo, cat# AM2694), 1% Sarkosyl) is equilibrated at 30°C for 5 

minutes. The 100uL of 20 million nuclei and 0.2 million S2 cells are resuspended into the 

100uL 2x run on reaction buffer and incubated for 3 minutes at 30°C. The RNA is then 

isolated from the nuclear run-ons by resuspending in 600uL Trizol LS (Ambion, cat# 

10296010), rotating for 5 minutes at 25°C, adding 160uL of chloroform and centrifuging 

at 14,000 rpm 4°C for 5 minutes. The aqueous phased is moved to a new tube for ethanol 

precipitation with 1.5uL of 20mg/mL glycogen and 3x volume of ice cold 100% EtOH 

placed at -20°C for 10 minutes. The samples were centrifuged for at 4°C and max speed 

for 30 minutes then washed with 500uL 75% EtOH. The pellets were resuspended in 

20uL DEPC H2O, incubated at 25°C for 5 minutes, then heat denatured for 30 seconds 

at 65°C preparing for the base hydrolysis. The RNA is treated with 5uL 1N NaOH, 

incubated on ice for 10 minutes, neutralized with 25uL Tris-HCl pH 6.8, and passed 

through a P-30 column (BIO-RAD, cat# 7326231) for size selection and clean up. 

Strepavidin Dynabeads (30uL per sample) are washed once in 1mL of activation buffer 

(0.1N NaOH, 50mM NaCl), twice 1mL of 100mM NaCl, and resuspended in 50uL/sample 

of binding buffer (10mM Tris-HCl pH 7.5, 300mM NaCl, 0.1% Triton X-100). Biotinylated 

RNA is isolated with 50uL of activated and washed Strepavidin M-280 Dynabeads 

(Invitrogen, cat# 11205D) incubating on rotator for 20 minutes at 25°C. The Strepavidin 

Dynabeads bound to RNA is then washed in 500uL High salt wash (50mM Tris-HCl pH 

7.5, 2M NaCl, 0.5% Triton X-100), 500uL of binding buffer, 500uL of low salt wash (5mM 

Tris-HCl pH 7.5, 0.1% Triton X-100), followed by two 500uL Trizol (Ambion, cat# 
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15596018) extractions of just the beads and an ethanol precipitation. The 3’ adaptor is 

ligated by first resuspending the dried RNA pellet in 5uL of 2uM Rev 3 RNA adaptor (5'- 

GAUCGUCGGACUGUAGAACUCUGAAC-3’) and incubating for 30 seconds at 65°C. 

Then add 5uL of 2x T4 RNA Ligation mix (1uL 10x T4 ligase buffer, 1uL DEPC H2O, 1uL 

SuperaseIN, 1uL T4 RNA Ligase I (NEB, cat# M0204S), 1uL10mM ATP) to the RNA, 

transfer to PCR tubes, and incubate at 20°C for 6 hours then 4°C until the next step or 

next day.  

The second day required a 2nd bead binding and enrichment, 5’ de-capping, 5’ 

phosphorylation, and 5’ adaptor ligation. Added 40uL of DEPC H2O to the RNA 3’ adaptor 

mixture, and repeated a second bead binding, Trizol extraction, and ethanol precipitation. 

Dissolved the RNA pellet in 5uL of DEPC H2O and incubated for 30 seconds at 65°C to 

denature to prepare for de-capping. Added 5uL of CAP CLIP Mix (3uL DEPC H2O, 1uL 

10x CAP CLIP buffer, 1uL SuperaseIN, 0.5uL CAP CLIP (CellScript, cat# C-CC15011H 

)) to the RNA and incubated at 37°C for 2 hours. Performed a Trizol extraction and ethanol 

precipitation. Redissolved the RNA pellet in 5uL of DEPC H2O and incubated for 30 

seconds at 65°C to denature to prepare for 5’ hydroxyl repair. Added 5uL of PNK mix 

(2uL DEPC H2O, 1uL 10x PNK buffer, 1uL 10mM ATP,0.5uL SuperaseIN, 0.5uL T4 PNK 

(NEB, cat# M0201S)) to the 5uL of RNA and incubated at 37°C for 1 hour. Performed 

another Trizol extraction and ethanol precipitation. Started the 5’ adaptor ligation by 

dissolving the modified RNA in 5uL of 2uM VRA5 (5’-CCUUGGCACCCGAGAAUUCCA-

3’), incubating for 30 seconds at 65°C, adding 5uL of T4 RNA ligase mixture (1uL 10x T4 

ligase buffer, 1uL DEPC H2O, 1uL SuperaseIN, 1uL T4 RNA Ligase I (NEB # M0204S), 
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1uL10mM ATP), and incubating overnight for 6 hours at 20°C then 4°C for the rest of the 

night.  

The third day required a 3rd bead binding and enrichment, reverse transcription, 

library amplification and page purification. Brought the samples to 50uL by adding 40uL 

DEPC H2O then completed the bead binding, Trizol extraction, and ethanol precipitation. 

Diluted the RNA pellet in 5uL of 5uM RP1 primer (5’- AATGATACGGCGACCAC 

CGAGATCTACACGTTCAGAGTTCTACAGTCCGA-3), dissolved for 5 minutes at  25°C, 

and denatured for 30 seconds at 65°C. Next added 4uL of the reverse transcription 

reaction (2uL 5x first strand synthesis buffer, 1uL 100mM DTT, 0.5uL dNTP (12.5mM 

each), 0.5uL SuperaseIN) to each sample, incubated in thermocycler at 48°C for 3 

minutes before returning to ice and adding 1uL of Superscript II Reverse Transcriptase 

(Invitrogen, cat # 18080044) for the reverse transcription reaction (44°C for 20 minute, 

52°C for 45 minutes, and then 4°C forever). For the full scale library amplification, 6uL 

DEPC H2O was added to the reverse transcription reaction and 33uL PCR library mixture 

(10.5uL DEPC H2O, 10.5uL 5x HF Buffer, 10uL 5M betaine, 1uL 12.5uM RP1 primer, 1uL 

dNTP (12.5mM each), 1uL Phusion polymerase (NEB, cat# M0530S)) was added to each 

sample along with 1uL 12.5uM RPIx of an unique Illumina library barcode for each 

sample. The thermocycler was ran as follows: 95°C for 2 min; 21 cycles of 95°C for 30 

sec, 56°C for 30 sec, 72°C for 30 sec; 72°C for 3 min. The samples were brought to a 

final volume of 200uL for an ethanol precipitation. The cDNA library pellets were 

resuspend in 10uL of DEPC H2O then ran on 8% native polyacrylamide gels, with two 

samples per gel and stained with SYBER Gold (Invitrogen, cat# S11494). The gels were 
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imaged and the cDNA library fragments between ~150bp and ~350bp were extracted and 

placed in eppendorf tubes. The cDNA was gel extracted by crushing the gel with a pestle, 

adding 1mL soaking buffer (TE (38.8 mL),150 mM NaCl (1.2 mL 5M NaCl), 0.02% Tween-

20 (8 uL)), and incubating overnight with agitation at 37°C.  

On the fourth and final day samples were spun on a tabletop centrifuge at top speed 

for 5 minutes at 25°C, the supernatant was kept in a new tube, and the gel was 

resuspended in 400uL of soaking buffer. The gel samples were incubated again with 

agitation at 37°C for 4 hours then spun at top speed for 5 minutes at 25°C. The samples 

were passed through Costar Spin-X centrifuge tube filters (Corning, cat# 8162) to remove 

debris, spinning at 4000 rpm on a tabletop centrifuge for 5 minutes. Finally the samples 

were extracted with phenol:chloroform:isoamyl alcohol, ethanol precipitation, and 

resuspended in 10uL 1mM EDTA. The libraries were sent to VANTAGE for sequencing 

on the Illumina NextSeq500.  

2.12 RNA-seq 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells at 5 x105/mL were treated with 

500nM dTAG-47 at the indicated times in duplicate. RNA was extracted from 5 x 106 

Kasumi-1 cells using 0.75mL Trizol (Invitrogen, 15596026) and incubated at 20°C for 10 

minutes. The RNA was then further extracted by adding 0.15mL chloroform, vortexed on 

high for 1 minute, and centrifuged at 16,000 x G for 15 minutes to separate the aqueous 

phase. The RNA was precipitated using isopropanol. DNA was removed using DNAse I 

(Invitrogen, 18068-015) degradation and the RNA collected using ethanol precipitation. 

The RNA-seq libraries were created and sequenced by the VANTAGE Sequencing Core 

(Vanderbilt) on the NovaSeq6000 instrument.  
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Analysis was performed as previously described (Trapnell et al., 2012). The heat 

maps were clustered using hierarchical ward.D2 method (Murtagh and Legendre, 2014).  

2.13 Synchronized Cell Cycle  

Parental Kasumi-1 and Kasumi-1-SMARCA5FKBP12F36V-expressing cells were 

seeded at 4 x 105/mL then treated for 18hrs at 37°C 5% CO2 with thymidine (Sigma, 

T9250-10G) at a final concentration of 2mM. The cells were washed with pre-warmed 

PBS then placed in RPMI media supplemented with 20% heat inactivated fetal bovine 

serum, 1% L-glutamine, and 1% penicillin and streptomycin for 9hrs at 37°C 5% CO2. The 

cells were treated with a second thymidine block for 18hrs at 37°C 5% CO2 for a final 

concentration of 2mM thymidine. Before releasing the cells from the double thymidine 

block, they were or treated for 2hrs with DMSO or 500nM dTAG-47. Cells were released 

from G1/G0 by washing with pre-warmed PBS and incubating with fresh media as 

previously describes. Cells were then incubated with 1:1000 BrdU (20mM) , collected, 

fixed, stained, and analyzed at the indicated time points (0h, 2h, 4h, 6h, 8h, 12h, 24h) 

following the Cell Cycle Analysis methods section mentioned above.  

2.14 Western Blot  

Cells were washed with cold phosphate buffered saline (PBS), lysed with a buffer 

containing 50mM Tris-HCl pH 7.4, 150mM NaCl, 0.1% SDS, 0.5% DOC, 1% NP40, 

sonicated briefly on ice, and the lysates were clarified by centrifugation. The protein 

concentrations were measured with the Lowry assay Kit (BioRad, 5000113, 5000114, 

5000115), measuring a 96 well at 750nM. The 100ug of protein lysates were mixed with 

4X SDS running buffer, boiled, and loaded on an 8% polyacrylamide gel. The gel was run 

at 90 volts for 2-3 hours and transferred overnight at 40C onto PDVF activated with 
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methanol. Immunoblotting was performed with anti-SMARCA5 (1:1000 abcam, 72499), 

anti-GAPDH (1:1000 SantaCruz, sc-365062), anti-FLAG (1:500 Sigma M2Flag, F1804) 

in blocking buffer (5% BSA in PBST(PBS with 0.1% Tween-20)). The membrane was 

visualize using fluorescently tagged secondary antibodies from LICOR Biosciences and 

visualized with the Odyssey scanner.  

2.15 Synchronized Cell Cycle ATAC-seq 

Kasumi-1-SMARCA5FKBP12F36V-expressing cells were synchronized with a double 

thymidine block as described above. Before releasing the cells from the double thymidine 

block, they were treated for 6hrs with DMSO or 500nM dTAG-47. Then performed ATAC-

seq using the Active Motif Kit as previously described in 2.2.   
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3. CHAPTER 3: Results 

3.1 Introduction 

The basic unit of chromatin is the nucleosome, which consists of approximately 

147 bp of DNA wrapped around a histone octamer core(Kornberg, 1977; Luger et al., 

1997).  This allows for both the efficient packaging of all the genetic material within the 

nucleus and mediates the accessibility of the DNA to other regulatory proteins, including 

those controlling transcription, DNA replication and DNA repair. Neighboring 

nucleosomes are typically separated by 20-50 bp of linker DNA, which is more easily 

accessible to regulatory proteins and can also be bound by structural proteins, such as 

histone H1, to promote the formation of higher order chromatin structures(Bakayev and 

Georgiev, 1976; S. Baldi et al., 2020; Thoma et al., 1979). Chromatin remodeling 

enzymes hydrolyze ATP and slide or evict nucleosomes to modify chromatin structure 

and accessibility, as well as cooperate with histone chaperones to facilitate histone 

variant exchange(Hirschhorn et al., 1992; Mizuguchi et al., 2004; Schwartz and Ahmad, 

2005). Therefore, through complex mechanisms governing chromatin dynamics, these 

critical enzyme complexes have the ability to regulate all DNA-templated cellular 

processes. 

Smarca5 (SNF2H) along with Smarca1 (SNF2L) encode the two ATPase 

components of the imitation switch (ISWI) chromatin remodeling complex and participate 

in multiple distinct ISWI subcomplexes. SNF2L associates with BPTF and RbAp46/48 in 

the NURF complex, while SNF2H is a component of CERC2-containing remodeling 

complex (CERF), ATP-utilizing chromatin assembly factor (ACF), chromatin accessibility 

complex (CHRAC), nucleolar remodeling complex (NoRC), Williams Syndrome 
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Transcription Factor (WSTF)-ISWI chromatin remodeling complex (WICH), and 

remodeling and spacing factor (RSF)(Barak et al., 2003; Cavellán et al., 2006; Hamiche 

et al., 1999; Ito et al., 1997; Kukimoto et al., 2004; Loyola et al., 2003; Strohner et al., 

2001; Yang et al., 2006; Zhou et al., 2002). ISWI complexes have been implicated in the 

control of multiple processes including DNA replication, DNA repair, and transcription. 

RNAi mediated knockdown of SMARCA5 impaired DNA replication and S-phase 

progression, and the ISWI complexes in particular were important for replication through 

heterochromatin(Bozhenok et al., 2002; Collins et al., 2002; Guetg et al., 2010; Santoro 

et al., 2002).  Similarly, the WICH-ISWI complex associated with PCNA and localized to 

sites of DNA replication (Poot et al., 2004). In addition, multiple ISWI complexes have 

been implicated in the DNA damage response and double strand break repair(Aydin et 

al., 2014; Min et al., 2014; Poot et al., 2004; Varga-Weisz et al., 1997). Finally, the RSF-

ISWI complex is required for the initiation of transcription from chromatinized DNA 

templates in vitro(LeRoy et al., 1998), suggesting that SMARCA5-containing complexes 

may directly regulate gene expression. In fact, defects in transcriptional control were 

proposed to underlie a number of phenotypes observed in Smarca5-deficient mouse and 

zebrafish models (Ding et al., 2021a, 2021c). 

Unlike the related SWI/SNF chromatin remodeling complexes, the ISWI complex 

cannot evict nucleosomes, rather it slides them to maintain appropriately spaced 

nucleosome arrays (Aydin et al., 2014; Dao et al., 2020; Deindl et al., 2013; Gamarra et 

al., 2018; Grüne et al., 2003; Levendosky and Bowman, 2019). Deletion of Smarca5 from 

mouse embryonic stem cells revealed that it was critical for the maintenance of 

appropriate nucleosome repeat length (NRL) (Barisic et al., 2019). As the length of the 
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core-associated DNA is static (147 bp), changes in nucleosome repeat length reflect a 

lengthening or shortening of the linker DNA. Interestingly, NRL correlates with specific 

genomic features. For example, the gene body of highly expressed genes tends to have 

a relatively short nucleosome repeat length, which may prevent nucleosomal packing, 

while heterochromatin is associated with a longer nucleosome repeat length, which may 

allow nucleosomal stacking and compaction3. In addition, nucleosome positioning can be 

variable at some genomic features, but well defined at others. For instance, chromatin 

insulators bound by CTCF and transcription start sites (TSS) of active genes exhibited 

more rigid nucleosome phasing patterns (S. Baldi et al., 2020; Barisic et al., 2019; 

Clarkson et al., 2019). It is likely that these unique nucleosomal patterns have both 

structural and regulatory consequences. 

In addition to changes in nucleosome repeat length and consistent with previous 

studies, Smarca5 deletion in mouse embryonic stem cells resulted in a loss of CTCF 

binding and disruption of topology associated domain (TAD) structure, suggesting that 

Smarca5 is required for CTCF binding and function (Barisic et al., 2019). SMARCA5 also 

associates with CTCF and RAD21 in co-immunoprecipitation assays, further connecting 

SMARCA5 with CTCF function (Dluhosova et al., 2014; Hakimi et al., 2002; Song et al., 

2022). However, due to the static nature of the knockout studies, the exact mechanism 

by which Smarca5 altered CTCF binding could not be addressed.  These results 

suggested that CTCF could direct SMARCA5 to slide nucleosomes to organize chromatin 

at its DNA binding sites. In contrast, a degron tagged version of the only ISWI member in 

Drosophila S2 cells caused changes in nucleosome positioning only around 

“housekeeping” genes whose expression was only modestly affected in the first 6hr after 
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degradation (Hendy et al., 2022). These results may reflect fundamental differences 

between the Drosophila cell line and mammalian cells. For example, there is a profound 

difference in the requirement of CTCF in Drosophila versus vertebrates, as deletion of 

CTCF in Drosophila had only modest effects on genome architecture(Kaushal et al., 

2021).  

While germline deletion of Smarca5 caused embryonic lethality, tissue-specific 

deletion also suggested a profound role in normal tissue development and differentiation, 

which was associated with large changes in gene expression, as well as proliferation 

defects (Stopka et al., 2000; Stopka and Skoultchi, 2003; Zikmund et al., 2019). These 

genetic deletion models helped define the role of Smarca5 in biology and development, 

yet they cannot effectively distinguish direct and indirect chromatin effects, and thus have 

not allowed a mechanistic examination of Smarca5 function in cells. In contrast, in vitro 

biochemical reconstitution assays have provided details on how these chromatin 

remodeling enzymes bind to DNA and hydrolyze ATP to move nucleosomes (Gamarra et 

al., 2018; Sabantsev et al., 2019). In fact, single-molecule analysis of SMARCA5 

nucleosomal sliding indicated that a 1-2 base pair step (or sub-step) occurs within 10-30 

seconds, highlighting the dynamic nature of nucleosomal positioning (Gamarra et al., 

2018; Sabantsev et al., 2019). These in vivo versus in vitro analyses highlight the 

challenge of defining the contribution of nucleosome remodeling complexes to gene 

expression, DNA replication and cell cycle progression.  

Here, we used CRISPR-Cas9D10A and homology-directed DNA repair to modify the 

endogenous allele of SMARCA5 to make it sensitive to a small molecule proteolysis 

targeting chimera (PROTAC), dTAG-47, to begin to close this gap (Erb et al., 2017; 
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Layden et al., 2021). We modified the endogenous SMARCA5 loci in acute myeloid 

leukemia cells (Kasumi-1), erythroleukemia cells (HEL), and a diffuse large B-cell 

lymphoma cell line (OCI-LY1). By using a small bi-functional molecule to rapidly degrade 

SMARCA5 we were able to show that SMARCA5 had only modest effects on nascent 

transcription or cytoplasmic pools of mRNA within the first 6hr after degradation. 

Conversely, ATAC-seq and MNase-seq identified rapid changes in nucleosome repeat 

length throughout the genome. Moreover, these effects were observed in synchronized 

cell cultures at the G1/S phase and in the mid to late S phase of the cell cycle. This was 

particularly acute near CTCF DNA binding sites, where CTCF was rapidly lost from the 

genome. These results suggest that nucleosome positioning is dynamic throughout the 

cell cycle and might suggest that SMARCA5 plays a role as a counterweight to other 

nucleosome sliding events in the cell. 
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3.2 Results 

3.2.1 Engineering an endogenous SMARCA5-FKBP12F36V allele for inducible 

degradation 

Chromatin-remodeling enzymes are the subject of intense drug discovery efforts, 

as they could be therapeutic targets in cancer, including acute leukemia (Stopka et al., 

2000; Zikmund et al., 2020), and other chronic disease syndromes (Erdel and Rippe, 

2011; Roberts and Orkin, 2004). Small molecule inhibitors of chromatin remodeling 

enzymes are also invaluable tools for the discovery of the mechanism of action of these 

enzymes, as they allow rapid enzyme inhibition. Because a selective small molecule 

inhibitor was not readily available for SMARCA5, we used CRISPR-Cas9D10A nickase to 

induce two ssDNA breaks at the end of the coding region of SMARCA5 and homology-

directed repair to insert FKBP12F36V-FLAG to generate a C-terminal fusion protein in the 

t(8;21)-containing acute myeloid leukemia (AML) cell line Kasumi-1, the human 

erythroleukemia cell line (HEL), and a diffuse large B-cell lymphoma cell line (OCI-LY1)  

(Fig 3.1A) (Weintraub et al., 2017). This approach yielded an endogenous SMARCA5 

protein that was rapidly degraded upon treatment with the PROTAC, dTAG-47 (Fig 3.1A) 

(Erb et al., 2017; Weintraub et al., 2017). We performed RNA-seq analysis on the parental 

and CRISPR-edited Kasumi-1 cells to ensure that the addition of the degron tag alone 

did not dramatically alter gene expression. We observed few changes in gene expression 

between parental and SMARCA5-FKBP12F36V-FLAG cell lines with a Pearson correlation 

coefficient of the log2 (FPKM) between these cells of 0.9965 (Fig 3.2A). 

  



 

 

60 

 

  



 

 

61 

 

 

Figure 3.1: Selective degradation of endogenously tagged SMARCA5 leads to decreased 
cell growth.  

Degradation time course showing rapid loss of SMARCA5 in Kasumi-1, HEL, and OCI-LY1 cells 

(Parental and SMARCA5FKBP12F36V-Flag) after 500nM dTAG-47 treatment. Western blot of 

SMARCA5, Flag, and loading control, GAPDH.  (B) Cell growth curve of Kasumi-1, HEL, and OCI-

LY1 Parental versus SMARCA5-FKBP12F36V-FLAG cells over a 6-day period after dTAG-47 

treatment. Cell viability was determined using Trypan Blue exclusion (n=3). (C) Bar graphs of flow 

cytometry analysis of BrdU incorporation versus propidium iodide (PI) staining of Kasumi-1, HEL, 

and OCI-LY1 Parental versus SMARCA5-FKBP12F36V-FLAG-expressing cells after 48h dTAG-47 

treatment (n=3). Two-way repeat measure ANOVA: **** = p<0.0001; *** = p<0.0007; ** = 

p<0.0014. (D, E) Bar graphs of flow cytometry analysis of Annexin V staining vs Zombie-NIR 

staining of Kasumi-1 (n=5), HEL (n=5), and OCI-LY1 (n=3) SMARCA5-FKBP12F36V-FLAG-

expressing cells after 48h (D) or 72h (E) dTAG-47 treatment. D, DMSO; dT, dTAG-47; P-values 

(Welch two-tailed t test) are indicated by ns = p > 0.05, * = p <0.05, ** p< 0.001. Error bars show 

standard deviation.  
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Both germline and Vav-Cre-mediated Smarca5 deletion were embryonic lethal in 

mice (Kokavec et al., 2017; Stopka and Skoultchi, 2003). Therefore, we first tested the 

effect of SMARCA5 degradation on cell growth and viability (Fig 3.1B). In Kasumi-1 cells, 

cell growth slowed 2-3 days after the addition of dTAG-47, while SMARCA5 degradation 

in HEL and OCI-LY1 cell lines did not cause a decrease in growth until day 5 (Fig 3.1B). 

The decreased cell growth in Kasumi-1 cells was associated with an increase in CD11b 

expression, which is indicative of myeloid differentiation (Fig 3.2B). There were also 

subtle changes in BrdU incorporation, suggesting that SMARCA5 may have contributed 

to efficient transit through the S phase in the Kasumi-1 and HEL cell lines (Fig 3.1C and 

3.2C), which was previously observed after SMARCA5 knockdown (Bhaskara et al., 

2013; Poot et al., 2000). The OCI-LY1 cell line showed a small decrease in the percentage 

of cells in the S phase with an accumulation in G1. Degradation of SMARCA5 in Kasumi-

1 cells led to a statistically significant increase in Zombie NIR/AnnexinV double positive 

cells at 48hr and 72hr following dTAG-47 treatment, while HEL and OCI-LY1 cells did not 

display increased cell death upon SMARCA5 degradation (Fig 3.1D, 3.1E and 3.2D), 

consistent with the more dramatic effect on cell growth in Kasumi-1 cells (Fig 3.1B).  
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Figure 3.2: Characterization of SMARCA5-FKBP12F36V–Flag tagged cell lines. 

 (A) Scatter plot of log2 normalized counts from RNA-seq comparing the log2 transformation of 

FPKM of all genes expressed in Kasumi-1 Parental versus Kasumi-1 SMARCA5-FKBP12F36V-
FLAG- expressing cells. (B) Quantification of CD11b expression by flow cytometry as a marker of 

myeloid differentiation of parental Kasumi-1 or SMARCA5-FKBP12F36V-FLAG–expressing cells 

at 1, 2, 3, and 6 days after SMARCA5 degradation (n=3). (C) Flow cytometry analysis of BrdU 

incorporation versus propidium iodide (PI) staining of Kasumi-1, HEL, and OCI-LY1 Parental 

versus SMARCA5-FKBP12F36V- FLAG-expressing cells at 48hr following SMARCA5 
degradation. (D) Flow cytometry analysis of Annexin V-FITC staining and Zombie-NIR staining of 

Kasumi-1, HEL, and OCI-LY1 SMARCA5- FKBP12F36V-FLAG cells 48hr and 72hr after 
degradation of SMARCA5 compared to DMSO control samples.  
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3.2.2 Genomic localization of SMARCA5 

 When engineering the SMARCA5-FKBP12F36V allele, we incorporated a FLAG 

epitope tag to simplify the analysis of endogenous SMARCA5. We used anti-FLAG in 

cleavage under targets and release using nuclease (CUT&RUN) analysis in the presence 

or absence of dTAG-47-mediated degradation to localize SMARCA5 throughout the 

genome (Skene et al., 2018). We identified 9,650 SMARCA5 peaks in Kasumi-1, 12,048 

in HEL, and 8,546 in OCI-LY1 that were reduced by at least 1.5-fold following dTAG-47 

treatment (Fig 3.3A). These changed peaks were enriched in promoters, intronic, and 

intergenic regions (Fig 3.4), and many of these sites overlapped between cell lines (Figure 

3B). For example, the region around SERTAD1 shows multiple conserved SMARCA5 

(FLAG) peaks (Fig 3.3C). The consensus binding site for CTCF and the related brother 

of the regulator of imprinted sites, BORIS were commonly enriched under the changed 

peaks within each cell line (Figure 3.3D). These results are consistent with ChIP-seq data 

from mESCs demonstrating frequent colocalization of CTCF and SMARCA5 (Song et al., 

2022).  
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Figure 3.3 . Genomic localization of endogenously tagged SMARCA5-FKBP12F36V-FLAG.  

(A) MA plots of the changes in peaks upon degradation of SMARCA5-FKBP12F36V-FLAG. The 

blue dots represent peaks down-regulated at least 1.5-fold. (B) Venn diagram showing the overlap 

between the SMARCA5 CUT&RUN decreased peaks from each of the three cell lines. (C) IGV 

browser tracks showing an example of peaks conserved in all three cell lines. (D) Volcano plots 

of motif enrichment scores (percent enrichment/percent background) of the significantly down-

regulated peaks versus the Log10 (p-value). Blue dots represent motifs enriched by 2-fold. 
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Figure 3.4:  Genomic annotations of the SMARCA5 peaks using nearest neighbor analysis.  
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3.2.3 SMARCA5 loss affects CTCF localization 

 Smarca5 deletion in mouse ES cells resulted in a loss of CTCF binding (Barisic et 

al., 2019). Therefore, we performed CUT&RUN to assess the ability of CTCF to bind DNA 

during a time course of SMARCA5 degradation (Fig 3.5A-C). Remarkably, the intensity 

of all the CTCF binding was reduced following SMARCA5 degradation, with the observed 

decrease beginning at 2hr. While the number of peaks significantly reduced within 2hr of 

dTAG-47 treatment varied among the three cell lines, all the peaks were trending lower 

and by 6hr there was a dramatic and significant loss of CTCF DNA binding (Fig 3.5A-C). 

Although these cell types represent different hematopoietic lineages, there was a great 

deal of conservation among the CTCF sites that were lost at 6hr (Fig 3.5D). 

Given that it appeared that all CTCF binding sites were changing over the time 

course of SMARCA5 degradation, we overlapped all CTCF peaks with the SMARCA5 

peaks, and found a 70-80% overlap of CTCF with SMARCA5 peaks (Fig 3.5E-G). For 

example, in the region around MMP28, there were both SMARCA5 and CTCF peaks that 

were lost upon degradation of SMARCA5 in all three cell lines (Fig 3.5H).  Thus, it appears 

that degradation of SMARCA5 caused a rapid loss of CTCF DNA binding. 
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Figure 3.5: SMARCA5 is required for CTCF DNA binding. 

(A-C) MA plots of differential analysis of CTCF CUT&RUN peaks at the indicated time points in 

(A) Kasumi-1 (n=2), (B) HEL (n=2), (C) OCI-LY1 (n=2) cells expressing SMARCA5-FKBP12F36V-

FLAG. The blue dots represent the down-regulated CTCF peaks. The red dots represent the up-

regulated CTCF peaks. (D) Venn diagram showing the CTCF sites that were lost 6hr after 

degradation of SMARCA5-FKBP12F36V-FLAG from Kasumi-1, HEL, and OCI-LY1 cells. (E-G) 

Venn diagrams of the SMARCA5 CUT&RUN peaks and CTCF CUT&RUN peaks in (E) Kasumi-

1, (F) HEL, (G) OCI-LY1 cells expressing SMARCA5-FKBP12F36V-FLAG. (H) IGV browser tracks 

of SMARCA5 CUT&RUN and CTCF CUT&RUN at the indicated time after dTAG-47 treatment in 

Kasumi-1 (purple), HEL (pink), and OCI-LY1 (blue) SMARCA5-FKBP12F36V-FLAG cell lines. 
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While the loss of CTCF DNA binding was closely associated with the degradation 

of SMARCA5, to ensure that other DNA binding proteins were not affected, we performed 

CUT&RUN assays to detect RUNX1 (Fig 3.6A) and the t(8;21) fusion protein, AML1-ETO 

(Fig 3.6B). Only 5 RUNX1 sites changed within 24hr of SMARCA5 degradation (Fig 3.6A), 

while 7,031 AML1-ETO sites were significantly down-regulated (Fig 3.6B). The larger 

number of AML1-ETO binding sites that were lost was intriguing, so we used motif 

analysis and found that these sites were not enriched for a RUNX1-binding motif, but 

contained a CTCF motif (Fig 3.6C). Not surprisingly, these down-regulated AML1-ETO 

sites did not overlap with the previously published AML1-ETO regulated enhancer peaks 

(Fig 3.6D) (Stengel et al., 2021). Indeed, many of these AML1-ETO binding sites were 

bound by CTCF (Fig 3.6E), suggesting that the loss of these weak AML1-ETO binding 

sites could be secondary to the loss of CTCF.  
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Figure 3.6: SMARCA5 is not required for RUNX1 localization. 

(A and B) MA plots of differential analysis of (A) RUNX1 CUT&RUN or (B) AML1-ETO CUT&RUN 

peaks 24hr after degrading SMARCA5-FKBP12F36V-FLAG in Kasumi- 1 cells (n=2). (C) Volcano 

plots of the negative Log10 (p-value) versus motif enrichment scores from the down-regulated 

AML1-ETO peaks in B. (D) Venn diagram showing the overlap between the AML1-ETO peaks 

down-regulated upon degradation of SMARCA5- FKBP12F36V-FLAG with the previously 

identified AML1-ETO regulated enhancer peaks (Stengel et al., 2021). (E) Venn diagrams 

comparing the AML1-ETO down-regulated peaks with total CTCF CUT&RUN peaks. 
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3.2.4 SMARCA5 maintains accessible chromatin around CTCF motifs 

Given the ability of SMARCA5 to slide nucleosomes along the DNA (Aalfs et al., 

2001; He et al., 2008), we used ATAC-seq to identify areas of the genome that were 

affected by degradation of SMARCA5 (Buenrostro et al., 2013). We performed a time 

course analysis at 0, 2, 6, and 24hr after the addition of dTAG-47 to the Kasumi-1 cell line 

to assess changes in transposase accessibility over time. This analysis identified few 

areas of the genome that were affected within the first two hours, but there were 

substantial changes within 6hr with 8,513 peaks lost and 6,347 gained, and by 24hr there 

were 12,669 peaks lost and 10,766 gained (Fig 3.7A, 3.8A, and 3.8B). We also performed 

ATAC-seq after 6hr of dTAG-47 treatment in the HEL and OCI-LY1 cell lines containing 

the SMARCA5-FKBP12F36V fusion and also found large changes in accessibility (Fig 3.7B 

and 3.7C). The down-regulated peaks in each of the three cell lines showed significant 

overlap with 888 peaks found in all three cell lines and roughly 50% overlap when 

comparing just two of the cell lines at a time (Fig 3.7D). On the other hand, the up-

regulated peaks showed only 24 overlapping peaks between all three cell lines and 5% 

overlap when comparing just two cell lines (Fig 3.7E).  
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Figure 3.7: Loss of SMARCA5 alters chromatin accessibility.  

(A-C) MA plots of differential analysis of ATAC-seq peaks at the indicated time points of dTAG-

47-mediated degradation of SMARCA5-FKBP12F36V-FLAG in (A) Kasumi-1 (n=4), (B) HEL (n=2), 

(C) OCI-LY1 (n=2). The blue dots represent peaks down-regulated and red dots up-regulated by 

at least 1.5-fold. (D-E) Venn diagrams showing that some down-regulated (D) and up-regulated 

(E) ATAC-seq peaks from A, B, and C are conserved in Kasumi-1, HEL, and OCI-LY1 cells. (F-

H) Venn diagrams showing the overlap of the SMARCA5 CUT&RUN peaks, CTCF CUT&RUN 

peaks, and ATAC-seq 6hr after degradation of SMARCA5-FKBP12F36V-FLAG in Kasumi-1 (F), 

HEL (G), and OCI-LY1 (H) cells.  
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Next, we asked if the accessibility changes were associated with the genomic 

binding sites of SMARCA5 or with the CTCF binding sites. The ATAC-seq peaks that 

were lost showed a significant overlap with CTCF binding sites in all three cell lines (Fig 

3.7F-H). Interestingly, there was a better overlap between SMARCA5 DNA association 

and loss of accessibility in the Kasumi-1 and OCI-LY1 cells than in HEL cells (Fig 3.7F-

H). Nevertheless, motif enrichment analysis of the sequences identified by the down-

regulated ATAC-seq peaks found that the CTCF/BORIS motif was almost 15-fold 

enriched in comparison to any other motif in all three cell lines tested (Fig 3.8C). 

Moreover, when considering the 888 ATAC-seq peaks that were found in all three cell 

lines (Fig 3.7D), the enrichment for CTCF motifs was 20-fold (not shown). In contrast, 

there was little enrichment among the up-regulated peaks.  
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Figure 3.8: SMARCA5 degradation affects chromatin accessibility. 

(A and B) Venn diagrams showing the loss of in ATAC-seq peaks (A) or gain of peaks (B) over 

the time course of degradation of SMARCA5-FKBP12F36V-FLAG in Kasumi-1 cells. (C) Volcano 

plots of the negative Log10 of the p-value versus the motif enrichment score of ATAC-seq peaks 

6hr after degradation of SMARCA5-FKBP12F36V-FLAG in Kasumi-1, HEL, and OCI-LY1 cells. 

The blue dots represent motifs enriched by at least 2-fold. 
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3.2.5 SMARCA5 only modestly affects RNA polymerase dynamics 

 Next, we sought to determine whether the changes in chromatin accessibility 

observed upon SMARCA5 degradation were associated with changes in gene 

expression. Having a small molecule that rapidly degraded SMARCA5-FKBP12F36V 

allowed us to assess gene expression changes in the first hours after SMARCA5 

degradation to determine if it directly regulates transcription. Given that SMARCA5 has 

been linked to the control of RNA polymerase elongation (Jimeno-González et al., 2015), 

we performed precision nuclear run-on sequencing (PRO-seq) (Mahat et al., 2016) at 0, 

2, 6, and 24hr after the addition of dTAG-47 to Kasumi-1 cells containing the SMARCA5-

FKBP12F36V fusion protein (Fig 3.9 and 3.10). This analysis identified very few genes that 

exhibited reduced or increased gene body (GB) transcription with 50 genes up and 63 

genes down at least two-fold at 6hr after degrading SMARCA5 (Figure 3.9A). Moreover, 

there was very little overlap of the transcriptional changes over time with only 19 genes 

exhibiting increased gene body transcription and 23 genes exhibiting reduced gene body 

transcription at all 3 time points (Fig 3.9B). Roughly a third of these 6hr changed genes 

could be associated with a SMARCA5 binding site within +/- 25 KB of the TSS (Fig 3.9C). 

Interestingly, many more of these 6hr changed genes were associated with a nearby 

CTCF binding site (50 genes within 500 bp of the TSS; Fig 3.9D). While a similar number 

of changes were detected by RNA-seq analysis at 6hr after degrading SMARCA5, the 

changes in nascent transcription only affected a small number of mRNAs even at 24hr 

after degradation of SMARCA5 (40 down; 18 up; Fig 3.9E, 3.9F).  
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Figure 3.9: Degradation of SMARCA5 causes modest transcriptional changes. 

(A) MA plots of the log2 fold change vs the normalized mean counts of the gene body. The colored 

dots are the significant (adjusted p-value < 0.05 and fold change > 2; red = Up, blue = Down) 

gene body changes. (B) Venn diagram showing the overlap between changes within the gene 

body of up- or down-regulated genes at 2, 6, 24hr. (C) Venn diagram showing the overlap between 

gene body changes of up- or down-regulated genes at 6hrs after SMARCA5 degradation 

intersected with SMARCA5 CUT&RUN peaks annotated to +/-25kb of the TSS of the nearest 

neighbor gene. (D) Venn diagram showing the overlap between genes up- or down-regulated 6hr 

after SMARCA5 degradation intersected with CTCF CUT&RUN peaks annotated to +/-500bp of 

the TSS of the nearest neighbor gene. (E) Bar graph of the changes in mRNA pools measured 

by RNA-seq at 2h, 6h and, 24h after dTAG-47 treatment to degrade SMARCA5 in Kasumi-1 cells. 

(F) Heatmap of log2 (FPKM/avgFPKM) of each RNA-seq replicate 2h, 6h, and 24h after 

SMARCA5 degradation for genes regulated in the PRO-seq analysis at 6h. 
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PRO-seq also provides information about RNA polymerase pausing around the 

TSSs of expressed genes. We quantified the promoter-proximal (pp) RNA polymerase 

density and found that rapid degradation of SMARCA5 resulted in only modest effects 

(Fig 3.10A-B) and only 26 of these genes showed a loss of expression in our RNA-seq 

datasets (Figure 3.10C).  Interestingly, 53 of these pp down genes contained a CTCF 

CUT&RUN binding site, within 500bp of the transcription start site and 46 of these pp 

down genes were also bound SMARCA5 (Figure 3.10D-E), suggesting that these effects 

could be secondary to the loss of CTCF DNA binding.  
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Figure 3.10: Degradation of SMARCA5 causes changes in RNA polymerase pausing.  

(A) MA plots of the log2-fold change vs the normalized mean counts of the promoter proximal 

regions of all expressed genes. The colored dots are the significant promoter proximal gene 

changes (adjusted p-value < 0.05 and fold change > 2; red = Up, blue = Down). (B) Venn diagrams 

showing the overlap between promoter proximal changes of up- or down-regulated genes at 2, 6, 

24hr. (C) Heatmap of Log2 (FPKM/avgFPKM) of each RNA-seq replicate of the time course of 

SMARCA5 degradation. Shown are the relative changes of gene expression of the 88 genes that 

displayed a loss of paused polymerase at 6h after degradation of SMARCA5. (D) Venn diagram 

showing the overlap between promoter proximal genes up- or down-regulated 6hr after 

SMARCA5 degradation intersected with CTCF CUT&RUN peaks annotated to +/-500bp of the 

TSS of the nearest neighbor gene. (E) Venn diagram showing the overlap between promoter 

proximal changes of up- or down-regulated genes at 6hrs after SMARCA5 degradation 

intersected with SMARCA5 CUT&RUN peaks annotated to +/-25kb of the TSS of the nearest 

neighbor gene.  
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3.2.6 SMARCA5 loss affects chromatin architecture 

Given that SMARCA5 can position nucleosomes, we further probed the ATAC-seq 

data to examine nucleosome repeat length as a measure of nucleosome compaction 

within the three different cell lines. The algorithm uses a local regression fit model with 

two smoothing parameters (only one shown, red; Fig 3.11A) to calculate the average 

nucleosome repeat length throughout the region of interest (Barisic et al., 2019). This 

analysis detected a lengthening in the nucleosome repeat length within 6hr of dTAG-47 

treatment that was even further increased by 24hr in Kasumi-1 cells (Fig 3.11A and 

3.11B). Analysis of the HEL and OCI-LY1 ATAC-seq data also showed a significant 

increase in global nucleosome repeat length 6hr after dTAG-47 treatment (Fig 3.11C-

3.11F). While our ATAC-seq sequencing depth was not sufficient to measure nucleosome 

repeat length around individual features within the genome, it still appeared that 

SMARCA5 was regulating global nucleosome repeat length.  
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Figure 3.11: SMARCA5 regulates nucleosome repeat length independent of the cell cycle.  

(A) Nucleosome phasing graph showing changes in the nucleosome repeat length (NRL) over 

the time course of degradation of SMARCA5-FKBP12F36V-FLAG. Red line shows the “fit” of the 

curve versus the observed ATAC-seq signal of one replicate (grey line) using the entire genome. 

(B) Bar graph of the NRL of all replicates (n=4) at each of the indicated time points. (C) 

Nucleosome phasing graph showing changes in the NRL at 6hr after degradation of SMARCA5-

FKBP12F36V-FLAG in HEL cells using the entire genome. (D) Bar graph of the NRL of all replicates 

(n=2) at 6hr after degradation of SMARCA5 in HEL cells. (E) Nucleosome phasing graph showing 

changes in the NRL at 6hr after degradation of SMARCA5-FKBP12F36V-FLAG in OCI-LY1 cells 

using the entire genome. (F) Bar graph of the NRL of all replicates (n=2) at 6hr after degradation 

of SMARCA5 in OCI-LY1 cells. (G) MA plots showing changes in accessible peaks 6hr after 

degrading SMARCA5 at the G1/S, mid S and late S phases of the cell cycle. The blue and red 

dots represent the changed ATAC peaks with an at least 1.5-fold change. (H-J) Nucleosome 

phasing graphs showing changes in the nucleosome repeat length in Kasumi-1 cells synchronized 

at G1/S (H), Mid S phase (6hr after release from double thymidine block; I), or late S phase (12hr 

after release from block; J). (K) Bar graph of the NRL of individual replicates (dots) at each of the 

indicated phases of the cell cycle. For B, D, F and K, the significance was calculated with a two 

sampled paired t-test: ****=p<0.0001, ***=p<0.001, **=p<0.01, *=p<0.05; error bars represent 

standard deviation. 
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A major advantage of the dTAG system is the ability to probe the action of 

SMARCA5 during the cell cycle. We used a double thymidine block to synchronize 

Kasumi-1 cells at the G1/S boundary prior to the degradation of SMARCA5-FKBP12F36V 

and used BrdU incorporation to track the progression of cells through the S phase (Fig 

3.12A-3.12C). At the initiation of the time course, the vast majority of the cells were at 

G1/S and did not incorporate BrdU. However, within the first 2hr after removal of the 

thymidine block, the cells had re-entered the S phase, indicating that SMARCA5 was not 

required to initiate DNA replication. Within the first 6hr after release from the block, more 

than 60% of the cells had incorporated BrdU (Fig 3.12A-3.12C) and within 12hr the control 

cells showed a roughly 50% reduction in the percentage of cells in the S phase, as these 

cells traversed and then exited the S phase. In contrast, Kasumi-1 cells lacking 

SMARCA5 were retained in the late S phase 12hr after release into the S phase and 

displayed a significant lag in returning to the G1 phase (Fig 3.12A-3.12C). These data 

indicate that SMARCA5 may contribute to the passage of the late S phase in Kasumi-1 

cells. 

Using this information, we then performed ATAC-seq on synchronized Kasumi-1 

cells with or without a 6hr degradation of SMARCA5-FKBP12F36V at G1/S, mid S (6hr after 

release), or late S (12hr after release). First, we identified accessible peaks and 

performed differential analysis to define the effect of synchronization on general 

accessibility. This analysis showed more dramatic changes in chromatin accessibility with 

a greater loss of peaks than gain of peaks in each of the cell cycle phases in comparison 

to untreated cells (Fig 3.11G). The up- and down-regulated peaks also showed a high 

degree of overlap between these phases of the cell cycle (40-60%; Fig 3.12D-3.12E), and 
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a high degree of overlap with binding of CTCF at each phase of the cell cycle (Fig 3.12F-

3.12H). This suggests that loss of CTCF was likely a key component of the loss of 

accessibility upon degradation of SMARCA5 at these different stages of the cell cycle. 

Next, we analyzed the nucleosome repeat length of these populations of cells. We 

noted that nucleosome repeat length in the control cells changed as cells progressed 

from G1/S into S phase with a longer distance between nucleosomes at mid and late S 

phase after release from the block (0hr time points, Fig 3.11H-3.11J). Even though the 

starting point for assessing the effects of SMARCA5 degradation was greater during the 

S phase, upon degradation of SMARCA5, we found a small but reproducible increase of 

the average length between nucleosomes at all three stages of the cell cycle assessed 

(Fig 3.11H-3.11K). Together, these results suggest that SMARCA5 regulated chromatin 

accessibility independent of the cell cycle, and that SMARCA5 was required for 

nucleosomal spacing and compaction in both late G1 and the S phase of the cell cycle.  
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Figure 3.12: SMARCA5 loss affects chromatin accessibility during the cell cycle.  

(A) Flow cytometry analysis of BrdU incorporation versus propidium iodide staining of Kasumi-1-

SMARCA5- FKBP12F36V-FLAG cells after a double thymidine block, followed by treatment with 
dTAG-47 for 2hr to ensure SMARCA5 degradation before release into the S phase for the times 

indicated above each plot. Parental cells are unmodified Kasumi-1 cells and DMSO are the 

SMARCA5-FKBP12F36V-expressing cells that were mock treated with DMSO. (B) Bar graph of 

quantification of flow cytometry analysis of BrdU incorporation from cells released at 6h, 8h, 12h, 

and 24h (n=2). (C) Bar graph of quantification of flow cytometry analysis of G1 phase cells at 6h, 

8h, 12h, and 24h after release (n=2). (D) Venn diagram of the down-regulated ATAC-seq peaks 

at G1S, 6h after release (mid S), and 12h after release (late S). (E) Venn diagram of the up-

regulated ATAC-seq peaks at G1S, 6h after release (mid S), and 12h after release (late S). (F-H) 

Venn diagrams of the down-regulated CTCF peaks from Figure 3 intersected with the down-

regulated ATAC-seq peaks at G1/S (F), 6h after release (G), and 12hr after release (H).  
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While ATAC-seq is a relatively rapid procedure, to deepen our analysis of 

chromatin structure and to examine different genomic features upon inactivation of 

SMARCA5, we performed micrococcal nuclease coupled with sequencing (MNase-seq) 

in Kasumi-1 cells (Barisic et al., 2019; Goldman et al., 2010; He et al., 2008; Tsukiyama 

et al., 1999; Whitehouse et al., 2003). Like the ATAC-seq analysis, MNase-Seq detected 

a subtle lengthening in the nucleosome repeat length within two hours after the addition 

of dTAG-47 that was more distinct by 6hr and continued to expand at the 24hr time point 

(Fig 3.13A and 3.13B). Using the MNase-seq datasets, we were also able to measure the 

nucleosome repeat length around other sites throughout the genome. We assessed the 

nucleosome repeat length around the TSS of all expressed genes and at CTCF sites. We 

found no significant change in nucleosome repeat length over time around the start sites 

of expressed genes (Fig 3.14A and 3.14B), which is consistent with the small effects that 

were found on transcription. Furthermore, there was no change in nucleosome positioning 

when we plotted the normalized nucleosome occupancy -0.5kb and + 1kb from the TSSs 

of expressed genes (Fig 3.14C).  

Next, we used CUT&RUN to assess the location of H3K27me3 to mark closed 

chromatin and to assess the nucleosome repeat length around H3K27me3-marked sites. 

Although using subsets of the genome reduced the robustness of the phasing due to the 

inclusion of fewer reads in the analysis, it appeared that the nucleosome repeat length 

around H3K27me3 was longer than the global nucleosome repeat length at the beginning 

of the time course, which is consistent with a more closed chromatin conformation (Fig 

3.13C and 3.13D). The nucleosome repeat length still increased in H3K27me3-marked 

regions upon degradation of SMARCA5 (Fig 3.13C and 3.13D).  
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H2A.Z marks open chromatin and has also been linked to SMARCA5 function, as 

H2A.Z was better at stimulating the ATPase activity of SMARCA5 than H2A (Goldman et 

al., 2010). Moreover, H2A.Z also co-localized to CTCF binding sites (Wen et al., 2020). 

Therefore, we used CUT&RUN to map H2A.Z genomic localization and assessed the co-

localization of SMARCA5 and CTCF (Fig 3.14D). It appeared that all essentially all of the 

H2A.Z peaks were associated with at least a low amount of SMARCA5 that was lost upon 

degradation, and roughly 70% of the called SMARCA5 peaks co-localized with both 

H2A.Z and CTCF (Fig 3.14E). The majority of these SMARCA5 binding sites were found 

within the more intense peaks found in clusters 1 and 2 after k-means clustering of the 

H2A.Z signal (Fig 3.14D and data not shown). Likewise, essentially all of the H2A.Z peaks 

were associated with CTCF, and CTCF was rapidly lost from these H2A.Z peaks upon 

degradation of SMARCA5 with a larger decrease associated with clusters 1 and 2 (Fig 

3.14D and 3.14F). The proportion of down-regulated CTCF binding sites that overlapped 

with an H2A.Z site remained consistent throughout the time course of SMARCA5 

degradation (25-30%, Fig 3.14F).  
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Figure 3.13: SMARCA5 maintains nucleosome structure around CTCF motifs in Kasumi-1 
cells. 
(A) “Phasogram” of the nucleosome repeat length (NRL) during the time course of SMARCA5 

degradation (red line, span = 0.1, and green line, span = 1.5) derived from the MNase-seq signal 

of a representative replicate (grey line) using the entire genome. (B) Bar graph quantification from 

biological replicates of the NRL calculated from the MNase-seq signal at each of the indicated 

time points. (C) “Phasogram” of the NRL of SMARCA5 degradation at indicated times around 

H3K27me3 peaks +/-1kb. (D) Bar graph quantification of NRL at H3K27me3 peaks from biological 

replicates calculated using the MNase-seq signal at each of the indicated time points. (E) 

“Phasogram” of the NRL during the time course of SMARCA5 degradation around H2A.Z 

CUT&RUN peaks +/-1kb. (F) Bar graph quantification of the NRL at H2A.Z peaks of biological 

replicates calculated from the MNase-seq signal at each of the indicated time points. (G) 

“Phasogram” of the NRL at the indicated times within 1kb of the peak center of CTCF CUT&RUN 

peak motifs. H. Bar graph quantification of the NRL of biological replicates within 1kb of CTCF 

motifs at the indicated time points. I. Histograms of nucleosome occupancy using MNase-seq 

data plotted around all CTCF motif centers (31,015) from the CTCF CUT&RUN data. The signal 

was plotted +/- 500bp from the motif center and the changes after SMARCA5 degradation at the 

indicated time points are shown. For B, D, F, and H, the significance was calculated with Welch’s 

two sample t-test: ****=p<0.0001, ***=p<0.001, **=p<0.01, *=p<0.05; error bars represent 

standard deviation. 
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The nucleosome repeat length was shorter at sites occupied by H2A.Z than the 

global nucleosome repeat length, consistent with a more open configuration of H2A.Z-

containing nucleosomes (Fig 3.13E, 0hr). While the phasing was less distinct at these 

areas of open chromatin, there was a large increase in nucleosome repeat length over 

the 24hr time course of SMARCA5 degradation at these regions (Fig 3.13E and 3.13F). 

Similarly, the nucleosome repeat length around CTCF motifs showed a rather short 

nucleosome repeat length that increased dramatically upon degradation of SMARCA5 

(Fig 3.13G and 3.13H). Because of the apparent large changes in chromatin structure 

around CTCF sites upon SMARCA5 inactivation, we plotted the normalized nucleosome 

occupancy centered on the CTCF DNA binding motif under the CTCF peaks (Fig 3.13I). 

We found that the nucleosome phasing around the CTCF motifs was beginning to erode 

even at the 2hr time point and the phasing was significantly affected within the first 6hr of 

SMARCA5 degradation (Fig 3.13I). These data suggest that SMARCA5 is required to 

maintain the regular nucleosome spacing in concert with CTCF and H2A.Z, and that 

SMARCA5 acts across the genome and at different stages of the cell cycle as a 

nucleosome ruler to prevent undue chromatin compaction.
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Figure 3.14: SMARCA5 and CTCF localize around H2A.Z sites. 

 (A) “Phasogram” of the nucleosome repeat length using the MNase-seq signal of a representative 

replicate after degradation of SMARCA5 at the indicated times +/-1kb from the TSSs of all 

expressed genes, as determined from the PRO-seq data in Figure 5. (B) Bar graph quantification 

of the nucleosome repeat lengths of biological replicates calculated using the around the TSS of 

the expressed genes at each of the indicated time points. (C) Histograms of nucleosome 

occupancy using MNase-seq data plotted from 500bp upstream to 1000bp downstream of all 

expressed TSSs from the PRO-seq data in Figure 5. (D) Heatmaps of H2A.Z, SMARCA5, and 

CTCF CUT&RUN at the indicated timepoints around H2A.Z – containing peaks +/- 2kb. H2A.Z 

sites were clustered by k-means using deepTools. (E) Venn diagram showing the overlap 

between H2A.Z and SMARCA5 with all CTCF binding sites. (F) Venn diagrams showing the 

overlap between H2A.Z and SMARCA5 with CTCF binding sites lost at 2, 6, and 24hrs in Kasumi-

1 cells.  
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3.3 Discussion 

SMARCA5 is an ATP-dependent helicase that is able to slide nucleosomes and order 

nucleosome arrays in vitro to act as a “ruler” (Aalfs et al., 2001). Genetic studies using 

gene deletion or siRNA inhibition have implicated SMARCA5 as being required for the 

control of gene expression, DNA replication and repair, chromatin accessibility, as well 

as nucleosome spacing and even higher order chromatin looping (Aydin et al., 2014; 

Barisic et al., 2019; Cavellán et al., 2006; Dluhosova et al., 2014; Hendy et al., 2022; 

Jimeno-González et al., 2015; Kokavec et al., 2017; Längst and Becker, 2001). However, 

these steady-state analyses performed a few days to weeks after inactivation of 

SMARCA5 were unable to differentiate direct versus indirect effects. By engineering the 

endogenous alleles of SMARCA5 for rapid degradation in mammalian cells, we 

established that SMARCA5 is continuously required to maintain nucleosomal spacing 

throughout the genome. This implies that nucleosomes are constantly moving or being 

moved, and that SMARCA5 was required to push these nucleosomes together to 

maintain more relaxed or accessible chromatin. These effects were independent of the 

phase of the cell cycle or whether the chromatin was more open or closed and suggests 

that chromatin is highly dynamic. This is in agreement with recent findings that individual 

loci are far more dynamic than previously envisioned (Gabriele et al., 2022). 

Genetic models have established CTCF as a central factor in SMARCA5-mediated 

chromatin regulation (Barisic et al., 2019; Dluhosova et al., 2014; Wiechens et al., 2016). 

CTCF is required to establish chromatin loops and transcription activation domains or 

TADs, which are a key feature of chromosome organization (Barisic et al., 2019; Gabriele 

et al., 2022; Khoury et al., 2020; Luan et al., 2021; Nora et al., 2017). However, because 
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these genetic models reached a steady state in which nearly all CTCF DNA binding was 

lost (Barisic et al., 2019), these genetic approaches did not have the ability to link 

SMARCA5 to the loss of CTCF. Our time course approach showed that rapid degradation 

of SMARCA5 led to a relatively quick decline in all CTCF DNA binding with about a third 

of the CTCF sites being significantly reduced within the first 6hr of dTAG-47 addition (Fig 

3.5A-3.5C). In addition, our CUT&RUN analysis indicated that roughly 70% of the 

SMARCA5 peaks overlapped with a CTCF and a H2A.Z peak (Fig 3.14E) and 70-80% of 

the ATAC-seq peaks that decreased overlapped with a CTCF binding site (Fig 3.7F-

3.7H). Interestingly, the ATAC-seq peaks that were gained were not linked to CTCF or 

another DNA binding factor, indicating that these sites were gained stochastically. Thus, 

we hypothesize that inactivation of SMARCA5 allowed nucleosomes, likely containing 

H2A.Z to be positioned over the CTCF binding sites causing a rapid loss of CTCF binding 

and eventually a loss of DNA looping as observed in mESCs (Barisic et al., 2019). This 

is consistent with a rapid loss of nucleosomal phasing around CTCF binding sites (Fig 

3.13I).   

 The use of a degron tag allowed us to synchronize the cells prior to SMARCA5 

degradation, which indicated that SMARCA5 contributed to maintaining chromatin 

accessibility at the G1/S phase boundary, mid S phase and late S/G2 phase (Fig 3.11). 

Thus, SMARCA5 may contribute to maintaining nucleosomal phasing around CTCF and 

H2A.Z sites during multiple phases of the cell cycle. Indeed, even during the S phase, the 

ATAC-seq peaks that were lost were strongly associated with CTCF binding motifs (data 

not shown). These data argue that the impairment that we observed in Kasumi-1 cells 

late in the S phase is unlikely to be due to an effect in the G1 or G2/M phases of the cell 
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cycle and point to a more direct role for SMARCA5 in the S phase (Barisic et al., 2019; 

Ding et al., 2021a, 2021c; Dluhosova et al., 2014; Levendosky and Bowman, 2019; 

Stopka et al., 2000; Zikmund et al., 2020). Interestingly, Kasumi-1 cells have lost an allele 

of RAD21 (Ghandi et al., 2019), which raises the possibility that disruptions of 

nucleosome repeat length or CTCF binding could be synthetic lethal with cohesin 

mutations, which are prevalent in various types of leukemia and solid cancers. Given that 

the defect in S phase transit and the impaired growth were more evident in the t(8;21) cell 

line (Kasumi-1), than in the erythroleukemia cell line HEL or DLBCL cell line OCI-LY1 (Fig 

3.1), it is possible that SMARCA5 could be a therapeutic target in t(8;21) AML or other 

types of cancer containing cohesin mutations (DepMap, 2017; Hanahan and Weinberg, 

2011; Negrini et al., 2010; Tsherniak et al., 2017). 
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4. CHAPTER 4: Conclusions and Future Directions 

4.1 Conclusions 

The more we know about basic biology, biochemistry, and cellular functions of TFs 

and chromatin remodeling enzymes, the more equipped we are to understand the basic 

mechanisms underlying disease initiation and development. Chromatin structure and 

transcription are constantly dysregulated in cancer and other diseases. My dissertation 

work developed a more detailed understanding of the chromatin remodeling ATPase, 

SMARCA5, in human cells. To describe the work put into my dissertation, I would say, 

“perseverance is key,” as nothing in science is as easy as it seems. I used a combination 

of new degron tags, CRISPR Cas9 editing, and next-generation sequencing (NGS) to 

answer the question of whether human SMARCA5 regulates transcription, chromatin 

structure, and transcription factor binding. 

The new technology of PROTACs and degron tags provide innovative methods to 

determine the direct effects after loss of a specific protein (Erb et al., 2017; Weintraub et 

al., 2017). I successfully created a C-terminal degron-tagged SMARCA5 in three different 

cell lines: the acute myeloid leukemia cell line Kasumi-1, the erythroleukemia cell line 

HEL, and the diffuse large b-cell lymphoma cell line OCI-LY1. The endogenous human 

SMARCA5 protein was removed from the system after just two hours of dTAG-47 

treatment, creating an efficient and rapid system to study SMARCA5 compared to genetic 

knockdown/knockout systems (Barisic et al., 2019; Bhaskara et al., 2013; Zikmund et al., 

2019). 

Incorporation of a FLAG tag into SMARCA5FKBP12F36-FLAG allowed me to 

determine SMARCA5 localization throughout the genome. The downside to determining 
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where SMARCA5 would be binding was that it does not contain a DNA-binding domain, 

unlike many TFs. Therefore, the CUT&RUN localization data had fewer peaks and higher 

background. However, I did find that the SMARCA5 peaks contained CTCF motifs, similar 

to previously published SMARCA5 ChIP-seq data and downregulated MNase-seq peaks 

after Smarca5 knockdown or knockout (Barisic et al., 2019; Luan et al., 2021; Wiechens 

et al., 2016). My dissertation work validated that SMARCA5 binds and functions directly 

around CTCF motifs in human cell lines. 

Chromatin remodeling enzymes can function at promoters, enhancers, exons, 

intergenic regions, or intronic regions of the genome to slide, evict, or insert nucleosomes 

along the DNA (Swygert and Peterson, 2014). This can lead to direct changes in 

transcription if the chromatin structure changes around genes and their transcription 

factor binding sites (Stengel et al., 2021). Our lab used PRO-seq and RNA-seq in 

combination with inhibitor treatments to study direct vs indirect transcriptional changes 

(Johnston et al., 2020; Sampathi et al., 2019; Wang et al., 2018; Zhao et al., 2016). The 

use of the degron tag with SMARCA5FKBP12F36-FLAG provided unique insights into the 

function of SMARCA5 during nascent transcription. Previous studies claimed that 

SMARCA5 regulates the transcription of thousands of genes, such as MYC, but these 

results were generated from knockout and overexpression assays (Barisic et al., 2019; 

Jimeno-González et al., 2015). By contrast, direct degradation of SMARCA5 over a short 

time course enabled us to measure small changes in nascent transcription and determine 

that few of these genes had overlapping SMARCA5-annotated peaks. This transcriptional 

outcome is similar to that of a recently published paper also utilizing PRO-seq, but with 

CTCF degradation with an AID system in the mouse erythroblast cell line G1E-ER4 (Luan 
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et al., 2021). These authors reported very few changes in transcription after CTCF 

degradation for 4 h (Luan et al., 2021). The knowledge that SMARCA5 binds and 

regulates CTCF motifs combined with the PRO-seq data sets suggests that SMARCA5 

does not have a direct role in transcription and knockdown/knockout models measure 

secondary effects after days or weeks of SMARCA5 loss (Barisic et al., 2019; Wiechens 

et al., 2016). 

As a chromatin remodeling ATPase, SMARCA5 slides nucleosomes along the DNA 

in vitro, and Smarca5 knockout/knockdown reduces nucleosome phasing around CTCF 

motifs as measured by MNase-seq (Dluhosova et al., 2014; Oppikofer et al., 2017; 

Wiechens et al., 2016). We used a more straightforward method to measure NFRs via 

ATAC-seq after SMARCA5 degradation in all three cell lines, and observed significant 

overlaps between downregulated peaks, but not upregulated peaks, in all three cell lines. 

The upregulated peaks could be more cell-type specific and require more detailed 

investigation. The downregulated peaks were enriched for CTCF motifs by almost 15 to 

20-fold, which is consistent with the Smarca5 knockout data in mESCs. 

SMARCA5 is associated with CTCF and RAD21, which are part of the cohesion 

complex (Dluhosova et al., 2014; Hakimi et al., 2002). Smarca5 knockout in mESCs led 

to a global loss of topologically associated domains (TADs), which resembles the loss of 

CTCF (Barisic et al., 2019; Luan et al., 2021). SMARCA5 degradation resulted in a rapid 

loss of CTCF binding over time in all three cell lines. Interestingly, the heterozygous 

frameshift deletion in RAD21 did not affect the outcome of CTCF binding loss in the 

Kasumi-1 cell line compared to that in the OCI-LY1 or HEL cell lines. There was no loss 

in RUNX1 TF binding in Kasumi-1, and the loss of AML1-ETO binding was only at the 
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CTCF binding or CTCF motifs. These studies confirm the results of Barisic et al. (2019) 

in knockout mESCs and are consistent with the conclusion that SMARCA5 specifically 

regulates CTCF binding in mouse and human cells. 

To regulate chromatin structure, SMARCA5 slides nucleosomes along the DNA in 

vitro and in vivo to create a set nucleosome repeat length (NRL) (Barisic et al., 2019; 

Clarkson et al., 2019; He et al., 2006; Levendosky and Bowman, 2019; Poot et al., 2000). 

I confirmed a global increase in NRL measured by ATAC-seq in all three cell lines after 6 

h of SMARCA5 degradation. The observed increase in NRL was not specific to a specific 

cell cycle when NRL was measured in synchronous cells. We expected a specific 

increase in NRL at 6 h or 12 h after release due to the increased number of cells in S 

phase after BrdU incorporation and previously published data showing that SMARCA5 is 

important for DNA replication after knockdown (Bhaskara et al., 2013). My dissertation 

work demonstrated that there is a rapid increase in NRL over the SMARCA5 degradation 

time course of 2, 6, and 24 h, which is associated with SMARCA5 loss in human cells 

and is independent of the cell cycle. 

CTCF binding sites with a higher binding affinity have a lower NRL, suggesting that 

CTCF requires remodeling around CTCF motifs for the best binding (Clarkson et al., 

2019). SMARCA5 co-bound to CTCF binding sites also showed a reduction in the NRL 

compared to other chromatin remodeling ATPases bound to CTCF sites (Clarkson et al., 

2019). We observed a significant increase in NRL around CTCF motifs after SMARCA5 

degradation, which also resulted in decreased phasing around CTCF motifs. 

SMARCA5 preferentially remodels nucleosomes containing the histone variant 

H2A.Z over those containing H2A (Goldman et al., 2010). CTCF binding sites are 
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enriched for H2A.Z rather than H2A histones, thereby stimulating CTCF binding (Wen et 

al., 2020). We observed that H2A.Z was localized around CTCF and SMARCA5 binding 

sites, and H2A.Z sites had an increase in NRL. These data suggest that SMARCA5 

remodels nucleosomes containing the H2A.Z histone variant, thereby organizing 

nucleosomes around CTCF motifs for CTCF binding (Fig 4.1). 
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Figure 4.1: SMARCA5 functions as a nucleosome spacing ruler in the nucleus. 

Graphical abstract of SMARCA5 sliding nucleosomes containing H2A.Z around CTCF motifs, 

thereby enabling the binding of CTCF. 
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4.2 Future directions 

There are still many avenues to study to understand the mechanisms of SMARCA5 in 

chromatin structure and function more deeply. The PROTAC models developed in 

Chapter 3 provide a great tool to quickly degrade SMARCA5 in combination with 

sequencing and functional studies. The interesting questions to ask are: Does CTCF 

regulate SMARCA5 binding and function; Which comes first, H2A.Z or CTCF; Does 

SMARCA5 regulate chromatin condensation during mitosis; Do external treatments affect 

CTCF binding; What chromatin remodeling enzymes oppose SMARCA5.  

SMARCA5 and CTCF function in maintaining chromatin structure are interrelated, 

however the dynamics of this relationship on a molecular and mechanistic level remain 

unclear. It is well established that SMARCA5 and CTCF associate, however we need to 

unravel how removing one protein from this interaction contributes to their function in cells 

(Dluhosova et al., 2014; Song et al., 2022). To start to determine whether CTCF regulates 

SMARCA5 function and binding, we would engineer an endogenous HALO-tagged CTCF 

in the SMARCA5-FKBP12-1xFLAG cell lines. The first experiment to test whether CTCF 

regulates SMARCA5 binding by performing CUT&RUN for the flag tag on the endogenous 

SMARCA5 after degradation of CTCF. Next, to compare the function of CTCF vs 

SMARCA5 in chromatin structure, we would perform ATAC-seq after a CTCF degradation 

time course. Comparing the differential changes in NFRs after CTCF degradation vs 

SMARCA5 degradation would provide information as to which protein regulates NFRs 

around CTCF sites. Furthermore, we can utilize this system to determine how H2A.Z 

localization changes around CTCF sites. CUT&RUN following degradation time courses 

of SMARCA5, CTCF or both can provide insight as to the importance of H2A.Z around 
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CTCF motifs. Together these experiments can answer the question does CTCF regulate 

SMARCA5 structure and function.     

Wash-out experiments in the Kasumi-1, HEL, and OCI-LY1 cell lines could provide 

new information describing how CTCF or H2A.Z re-localizes to chromatin and how NFRs 

change. Performing washouts after CTCF degradation and/or SMARCA5 degradation will 

provide direct information as to how the chromatin structure and proteins around the 

CTCF motifs are re-established. This could determine whether there is a point of no return 

for chromatin structure after SMARCA5 degradation, or whether the effects of SMARCA5 

loss can be reversed. We could also answer the question of which comes first H2A.Z or 

CTCF.  

CTCF degradation before release from nocodazole treatment results in an inability to 

form A and B compartments of TADs in G1, so it is possible SMARCA5 may play a role 

in chromatin condensation (Zhang et al., 2021). A nocodazole treatment combined with 

SMARCA5 degradation, and ATAC-seq would answer how SMARCA5 regulates NRL 

during and after chromatin condensation. The use of CUT&RUN of CTCF during and after 

release from the nocodazole treatment would determine if loss SMARCA5 creates the 

same phenotype as loss of CTCF in the A and B compartment formation. Overall it would 

provide a better understanding of what cell cycle SMARCA5 functions during.  

HEL erythroblast cells can be treated with phorbol myristate acetate (PMA) to induce 

megakaryocyte differentiation. We saw Kasumi-1 myeloblast cells led to differentiation 

into CD11b+ macrophages after a three-day SMARCA5 degradation period; however, we 

did not look at the differentiation of HEL cells into megakaryocytes as they did not slow 

growth till 5 or 6 days. The use of PMA treatment on HEL cells in combination with and 
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without SMARCA5 degradation would allow us to ask if SMARCA5 degradation can lead 

to increased differentiation after PMA treatment. This will start to determine if SMARCA5 

degradation increases the rate of megakaryocyte differentiation (CD41+/CD42+), as 

SMARCA5 degradation in Kasumi-1 myeloblast cells leads to differentiation into CD11b+ 

macrophages.  

Not only can we look at differentiation effects after SMARCA5 degradation, but we 

can see how PMA-induced differentiation of HEL cells can affect NRL and CTCF 

localization. Performing CUT&RUN for CTCF with and without degradation of SMARCA5 

and of PMA treatment could provide insight as to whether differentiation can change 

CTCF binding independent of SMARCA5. ATAC-seq would also provide NRL information 

with and without PMA-induced differentiation, asking the question does differentiation 

affect NRL independent of SMARCA5 degradation. These data could provide a 

foundation to determine how SMARCA5 functions in hematopoietic differentiation and if 

CTCF could also play a role. 

There must be a chromatin remodeling enzyme opposing SMARCA5, which brings 

the nucleosomes closer together. The other ISWI family member, SMARCA1, is not 

expressed in the cell lines we used, so we can conclude something else is opposing 

SMARCA5 nucleosome sliding. The possible options are INO80, SMARCA4, or 

SMARCA2. We can easily test this with PROTACs against different chromatin remodeling 

factors, HALO tags, or knockouts of chromatin remolding factors before and after 

SMARCA5 degradation. The PROTAC ACBI-1 degrades SMARCA4 and SMARCA2, we 

can use this in combination with ATAC-seq to measure NRL with and without SMARCA5 

degradation (Farnaby et al., 2019). To look directly at each chromatin remodeling 
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enzyme, we would first try to individually HALO tag each chromatin remodeling enzyme 

in the SMARCA5-FKBP12 cells line, creating 3 separate cell lines. We can secondly 

confirm HALO tag results by performing individual knockouts of INO80, SMARCA4, and 

SMARCA2. The loss of INO80, SMARCA4, or SMARCA2 in combination with ATAC-seq 

to measure NRL with and without SMARCA5 degradation will provide information on how 

they each affect NRL. Together, this data could inform us what chromatin remolding 

enzyme opposes SMARCA5 nucleosome sliding. Overall, this will start to untangle the 

intricate dynamics of chromatin remodeling enzymes in chromatin structure. 
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5. Appendix 

5.1 Functions:  

select_sig_genes <- function(gbpp)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::glimpse()} 

 

select_sigup <- function(gbpp)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2FoldChange > 0) %>% 

  dplyr::glimpse()} 

 

select_sigdn <- function(gbpp)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2FoldChange < 0) %>% 
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  dplyr::glimpse()} 

 

select_sigup_writefile <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2FoldChange > 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 

 

select_sigdn_writefile <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2FoldChange < 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 

 

select_sigup1.5_writefile <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 
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  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 1.5) %>% 

  dplyr::filter(log2FoldChange > 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 

 

select_sigdn1.5_writefile <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(padj <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2FoldChange)))) %>% 

  dplyr::filter(FoldChange >= 1.5) %>% 

  dplyr::filter(log2FoldChange < 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 

 

select_sigupFDR <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(FDR <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2fc)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2fc > 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 
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select_sigdnFDR <- function(gbpp, filename)  

  { gbpp %>% 

  dplyr::filter(FDR <= 0.05) %>% 

  dplyr::mutate(FoldChange = (2^(abs(log2fc)))) %>% 

  dplyr::filter(FoldChange >= 2) %>% 

  dplyr::filter(log2fc < 0) %>% 

  dplyr::glimpse() %>% 

  write_tsv(filename) } 

 

select_clusters <- function(df,cluster, filename) {df %>%  

    dplyr::filter(deepTools_group == cluster) %>%  

    write_tsv(filename)} 
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