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ABSTRACT OF THE THESIS 
 

Developing a CRISPR-dCas9 system to study the functional roles of local mitotic histone 
deacetylation 

 

 
by 

 

Eduardo Modolo 

 

Master of Science in Biology 
 

University of California San Diego, 2024 
 

Professor Alon Goren, Chair  
Professor Lorraine Pillus, Co-Chair  

 

Throughout mitosis, the cell's genome is faced with drastic structural and transcriptional 

alterations that it must overcome to faithfully propagate its transcriptional program to the next 

generation. The cell most likely reestablishes the interphase chromatin organization and gene 

expression program after mitosis with the help of epigenetic information encoded on the mitotic 



xi 

chromosomes (termed as mitotic bookmarking). A recent study comparing mitotic and interphase 

histone modifications discovered associations between local histone deacetylation and gene 

expression patterns, suggesting the acetylation state as a mitotic bookmark. This study 

hypothesizes that HDAC mediated, mitotic-specific, deacetylation of the nucleosome entering the 

TSS-associated NDR during mitosis, is bookmarking genes to reactivate earlier than others after 

mitosis. To test the roles of this local mitotic histone deacetylation, we would need a system that 

perturbs the suggested “bookmarking” deacetylation pattern in mitosis, to then measure the effects 

on reactivation kinetics. In this master’s thesis, I am developing and evaluating the potential of a 

CRISPR-dCas9 system to investigate the roles of mitotic histone deacetylation patterns in the NDR 

on transcription reactivation regulation.  

After establishing HeLa-S3 cell models expressing three different fusion proteins, VPR-

dCas9 and WT/Mut p300 core-dCas9, I performed mitotic synchronization and ChIP-seq. I was 

able to probe chimera directed acetylation in mitotically synchronized and unsynchronized cells, 

looking at differences in activity when targeted to various regions in the NDR of a test gene. Across 

all the ChIP-seq experiments for both fusion proteins, the results displayed an interesting 

distinction in acetylation activity between the interphase and mitotic conditions when targeted to 

a certain region in the NDR of the test gene. While further research is required, my results indicate 

that the CRISPR-dCas9 system has the potential to specifically perturb local histone acetylation 

patterns both in interphase and mitosis, and serves as a viable option to study our mitotic 

bookmarking hypothesis.  

 
 



1 

INTRODUCTION 
 

Throughout the complex process of cell division, many of the genomic characteristics 

responsible for maintaining a cell’s identity are drastically altered. Transcription becomes largely 

repressed, RNA polymerase and many transcription factors dissociate from the mitotic chromatin, 

and the cell-type specific, three-dimensional genomic structure of interphase is lost (Parsons and 

Spencer 1997; Prasanth et al. 2003; Naumova et al. 2013). The restoration of the parent cell’s 

transcriptional program and interphase chromatin structure in the newly formed daughter cells is 

thought to be assisted by epigenetic information, such as transcription factors and histone 

modifications, left on the chromatin during mitosis (Liu et al. 2017; Wang and Higgins 2013). 

This maintenance of epigenetic information on mitotic chromosomes is termed “mitotic 

bookmarking,” and is considered to be instrumental the transmission of transcriptional memory 

and cell identity from the parent cell to the next generation (Palozola, Lerner, and Zaret 2019; 

Raccaud and Suter 2018).  

Various epigenetic elements are suggested to regulate gene expression throughout mitosis. 

Chromatin structures such as nucleosome variants and their dynamics have been found to function 

in mitotic transcriptional silencing and post-mitotic reactivation of genes that are active only in 

interphase. The +1 nucleosome from the transcription start site (TSS), containing the H2A.Z 

histone variant, has been observed to shift upstream into the TSS of mitotically silenced genes 

during mitosis, indicating a possible regulatory mechanism (Kelly et al. 2010). Additionally, 

many transcription factors have been proposed as mitotic bookmarks, regulating timely 

transcriptional reactivation of important genes. A Transcription factor with pioneering 

characteristics during the zygotic genome activation of Drosophila early embryos, GAGA 

Associated Factor, is shown to stably bind mitotic chromosomes. Knockdown of this factor by 

https://www.zotero.org/google-docs/?ZM6EoM
https://www.zotero.org/google-docs/?ZM6EoM
https://www.zotero.org/google-docs/?rCYJbO
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RNAi shows disturbances in transcriptional reactivation post-mitosis, asserting its importance in 

the timely reestablishment of the interphase expression program (Maëlle Bellec et al. 2022). 

Histone modifications have also been identified as mitotic bookmarks, such as the involvement 

of H4K5ac in propagating active chromatin states and regulating transcription reactivation, likely 

through its interaction with the chromatin remodeler BRD4 (R. Zhao et al. 2011). This important 

and growing field of mitotic memory research is essential to further the understanding of cellular 

processes and organismal development, as it provides insight into how cells maintain and 

differentiate their identity (Maelle Bellec, Radulescu, and Lagha 2018; Zaret 2014). However, 

there is still much to discover regarding the function of histone modifications in mitotic regulatory 

processes.  

In effort to further understand the roles of histone modifications in the regulation of 

mitotic transcriptional changes, a paper published in 2018 (Study of mitotic chromatin supports a 

model of bookmarking by histone modifications and reveals nucleosome deposition patterns) by 

the Simon and Goren Labs, employed many techniques to compare mitotic and interphase histone 

modifications at global levels and spatial localization. By combining immunofluorescence, 

proteomics, and chromatin immunoprecipitation followed by high throughput sequencing (ChIP-

seq), this study gathered data on the following histone modifications: H3K9ac, H3K27ac, 

H3K4me1, H3K4me3, H3K27me3, and H3K36me3. Cell populations were arrested in a 

metaphase-like state using a kinesin 5 inhibitor molecule S-trityl-l-cysteine (STC) (Skoufias et al. 

2006), allowing comparisons to be made regarding the epigenomic landscapes of synchronized 

“mitotic” and unsynchronized “interphase” HeLa-S3 cells. Utilizing quantitative 

immunofluorescence and mass spectrometry-based approaches, they observed that global levels 

of histone methylations remain mostly unchanged between interphase and mitosis, while the 

https://www.zotero.org/google-docs/?VeiOuF
https://www.zotero.org/google-docs/?0olpaQ
https://www.zotero.org/google-docs/?2wckHG
https://www.zotero.org/google-docs/?2wckHG
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levels of histone acetylations showed a global decrease during mitosis. Using ChIP-seq to map 

localization of the histone acetylation and methylation marks, the study determined that the spatial 

organization of these modifications is highly similar between interphase and mitosis, with the 

exception of a histone deacetylation patterns near the transcription start site (TSS) of most genes 

(Javasky et al. 2018).  

Many eukaryotic gene promoters contain a region upstream of their TSS that is free of 

nucleosomes, termed the “nucleosome depleted region” (NDR). These regions have been shown 

to contain transcription factor binding sites and are thought to assist transcription activation (Bai 

et al. 2010). Analysis of H3K4me3 localization with ChIP-seq to map nucleosome positioning, 

showed that for most genes, a methylated nucleosome enters this NDR during mitosis (Liang et al. 

2015) (Fig. 1A,B,C). ChIP-seq for H3K9ac and H3K27ac discovered that genes can be categorized 

into 4 groups depending on the nucleosome occupancy and histone modifications present in their 

TSS-associated NDRs during interphase and mitosis (Fig. 1A). Group 1 (about 22% of genes) 

contains genes that have an NDR present at their TSS in interphase and mitosis, while Group 4 

(about 8% of genes) do not contain an NDR near their TSS in either phase. Genes with a 

nucleosome occupying their TSS-associated NDR during mitosis can be further categorized into 

2 groups based on the acetylation states of this entering nucleosome. Approximately 61% of genes 

have a methylated but non-acetylated nucleosome occupying their NDR during mitosis (labeled as 

Group 2 genes), while about 9% of genes contain a methylated and acetylated nucleosome in this 

position (labeled as Group 3 genes) (Fig. 1A,B,C). Potential contributors to this acetylation pattern 

were investigated, examining ChIP-seq data of histone deacetylases (HDACs) from 

unsynchronized cells. This analysis revealed that HDAC peaks were present at 43% of the Group 

2 gene TSSs, but only at 35% of Group 3 gene TSSs. Additionally, treatment of HeLa-S3 cells 

https://www.zotero.org/google-docs/?wKQ0xR
https://www.zotero.org/google-docs/?3qBUkX
https://www.zotero.org/google-docs/?3qBUkX
https://www.zotero.org/google-docs/?aa0Jzz
https://www.zotero.org/google-docs/?aa0Jzz


4 

with the pan-HDACs inhibitor TSA counteracted the pattern of deacetylated nucleosomes in the 

NDR during mitosis (Fig. 1E) Combined, these findings form a hypothesis that the nucleosome 

entering the NDR of Group 2 genes during mitosis is being particularly deacetylated by HDACs. 

 

Figure 1. Classification and analysis of histone modification patterns in TSS-associated 
NDRs.  
Panels A and D adapted from Javasky et al. 2018. A) Heatmap of 5731 genes ranging 3kb up and 
downstream from the TSS showing normalized and standardized Z-scores for histone 
modifications: H3K4me3, H3K9ac, and H3K27ac in interphase and mitosis. The four gene groups 
were separated manually. B) Schematic of histone modifications present at the NDR during mitosis 
for Groups 1-3. C) Metagene plots displaying the average signal of each histone modification 
around the TSSs of the 3 groups of genes in mitosis. D) Average transcription level at different 
time points after mitotic release for gene Groups 1-3. E) Metagene plot and heatmap showing 
average H3K9ac signal around the TSS for interphase and mitotic cells, treated or untreated with 
the HDAC inhibitor TSA. 

 

 To discover the possible regulatory roles of the mitotic histone deacetylation patterns 

observed in the NDR of most genes, the post-mitotic transcription reactivation rates as well as 
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Gene Ontology (GO) of each gene group were analyzed. Transcription reactivation kinetics 

determined that genes in Groups 1 and 2 reactivated significantly faster than Group 3. This analysis 

was done using the data collected in (Palozola et al. 2017), which used EU-RNA-seq in HUH7 

human hepatoma cells to map nascent transcription at different time points after release from 

nocodazole-induced mitotic arrest. A collection of cell cycle genes (Whitfield et al. 2002), 

housekeeping and tissue-specific genes (https://www.proteinatlas.org/), as well in genes 

transcribed in HeLa-S3 cells (Hart et al. 2013) was curated. Using the Palozola reactivation data, 

the average transcription level for each gene Group (1-3) at different time points after mitotic 

release was plotted (Fig. 1D).  

Gene Ontology analysis concluded that genes in Groups 1 and 2 are significantly enriched 

for functions such as RNA processing, cell adhesion, and signal transduction, which could 

potentially be more important directly following mitotic exit. Taken together, these associations 

add to the previously discussed hypothesis, suggesting that the HDAC mediated, mitotic-specific, 

deacetylation of the nucleosome entering the NDR during mitosis is functioning to bookmark 

genes that have more important roles directly following mitotic exit.  

A potential mechanism for this deacetylation dependent bookmark could be through the 

interaction of acetylated histones with chromatin remodeling complexes, specifically those 

containing an acetyl-lysine binding bromodomain (Swygert and Peterson 2014). Previous studies 

suggest that acetylated histones stabilize the binding of chromatin remodelers to the nucleosome, 

as seen in the increased retention of the remodeling complex SWI/SNF on acetylated promoter 

nucleosomes (A. H. Hassan, Neely, and Workman 2001; Ahmed H. Hassan et al. 2002). Perhaps 

the deacetylation of the nucleosome entering the NDR during mitosis serves the purpose of altering 

interactions with chromatin remodeling enzymes, resulting in earlier reestablishment of the NDR 

https://www.zotero.org/google-docs/?rGlGMI
https://www.zotero.org/google-docs/?nd8UCA
https://www.zotero.org/google-docs/?Mqw8pe
https://www.zotero.org/google-docs/?NoFK3o
https://www.zotero.org/google-docs/?GgoPsf
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and transcription reactivation after mitotic exit. Of course, there are many factors that determine 

nucleosome stability and positioning (Struhl and Segal 2013) and this hypothetical explanation 

requires further investigation.  

One method of testing hypothesized mitotic bookmarks is to experimentally perturb the 

bookmark to then monitor the effects on gene reactivation post mitosis. However, due to the local 

functionality and temporal nature of these epigenetic elements, there is a current lack of molecular 

tools to locally modify bookmarks specifically during mitosis. This makes it very difficult to study 

the explicit roles of these epigenetic elements (Raccaud and Suter 2018; Festuccia et al. 2017). As 

seen in the 2018 paper by the Simon Lab, small molecules can be used to inhibit HDACs and 

perturb the NDR acetylation patterns in mitosis, however a drawback to this approach is the off-

target effects of globally inhibiting HDAC activity. Another approach would be to recruit histone 

acetyltransferases (HATs) and HDACs directly to the NDR, to modify the local levels of histone 

acetylation during mitosis. Utilizing CRISPR-dCas9 (Clustered Regularly Interspaced Short 

Palindromic Repeats and endonuclease “dead” CRISPR-associated protein 9) to carry HATs and 

HDACs to targeted loci could be a potential method to examine our mitotic bookmarking 

hypothesis.  

  In this master’s thesis, I am evaluating a CRISPR-dCas9 system for its potential to 

investigate the roles of local mitotic histone deacetylation patterns on transcription reactivation 

regulation. Using a multitude of cloning techniques, I established plasmid constructs containing 

either a VPR-dCas9 or a wild type or mutant p300 core-dCas9 fusion protein. I used these 

constructs along with a custom gRNA donor plasmid, to generate stable HeLa-S3 cell lines 

expressing different combinations of dCas9 fusion protein and gRNA, targeting various regions of 

the NDR of a test gene. With mitotic synchronization and ChIP-seq, I observed fusion protein 

https://www.zotero.org/google-docs/?zrzHyL
https://www.zotero.org/google-docs/?v8KqpV
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directed acetylation increases in interphase and mitosis. The results suggested that dCas9 fusion 

protein acetylation activity depends on both the targeted position in the NDR and the 

synchronization condition. Interestingly, when targeted to 100bp upstream of the TSS of our test 

gene, all acetylation causing fusion proteins appeared to only increase acetylation in mitosis. 

Future research is required to explain this observation; however, it may suggest a method to 

achieve the mitotic-specific perturbation of NDR acetylation levels that is required to test our 

mitotic bookmarking hypothesis.    
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Chapter 1 MATERIALS AND METHODS 

  
Hela-S3 cell culture 

HeLa-S3 cells from ATCC (CCL-2.2) were cultured in Gibco™ DMEM, high glucose 

(Thermo Fisher Scientific cat. 11-965-118) with 10% Heat inactivated FBS (Life Technologies 

cat. 10438026), 1% Gibco™ Antibiotic-Antimycotic (Thermo Scientific cat. 15240062), and 1% 

sodium pyruvate (Gibco cat. 11360070), grown at 37 C and 5% CO2.  

 

Cloning Plasmid Constructs:  

VPR-dCas9: 

Started with plasmid PiggyBac dCas9-VPR (Addgene #191269). This plasmid contained 

the puromycin resistance marker, however the plasmid carrying the gRNA cassette: PB-U6insert-

EF1puro (Addgene #104537) (Goren Lab ID bGG298), already provides puromycin resistance. 

Therefore, the first cloning step was to replace the puromycin resistance sequence in the PiggyBac 

dCas9-VPR plasmid with the hygromycin B resistance sequence (gift from Dr. Sifeng Gu). This 

was done by digesting the PiggyBac dCas9-VPR plasmid with MfeI-HF and HpaI and gel 

extracting the linearized plasmid to remove the puromycin sequence. NEBuilder® HiFi DNA 

Assembly (NEB cat. E2621S) was then performed to insert the hygromycin B sequence, amplified 

from Dr. Gu’s plasmid with GoTaq Green PCR master mix (Promega cat. PRM7123) in the place 

of the puromycin sequence. The new plasmid was called PB_VPR-dCas9-BFP_hygro, noted as 

VPR-dCas9 in Fig. 2A (Goren Lab ID bGG296).  

WT/Mut p300 core-dCas9: 

Primer mutagenesis in conjunction with NEBuilder® HiFi DNA Assembly was used to 

remove the BspQI (type II restriction enzyme) cut site from the PB_VPR-dCas9-BFP_hygro 
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plasmid to prepare for future cloning steps. Additionally, the BFP reporter gene sequence was 

swapped for that of enhanced GFP (EGFP) (amplified from pGL3-U6-sgRNA-EGFP Addgene 

#107721) to make validation of fusion protein expression easier to visualize. This new plasmid 

was called PB_VPR-dCas9-EGFP_hygro (Goren Lab ID bGG312). Next, the VPR region was 

removed from this new plasmid by digesting with AgeI-HF and BglII, and a gBlock (ordered from 

IDT) was inserted upstream of the dCas9 sequence in place of the extracted VPR sequence. This 

gBlock contained a BspQI Golden Gate cloning site followed by a glycine and serine rich linker 

sequence (linker sequence was copied from p300 core-dCas9-p300 core Addgene #179557). This 

new plasmid: PB_GG-linker-dCas9-EGFP_hygro (Goren Lab ID bGG326), provided a backbone 

dCas9 plasmid with a Golden Gate cut site and linker upstream of the dCas9 where I could insert 

the WT and Mut p300 core sequences using Gibson Assembly. The WT and Mut p300 core 

sequences were amplified from pcDNA-dCas9-p300 core (Plasmid #61357) and pcDNA-dCas9-

p300 (D1399Y) (Plasmid #61358) respectively and inserted into the Golden Gate cut site after 

digestion with BspQI. These new plasmids were named: PB_p300_core-dCas9-EGFP_hygro and 

PB_Mut_p300_core-dCas9-EGFP_hygro, labeled WT p300 core-dCas9 and Mut p300 core-

dCas9 on Fig. 2A (Goren Lab ID bGG327 and bGG328 respectively).  

Cloning gRNA donor plasmid: 

I started with plasmid: PB-U6insert-EF1puro (Addgene #104537) and digested with 

EcoR1-HF and Age1-HF followed by gel extraction. This created a gap downstream of the U6 

promoter where I inserted a gBlock using T4 DNA ligase (NEB cat. M0202L). This gBlock 

contained a BbsI Golden Gate cloning site directly upstream of the S. Pyogenes sgRNA scaffold 

sequence. This new plasmid, called the PB_SPscaffold_BB (Goren Lab ID bGG298), served as a 

backbone in which to clone in our custom sgRNA protospacers using the BbsI Golden Gate site 
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upstream of the S. Pyogenes scaffold sequence. Next, we digested the PB_SPscaffold_BB plasmid 

with BbsI-HF and gel extracted the backbone, then ligated our custom protospacers (targeting our 

gene of interest) into the Golden Gate site. These final plasmids served as our gRNA donor 

plasmids, shown in Fig. 2A(iv). Validation of protospacer insertion was done with PCR. 

Ordering guide RNA protospacers: 

Protospacers were ordered from IDT as top and bottom oligos with overhangs for the 

Golden Gate BbsI cut sites and annealed together before ligation into the PB_SPscaffold_BB 

plasmid. I utilized the CRISPR tool on Benchling to generate potential protospacers and chose the 

sequences with the highest On-Target Score that were within our desired ranges from the TSS.  

 

Transfection and selection protocol: 

All transfections were done with a 24 well plate using Lipofectamine™ 3000 Transfection 

Reagent (ThermoFisher Scientific, Cat: L3000015). The day before the transfection, 100k cells 

were seeded on the 24 well plate. The piggyBac plasmid carrying the dCas9 fusion protein cargo 

was cotransfected alongside the plasmid expressing the transposase enzyme (gift from Dr. Sifeng 

Gu, pCSJ533) into HeLa-S3 cells. In total 1ug of DNA was transfected, using equimolar cargo 

plasmid and transposase plasmid (666ng of fusion protein plasmid, 333ng of transposase plasmid). 

About 48-72 hours after transfection with lipofectamine, selection was started using 400 ug/ml of 

hygromycin B (Invitrogen cat. 10687010) for 10 days, refreshing the media and hygromycin every 

other day. Expression of VPR-dCas9 was validated through BFP fluorescence, while expression 

of the WT/Mut p300 core-dCas9 was validated through EGFP fluorescence. After piggyBac 

integration of the fusion protein was complete, the gRNA donor plasmid was cotransfected into 

each fusion protein cell line with the transposase plasmid using Lipofectamine™ 3000 
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Transfection Reagent. Equimolar gRNA donor plasmid to transposase plasmid was used. Selection 

was performed with 0.2ug/ml puromycin (Invitrogen cat. A1113803) for 5 days. Validation of 

gRNA expression was done through reverse-transcription PCR (RT-PCR) (SuperScript™ II 

Reverse Transcriptase cat. 18064014). After selection with puromycin, another round of selection 

with hygromycin was performed to make sure the gRNA cargo transposition did not disrupt any 

of the dCas9 cargo transposons.  

 

Dox Induction and Mitotic synchronization 

Mitotic synchronization protocol used from (Javasky et al. 2018) in the Cell culture and 

synchronization section of Methods. Expression of the fusion protein was induced in each of the 

cell lines (each grown in a 10cm mammalian cell culture dishes) by adding doxycycline (Sigma-

Aldrich D9891-1G) at 2ug/ml for 4 days (replacing the media with fresh dox on day 2 of the 4-

day treatment). On the 4th day the cells were pre-synchronized in G1/S by addition of 2 mM 

thymidine for 16 h. After 16 hours, the cells were washed with PBS and released for 3 h in fresh 

medium. Next, 10μM S-trityl-L-cysteine (STC) mixed with medium was added to the cells and 

incubated for 12 h. After 12 hours the cells were fixed and harvested for ChIP-seq. 

 

Double Cross-linking Fixation and ChIP-seq  

Followed the protocol from An optimized protocol for rapid, sensitive and robust on-bead 

ChIP-seq from primary cells (Texari et al. 2021). ChIP-seq protocol was done either manually or 

using automation with the liquid handler machine: “Bravo” (Agilent model 16050-102).  

Protocol Overview:  

https://www.zotero.org/google-docs/?c3dxEz
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7921621/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7921621/
https://www.zotero.org/google-docs/?fu8G1w


12 

Roughly 10 million cells per sample were fixed by double crosslinking with disuccinimidyl 

glutarate (DSG) (CovaChem cat. 13301-5x100) and Formaldehyde (Pierce- ThermoFisher cat. 

PI28906). Cells were then lysed, and chromatin was sheared using a PIXUL Multi-Sample 

Sonicator. Whole cell extract was de-crosslinked and cleaned to use as input DNA, and 

immunoprecipitation (IP) was done by incubating sheared chromatin with an antibody specific to 

our desired epitope and then washing away the background chromatin. Final IP and Input libraries 

were prepared using the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (cat. E7645S) 

and dual and single barcoded adapters from NEXTflex were used. Antibodies used: Acetyl Histone 

H3 (Lys9) (C5B11) Rabbit mAb (Cell Signaling Technology cat. 9649S) and Acetyl-Histone H3 

(Lys27) (D5E4) XP® Rabbit mAb (H3K27ac) (Cell Signaling Technology cat. 8173S) 

 

Bioinformatics Analysis:  

My ChIP-seq libraries were sequenced using Illumina’s NextSeq 500/550 High Output Kit 

v2 (75 cycles) cat. 20024906. Adaptor sequences were trimmed using Trimmomatic (Bolger, 

Lohse, and Usadel 2014) and then FastQC (Andrews 2010) was performed on the trimmed fastq 

files for quality assurance. Fastq files were then aligned to the hg38 genome using BWA (Li and 

Durbin 2009), and the sam files were converted to bam and processed, removing duplicate reads, 

using Samtools (https://www.htslib.org/doc/samtools.html). Tag directories were made using 

HOMER (Heinz et al. 2010) (http://homer.ucsd.edu/homer/) with fragment length set to 150. Read 

depth normalized bigWigs were made with HOMER’s command: makeBigWig.pl, which uses the 

UCSC program bedGraphToBigWig (Kent et al. 2010).  

To generate regularized log (rlog) transformed bigWigs, tag counts in 50bp bins, 200kb up 

and downstream of the PRCC NDR, were counted using the annotatePeaks.pl command from 

https://www.zotero.org/google-docs/?iVBtIK
https://www.zotero.org/google-docs/?iVBtIK
https://www.zotero.org/google-docs/?Mwwau3
https://www.zotero.org/google-docs/?bWoduw
https://www.zotero.org/google-docs/?bWoduw
https://www.htslib.org/doc/samtools.html
https://www.zotero.org/google-docs/?0eqRkV
http://homer.ucsd.edu/homer/
https://www.zotero.org/google-docs/?xBNjHr
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homer, with the -raw and -rlog options set (the rlog transformation is from the DESeq2 package). 

The tag counts for this region were then turned into bedgraphs, then bigWigs. Next, rlog 

normalized bigWigs for each treatment condition were subtracted by rlog normalized bigWigs for 

the appropriate control condition using bigwigCompare from deepTools. All bigWigs were 

visualized on the UCSC genome browser (Nassar et al. 2023). The read depth normalized, the log 

transformed, and the rlog transformed scatter plots were plotted using ggplot2 in R. The data was 

calculated by using HOMER's annotatePeaks.pl on tag counts in 1kb bins for the entire 

chromosome 1, using default for read depth normalized, -log for log transformed, and -raw -rlog 

options of the rlog transformed scatter plots. 

 
  

https://www.zotero.org/google-docs/?v7KImF
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Chapter 2 RESULTS 
 

Chapter 2.1 Establishing CRISPR-dCas9 system in HeLa-S3 cell model 
 
CRISPR-dCas9 Fundamentals:  

 For CRISPR-dCas9 systems to function, each cell must contain two essential components: 

a guide RNA (gRNA) and the dCas9 protein often fused to an effector enzyme domain. The gRNA 

is an RNA molecule containing a protospacer and scaffold sequence. The scaffold sequence folds 

into a stem and loop structure that complexes with the dCas9 protein, while the protospacer 

provides the specific ~20bp nucleotide sequence complementary to the genomic target loci. The 

dCas9, once associated with the gRNA, can then scan the genome and search for the sequence 

complementary to the protospacer. If the sequence appears next to a proper protospacer adjacent 

motif (PAM), the dCas9 enzyme can bind to this locus (Qi et al. 2013).  

The CRISPR-dCas9 differs from the traditional CRISPR-Cas9 system in that the dCas9 is 

mutated to no longer have endonuclease activity (hence the name “dead Cas9”), and therefore only 

functions in the localization to targeted loci. Since its development in 2013, the CRISPR-dCas9 

system has been used in many techniques to modify epigenetic landscapes and regulate gene 

expression. Fusing the dCas9 protein to a transcriptional repressor domain such as the Krüppel-

associated box (KRAB), yields a tool for CRISPR transcriptional inhibition (CRISPRi). Linking 

the dCas9 protein to a transcriptional activator domain such as VP64 (a tetramer of VP16, the 

herpes simplex virus protein 16) creates a CRISPR transcriptional activation tool (CRISPRa) 

(Kampmann 2018; Qi et al. 2013; Karlson et al. 2021). To probe the possibilities and limitations 

of a CRISPR-dCas9 system to target TSS-associated NDRs and locally modify the mitotic histone 

acetylation patterns, I generated HeLa-S3 cells expressing the CRISPR-dCas9 components, 

https://www.zotero.org/google-docs/?pfUNfM
https://www.zotero.org/google-docs/?IdYfGD
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synchronized these cells in mitosis, and performed ChIP-seq for histone acetylations to observe 

the behavior of the fusion protein system.  

Generating HeLa-S3 cell model: 

A pilot fusion protein plasmid construct containing our desired elements: 1) piggyBac 

integration, 2) dox inducibility 3) fluorescence protein reporter, 4) antibiotic selection marker, 5) 

histone acetylation capabilities of the chimera, was chosen to establish our transfection and ChIP-

seq protocols (Fig. 2A). To make the process of genomically integrating the elements of the 

CRISPR-dCas9 system into our HeLa-S3 cells fast and simple, we opted to utilize a piggyBac 

transposon system. With this approach, plasmid constructs contain a cargo cassette flanked by 

inverted terminal repeats (ITRs); the entire cassette is cut out by the transposase enzyme and 

inserted into TTAA sites in the cell’s genome (S. Zhao et al. 2016) (Fig. 2B). We also decided on 

a doxycycline (dox) inducible fusion protein expression, to potentially alleviate some collateral 

effects of constant dCas9 fusion protein presence, allowing us to induce expression only 4-5 days 

before harvest. Blue fluorescence protein (BFP) connected to the fusion protein by a P2A cleavage 

site, allowed for quick validation of fusion protein expression. Puromycin (later switched to 

hygromycin) allowed for selection of cells with integrated piggyBac cargo cassette.   

This pilot fusion protein plasmid was used by the Wysoka Lab in their 2018 paper 

Systematic perturbation of retroviral LTRs reveals widespread long-range effects on human gene 

regulation (Fuentes, Swigut, and Wysocka 2018), and contains the VPR-dCas9 chimera (Fig. 

2A(i)). The VPR, commonly fused to dCas9 in CRISPRa constructs, is a powerful transcriptional 

activator composed of three activation domains fused together: VP64 (discussed earlier), p65 

(activation domains of NFκB subunit), and Rta (R transactivator from the Epstein-Barr virus) 

(Kampmann 2018). The VP64 recruits endogenous HATs such as p300 (Hilton et al. 2015) and 

https://www.zotero.org/google-docs/?e5VssC
https://www.zotero.org/google-docs/?P11cdl
https://www.zotero.org/google-docs/?wWhUzV
https://www.zotero.org/google-docs/?Qw9gSG
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therefore causes high levels of histone acetylation, making the VPR-dCas9 a robust framework to 

test and refine our protocols for stable cell line generation and data collection with ChIP-seq.  

After the VPR-dCas9 system was established and tested using ChIP-seq, I used a variety 

of cloning techniques to modify the fusion protein plasmid construct and insert either the wild type 

(WT) or a mutant (Mut) catalytic core of the p300 HAT enzyme in place of the VPR (Fig 2A(ii-

iii)). The p300 core contains the bromodomain, the CH2 domain, and the HAT domain 

(Delvecchio et al. 2013). The bromodomain, as described previously in the context of chromatin 

regulators, has a similar function in the p300 core. It stabilizes interaction with the nucleosome 

and binds the histone substrate, allowing the HAT domain to acetylate histone residues (Manning 

et al. 2001). The CH2 domain stabilizes the bromodomain (Park et al. 2013). The WT and Mut 

sequences were obtained from the plasmids used in the study Epigenome editing by a 

CRISPR/Cas9-based acetyltransferase activates genes from promoters and enhancers (Hilton et 

al. 2015).  

Unlike the VPR or the full length p300, which has many domains interacting with a 

multitude of transcription factors causing a plethora of activation effects, the p300 core should 

offer limited impact beyond the desired increase in histone acetylation, allowing us to study more 

explicitly the roles of histone acetylation (Chen and Li 2011). Additionally, we are utilizing a 

mutant p300 core containing a single mutated amino acid in the HAT domain, deactivating the 

acetyltransferase activity. This will provide our fusion protein system with a control for steric 

effects, additional p300 core enzymatic activities, and other confounding effects of targeting the 

dCas9 chimera to the NDR region. With the WT and Mut versions of the CRISPR-dCas9 tools, 

we can be more confident that any effects we see on transcription reactivation of targeted genes, 

is due to the directed perturbation of acetylation state.  

https://www.zotero.org/google-docs/?hTYDlt
https://www.zotero.org/google-docs/?a9sMEF
https://www.zotero.org/google-docs/?a9sMEF
https://www.zotero.org/google-docs/?PrKu5C
https://www.zotero.org/google-docs/?P2rYXX
https://www.zotero.org/google-docs/?P2rYXX
https://www.zotero.org/google-docs/?ubVKgk
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To investigate dCas9 chimera behavior when targeted to different locations across the 

NDR, we chose a test gene: PRCC (Fig 2. F,G). Because we are using fusion proteins that cause 

histone acetylation, we chose a gene from Group 2 with a non-acetylated nucleosome entering the 

TSS-associated NDR during mitosis, hoping to perturb this nucleosome’s deacetylated state. 

Protospacers were designed targeting 100bp, 350bp, and 400bp upstream from the TSS (also 

denoted as -100, -350, and -400 bp from the TSS). These protospacers were cloned into our gRNA 

backbone plasmid generating a gRNA donor plasmid (Fig 2A(iv)), and piggyBac integration was 

used to insert the gRNA cassette into the HeLa-S3 genomes. One cell line per gRNA target was 

generated, to differentiate between fusion protein activity when targeted to different distances from 

the TSS (Fig. 2F). Once the dCas9 fusion protein and gRNA cassettes were integrated into our 

HeLa-S3 genomes and dox induction of the chimera was validated through fluorescence proteins 

(Fig 2C,D), a subset of the cells was synchronized in a metaphase like state using STC following 

the same protocol as the Simon and Goren Lab paper (Fig. 2E). The unsynchronized and 

mitotically arrested cell lines targeting various locations across the NDR of PRCC, allows us to 

compare fusion protein acetylation activity depending on the cell phase condition and targeted 

locus. Fusion protein behaviors being assessed included: whether acetylation enrichment was 

increased, effect range, and location of increased enrichment. 
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Figure 2. Establishing CRISPR-dCas9 system in HeLa-S3 cell model  
A) Layout of dCas9 fusion protein and gRNA donor plasmid constructs. B) Illustration of the 
piggyBac integration method used to generate stable cell lines. C) Diagram of the protocol used 
to generate stable cell lines followed by the induction of fusion protein expression with 
doxycycline. D) HeLa-S3 cells with p300 core-dCas9 fusion protein expression validated by EGFP 
reporter gene. E) Mitotic synchronization using kinesin 5 inhibitor (STC). F) Schematic of gRNA 
target loci in the NDR region of PRCC promoter. G) Transcription reactivation kinetics of sample 
Group 2 and 3 genes, using (Palozola et al. 2017) data. H) Illustration of dCas9-HAT fusion protein 
causing histone acetylation, image adapted from (Genga, Kearns, and Maehr 2016). 

https://www.zotero.org/google-docs/?ssh3qh
https://www.zotero.org/google-docs/?iZk6GG
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Cloning Process: dCas9 Fusion protein and gRNA donor constructs:  

 In the process of establishing HeLa-S3 cell models expressing the components of our 

CRISPR-dCas9 system, I utilized multiple techniques to optimize and generate the plasmid 

constructs necessary. Utilizing PCR, restriction digests, gel electrophoresis, and whole plasmid 

sequencing, I was able to troubleshoot and validate each cloning step.   

For the fusion protein constructs, I started off with a VPR-dCas9 on a piggyBac plasmid 

within a transposon cassette containing a BFP fluorescence reporter gene and a puromycin (puro) 

selection marker. The gRNA donor piggyBac plasmid already contained puromycin resistance, 

therefore I used restriction enzymes to remove this gene from the VPR-dCas9 plasmid and the 

Gibson Assembly (Gibson et al. 2009) method to insert a PCR amplified hygromycin (hygro) 

resistance gene in place of the puromycin (Fig. 3A).  

 Next, we noticed that the BFP was difficult to detect using our microscopes, so I PCR 

amplified the entire plasmid in fragments, swapping the BFP fragment for a fragment containing 

EGFP, and then using Gibson Assembly once again to reconstruct the plasmid. The EGFP 

provided better validation of dox induced expression of the fusion protein (Fig. 3B).   

In the process of amplifying the plasmid in fragments, I used the PCR primers to perform 

site directed mutagenesis, removing a restriction enzyme recognition site to prepare the plasmid 

for future cloning. (Removal of this restriction enzyme recognition site was required for 

construction of the backbone dCas9 plasmid) (Fig. 3B).  

 After testing the VPR-dCas9 system, we wanted to modify our fusion protein to contain 

either a wild type or mutant version of the p300 core fused to the dCas9 instead of the VPR. In 

anticipation of future modification of effector enzymes in my plasmid, I wanted to create a 

https://www.zotero.org/google-docs/?QFVYae
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backbone dCas9 plasmid with a primed cloning site upstream of the dCas9. Using restriction 

enzymes, I removed the VPR sequence from upstream of the dCas9 and inserted a custom DNA 

fragment (gBlock ordered from IDT) containing a Golden Gate cloning (Engler and Marillonnet 

2014) site made with two adjacent type IIS restriction enzyme recognition sites. This gBlock also 

contained a glycine and serine rich linker sequence in between the Golden Gate cloning site and 

the dCas9, optimized for fusing the p300 core to the dCas9 (Fig. 3C). Next, I PCR amplified the 

WT and Mut p300 core sequences from a donor plasmid and inserted them upstream of the linker 

and dCas9 sequence in my backbone, using the Golden Gate cloning site and Gibson Assembly 

(Fig. 3D).  

 The gRNA donor plasmid started with a piggyBac plasmid with only a U6 promoter and 

Puromycin resistance in the transposon cassette. I ordered a custom gBlock containing a Golden 

Gate cloning site upstream of a gRNA scaffold sequence compatible with the S. Pyogenes dCas9 

protein we are using (Fig. 3E). After inserting this gBlock downstream of the U6 promoter, I had 

a backbone gRNA donor plasmid in which I could insert custom protospacers using simple Golden 

Gate cloning (Fig. 3F).   

https://www.zotero.org/google-docs/?igfQOf
https://www.zotero.org/google-docs/?igfQOf
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Figure 3. Cloning Procedures for dCas9 fusion protein and gRNA donor constructs.  
A) Swapping puromycin selection marker for that of hygromycin in PiggyBac dCas9-VPR. B) 
Exchanging the BFP fluorescence reporter for EGFP. C) Inserting Golden Gate cloning site and 
linker upstream of the dCas9. D) Inserting the p300 core sequence upstream of the linker and 
dCas9 to make the complete p300 core-dCas9 fusion protein. E) Insertion of Golden Gate site and 
S. Pyogenes gRNA scaffold into the PB-U6insert-EF1puro plasmid. F) Ligation of gRNA 
protospacer into the Golden Gate cut site to generate complete gRNA donor plasmid. 
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Figure 3. Cloning Procedures for dCas9 fusion protein and gRNA donor constructs 
(continued).  
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Figure 3. Cloning Procedures for dCas9 fusion protein and gRNA donor constructs 
(continued). 
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Chapter 2.2 Normalization of ChIP-seq data to visualize fusion protein directed changes in 

histone acetylation 

Chromatin immunoprecipitation followed by high throughput sequencing or ChIP-seq is a 

technique that maps genomic positions of chromatin associated proteins or elements such as 

transcription factors and histone modifications. Briefly, this protocol uses antibodies to capture 

genomic fragments containing a protein of interest (immunoprecipitation or “IP”), and then 

sequences the DNA associated with these fragments. Mapping of these sequenced fragments or 

“tags,” (a term I adopted from HOMER http://homer.ucsd.edu/homer/) to a reference genome, can 

reveal regions of protein enrichment across the genome. Enrichment at a region, in this case, refers 

to the fraction of tags that map to a region when the chromatin is immunoprecipitated over the tags 

that map to the region when the chromatin is not immunoprecipitated. In ChIP terminology, 

enrichment is IP tags / Input tags.  

The global enrichment levels are affected by the IP efficiency of the experiment, or how 

well the antibody and other steps of the protocol selected for DNA fragments that were actually 

associated with the protein of interest compared to unassociated “random” pieces of DNA (Bao et 

al. 2013). High IP efficiency means that your IP samples have a high signal (tags in regions bound 

the protein of interest) to noise (tags in random regions) ratio. ChIP-seq data can be visualized 

using different methods depending on the comparisons being made. Local enrichment patterns in 

a genomic region can be visualized as peaks on the UCSC genome browser (Nassar et al. 2023) or 

IGV (Robinson et al. 2011), and global comparisons between samples can be made by plotting a 

scatter plot of tag count values across genomic intervals.  

http://homer.ucsd.edu/homer/
https://www.zotero.org/google-docs/?pUviJO
https://www.zotero.org/google-docs/?pUviJO
https://www.zotero.org/google-docs/?7QW363
https://www.zotero.org/google-docs/?awEnuK
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Read depth normalized tag counts of my ChIP-seq experiments displayed stark differences 

in global enrichment levels (likely due to IP efficiency variations), making it difficult to compare 

local acetylation changes between samples (Fig. 4A,E).  Log transformation of the tag counts does 

not fully correct for this global variation and causes increased relative variability in regions with 

lower tag counts (Fig. 4B). The DESeq2 package contains a variance stabilizing “regularized 

logarithm” (rlog) transformation, designed to turn heteroskedastic data into more homoskedastic 

log2 fold change data. Using the empirical Bayes approach, rlog shrinks together the log2 fold 

change values for the same regions across different samples, especially those with lower tag counts 

(which experience increased variation after log transformation). This transformation treats each 

sample like a replicate by ignoring any design matrix, with more samples improving the 

normalization (Fig. 4C,D,F) (Love, Huber, and Anders 2014). This regularization method uses the 

assumption that for the vast majority of regions, the enrichment levels should be the same. This is 

appropriate for our samples as the dCas9 fusion protein is only targeted to one region. After 

performing the rlog transformation on my tag count data, the IP efficiency variations were 

normalized and direct comparisons between samples could be made. To visualize localization of 

changes in acetylation enrichment, the rlog normalized tag counts were turned into rlog normalized 

bigWigs (Fig. 4F). Each treatment condition bigWig was then subtracted by the appropriate 

control condition bigWig using bigwigCompare from deepTools (Fig. 4G). 

 

https://www.zotero.org/google-docs/?Dlj1z1
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Figure 4. Visualizing changes in local histone acetylation using regularized log 
transformation to normalize for IP efficiency variation. 
 A-D) These scatter plots show different methods of normalizing interphase H3K27ac ChIP-seq 
tag counts to compare treatment sample (VPR-dCas9 with -400bp gRNA) vs untreated control 
sample. The tag count for the PRCC NDR region is labeled in blue. A) Read depth normalization 
shows a global increase in tag counts for the treatment sample vs the control sample. B) Log 
transformation shows increased variance at lower count values and global increase still present for 
the treatment sample vs control. C) Regularized log transformation calculated using only 2 
samples shows smaller variance at lower count values, however global increase of treatment 
sample still present. D) Regularized log transformed tag counts calculated using 5 samples got 
much better normalization causing treatment and control samples to have similar global tag count 
values. E) Read depth normalized bigWigs show various signal to noise ratios. F) Regularized log 
transformed bigwigs show similar signal to noise ratio between samples. G) Treatment rlog 
transformed bigWigs subtracted by control rlog transformed bigWigs reveals an increase in 
H3K27ac at the PRCC NDR region for the treatment sample containing VPR-dCas9 and gRNA 
targeting -400bp from the TSS. View bigWig tracks on UCSC genome browser: 
https://genome.ucsc.edu/s/emodolo/Fig_4_E%2DG  
 
 

https://genome.ucsc.edu/s/emodolo/Fig_4_E-G
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Figure 4. Visualizing changes in local histone acetylation using regularized log 
transformation to normalize for IP efficiency variation (continued). 
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Chapter 2.3 ChIP-seq of cell lines harboring dCas9-chimeras shows histone acetylation activity 

dependent on gRNA target and synchronization condition 

The analysis of ChIP-seq results from unsynchronized (interphase) cell lines expressing 

the VPR-dCas9, showed that H3K27ac acetylation is only increased at the NDR region when the 

gRNA is targeting -400bp from the TSS (Fig. 5A). However, when the cells were synchronized in 

mitosis, the gRNA targeting -100bp and -400bp from the TSS both showed increase in H3K27ac 

compared to the negative control (untreated) mitotic HeLa-S3 cells (Fig. 5B). Additionally, in the 

-100bp and -400bp gRNA samples, the peak in acetylation enrichment change is shifted towards 

the gRNA target position. A similar pattern can be observed for H3K9ac ChIP-seq on VPR-dCas9 

cells, where mitotic samples with -100bp and -400bp gRNA targets increase acetylation during 

mitosis (Fig. 5D), however in this case, none of the gRNA targets increase H3K9ac during 

interphase (Fig. 5C). The skewed location of change in acetylation enrichment dependent on the 

gRNA target is still present in the H3K9ac results. 
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Figure 5. UCSC tracks showing regularized log transformed ChIP-seq tag counts from each 
treatment (VPR-dCas9 + gRNA targeting PRCC NDR) subtracted by control condition 
(untreated HeLa-S3). 
A) Change in H3K27ac for interphase cells, arrow showing increased acetylation only for the 
gRNA targeting -400bp from the TSS. B) In mitotic cells, H3K27ac is increased when the gRNA 
targets -100bp and -400bp from the TSS. C) H3K9ac is not increased in any condition during 
interphase. D) Mitotic cells show increased H3K9ac when gRNA is targeting -100bp and -400bp 
from the TSS. View bigWig tracks on UCSC genome browser: 
https://genome.ucsc.edu/s/emodolo/Fig_5_VPR  
 

 

 

https://genome.ucsc.edu/s/emodolo/Fig_5_VPR
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ChIP-seq for H3K27ac was performed on the WT and Mut p300 core-dCas9 cell lines; 

some conditions had technical replicates (a separate ChIP-seq experiment was performed on the 

same harvested cell population), shown in Fig. 6 as (replicates). The treatment samples were 

subtracted by a negative control sample containing the WT fusion protein with a non-targeting 

gRNA. For the interphase cell lines, none of the WT or Mut conditions for any of the gRNA targets 

showed an increase in acetylation at the NDR region (Fig. 6 A,C). In the mitosis cell lines, only 

the WT fusion protein targeted to -100bp from the TSS showed an increase in acetylation (Fig. 

6B). 
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Figure 6. UCSC tracks showing regularized log transformed ChIP-seq tag counts from each 
treatment (WT/Mut p300 core-dCas9 + gRNA targeting PRCC NDR) subtracted by control 
condition (WT p300 core-dCas9 + non-targeting gRNA). 
A) Interphase cells show no increase in H3K27ac for any gRNA condition. B) Mitotic cells show 
increased H3K27ac only when the gRNA targets -100bp from the TSS. C-D) Interphase and 
mitosis cells both show no increase in acetylation in any condition for the mutant p300 core-dCas9 
cell lines. View bigWigs tracks on UCSC genome browser: 
https://genome.ucsc.edu/s/emodolo/Fig_6_p300  

https://genome.ucsc.edu/s/emodolo/Fig_6_p300
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Chapter 3 DISCUSSION 
 

Chapter 3.1 Conclusions and possible explanations 
 

After analysis of the ChIP-seq data from my dCas9 fusion protein cell lines, we can make 

some preliminary conclusions about the feasibility of using a CRISPR-dCas9 system to interrogate 

our mitotic bookmarking hypothesis. Our hypothesis states that the histone acetylation condition 

of the nucleosome occupying the NDR of most gene promoters during mitosis bookmarks these 

genes, affecting their post-mitotic reactivation kinetics. To test this hypothesis, we will need to 

experimentally perturb the bookmark specifically in mitosis to later measure the impact on 

reactivation kinetics. We are utilizing fusion proteins that cause acetylation to perturb the 

deacetylated nucleosomes in the NDR of most genes during mitosis (Group 2 genes). We saw that 

when targeted to -100bp from the TSS of a test gene: PRCC, our wild type p300 core-dCas9 and 

VPR-dCas9 fusion proteins are able to robustly increase acetylation of the region. Note: Likely 

due to either suboptimal nucleosome positioning affecting the dCas9 binding (Handelmann et al. 

2023), or the poor off target score of the protospacer, the gRNA targeting -350bp from the TSS 

showed no effect on acetylation in either interphase or mitosis, for both the VPR-dCas9 and WT 

p300 core-dCas9.  

While perturbation of the NDR acetylation pattern is achieved, the effect range of this 

acetylation increase is not limited to the nucleosome occupying the NDR, with some increased 

enrichment seen in the nucleosomes surrounding the NDR as well. This is a limitation of the dCas9 

fusion protein system and further research will be necessary to determine if nucleosome specific 

acetylation is attainable. Additionally, possible off-target binding of the fusion protein is another 

limitation observed in our system. Future experiments will take further precautions in the design 

https://www.zotero.org/google-docs/?sM2WUg
https://www.zotero.org/google-docs/?sM2WUg
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of gRNA protospacers, using tools such as Cas-OFFinder (http://www.rgenome.net/cas-offinder/) 

to predict and limit this off-target activity.   

The retention of the dCas9 binding at the NDR during interphase and steric inhibition of 

transcriptional machinery could also affect the reactivation kinetics observed for our targeted 

genes. The mutant p300 core fusion protein would be used to control for possible confounding 

effects that accompanies the targeting of a dCas9 fusion protein to the region.  

Another requirement to test the mitotic bookmarking hypothesis is that the system must 

have a method for phase-controlled perturbation, altering the acetylation state only in mitosis. 

Somewhat surprisingly, when targeting -100bp from the TSS, all fusion proteins increased 

acetylation only during mitosis. The cause of this observation is currently being investigated. A 

possible explanation could be that the dCas9 fusion protein is binding to the NDR during 

interphase, however the effector cannot reach a nucleosome to acetylate. Then during mitosis, 

when a nucleosome enters the NDR, this repositioning could provide the nucleosome proximity 

necessary for fusion protein catalyzed acetylation. Future experiments with guides targeting 

multiple genes and loci up and downstream of the NDR could help explain this observation.  

In Figure 5A and 5C, we see that the VPR-dCas9 with the gRNA targeting -400bp from 

the TSS increases H3K27ac but not H3K9ac during interphase. However, this fusion protein and 

guide target increases both H3K27ac and H3K9ac in mitosis (Fig 5B,D). One reason for this 

observation could be possible saturation of H3K9ac in interphase making it difficult to increase 

levels of this acetylation mark. When the global decrease in histone acetylation occurs in mitosis, 

it may free up histone residues for our fusion protein to cause acetylation. Future experiments with 

spike-in normalized ChIP-seq could help illuminate the cause of this mitotic specific increase in 

acetylation.   

http://www.rgenome.net/cas-offinder/
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Overall, the CRISPR-dCas9 system is not without its limitations, however the data 

collected in this study suggests that this system can cause directed local histone acetylation 

changes specifically in mitosis, making it a feasible option to experimentally test our hypothesized 

mitotic bookmark. 
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Chapter 3.2 Future directions 
 

There are many future directions we are excited to take this project. We are currently 

working to get capped-small RNA-seq (csRNA-seq) (Duttke et al. 2019) data from the mitotic and 

interphase VPR-dCas9 fusion protein cell lines, to inspect any effects on nascent transcription 

levels and transcription initiation sites. We will continue to gather csRNA-seq data from our wild 

type and mutant p300 core-dCas9 cell lines as well, to measure any effects that the fusion protein 

may have caused on transcription initiation in interphase and mitotic cell populations.  

Using a library of gRNA protospacers, we plan to create cell lines with the fusion protein 

targeted to a specified distance from the TSS for multiple genes (example: a cell line with gRNAs 

targeting -100bp from the TSS of 20 genes, and a different cell line with gRNAs targeting -400bp 

from the TSS of those same 20 genes) (Fig. 7). We could then study the acetylation activity of the 

fusion protein at multiple genomic contexts and genes Groups with just a few ChIP samples, while 

still allowing for the distinction between chimera activity when targeted to different loci within 

the NDR.  

 
 
 

https://www.zotero.org/google-docs/?HDfTpm
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Figure 7. Schematic representation of a gRNA library targeting a fixed distance from the 
TSS of multiple genes. 
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