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ABSTRACT OF THE DISSERTATION 
 

Development of Novel Tools for Probing the Replicating Genome Reveals Insights 
Into Stem Cell Fate Regulation 

 

by 

Navied Akhtar 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2023 

Professor Timothy L. Downing, Chair 

DNA replication is of paramount importance in cell proliferation, the process 

by which cells grow and divide to produce new cells. During this critical phase of the 

cell cycle, a cell duplicates its DNA, ensuring that each daughter cell receives a 

complete set of genetic information. Beyond mere duplication of genetic material, 

DNA replication also involves the crucial task of recovering the epigenome. The 

epigenome plays a fundamental role in regulating gene expression without changing 

the underlying DNA sequence. Epigenetic modifications need to be precisely and 

efficiently duplicated and transferred onto newly synthesized DNA post-replication, 

allowing the preservation of cellular identity and function across generations. It is 

within this context that cell fate transitions may occur. As the cell duplicates its 

genome and epigenome, modifications can be introduced or removed, and chromatin 

architecture can change, leading to alteration in gene expression that could 

potentially trigger a cell to leave its original state and transition into a different cell 

type. Therefore, DNA replication represents a critical window for the study of cell fate 

decisions in human embryonic stem cells and offers unique insights into the dynamic 

nature of the epigenome and its influence on cellular identity and development. 
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Due to the underexplored nature of this phase of the cell cycle, we lack the 

technologies to be able to reliably assay changes during and post-DNA replication. In 

this work, technologies were developed to provide a means to this end. First, Repli-

ATAC-seq was developed to understand how the chromatin landscape is reestablished 

in post-replication time by assaying chromatin accessibility. This assay shed light on 

nucleosome dynamics after replication, bringing to light the potential timing of 

accessibility changes that may be reflected in biological processes such as DNA 

mismatch repair, transcription factor accessibility binding dynamics, and an 

association between increased accessibility and high gene expression. Furthermore, 

an S-phase fractioned single cell 10X Multiome ATAC and Gene Expression assay was 

produced to understand if and how chromatin architecture and gene expression are 

related during S-phase, and whether or not there are clues to explore cell state 

identities throughout S-phase. Remarkably, a neuroectodermal contributor DACH1 

revealed itself as a contributor to a potentially primed cell identity in S-phase. This 

work establishes techniques that could be used to identify cell cycle dynamics of 

chromatin accessibility and associated biological changes. 
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INTRODUCTION 

Stem cells and cell fate transitions 

Stem cells are a unique class of cells that possess the dual capability of self-

renewal and differentiation. This means they can produce identical copies of 

themselves and also give rise to various other cell types, a crucial process for the 

development and maintenance of multicellular organisms. The transition from a stem 

cell to a more specialized cell is guided by changes in gene expression and is referred 

to as a cell fate transition1. This shift from an undifferentiated to a differentiated state 

is tightly regulated and controlled by a network of signals from both inside the cell 

and from the outside environment. The balance between self-renewal and 

differentiation is key to healthy organismal development and function. Disruption of 

this balance can lead to a range of issues, including developmental disorders, 

premature aging, and diseases such as cancer2,3. As such, understanding the 

mechanisms that guide stem cell behavior and cell fate transitions is a key focus of 

developmental biology and regenerative medicine4. 

DNA replication and epigenetic maintenance 

DNA replication is a fundamental cellular process that ensures the accurate 

duplication of genetic material, permitting cell division and propagation. During this 

process, the double helix of the parent DNA molecule is unwound and each strand is 

used as a template to synthesize a new, complementary strand. However, beyond 

this basic copying of genetic information, DNA replication also involves the critical 

process of epigenetic maintenance5,6. Epigenetic modifications, which include DNA 

methylation and histone modifications, play vital roles in regulating gene expression 

without altering the underlying DNA sequence7. These epigenetic marks must be 
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accurately copied and transferred to the newly synthesized DNA to maintain cellular 

identity and function across generations8. Maintenance enzymes, such as DNA 

methyltransferases and histone-modifying enzymes, play an instrumental role in this 

process5,9. They ensure that the epigenetic landscape of a cell is replicated alongside 

the genetic material, thus preserving the cell's unique gene expression profile and 

functionality. However, errors in this maintenance can lead to aberrant gene 

expression and disease development, underscoring the importance of the precise 

replication of both genetic and epigenetic information3. 

DNA-protein interactions and regulation of gene expression 

Interactions between DNA and proteins play an essential role in regulating 

gene expression. Several types of proteins, including transcription factors, chromatin 

remodelers, and enzymes that modify histones or DNA, interact directly with DNA to 

control which genes are turned on or off in a cell10–12. Transcription factors bind to 

specific DNA sequences near genes and recruit transcription machinery, thereby 

initiating the process of transcription. Chromatin remodelers and histone-modifying 

enzymes alter the structure of nucleosomes, known as chromatin, either making the 

DNA more accessible for transcription or compacting it to inhibit transcription. 

Changes in these DNA-protein interactions, driven by various internal and external 

signals, can lead to changes in gene expression patterns and allow for differentiation 

to take place. 

Understanding DNA replication, cell fate transitions, and gene expression regulation 

requires novel tools 

The process of DNA replication presents a critical period for understanding how 

epigenetic markers are accurately inherited, as well as identifying potential points for 
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cell fate determination. However, there is currently a deficit in the methodologies 

available to specifically probe the epigenome and DNA-protein interactions during 

replication13,14. This phase of the cell cycle offers a window into the mechanisms of 

epigenetic heritability, as the existing epigenetic marks must be copied and 

accurately transmitted to the newly synthesized DNA strands. Additionally, it 

presents opportunities for changes in cell fate, as adjustments to the epigenome 

could direct a cell toward a different developmental path. Therefore, developing 

methods to study the epigenome during replication is an important area for future 

research, as it could greatly enhance our understanding of cell differentiation, 

development, and disease. 
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SECTION 1: Repli-ATAC-seq reveals insights into the chromatin landscape 

in post-replication time 

1.1 Introduction 

DNA replication is not only necessary for the inheritance of genetic information 

across cell proliferation, but also for the transmission of histones and their post-

translational modifications, a process that plays an integral role in maintaining the 

epigenetic landscape of a cell. During DNA replication, parental histones, along with 

their modifications, are distributed onto the newly synthesized DNA strands and 

segregate in an alternating matter, helping to re-establish the original chromatin 

structure15. This segregation of histones and re-establishment of histone marks is 

necessary for the maintenance of gene expression patterns and cell identity across 

cell generations16–18. However, the precise mechanisms of how these histone marks 

are accurately replicated during DNA replication is a subject of ongoing research19. 

One technique that can be employed to probe this process is Assay for Transposase-

Accessible Chromatin using sequencing (ATAC-seq)20. ATAC-seq is a powerful tool 

that can provide a genome-wide resolution of chromatin accessibility by integration 

of a Tn5 transposase that can access euchromatin and provide TF binding 

information, while being inaccessible at heterochromatin. Combining ATAC-seq with 

a replication-associated assay method at various time points in post-replication time 

produced a novel assay termed replication-associated ATAC-seq (Repli-ATAC-seq). 

Repli-ATAC-seq can provide insights into how chromatin accessibility changes over 

time following DNA replication and how these changes might correspond to the 

distribution and modifications of histones as they pertain to gene expression and 

stem cell identity. 
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1.2 Results 

1.2.1 Replication-Associated Assay for Transposase Accessibile Chromatin 

Sequencing method and initial quality metrics 

 Repli-ATAC-seq of human ESCs was performed on three biological replicates 

by culturing cells in Bromodeoxyuridine (BrdU) containing media for 1 hour prior to 

removing the media and collecting cells at 0, 1, 4, and 16 hour time points (Figure 

1.1A). BrdU is a synthetic thymidine analog that incorporates into newly replicating 

DNA and can be a target for immunoprecipitation (IP)21,22. The cells are lysed and 

Tn5 transposase enzymatic digestion is performed on 100,000 isolated nuclei per 

replicate and sample. It is critical to purify the DNA and perform a 5 minute 72C PCR 

extension step after this digestion to ensure any overhangs are converted to blunt 

ends for downstream PCR. After this extension step, BrdU IP is performed using anti-

BrdU antibody after a 95C heat denaturation of the DNA into single strands. Anti-

BrdU antibody pulls down nascent single strands of DNA, allowing for removal of 

fragments of DNA that were not replicating during the 1 hour BrdU pulse. It is 

important to keep a Non-IP reference library for comparisons, and this is done by 

performing an assay in parallel without the IP step. Upon completion of the BrdU IP, 

the DNA is purified and the samples undergo library preparation for sequencing. 

 This method is similar to another published method19, however, there are 

differences between the two. This method utilizes BrdU instead of EdU, and uses 

immunoprecipitation instead of biotin-streptavidin click chemistry. This method ends 

up enriching for fragments at mononucleosome lengths and larger, whereas the 

previously published method focuses on subnucleosomal fragments, providing unique 

insights into the nucleosome dynamics at play over a longer time scale. 
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Figure 1.1. Replication-Associated Assay for Transposase Accessible Chromatin 
(Repli-ATAC)-seq 

(A) Repli-ATAC-seq protocol schematic 
(B) Repli-ATAC-seq final library TapeStation for replicate 1 for 0, 1, 4, 16 hour 

IP and Non-IP libraries with a non-BrdU treated sample as control. 
(C) Density plot of insert size distributions in base pairs for 0, 1, 4, and 16 

hour Repli-ATAC-seq IP samples. 

(D) Spearman correlation heatmap of the triplicate samples at each time point 
for Repli-ATAC-seq IP and Non-IP samples. 

(E) TSS enrichment plots 2kbp up and downstream the TSS for each replicate 
and time point for IP and (F) Non-IP. 

 

 

TapeStation analysis for the IP and Non-IP samples reveals a trend of an increase 

in fragment lengths for the IP samples over time, indicating that larger fragment 

aggregates are present at later time point of post-replication, reflecting chromatin 

condensation events (Figure 1.1B). Also, there was a loss of subnucleosomal 

fragments in the IP sample that was present in the Non-IP and regular ATAC-seq 

replicates. Upon sequencing, this was quantified by plotting a density curve of insert 

sizes across time points, which shows high mononucleosome abundance at the 0-

hour time point and low abundance at the 16-hour time point (Figures 1.1C and A.1). 

There is a reversal of this trend across time points, most apparent in the tetra- and 

penta-nucleosome size regions. 

1.2.2 Comparisons of Repli-ATAC-seq biological triplicate samples 

 Spearman correlations of the IP and Non-IP three biological triplicate Repli-

ATAC-seq time points revealed a moderate correlation between IP samples and 

strong correlation between Non-IP samples (Figure 1.1D) and reflects the expected 

heterogeneity in accessibility during and post-DNA replication that would be absent 

in a bulk, full cell-cycle sample. TSS enrichment is a commonly used metric to 

determine ATAC-seq quality23,24, and enrichment plots with a peak at the center 
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dropping off on both sides indicate an expected ATAC-seq profile for all samples and 

replicates (Figure 1.1E). 

 Peaks were called using the MACS2 algorithm25, and the number of peaks 

between the IP samples increased across post-replication time ranging from 43 to 

161 peaks in 0-hour replicates, 98 to 248 peaks in 1-hour replicates, 212 to 373 

peaks in 4-hour replicates, and 459 to 1,288 peaks in 16-hour replicates with an 

average of 326.5 peaks (Figure 1.2A and Table 1.1). Although there was a slight 

increase in peaks called in the 16-hour Non-IP sample, all samples had greater than 

40,000 peaks with a maximum peak count of 84,865 (Figure 1.2B and Table 1.1). 

The Non-IP 0-hour replicates had 53,687 to 69,148 peaks, the 1-hour replicates had 

40,915 to 59,341 peaks, the 4-hour replicates had 49,811 to 59,230 peaks, and the 

16-hour replicates had 66,309 to 84,865 peaks with an average of 71,045 peaks. 

The fraction of reads in peaks (FRiP) in the IP samples ranged from 0.12 to 0.28, 

with an average of 0.21 across all IP replicates (Figure 1.2C and Table 1.1). The FRiP 

in the Non-IP samples ranged from 0.19 to 0.28 across all Non-IP replicates with an 

average of 0.25 (Figure 1.2D and Table 1.1). Quantifying IP peaks as unique in the 

IP sample compared to shared with the Non-IP sample displayed how post-replication 

time introduces unique chromatin accessibility profiles (Figure 1.2E). To test the 

effect of the absence of subnucleosomal fragments observed in the IP dataset 

compared to the Non-IP and native ATAC libraries, all replicates and time points were 

filtered to insert lengths only larger than 130 base pairs (Figure 1.3A). Expectedly, 

peak-calling reduced some of the samples’ peak counts and FRiP scores, but the 

overall trends remained the same for these metrics even though the absolute counts 

were reduced (Figures 1.3B, C, D, and E). 
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Table 1.1. Repli-ATAC-seq sample data 

 
 

IP replicates were also merged to determine if pooling replicates created a 

more robust peak-calling output (Figure 1.4). Merged IP peak-calling produced 320 

peaks for 0-hour, 1530 for 1-hour, 2407 peaks for 4-hour, and 5,061 peaks for 16-

hour Repli-ATAC samples (Figure 1.4A). It is interesting to note that the number of 

peaks are not additive in the replicates – for example, the sum of the 0-hour IP 

replicates independently sum to 363 instead of the 320 peaks called for 0-hour, while 

the sum of the 16-hour IP replicates independently would be 2,292 peaks compared 

to the 5,061 called peaks in the merged 16-hour sample. Furthermore, FRiP scores 

were 0.17, 0.27, 0.20, and 0.23, for each of the time points respectively (Figure 

1.4B). Spearman correlation of the merged replicated reflected a more linear 

correlation between the post-replication time points (Figure 1.4C). 0-hour IP was 
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most correlated with 1-hour IP, while 1-hour IP was most correlated with 0-hour IP 

and was still highly correlated with 4-hour and 16-hour IP merged samples. 4-hour 

IP was most correlated with 16-hour IP and least correlated with 0-hour IP, and 16-

hour IP was most correlated with 4-hour IP. Strikingly, although the merged IP peak 

counts decreased for 0-hour IP, this merged sample had the highest proportion of 

unique peaks compared to its respective Non-IP sample, supporting that immediately 

after replication there is a unique accessibility picture of newly replicating DNA. 

Finally, TSS enrichment scores of the merged IP replicates followed a clear upward 

trend, while Non-IP TSS enrichment scores stay constant throughout time points with 

a high enrichment at the 16-hour time point (Figure 1.4G). 
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Figure 1.2. Triplicate features for IP and Non-IP at 0, 1, 4, and 16 hour time 
points. 

(A) Histogram showing the distribution of peak counts for Repli-ATAC-seq IP 
and (B) Non-IP replicates at different time points for each replicate. Blue 

represents 0 hour time point, dark gray represents 1 hour time point, 
green represents 4 hour time point, purple represents 16 hour time point. 

(C) Histogram showing the fraction of reads in peaks for Repli-ATAC-seq IP 

and (D) Non-IP replicates at different time points for each replicate. 
(E) Stacked percentile bar chart with proportion of peaks unique in the IP 

sample and peaks shared between the IP and Non-IP samples for each 
replicate and time point. Light blue portions indicate the percentage of 
peaks uniquely found in each IP replicate. Grey portions indicate the 

percentage of peaks shared in both IP and corresponding Non-IP samples. 
(F) Stacked percentile bar chart with peak to feature proportion for exons, 

intergenic regions, introns, promoter-TSS, TTS, and all other for Repli-
ATAC-seq IP and Non-IP samples for each replicate and time point. 

(G) Annotated genic region peaks from the unique IP only peaks from (E) 

plotted as a proportion of all unique IP only peaks for each replicate and 
time point. 

 
 

1.2.3 Genic feature peak enrichment in post-replication time 

To understand the biological importance of peak enrichment in the replicates 

and time points, the peak to genic proportion of the replicates were quantified (Figure 

1.2F). There was variability in the proportion of genic features in the IP samples that 

were absent in the Non-IP samples. The IP samples seemed to show a higher 

proportion of peaks in Promoter-TSS regions of the genome compared to the Non-IP 

samples. The removal of insert lengths smaller than 130 base pairs did produce an 

effect on the proportion of genic features that peaks fell into. Peaks in exonic features 

almost fully disappeared, and the proportion of peaks in intergenic features 

increased, indicating that although there was an absence of subnucleosomal 

fragments in the IP samples, they were still contributing to peak-calling and were 

informative in genic feature enrichment (Figure 1.3F). Merging replicates showed a 

low proportion of exonic peaks at 0-hour that increased and maintained from 1-hour 
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onward (Figure 1.4F). 0-hour also had a markedly larger proportion of intergenic and 

intronic peaks, while the other time points had larger promoter-TSS proportions. 

Plotting the individual unique peaks from the IP only triplicate samples (Figure 

1.2E) and the genic feature these peaks overlap provided insights into genic feature 

dynamics, however, looking at the same figure in the merged replicate samples 

(Figure 1.4E) provides more clarity into the dynamics of what genic features these IP 

only peaks are falling into. LINE elements drop off dramatically in the 4-hour sample 

and are recovered afterward, and SINE elements decrease over the 16-hour post-

replication time span. An explanation for this observation could be that chromatin 

remodeling is occurring at these sites, since transposable elements have been 

implicated in regulation of the epigenome and can function as the nucleation centers 

for heterchromatin26. Furthermore, the proportion of peaks at CpG islands spike at 

4-hours post-replication, but almost completely disappear at the 16-hour time point. 

DNA methyltransferase (DNMT) 1 activity has been well-documented in post-

replication time, and the accessibility could be attributed to the binding dynamics of 

DNMTs in this feature27,28. Low complexity and simple repeat regions of the genome 

contain a large proportion of peaks at 16-hours post-replication. These regions have 

been known to cause DNA polymerase stalling, although an explanation as to why 

their relative accessibility would be higher over post-replication time is elusive29. 
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Figure 1.3. Small fragment removal conserves prior observed metrics in Repli-
ATAC data. 
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(A) Schematic depicting removal of 130bp and smaller inserts. 
(B) Histogram depicting the peak counts for 130bp filtered in Repli-ATAC-seq 

IP and (C) Non-IP for each replicate and time point. 
(D) Histogram showing the fraction of reads in peaks for 130bp filtered in 

Repli-ATAC-seq  IP and (E) Non-IP samples for each replicate and time 
point. 

(F) Stacked percentile bar plot with peak to feature proportion for exons, 

intergenic regions, introns, promoter-TSS, TTS, and all other for 130bp 
filtered Repli-ATAC-seq IP and Non-IP samples for each replicate and time 

point. 
 
 

1.2.4 Repli-ATAC-seq shows variable probabilities in odds ratio scores at genic 

features 

 Next, to compare the accessibility of IP compared to Non-IP Repli-ATAC-seq 

samples in different genic regions, odds ratios were calculated to understand 

accessibility likelihood. Consistent with prior trends, there was a higher likelihood of 

fragments to fall within introns, LINEs, SINEs, and repeats (Figure 1.5A). 

Remarkably, performing a similar analysis using ChromHMM30 regions showed a 

higher likelihood of fragments falling at transcription elongation, weak transcription, 

polycomb repressed, low heterochromatin, and repetitive sites (Figure 1.5B). These 

are regions which would be expected to be less accessible in bulk cell samples, given 

these regions are generally inactive. Comparisons with histone mark TF ChIP sites, 

specifically at the 4-hour time point, showed a higher likelihood of accessible 

fragments falling at H4k20me1, H3K36me3, and H3K79me2 sites. These histone 

marks are documented markers for DNA mismatch repair, which could provide some 

resolution as to how long after replication mismatch repair takes place, and whether 

or not there is a separate regulatory role for this process31–34. 
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Figure 1.4. Merging replicates produces a more robust IP sample profile. 
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(A) Histogram depicting peak counts for merged Repli-ATAC-seq IP replicates 
at each time point. 

(B) Histogram depicting fraction of reads in peaks for merged Repli-ATAC-seq 
IP replicates at each time point. 

(C) Spearman correlation heatmap for merged IP replicates and merged Non-
IP replicates at each time point. 

(D) Stacked percentile bar plot with proportion of peaks unique in the merged 

Repli-ATAC-seq IP replicates and peaks shared between the merged IP 
replicates and merged Non-IP for each time point. 

(E) Annotated genic region peaks from the unique merged Repli-ATAC-seq IP 
only peaks from (D) plotted as a proportion of all unique merged Repli-
ATAC-seq IP only peaks for each replicate and time point. 

(F) Stacked percentile bar plot with peak to feature proportion for exons, 
intergenic regions, introns, promoter-TSS, TTS, and all other for merged 

Repli-ATAC-seq IP replicates at each time point. 
(G) TSS enrichment plots 2kbp up and downstream the TSS for each time 

point for merged replicate Repli-ATAC-seq IP and merged replicate Repli-

ATAC-seq Non-IP. 
 

 
 

1.2.5 Repli-ATAC-seq reveals upstream accessibility in IP samples at pluripotency 

transcription factor binding sites and accessibility correlations with gene expression 

 To understand how pluripotency maintenance may be affected in post-

replication time, Repli-ATAC-seq fragments were plotted up- and downstream 

pluripotency TFs SOX2, OCT4, and NANOG (Figure1.6A, B, and C). Amazingly, there 

were striking differences between IP and Non-IP time points at all of these TFs. SOX2 

binding sites showed a dramatic increase in fragment enrichment downstream of 

binding sites and was absent upstream of these sites and in the Non-IP samples 

(Figure 1.6A). OCT4 binding sites had a modest increase in fragment enrichment 

downstream of these binding sites in the IP sample (Figure 1.6B), which was mirrored 

in the NANOG IP (Figure 1.6C). These trends were absent in the Non-IP samples 

across all time points. This increase downstream of binding sites was present 

immediately post-replication, indicating that there may be transient binding of these 

TFs that is affecting accessibility at these pluripotency maintenance binding sites. 
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This observation is similar to another cell cycle TF-related dynamic, mitotic 

bookmarking, the process in which TFs stay bound to key regions of the genome 

during mitosis so that fast transcriptional activation occurs upon entry into G135,36. 

When the nearest genes downstream of these binding sites were identified and gene 

ontology (GO) performed, sites that only had SOX2 binding sites enriched for genes 

involved in stem cell maintenance (Figure 1.6D), concordant with reports of a role 

for mitotic bookmarking of SOX2 in pluripotency and differentiation37. SOX2/OCT4 

shared sites, OCT4 sites, and NANOG only sites lacked stem cell maintenance GO 

biological process terms (Figures 1.6E and F). To determine if this enrichment of 

downstream IP accessibility was a technical artefact from the Repli-ATAC-seq method 

or the computational processing, IP and Non-IP enrichment were plotted for 30 other 

TFs in H1-ESCs (Figures A.2, A.3, and A.4). An increase in downstream Non-IP 

accessibility was not detected for any TF other than BCL11A and SP2, and 

downstream accessibility in IP samples were detected for BCL11A, FOSL1, NRSF, 

P300, RXRA, SIX5, and SP2.  
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Figure 1.5. Odds ratios reveal unique post-DNA replication-associated chromatin 
accessibility relationships with genomic features. 

(A) Heatmap of odds ratios of fragments present in various genic regions for 
different replicates and time points. A value of 1.0 (white) indicates no 

difference between Repli-ATAC-seq IP and Non-IP sample, a value greater 
than 1.0 (red) indicates higher odds of the outcome occurring in the IP 
sample, and a value less than 1.0 (blue) indicates higher odds of the 

outcome occurring in the Repli-ATAC-seq Non-IP sample. 0.95 CI for all 
odds ratios < ± 0.05. 

(B) Same as (A) but for ChromHMM annotated regions 
(C) Same as (A) but for histone mark and TF ChIPs. 

 

 

To determine if there was a general genome-wide correlation at TSS sites 

between gene expression and chromatin accessibility in post-replication time, LOESS 

plots of 2kbp up- and downstream TSS Repli-ATAC-seq accessibility scores were 

plotted against binned mean expression levels of a WT huESC dataset (Figure 1.6G). 

Mean expression and Repli-ATAC-seq accessibility were correlated, with high mean 

expression corresponding with the highest accessibility and low mean expression 

corresponding with the lowest accessibility at TSSs across all time points. Strikingly, 

the accessibility enrichment and separation between expression levels increased in 

post-replication time, indicating there is a correlation between gene expression levels 

and post-replication accessibility recovery. 
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Figure 1.6. Repli-ATAC-seq reveals upstream accessibility in IP samples at 
pluripotency transcription factor binding sites and accessibility correlations with 

gene expression. 
(A) SOX2 binding region enrichment for Repli-ATAC-seq IP and Non-IP 

samples for each time point. 
(B) Same as (A), but for OCT4. 
(C) Same as (A), but for NANOG. 

(D) 5kbp downstream unique SOX2 binding region Gene Ontology biological 
process terms fold enrichment. Bold terms correspond to stem cell 

maintenance processes. 
(E) Same as (D), but for 5kbp downstream of shared SOX2/OCT4 binding 

regions. 

(F) Same as (D), but for 5kbp downstream of NANOG binding regions. 
(G) Accessibility plots at promoter-TSS regions of Repli-ATAC-seq IP time 

points for genes in 20 percentile bins of mean gene expression. 
 
 

1.3 Discussion 

 Here, a novel assay, Repli-ATAC-seq, was developed producing a biological 

triplicate dataset of post-replication chromatin accessibility in hESCs. The first 

observation of this dataset was that upon comparing IP samples to Non-IP samples, 

chromatin condensation over a 16-hour post-replication time span was revealed. 

Although many of the quality control metrics, including spearman correlations 

between samples, TSS enrichment scores, peak counts, and FRiP scores were 

positive, an improvement of these metrics were seen upon merging the biological 

triplicate samples. Replicate merging lead to a spearman correlation organized 

through post-replication time and produced a more digestible peak to genic region 

enrichment. Removing subnucleosomal fragments had a minimal effect on these 

outcomes. 

 Another observation in the Repli-ATAC-seq dataset was that there is a large 

degree of variability in between IP and Non-IP, as well as between time points. IP 

fragments had a higher likelihood of falling within introns, LINEs, SINES, and repeats. 

Furthermore, ChromHMM regions with an expectedly low accessibility were more 
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likely to be accessible in the IP compared to the Non-IP. Taken together, these 

findings indicate there is a higher accessibility in regions canonically less accessible 

in bulk samples, indicating the presence of heterogeneity in post-replication time may 

have a distinct role in chromatin architecture. Remarkably, there was a higher 

likelihood of accessible fragments at DNA mismatch repair histone marks H4K20me1, 

H3K36me3, and H2K79me2 at 4 hours post-replication. Sirt6, another TF involved in 

DNA mismatch repair38, also shared a higher likelihood of accessibility at 4 hours 

post-replication, indicating this time point may have a unique state in post-replication 

time. 

 The next observation involved identifying how accessibility is affected in post-

replication time at pluripotency maintenance TFs SOX2, OCT4, and NANOG. SOX2 

showed a high downstream accessibility in the IP sample that was lacking in the Non-

IP. Albeit to a lesser extent, downstream accessibility from OCT4 and NANOG sites 

in the IP samples were also higher than Non-IP samples. When performing the same 

analysis with 30 other TFs, FOSL1, NRSF, P300, RXRA, and SIX5 showed downstream 

accessibility in the IP sample only, indicating there exists an inability for nucleosome 

compaction that happens after DNA is replicated in specific, TF-associated contexts. 

This type of comparison of IP and Non-IP allows for identification of asymmetry in 

the replicating genome upstream of TF binding sites. 

 Finally, correlating mean gene expression and accessibility in post-replication 

time at TSSs revealed the stunning revelation that post-replication accessibility 

increases with expression levels. This finding is critical to pursue, and, ideally, 

performing single-cell sequencing to identify the biological importance of this finding 

would prove fruitful. 
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1.4 Methods 

Repli-ATAC-seq protocol for HUES64 cells 

BrdU treating and preparing the cells for transposase reaction: 

1) Aspirate media from well(s). Note: This protocol was originally done at 0, 1, 

4, and 16 hour timepoints, so 4 wells from a 6-well were used for one set of 

biological replicates. 

2) Add 2mL mTeSR media with 50 mM BrdU to plates with cells for 1 hour. 

3) After 1 hour, aspirate the BrdU containing media and wash with 1mL non-

BrdU containing mTeSR media two times. 

4) a. Aspirate the media in the 0 hour time point well and add 1 mL Accutase. 

Place back in incubator for 10 minutes.  

b. For the non-0 hour time points, add 2mL of non-BrdU containing mTeSR 

and place back in the incubator. 

5) Quench the 0 hour well with 1mL mTesR, collect the cells in a 15 mL conical 

tube, spin down at 200 xg for 5 mins at 4C, aspirate the supernatant, and 

resuspend in 1 mL cold PBS buffer. 

6) Collect 100k cells in a 1.5 mL Eppendorf tube and spin down at 200 xg for 5 

mins at 4C using a bucket rotor. Note: Using a non-bucket rotor will create 

more cell number loss than desirable. 

7) Aspirate the supernatant and gently resuspend the cell pellet in 50 uL of cold 

lysis buffer. Spin down immediately at 500 xg for 10 mins at 4C. 

8) Carefully discard supernatant and immediately continue to transposition 

reaction. 

Transposition reaction: 
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1) Make sure the cell pellet is set on ice 

2) Make the transposition reaction mix: 

a. 50 uL TD (2x reaction buffer) 

b. 5 uL TDE1 (Nextera Tn5 Transposase) 

c. 45 uL Nuclease Free H2O 

3) Resuspend nuclei in the transposition reaction mix 

4) Incubate the transposition reaction at 37C for 30 mins (Thermomixer 37C) 

5) Immediately following transposition, purify using a Qiagen MinElute PCR 

Purification Kit 

6) Elute transposed DNA in 20 uL Elution Buffer (10 mM Tris buffer, pH 8) – 

should be included in kit. 

7) To amplify transposed DNA fragments, combine the following in a 0.2 ml PCR 

tube: 

a. 20 μl Transposed DNA 

b. 5 ul Nuclease Free H20 

c. 25 μl NEBNext High-Fidelity 2x PCR Master Mix 

8) Thermal cycle for ONLY 1 cycle of 72C for 5 minutes. This first 5 minute 

extension at 72C is critical to allow extension of both ends of the primer after 

transposition, which generates amplifiable fragments. 

9) Immediately following this extension step, purify using a Qiagen MinElute PCR 

Purification Kit and elute in 20 uL Elution Buffer. 

10) This purified DNA can be kept at 4C until the 1 , 4, and 16 hour time points 

are brought to this step of the protocol as well. From this point forward, the 

different time point samples can be done in parallel. 
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BrdU Immunoprecipitation: 

1) Take 10 uL of the sample (non-IP sample) and place at 4C for future steps. 

The other 10 uL will be used for BrdU immunoprecipitation (IP sample) 

2) Add 490 uL 1x TE buffer to the IP sample and incubate the sample at 95C 

(done on Thermomixer) for 5 mins to heat-denature the DNA. 

3) Cool the sample on ice-water for 2 mins 

4) Add 60 uL of 10x IP buffer to a new 1.5 mL tube and add the denatured DNA 

to this tube. 

5) Add 40 uL of 12.5 ug/mL anti-BrdU antibody (11.25 uL stock in 450 uL 1x IP 

– feel free to adjust this total amount based on how much you will end up 

using on the day so as to not waste antibody). 

6) Incubate for 1 hour at room temp with constant rotation – cover tubes with 

box to keep them in the dark 

7) Add 20 ug of rabbit anti-mouse IgG (10 ul of stock) 

8) Incubate for 1 hour at room temperature with constant rotations – cover 

tubes with box to keep them in the dark 

9) Centrifuge at 17,000xg for 5 mins at 4C (This will be done on a normal 

microcentrifuge, not the large swing bucket centrifuge) 

10) Remove the supernatant completely. If the pellet becomes loose, then briefly 

centrifuge the sample again in order to completely remove the supernatant 

without disturbing the pellet. Several centrifugations may be necessary to 

completely remove the supernatant. 

11) Add 750 uL ice cold 1x IP buffer and centrifuge at 17,000 xg for 5 mins at 

4C. 
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12) Remove supernatant completely as in step 10 

13) Resuspend the pellet in 200 uL digestion buffer with freshly added 0.25 

mg/ml proteinase K. Incubate overnight at 37C (Thermomixer) 

14) Add 100 ul fresh digestion buffer with freshly added 0.25 mg/ml proteinase 

K. 

15) Incubate samples for 60 mins at 56C 

16) Purify the sample using AMPure XP Beads (2x bead volume, 300 uL in this 

case) and resuspend in 20 uL Elution Buffer 

PCR Amplification: (This section is taken from Buenrostro et al 2016) 

1) To amplify transposed DNA fragments, combine the following in a 0.2 ml PCR 

tube: 

a. 20 μl Transposed DNA 

b. 2.5 μl 25 μM Custom Nextera PCR Primer 1 

c. 2.5 μl 25 μM Custom Nextera PCR Primer 2 (Contains Barcode) 

d. 25 μl NEBNext High-Fidelity 2x PCR Master Mix 

2) Thermal cycle as follows: 

a. 1 cycle of 72°C for 5 min, 98°C for 30 sec 

b. 5 cycles of 98°C for 10 sec, 63°C for 30 sec, 72°C for 1 min 

3) To reduce GC and size bias in PCR, the appropriate number of PCR cycles is 

determined using qPCR allowing us to stop amplification prior to saturation. 

To run a qPCR side reaction, combine the following in qPCR compatible 

consumables: 

a. 5 μl of previously PCR amplified DNA 

b. 4.41 μl Nuclease Free H2O 
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c. 0.25 μl 25 μM Customized Nextera PCR Primer 1 

d. 0.25 μl 25 μM Customized Nextera PCR Primer 2 

e. 0.09 μl 100x SYBR Green I 

f. 5 μl NEBNext High-Fidelity 2x PCR Master Mix 

4) Using a qPCR instrument, cycle as follows: 

a. 1 cycle of 98°C for 30 sec 

b. 20 cycles of 98°C for 10 sec, 63°C for 30 sec, 72°C for 1 min 

5) To calculate the additional number of cycles needed, plot linear Rn versus 

cycle and determine the cycle number that corresponds to ¼ of maximum 

fluorescent intensity. 

6) Run the remaining 45 μl PCR reaction to the cycle number determined by 

qPCR. Cycle as follows: 

a. 1 cycle of 98°C for 30 sec 

b. N cycles of 98°C for 10 sec, 63°C for 30 sec, 72°C for 1 min 

i. Cycle for an additional N cycles, where N is determined using 

qPCR. 

7) Purify amplified library using Qiagen MinElute PCR Purification Kit. Elute the 

purified library in 20 μl Elution Buffer (10 mM Tris Buffer, pH 8). Be sure to 

dry the column before adding elution buffer. 

8) Perform Qubit and tapestation HSD5000. 

Materials: 

mTesR1 media, BrdU (BD Biosciences), Phosphate Buffered Saline (PBS) 

Molecular biology grade IGEPAL CA-630, Proteinase K, 1x TE buffer, 2x TD (2x 

reaction buffer, Illumina Cat #FC-121-1030), TDE1 (Nextera Tn5 Transposase, 
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Illumina Cat #FC-121-1030), Qiagen MinElute PCR Purification Kit, Elution Buffer 

(10 mM Tris buffer, pH 8), NEBNext High-Fidelity 2x PCR Master Mix (New 

England Labs Cat #M0541), 25 uM Custom Nextera PCR Primer 1, 25 uM 

Custom Nextera PCR Primer 2, 100x SYBR Green I (Invitrogen Cat #S-7563), 

0.2-ml PCR tubes, 1.5 ml Eppendorf tubes, 15 ml conical tubes, PCR Thermal 

cycler, anti-BrdU antibody (BD Pharmagen), rabbit anti-mouse IgG (BD 

Biosciences), Ampure XP beads (Beckman Coulter)  

Lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL 

CA-630) 

Digestion Buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, and 0.5% SDS): To 

prepare 50 ml, combine 44 ml of autoclaved ddH2O, 2.5 ml of 1 M Tris-HCl 

(pH8.0), 1 ml of 0.5 M EDTA and 2.5 ml of 10% (wt/vol) SDS. Store at room 

temperature. 

IP buffer (10×): To prepare 50 ml, combine 28.5 ml of ddH2O, 5 ml of 1 M 

sodium phosphate (pH 7.0), 14 ml of 5 M NaCl and 2.5 ml of 10% (wt/vol) 

Triton X-100. Store at room temperature. 

IP buffer (1×): To prepare 50 ml, add 5 ml of 10× IP buffer to 45 ml of 

autoclaved ddH2O. Store at room temperature. 

ATAC-seq processing pipeline 

FASTQ files were trimmed using Trim Galore! and files were aligned using BWA. 

Duplicates were marked using picard and filtering was done using SAMtools to 

remove mitochondrial DNA, duplicate reads, and unmapped reads. Further filtering 

was performed using BAMtools, removing reads containing greater than four 

mismatches and reads with an insert size greater than 2kb. Peak calling was 
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performed using MACS2 using the –nomodel parameter. BEDtools intersect was used 

for detecting genomic overlaps with peaks or with fragments. 

Insert size calculations and filtering 

Picard was used to quantify insert sizes using the CollectInsertSizeMetrics function 

with M=0.5 for each bam file. The histogram counts were merged across replicates 

and plotted as a density of all reads in the sample as normalization. Insert sizes were 

filtered for less than 130 bp using awk 'substr($0,1,1)=="@" || ($9>= 130) || 

($9<=-130)' on BAM files. 

Correlation heatmaps 

bigWig files were produced from BAM files using deepTools bamCoverage function. 

Next, deepTools multiBigwigSummary bins was used to create an array with an 

average score across 10kbp bins and a spearman correlation was calculated using 

deepTools plotCorrelation. Heatmap plotting was performed using Seaborn in 

Python3. 

Enrichment score calculations 

deepTools computeMatrix function was used with bigWig files of the Repli-ATAC 

samples and BED files for regions of interest. Enrichment Score is calculated by taking 

the average read depth in the 100 bps at each flanking region of the distribution and 

calculating a fold change at each position over that average read depth. --

referencePoint was set to center and enrichment panels were created using deepTools 

plotHeatmap function. H1-hESC TF ChIPs were found from the ENCODE project under 

GSE32465. 

Odds ratio calculations 
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Odds ratios were calculated by taking the number of fragments inside the feature 

and in the IP sample “A”, the number of fragments outside the feature and in the IP 

sample “B”, the number of fragments inside the feature and in the Non-IP sample 

“C”, and the number of fragments outside the feature and in the Non-IP sample “D”. 

These numbers were then taken to create an odds ratio using the equation: A*D/B*C. 

The values were organized in an array and turned into a heatmap using Seaborn in 

Python3. 

Gene Ontology biological process identification 

Genomic Regions Enrichment of Annotations Tool (GREAT) was used with 

corresponding TF ChIP-seq BED files to find gene associations 5kbp downstream of 

TF binding sites. These genes were then used with PANTHER to identify enriched gene 

ontology biological process terms.  

Accessibility plots for mean gene expression around TSS 

Mean expression values were calculated using a publicly available WT ESC dataset 

(SRP299892) and processed in Seurat. Genes were binned in 20 percentile rankings 

from low to high mean expression. A 4 kbp window around the TSS for each gene 

was taken and accessibility from bigwig files were cut into single base pair values at 

these sites. These were averaged across each expression level and loess was used to 

smooth the values. 
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SECTION 2: Understanding 10X Single Cell Multiome ATAC and Gene 

Expresssion Sequencing in human samples 

2.1 Introduction 

Understanding the complex biology of human cells requires the integration of 

genomic, epigenomic, transcriptomic, and proteomic data, oftentimes referred to as 

multiome sequencing. A specific type of assay, 10X Single Cell Multiome ATAC + GEX 

sequencing, leverages droplet based single-cell sequencing to simultaneously profile 

chromatin accessibility and gene expression in the same single cell. Here we present 

a summary of papers of this specific modality of multiome sequencing from human 

samples, given that the limitations of human samples make it difficult to produce 

studies with numerous cell types and mutations compared to other model organisms 

such as mus musculus. One of the papers analyzed the central nervous system and 

found that certain genes persist in a primed accessibility state across multiple cell 

types, ready for cues to activate gene expression by other chromatin-related 

mechanisms.39 Another paper explored skin fibroblasts from patients with cutaneous 

systemic sclerosis and identified AP-1 circuitry as a key regulator of healthy to 

pathogenic sclerosis-associated fibroblasts.40 Separate single-cell ATAC-seq and 

RNA-seq experiments performed on cerebral cortex samples revealed that integration 

of the datasets accurately reflects gene activity with distal gene cis-regulatory 

element accessibility linking to gene expression, which was verified by multiome 

sequencing.41 Additionally, chromosomal rearrangements in lineage-ambiguous 

leukemias causing deregulation of a master transcription factor, BCL11B, were 

identified by analyzing accessibility compared to normal hematopoietic chromatin 

signatures.42 The results implicated BCL11B as a progenitor cell fate driver. Other 
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papers analyzed cell types such as hematopoietic stem and progenitor cells, cancer-

associated fibroblasts, breast tissue, and oocytes. The data revealed cell-type-

specific transcription factor regulatory circuitry, where differential chromatin 

accessibility signals distinguished cell subsets between healthy and diseased patients. 

2.2 Summaries of Findings 

2.2.1 Multiome in the Brain and Nervous System 

Meijer et al. performed multiome sequencing on gray matter from two healthy 

individuals and cell types of the central nervous system (CNS) were identified.39 They 

were able to identify astrocytes, ENDO, ESTRO, excitatory neurons, inhibitory 

neurons, microglia and related cells (MIGL), oligodendrocytes, and oligodendrocyte 

precursor cells (OPCs). They found that the promoters of five MHC-I pathway genes 

were accessible not only in MIGL, but also in OPCs, mature oligodendrocytes, 

astrocytes, inhibitory neurons, and excitatory neurons. Despite the accessibility at 

these promoters, expression of these genes lacked concordance with accessibility. 

Two of five of those genes were only expressed in MIGL and at very low levels, while 

one of five of those genes was expressed in multiple cell types, leaving two of five 

genes unexpressed. MHC-II pathway genes showed higher specificity, with only 

MIGL, OPCs, and excitatory neurons having accessible chromatin at the promotor for 

HLA-DMB, and expression only at MIGL. Also, for HLA-DQB1 and HLA-DRB1, MIGL 

and neurons showed accessibility at the promoter but expression of the respective 

genes only in MIGL. Next, the researchers investigated whether or not multiple 

sclerosis susceptibility SNPs overlapped with chromatin accessibility and gene 

expression. The group found that the promoter and SNP for HLA-B was accessible in 

all identified cell types. Transcript levels were high in OPC and MIGL only however. 
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The same promoter and SNP accessibility profile was found for ZHX3 but transcript 

levels were high for all cell types except for MIGL. The researchers concluded that 

certain genes persist in a primed accessibility state, ready for cues to activate gene 

expression by other chromatin-related mechanisms. 

Montefiori et. al investigated lineage-ambiguous leukemias and identified 

chromosomal rearrangements causing deregulation of the expression of a master 

transcription factor, BCL11B.42 Multiome sequencing was performed on two BCL11B 

group samples and accessibility was compared to different normal hematopoietic 

chromatin signatures. Both samples were highly enriched for long-term 

hematopoietic stem and progenitor cell (HSPC) signatures and for activated HSPC 

signatures. Furthermore, BCL11B expression correlated with this chromatin 

accessibility.  When enriching for BCL11B binding using ChromVAR, activated HSPC 

signatures were highest in the BCL11B leukemia samples, implicating BCL11B as a 

progenitor cell fate driver in this leukemia subtype. 

To understand the gene regulatory networks (GRNs) involved in human brain 

development, Fleck et al. utilized multiome sequencing and produced a GRN called 

Pando to assess transcription, chromatin accessibility, TF binding, and cis-regulatory 

elements (CREs) of nine human iPSC and ESC lines along with a GLI3 KO line across 

brain organoid differentiation.43 Initially, CCA was performed on singleome scRNA-

seq and scATAC-seq samples across differentiation time, and the integration of this 

CCA was validated by measuring a strong correlation to a multiome dataset of the 

same time point. As organoid generation has been reported to be variable depending 

on cell lines, the group gauged the self-patterning variation across the nine stem cell 

lines using single-cell multiome sequencing. They detected transcriptional clusters 
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that organized across an anterior to posterior axis, and these markers were 

consistent between the numerous cell lines. The proportion of cells in clusters varied 

between the lines however, and this similarity extended to CREs of patterning-related 

genes. Although there is variation in patterning between the cell lines, they posited 

a conserved GRN involved in brain patterning. Next, the group investigated the 

developmental context of a previously reported cell fate commitment TF, GLI3. The 

group produced GLI3 KO lines and performed multiome sequencing on 3 week old 

brain organoids. The analysis revealed comparable cell clustering profiles between 

the KO and WT cells, however, there was both differential expression and accessibility 

in the telencephalic progenitor population. These genes included HES1, HES4, HES5, 

and EMX2. The group was able to elucidate GRNs involved in cell fate specification of 

developing brain organoids and validate a role for GLI3 in telencephalic cell-fate 

specification. 

Ma et al. performed multiome sequencing on human dorsolateral prefrontal 

cortex (dlPFC) of five donors to understand regulatory mechanisms in human-specific 

evolutionary differences of FOXP2 expression.44 From scRNA-seq comparisons 

between species, FOXP2 microglia-expressed enrichment was higher in human 

samples and of particular interest, as mutations of FOXP2 are present in 

developmental verbal dyspraxia and various neuropsychiatric disorders. The analysis 

characterized CREs interacting with and proximal to FOXP2 in microglia and 

intratelencephalic excitatory neurons. GRNs highlighted NFIA, a FOXP2 target, as 

having a regulatory role in non-intratelencephalic excitatory neurons. Furthermore, 

the group identified the FOXP2 regulon as the top regulon specific to 
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intratelencephalic neurons. Taken together, this indicated FOXP2 as a critical 

regulator for intratelencephalic excitatory neurons. 

2.2.2 Multiome in Cancer and the Immune System 

Another research group characterized tumor infiltrating lymphocyte (TIL) 

heterogeneity by first identifying five major groups from scRNA-seq from four 

different high grade serous ovarian carcinomas.45 These groups were validated 

through a multiomic approach, showing concomitant nuclear gene expression and 

accessible chromatin at the loci for the genes identifying each of these five groups. 

This approach unveiled numerous co-regulated genes in these groups, including 

genes associated with T cell stemness, T cell effector activity, T cell proliferation, and 

T cell exhaustion. Furthermore, novel markers were identified in specific tissue 

resident memory (TRM) subsets. An increase of ETV1 during differentiation of TRM 

effector to TRM proliferative to TRM exhausted cells was identified, and GZMK 

expression levels were at their peak in TRM stem-like cells and decreased throughout 

the differentiation process to exhaustion. Finally, an enrichment of zinc finger 

domains in TRM stem-like cells was identified, while POU domains were enriched as 

differentiation progressed, with FOX and HOX binding domains showing higher 

accessibility in TRM exhausted cells. 

Boukhaled et al. performed multiome sequencing on two healthy, four PBMC 

melanoma patient samples selected for high IFN-I response capacity (IRC), and four 

PBMC melanoma patient samples selected for low IRC.46 Clustering was performed 

and CD4+ T effector cells were analyzed further. Similarity fusion analysis indicated 

a high similarity in chromatin accessibility for high IRC patients, while both 

sequencing modalities had high similarity in the low IRC population. This indicated 
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that IRC groups were defined by more than IFN-I response, and gene expression and 

chromatin accessibility profiles define these groups at the basal state. Gene set 

enrichment analysis (GSEA) showed enrichment of pathways correlated to CD4 T cell 

dysfunction in the high IRC group, while enrichment of genes associated with T cell 

memory formation was identified in the low IRC group. Next, SCENIC was used to 

compare TF binding to regulons. TF networks associated with T follicular helper and 

T cell dysfunction were identified in the high IRC population. Interestingly, FLI1 and 

RUNX1 were highlighted as top networks activated in this population, which have 

been correlated with CD8 T cell exhaustion and restrict CD8 T cell memory 

differentiation. In the low IRC population, AP-1 TF regulons, such as FOS, JUN, and 

TAF7, were highlighted. Ingenuity pathway analysis (IPA) identified NFATC2 as a 

regulator of gene expression in the high IRC population. Expression of NFAT genes, 

FLI1, and RUNX1 were increased in the high IRC group, while JUN and FOS expression 

was higher in the low IRC population, with a decrease in NFAT family genes. This 

indicated that a divergent gene expression program exists upon T cell receptor 

binding, with IFN-I hyper-responsiveness associating with a dysfunctional T cell state. 

Network analysis showed enhancement of genes downstream of T cell activation, 

migration, and cell adhesion in the high IRC population, which has also been shown 

in exhausted T cells. The high IRC population also showed upregulation of epigenetic 

pathways compared to low IRC. These genes encode for enzymes involved in 

transcriptional repression, transcriptional activation, chromatin stability, and T cell 

exhaustion enzymes such as EZH2 and DNMT3A. Differentially accessible region 

(DAR) analysis showed a higher number of accessible regions in the low IRC group 

compared to the high IRC group, indicating an increased transcriptional potential in 
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the low IRC population and a restriction of chromatin accessibility and transcriptional 

repression in the low IRC group. Genomic Regions Enrichment Analysis Tool (GREAT) 

was performed and pathways were enriched for immune regulation and inflammation 

in both IRC groups compared to healthy controls. The high IRC population showed a 

reduction in pathways involved in negative regulation of IFN-I, pointing to epigenetic 

repression of IFN-I signaling inhibition. There was a distinct lack of expression of IFN-

I stimulated genes (ISGs), so the group posited that responsiveness to IFN-I may be 

a primed epigenetic state from interactions prior to IFN-I exposure. ISGs were 

similarly accessible between the high and low IRC groups, however, accessibility of 

STAT and IRF binding motifs that activate ISG expression were enriched in the high 

IRC group, with T cell exhaustion TF binding motif enrichment also presenting in the 

high IRC group. These were absent in the low IRC group, and the research group 

concluded that IFN-I responsiveness between the groups are differentially poised 

states that exist. 

Another group showed that multiome sequencing of a CD34+ population with 

a large transcriptional flux recapitulated a B-lymphoid/plasmacytoid dendritic cells 

bifurcation at DARs for these lines that were accessible at regions for both of these 

cell types.47 This indicated a large fluctuation in gene expression dynamics is 

accompanied by accessibility at regions that are accessible separately between the 

two cell types. 

Ors et al. developed Topic Inference of Transcriptionally Associated Networks 

(TITAN) for multiomic analysis of the heterogeneity of estrogen response across time 

in estrogen receptor alpha (ER) positive breast cancer cell lines.48 After performing 

scRNA-seq on a number of lines, single-cell multiome sequencing was performed on 
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MCF-7 and T-47D cells to understand if changes in chromatin states were responsible 

for changes in transcription upon 48h estrogen exposure in these lines. ESR1 and 

FOXM1 signatures were highlighted as different groups in both modalities of the 

multiome analysis, correlating differentially accessible regions (DARs) to these RNA 

topics. These signatures were recapitulated using DEG, TF enrichment, and TF 

accessibility analysis, indicating a divergent pathway in breast cancer development 

in response to estrogen. ATAC profiles of highly expressed genes indicated differences 

in TSS, gene bodies, and TTS accessibility, confirming chromatin state differences in 

the two groups. 

Another group investigated the gene expression and chromatin accessibility 

profiles of cancer associated fibroblasts (CAFs) in multiple solid tumor types.49 They 

initially identified three populations for CAFs in mouse tumors that had distinct gene 

expression and chromatin accessibility profiles: steady state-like, 

mechanoresponsive, and immunuomodulatory. To relate these findings in human cell 

lines, multiomic analysis was performed on three human breast tumors. CAF clusters 

were recapitulated in the human cell lines, confirming that these CAF subpopulations 

are conserved across species. 

2.2.3 Multiome in Other Cell Types 

Gur et al. performed multiome sequencing on skin fibroblasts from nine face 

and diffuse cutaneous systemic sclerosis (dSSc) and nine healthy patients.40 Label 

transferring for cells was done from a prior RNA cellular reference map, and single-

cell clustering was performed based on these labels. Clustering of the ATAC signal 

reproduced these results, indicating chromatin accessibility signals exist defining 

these subsets. Differential peak analysis and motif enrichment analysis unveiled cell 
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subset-type specific transcription factor regulatory circuitry. There were limited 

differences at promoters, but distal chromatin accessible regions showed significant 

differences between healthy and diseased patients. These differentially accessible 

distal regions enriched for genes identified by the group as perturbed in the sclerosis-

associated fibroblasts (ScAFs): LGR5, CDKN2A, and SLPI/MATN4. There was 

enrichment of DNA motifs for ATF3, JUN, and CREB1 in ScAFs and a reduction in 

enrichment for TWIST1, HAND2, MCI1, NEUROD1, PRRX1, and PRRX2 motifs. 

Furthermore, there were enriched motifs shared in ScAFs and other SSc fibroblast 

subsets indicating global TF binding perturbations. The researchers concluded that 

they have identified AP-1 circuitry as a key regulator of healthy to pathogenic 

ScAFs.  

Finally, Wang et al. performed multiome sequencing on eight post-mortem 

retinas from four healthy human subjects.50 The group produced predicted target 

genes by searching for SNPs in accessibility peaks that correlated with expression of 

a nearby gene. This method produced a 32.1% hit rate of ATAC peaks and 202 SNPs 

were identified in promoter peaks that had predicted target genes. One particular 

SNP, rs4821699, was found to be most accessible in retinal ganglion cells, and the 

peak with this SNP was predicted to target TRIOBP, a gene implicated in glaucoma. 

This produced a novel hypothesis that rs48221699 mutant TRIOBP expression in 

retinal ganglion cells could play a role in glaucoma. Another SNP, rs17421627, is 

implicated in Macular Telangiectasia and had a predicted target gene with SNP 

accessibility Müller glia and astrocytes. Feature linkage connected this SNP to 

LINC00461, and deletion of the loci where this SNP resides downregulates 
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LINC00461. Taken together, this multiome resource provides insight into disease 

mechanisms of noncoding risk variants in the human retina. 

2.3 Conclusion 

Multiome sequencing is essential to understanding human cellular biology, and 

analyzing the chromatin accessibility of specific cell types can yield insights into their 

functional potential. Certain multiome analyses on cell lines recapitulate 

transcriptomic information whereas others do not, and chromatin accessibility does 

not always correlate with gene expression, but transcription factor binding motifs 

seem to provide more insight. Furthermore, correlations with SNP sites is a 

worthwhile analysis method and can produce testable, novel hypotheses. The future 

of multiome sequencing research will likely focus on uncovering novel cellular 

regulatory networks and identifying potential therapeutic targets. 
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SECTION 3: S-phase fractioned 10X Multiome sequencing reveals a 

neuroectoderm-primed cell subset present unique to DNA replication 

3.1 Introduction 

Changes in gene expression are central to cellular processes, and these are 

often intimately associated with alterations in chromatin accessibility51. However, our 

understanding of these dynamics, particularly during the S-phase of the cell cycle 

when DNA replication occurs, remains incomplete52. The S-phase represents a unique 

stage where the chromatin landscape requires recovery to a steady state, potentially 

allowing for shifts in gene expression profiles and, consequently, cell fate 

decisions53,54. Despite the significance of this phase, the correlation between gene 

expression changes and chromatin accessibility during S-phase is not well 

characterized, owing in part to technical challenges. However, advancements in 

technology and the development of novel experimental approaches hold promise in 

unraveling these complexities. Techniques such as scRNA-seq and scATAC-seq 

enabled the exploration of cell-to-cell variability and chromatin accessibility on an 

unprecedented scale. Such methodologies can offer novel insights into the dynamics 

of gene regulation during S-phase, particularly in stem cells where cell fate decisions 

are fundamental. A recent method, 10X Multiome ATAC + Gene Expression integrates 

both of these single-cell modalities by assaying gene expression and chromatin 

accessibility in the same single-cell. This powerful tool can provide novel insights into 

the dynamics of gene regulation during S-phase when paired with S-phase sorting 

and fractionation, unveiling clues about cell fate decision making during this integral 

phase of the cell cycle. 
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3.2 Results 

3.2.1 Optimization of Single Cell 10X Multiome ATAC + Gene Expression protocol 

with S-phase fractionation 

 Performing an established protocol and introducing large perturbations to the 

workflow requires identification of the optimal method for preserving the state of the 

cell input into the final phases of the protocol. This process involves choosing metrics 

to be able to understand whether protocol changes are producing a meaningful 

improvement over prior iterations. Running at least two iterations allows for the 

comparative analysis of outcomes and enables ensuring the validity of subsequent 

analyses. The process entails isolating the nuclei of human ESCs, staining with the 

DNA stain 7-Aminoactinomycin D (7AAD), performing FACS on 4 separate S-phase 

fractions, and performing Tn5 transposase treatment and ATAC/GEX library 

preparation (Figure 3.1C). 

 The first replicate of the 10X Multiome sequencing involved initially using a 

time-course for nuclei isolation and testing for percent viability for each sample. This 

time-course with nuclei lysis buffer ranged from 4-10 minutes at 1 minute intervals, 

and samples were checked using a cell Countess system with nuclei-cell lysates 

stained with Trypan Blue. Upon reaching 5% viability at 7 minutes, there were 

diminishing returns at the 8, 9, and 10 minute mark. Having low cell viability is 

important, because 7AAD requires either cell permeabilization or nuclei isolation to 

be able to access and intercalate DNA, and Trypan Blue stains lysed cells. Above 5% 

viability, many cells would still have intact cell membranes, which would reduce FACS 

efficiency downstream in the protocol. 
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Figure 3.1. 10x Multiome S-phase fractionation replicates 1 and 2 method 
optimization reveals differences in sorting outcomes and library quality. 

(A) Replicate 1 FACS plots with total cell counts in each gate 
(B) Replicate 2 FACS plots with total cell counts in each gate 

(C) S-phase fractionation strategy schematic 
(D) ImageStream images of underlysed cells 
(E) ImageStream images of lysed cells 

(F) ImageStream 7AAD intensity readouts from nuclei input 
(G) BioAnalyzer traces of 10X Multiome libraries for replicates 1 and 2. Top – 

GEX cDNA library traces. Middle – GEX final library traces. Bottom – ATAC 
final library traces. 

(H) Violin plots of RNA features, RNA counts, mitochondrial percentages, ATAC 

features, and ATAC counts for S-phase fractioned samples of replicates 1 
and 2. 

 
 
 

Using cells with 5% viability treated with 7AAD, FACS was performed (Figure 

3.1A) and cells were isolated for 4 different S-phase fractions: S1, S2, S3, and S4 

(Figure 3.1A bottom left, and Figure 3.1C, middle). The percentage of cells that were 

7AAD positive that fell into the cell cycle curve was 8.9% of the total population. At 

this point, it was unknown whether or not this metric was optimal or not, so the nuclei 

were moved forward in the protocol and 10X Multiome library preparation and 

sequencing was performed. The number of cells collected for each of the 4 phases 

ranged from 1773-2907 cells (Table A.3.1). The first quality control metric that 

indicated there may have been issues with this first replicate was the ATAC TSS 

enrichment score, a common ATAC-seq control metrics, which ranged from 3.63-

4.05. A TSS enrichment score of 5 is considered optimal, however, given this was a 

new protocol and that these fragments were transitioning from 2n to 4n copy number, 

it was unclear whether or not these values indicated a deficiency in the dataset. 
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Figure 3.2. S-phase fractioned replicates show a difference in highly variable 
features at mitochondrial DNA. 

(A) Variable feature plot for replicate 1. Top 2000 genes highlighted in red 
and annotated with the top 20 variable genes. 

(B) S-phase fraction labeled RNA, ATAC, and WNN UMAPs for replicate 1. 
(C) S-phase fraction labeled RNA, ATAC, and WNN UMAPs for replicate 2. 
(D) Dot plot of the top 10 variable genes in replicate 1 labeled by S-phase 

identity. 
(E) Dot plot of the top 10 variable genes in replicate 2 labeled by S-phase 

identity. 
(F) Heatmap of the gene expression of top 20 marker genes in each S-phase 

fraction for replicate 1. 

(G) Heatmap of the gene expression of top 20 marker genes in each S-phase 
fraction for replicate 2. 

 
 

For replicate 2, a different method was used to optimize cell lysis and nuclei 

isolation. Cell Countess and Trypan Blue staining may give false positive hits by 

staining debris aggregates, and visually detecting the difference between debris and 

nuclei is a limitation of the Countess the machine. Instead, a multi-checkpoint 

method was used to detect nuclei lysis efficiency. First, the time-course was repeated, 

but instead of staining, nuclei were placed on a microscope slide and visually assessed 

at 60X magnification. At this resolution, nuclei morphology and cell membranes were 

optically detectable. Interestingly, at 4 minutes, there was not only complete cell 

membrane lysis, but also complete nuclei lysis, indicating over-lysis was occurring. 

Bringing the lysis time down to 1.5 minutes yielded promising results, where nuclei 

membranes were still intact while most cells had membrane lysis. The next 

checkpoint was using the same input sample that was to be used in FACS. A small 

amount of the FACS input was taken and used on ImageStream (Figures 3.1D and 

E). ImageStream provided a comprehensive look at the various states of the nuclei. 

Figure 3.1D shows examples of cell membranes still intact, with some nuclei lysis 

occurring (Figure 3.1D rows 2 and 4). Figure 3.1E shows isolated nuclei with various 
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nuclei morphology. Row 1 shows an example of nuclei lysis and chromatin leakage 

into solution, while row 6 shows an example of nuclei blebbing. Combining 

ImageStream with our optic validation at 60X magnification allowed us to feel much 

more confident in our FACS sample input, and allowed for a “go no-go” approach for 

moving forward with the sample preparation depending on these quality control 

decisions. 

Replicate 2 FACS produced a much more robust sorting outcome, with 53.3% 

of the total population being 7AAD positive and falling into the cell cycle curve (Figure 

3.1B, bottom left). Furthermore, the ImageStream cell cycle curve recapitulated a 

similar 7AAD intensity (Figure 3.1F). The number of cells collected for each of the 4 

phases ranged from 2044-7512 (Table A.3.1), a marked improvement over replicate 

1. Furthermore, ATAC TSS enrichment score ranged from 4.65-5.35, another 

improvement over replicate 1. 

 BioAnalyzer traces from each of the replicates further solidified the 

improvement of replicate 2 over replicate 1 (Figure 3.1G). GEX cDNA library traces 

were more pronounced in replicate 2 (Figure 3.1G, top two rows), although GEX final 

library traces looked similar (Figure 3.1G, middle two rows). Interestingly, ATAC final 

library traces between the two replicates were considerably different (Figure 3.1G, 

bottom two rows). Replicate 2 samples produced an entirely extra peak at higher 

fragment sizes that were absent in replicate 1, supporting the notion that nuclei over-

lysis and chromatin spillage into solution was occurring in replicate 1. 

When quantifying Seurat quality control metrics, we further see disparities 

between the two datasets (Figure 3.1H). Although the number of RNA features and 

counts are comparable between the two datasets, we observe a tighter distribution 
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of the metrics in replicate 2 compare to replicate 1, indicating more consistency 

between the RNA quality of the cells (Figure 3.1H, top two rows). Another are where 

we see differences between the two replicates is the mitochondrial percentages of 

each sample (Figure 3.1H, middle row). Replicate 1 has markedly higher 

mitochondrial read content in the samples compared to replicate 2. High 

mitochondrial reads in scRNA-seq samples has been associated with cell stress or 

death during sample processing 55. Furthermore, the tighter distribution in replicate 

1 may suggest mitochondrial spillage in the lysate, indicated by a more consistent 

mitochondrial read percentage in each individual cell. The ATAC features and counts 

(Figure 3.1H, bottom two rows) show similar dispersion profiles, and then differences 

in counts and features between the two replicates could be attributed to sequencing 

depth, as the ATAC samples for both replicates were not sequenced to saturation due 

to costs and computational time. Taken together, these findings suggest the protocol 

developed for replicate 2 is more robust, however it is important to validate this 

notion by exploring the sequenced datasets of each replicate. 

3.2.2 Variable feature detection and single-cell weighted nearest neighbor 

clustering resolves differences between 10X Multiome ATAC + Gene Expression with 

S-phase fractionation replicates and validates the second replicate as an optimized 

method 

 To further explore differences between the two replicates, highly variable 

features were determined using a mean variability plot (Figure 3.2A and B). For 

replicate 1, 7 of the 10 top variable genes were mitochondrial genes (MT-CO3, MT-

CO2, MT-CO1, MT-ATP6, MT-ND3, MT-CYB, MT-ND4), while replicate 2 had no 

mitochondrial reads contributing to the variability in the dataset. Interestingly, of the 
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top 20 variable genes annotated, 6 genes are shared between the datasets (CDH18, 

DACH1, GRID2, ROBO2, GREB1L, ILRAPL1), indicating that although there are 

overlaps in positive hits in the datasets, high mitochondrial read counts are a 

confounding signal present in replicate 1. 

 UMAP reduction and clustering was performed for the RNA and ATAC datasets 

and was integrated using a weighted nearest neighbors (WNN) approach56 (Figures 

3.2C and D). UMAP reduction of the RNA with S-phase fraction identity labeling shows 

a distinct separation in replicate 1 for S4, with a uniform cluster combining S1, S2, 

and S3 (Figure 3.2C, left). This is likely due to the high mitochondrial read count 

existing in S1, S2, and S3 for replicate 1, which is less prevalent in S4 of the same 

replicate (Figure 3.1H, middle row, left and Figure 3.2E). The same observation was 

not recapitulated in the RNA UMAP for replicate 2, although the cells do seem to have 

some S-phase separation (Figure 3.2D, left). Variable features were similarly 

expressed across each replicate’s S-phase identities (Figures 3.1E and F). Heatmaps 

for the top 10 differentially expressed genes in S-phase identities for replicates 1 and 

2 fail to help resolve differences between the RNA profiles between the replicates 

(Figures 3.2G and H). 

UMAP reduction of the ATAC datasets shows S-phase separation in both of the 

replicates, however, there is a clearer aggregation of S-phase labels in replicate 2 

compared to replicate 1 (Figure 3.2C and D, middle). WNN integration of the two 

modalities helps resolve overlaps in S-phase fractions, with replicate 2 producing a 

clear gradient from S1 to S2 to S3 to S4, while replicate 1 has an S1/S2 mix to S3 

to S4 (Figure 3.2C and D, right), indicating replicate 2 reveals more defined 

differences between the S-phases. 
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Finding clusters at a resolution of 0.7 (Figures 3.3A and B) and identifying 

cluster hallmarks (Figures 3.3C and D) reveals contributing factors to S-phase 

identities. The differentially expressed gene heatmap from replicate 1 highlights 8 

clusters, with clusters 1, 2, 3, and 4 as clusters containing cells with highly expressed 

mitochondrial genes, explaining why the S1, S2, and S3 identities are intermixed in 

the RNA UMAP. Furthermore, clusters 0, 5, and 6 have a reduced expression of 

mitochondrial genes, corresponding to the S4 label, explaining the separation in the 

replicate 1 RNA UMAP. The top 10 variable features from replicate 1 exhibit minimally 

variable average expression across the cluster identities (Figure 3.3E). The same 

resolution produces 12 clusters in replicate 2 and shows a much more dynamic and 

variable contribution to cluster identities (Figures 3.3D and F). Mitochondrial gene 

expression is still exhibited in replicate 2 cluster hallmarks, however, mitochondrial 

genes are not the sole contributor to the differential expression hallmarks of any of 

the clusters as they are in replicate 1. Due to these findings, replicate 2 was chosen 

as the dataset to perform further downstream analysis moving forward. 
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Figure 3.3. Clustering of multiome replicates shows a distinct difference in cluster 
identity gene hallmarks. 

(A) RNA, ATAC, and WNN UMAPs with resolution = 0.7 for replicate 1. 
(B) RNA, ATAC, and WNN UMAPs with resolution = 0.7 for replicate 2. 
(C) Heatmap of the gene expression of top 20 variable genes in each cluster 

for replicate 1. 
(D) Heatmap of the gene expression of top 20 variable genes in each cluster 

for replicate 2. 
(E) Dot plot of the top 10 variable genes in replicate 1 labeled by cluster 

identity. 

(F) Dot plot of the top 10 variable genes in replicate 2 labeled by cluster 
identity. 
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Figure 3.4. Differential gene expression reveals insights into S-phase fractions and 
highlights nervous system related genes in each fraction. 

S-phase identity comparisons from replicate 2 are labeled by corresponding 
sample comparisons above each volcano plot. Up- and down-regulated genes 

were classified by having an average log2FC of greater than 0.25 or less than 
-0.25. Up-regulated genes are labeled in red and down-regulated are labeled 
in blue. The top 10 genes from each expression level are annotated. 

 
 

3.2.3 Differentially expressed genes between S-phase fractions are involved in 

nervous system development 

 Comparing up- and downregulated differentially expressed genes between S-

phases reveals RPL genes, RPS genes, and genes primarily related to nervous system 

development (Figure 3.4). ROBO2, a gene implicated in axon development57, and 

CADM2, a gene that has been shown to play a part in brain development58, are 

downregulated in S1 versus S2. When comparing differentially expressed genes 

between S2 and S3, WWOX, ANK2, CADM2, DACH1, and CDH18 are downregulated 

while TERF1 is upregulated. WWOX has been found to be involved in neuronal 

migration and early cortical development59,60, ANK2 has been shown to regulate 

embryonic neurodevelopment and axonal branching61,62, DACH1 has been shown to 

regulate neural crest cell migration during embryonic development63, and CDH18 is 

expressed in the central nervous system, specifically the brain64. TERF1 has been 

implicated in telomere maintenance and cancer65,66. Differentially expressed genes in 

S3 versus S4 fractions enrich for similar nervous system gene types. DLGAP1, 

PLEKHA5, NLGN1, GRID2, and UNC5D were downregulated, while FLNA was 

upregulated. DLGAP family genes, PLEKHA5, NLGN1, GRID2, and UNC5D are 

expressed in the brain and are important for cortical and neuronal cell survival67–71, 

and FLNA regulates neuronal migration72. Although there is overlap in the genes that 

are up- and downregulated between the S-phase fractions, it is interesting to note 
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the differentially expressed genes vary between numerous nervous system genes, 

indicating there may be a neural lineage priming effect occurring during S-phase. 

3.2.4 Chromatin accessibility and gene expression relationships add resolution to 

S-phase fraction specific cell types. 

 To further resolve potential primed states throughout S-phase fractions, 

coverage plots for a common pluripotency factor, POU5F1, and two of the highest 

variably expressed genes in the dataset, DACH1 and CDH18, were produced to detect 

correlations between accessibility and gene expression (Figure 3.5A, B, and C). 

POU5F1 was not a differentially expressed gene in any of the S-phases, and this 

information was recapitulated in the expression levels and accessibility landscape 

across all S-phase fractions (Figure 3.5A, top right and top left). Although S2 showed 

downregulation of DACH1 and CDH18, which is slightly apparent in the gene 

expression violin plots, the accessibility landscape looks similar across the S-phase 

fractions of both genes (Figure 3.5B and C, top right and top left). To determine if 

there was a general genome-wide correlation at TSS sites between gene expression 

and chromatin accessibility, LOESS plots of 2kbp up- and downstream TSS S-phase 

fraction accessibility scores were plotted against binned mean expression levels of a 

WT huESC dataset (Figure 3.5D). Mean expression and S-phase fraction accessibility 

were correlated, with high mean expression corresponding with the highest 

accessibility and low mean expression corresponding with the lowest accessibility at 

TSSs. This trend held true across all S-phase fractions, indicating that although gene 

expression and accessibility are correlated, there lacked a unique accessibility 

signature at the TSS of genes in S-phase fractions. 
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To incorporate the accessibility modality of the dataset, chromVAR was used 

to identify TF motifs associated with each S-phase (Figure 3.6, red plots). 

Correlations between gene expression of specific TFs and the accessibility of the 

corresponding TF binding motif were quantified using Presto73 (Figure 3.6). This 

allowed for detecting highly expressed TFs and highly accessible binding TFs in each 

of the S-phases using a Wilcoxon ranking method. SOX2 and SOX4, both of which 

are involved in maintenance of pluripotency as well as neural development74–77, were 

the only statistically significant hits in S1 (Figure 3.6A), supporting the notion that a 

neural priming effect could be beginning in early S-phase. S2 contained numerous 

hits with SREBF1, MGA, ZNF682, and NFKB2 being the top four hits (Figure 3.6B). 

SREBF1 has been identified as a proneural and neurogenesis TF78. Intriguingly, MGA 

has been shown to have numerous roles in development, including safeguarding ESCs 

from differentiating into endoderm, being indispensable for cell survival during peri-

implantation, and negatively regulating the oncogenic/pluripotency MYC pathway79–

81. Zinc finger proteins are expressed in many neural lineages and are involved in 

neuro-related diseases82, and NF-kB TFs are abundant in the brain and central 

nervous system83. Furthermore, MYCN and POU5F1 were also contained in S2 (Table 

A.3.4), suggesting there may be a balance in this S-phase state for pluripotency 

maintenance with an opportunity for cell fate changes to occur. Interestingly, S3 

returned no positive hits, potentially suggesting this phase may be a steady state for 

TF expression and motif accessibility with low enrichment for any particular TF 

expression and motif combination. Top S4 hits enriched for FOX family genes (FOXP1, 

FOXN3, FOXO3, FOXK1, and FOXG1), as  well as ELF2 and E2F3 (Figure 3.6C and 

Table A.3.4). FOX family genes have been well-documented in a neural 
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developmental context, including development of the ectoderm, neurons, and brain 

and regulation of neural stem cell homeostasis84–90. ELF2 expression is present in 

brain tissue, is involved in cell cycle progression, and has been implicated in 

angiogenesis91,92. E2F3 is a target in neural precursor proliferation and cell cycle exit, 

has a regulatory effect on SOX2 for differentiation in the developing cortex, and has 

been established as a neurogenic factor in neural precursor cells93–95. Taken together, 

integration of gene expression for TFs and their corresponding enrichment of 

accessible binding motifs helps unveil a delicate balance in the expression and activity 

of different neural progenitor genes and pluripotency maintenance genes in different 

S-phases. 
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Figure 3.5. Gene expression and accessibility across the TSS of genes is steady 
among S-phase fractions. 

(A) Coverage plot for POU5F1 in S-phase fractions with normalized 
accessibility signal (top left), expression level (top right), down-sampled 

(100 cells) fragment count (middle left), and peaks (middle bottom). 
(B) Same as (A) but for DACH1. 
(C) Same as (A) but for CDH18. 

(D) Accessibility plots at promoter regions of S-phase fractions for genes in 20 
percentile bins of mean gene expression. 

 
 
 

3.2.5 S-phase fraction-agnostic expression levels reveal DACH1 as a unique cluster 

identity marker antagonistic to POU5F1 

Observing gene expression across clusters within each S-phase fraction 

provides an opportunity to understand temporal S-phase changes in gene expression 

(Figure 3.7A and B). Strikingly, gene expression of pluripotency markers POU5F1 and 

SOX2 show a generally S-phase fraction-agnostic expression profile (Figure 3.7A and 

B, top two rows). Cluster 12 has a uniquely high expression of POU5F1, and this is 

recapitulated across all four S-phase fractions, with increased expression across 

clusters 0, 2, 9, 10, and 11 in S2, clusters 0 and 1 in S3, and clusters 1 and 10 in 

S4. SOX2 expression is high in all clusters, except cluster 4, 5, and 9, and although 

there are some increases in these clusters in different S-phases, the expression levels 

between clusters in S-phase fractions remain consistent. 
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Figure 3.6. Presto gene expression and TF motif enrichment reveals unique gene 
expression-TF accessibility enrichments displayed in the WNN UMAP across S-phase 

fractions. 
(A) Gene expression and motif plots for top presto hits (SOX2 and SOX4) in 

S1. 
(B) Gene expression and motif plots for top presto hits (SREBF1, MGA, 

ZNF682, and NFKB2) in S2. 

(C) Gene expression and motif plots for top presto hits (FOXP1, FOXN3, 
FOXO3, and ELF2) in S4. 

 
 

When looking at the top two variable features in the dataset, DACH1 and 

CDH18, we see their expression almost exclusively in clusters 6 and 7 (Figure 3.7A, 

bottom two rows), and these clusters were the most separated from other clusters 

in the RNA UMAP (Figure 3.3B, left panel). This high expression is recapitulated in an 

S-phase fraction-agnostic manner, with the highest expression being prevalent in 

clusters 6 and 7 throughout all S-phase fractions (Figure 3.7B, bottom two rows). 

Remarkably, although S-phase fractions lacked variability in gene expression and 

accessibility at POU5F1 (Figure3.5A), clusters 6 and 7 show a reduction in POU5F1 

accessibility peaks and a slightly reduced expression level (Figure 3.7C). Integrating 

TF expression and binding motif accessibility enrichment of POU5F1 using presto 

shows how DACH1 and CDH18 expression occupy a region with low expression of 

POU5F1 and a distinct absence of POU5F1 binding motif enrichment (Figure 3.7D). 

To understand if this was a uniquely S-phase phenomenon, a WT hESC scRNA-seq 

dataset was used to determine gene expression levels of POU5F1, SOX2, DACH1, and 

CDH18 (Figure3.7E and F). POU5F1 and SOX2 were highly expressed across all 

clusters of the WT dataset, while DACH1 and CDH18 had close to no expression across 

any of the clusters, indicating these DACH1+/CDH18high and DACH1high clusters are 

unique to S-phase. 
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Figure 3.7. S-phase fraction agnostic expression levels reveal DACH1 as a unique 
cluster identity marker antagonistic to POU5F1. 

(A) Violin plots of gene expression based on cluster identities for POU5F1, 
SOX2, DACH1, and CDH18. 

(B) Violin plots of gene expression from (A) based on cluster identities in each 
S-phase fraction. 

(C) Coverage plot for POU5F1 in clusters with normalized accessibility signal 

(top left), expression level (top right), down-sampled (100 cells) fragment 
count (middle left), and peaks (middle bottom). 

(D) Gene expression and motif plots for POU5F1 and gene expression plots for 
DACH1 and CDH18 displayed in the WNN UMAP. 

(E) Violin plots of gene expression from (A) in clusters of WT ESCs. 

(F) Corresponding UMAP at resolution = 0.7 for gene expression data in (E). 
 

 
 

3.2.6 Gene expression and TF motif enrichment of DACH1+/CDH18high and 

DACH1high and clusters reveal neural stem cell (NSC)-primed cell subsets in S-

phase. 

 DACH1 has been shown to have an indispensable role in neural crest migration 

and neural development during embryonic development63,96. Interestingly, it has also 

been reported to repress SOX2, NANOG, and KLF4 signatures with DACH1 binding to 

the promoters of these pluripotency feature97. Furthermore, DACH1 overexpression 

stimulated tumor organoid formation through BMP signaling suppression, a pathway 

that, when inhibited, establishes neuroectoderm98,99. CDH18 expression has been 

shown to exist in the brain and can act as a tumor suppressor in glioma cells, and 

type II cadherins are involved in the organization of neurons into layers64,100. 

To help determine cell identities of DACH1+/CDH18high and DACH1high clusters, 

presto was once again used to identify top TF expression and motif accessibility hits 

in these clusters (Figure 3.8A and Table A.3.5). Although there was a lack of 

variability in accessibility at the CDH18 and DACH1 genes (Figure 3.8B and C), presto 

revealed SOX4, MEIS2, and LHX5 shared between the two clusters. SOX4 was 
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previously discussed as a neural development gene, and MEIS2 is indispensable for 

cranial neural crest development and mandibular arch patterning from neural crest 

cells101,102. LHX5 has been implicated in forebrain specification, morphogenesis of 

Purkinje cells and Cajal-Retzius cells, dendritogenesis, and a regulator of mamillary 

body differentiation103–108.  

RFX4, PAX3, and MEIS family genes were top hits for the DACH1+/CDH18high 

cluster. RFX4 is considered a neural progenitor marker, is essential for ventricle 

formation in the forebrain and dorsoventral patterning, is a regulator of neural stem 

and progenitor cells, regulates sonic hedgehog signaling, and is implicated in the 

development of glia and oligodendrocyte progenitor cells109–114. PAX3 is expressed 

during CNS development, neural crest cell development, and is involved in neural 

tube closure and patterning115–121. MEIS family genes play a critical role in the brain 

and are expressed in neural crest cells122–124. The DACH1high cluster contained RFX3 

and EMX2 as top hits. RFX3 directs cilia development in glia and regulates neuron 

patterning required for development125–129. EMX2 is implicated in cortical specification 

and organization from neural stem cells, is a transcriptional regulator in neural 

progenitor cells, and regulates stem cell proliferation of adult central nervous 

system130–136. Taken together, these findings suggest these clusters are primed to 

become neural stem precursor cells, most likely progressing toward neural crest cells. 
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Figure 3.8. Presto gene expression and TF motif enrichment correlations of 
DACH1+/CDH18high and DACH1high clusters reveal NSC-primed cells in S-phase. 

(A) Gene expression and motif plots of top presto hits for cluster 6 (RFX4 and 
PAX3), shared in cluster 6 and 7 (SOX4 and MEIS2), and cluster 7 (RFX3 

and EMX2). 
(B) Coverage plot for CDH18 and (C) DACH1 
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3.3 Discussion 

  Developing and utilizing new technologies requires a deep consideration 

for the intricacies and the effects of changing variables in a protocol. Here, the 10X 

Single Cell Multiome ATAC and GEX protocol was heavily modified by including S-

phase fractionation into the workflow, producing a one-of-a-kind dataset of 

replicating hESCs. Optimizing the workflow by implementing checkpoints to 

determine nuclei viability proved fruitful, with higher nuclei recovery, faster 

throughput, and lower mitochondrial read counts, allowing for clarity in the dataset. 

Computational processing provided another lens for this lever of clarity. UMAP 

representations improved separation between S-phase fractions and provided more 

dynamic and informative gene expression between replicates. When reducing 

dimensions of RNA datasets, replicate 1 produced a separation for the S4 fraction, 

which disappeared in replicate 2. This could be explained by the prominence of 

mitochondrial genes present in S1, S2, and S3 fractions of the first replicate. 

Furthermore, the ATAC UMAP representation showed a stronger separation between 

S-phase fractions in replicate 2 compared to replicate 1, and integrating the two 

modalities using a WNN approach solidified a separation between each S-phase 

fraction in replicate 2 that was absent in replicate 1. This optimized method proved 

to be superior to the original method, and this optimized dataset was used moving 

forward for downstream analysis. 

Variable feature detection informed the initial idea that neuronal priming was 

potentially occurring and presented itself when observing changes in S-phase gene 

expression changes. Differentially expressed genes between S-phase fractions 

highlighted neuronal migratory, cortical development, axonal branching, and cell 
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survival genes, and these differentially expressed genes were unique to each fraction, 

indicating a dynamic neural priming effect throughout S-phase. 

When observing chromatin accessibility with gene expression information, 

pluripotency gene POU5F1 expression and accessibility was similar across all S-phase 

fractions. Interestingly, the two most variable gene features in the dataset, DACH1 

and CDH18, also exhibited similar gene expression and accessibility across all S-

phase fractions. Searching for a correlation between accessibility between gene 

expression and accessibility of S-phase fractions across TSSs genome-wide confirmed 

this lack of accessibility variability. However, integrating TF gene expression and TF 

binding motif accessibility showed a different correlation. S-phase fractions had a 

host of different hits for this integration method, with a strong prevalence of neural 

progenitor genes and pluripotency maintenance genes in different S-phase fractions, 

suggesting there may be a delicate balance at play between neural differentiation 

and stem cell maintenance. 

When clustering using an unsupervised method, gene expression of 

pluripotency markers POU5F1 and SOX2 showed small differences across cluster 

expression in different S-phase fractions. This S-phase fraction-agnostic expression 

was also detected in DACH1 and CDH18, and these two genes were detected in two 

distinct clusters. Remarkably, DACH1+/CDH18high and DACH1high clusters showed a 

unique reduction in POU5F1 promoter accessibility. Furthermore, integrating the gene 

expression and TF binding motif accessibility of POU5F1 showed that DACH1 and 

CDH18 expression occupies regions where POU5F1 TF binding motif accessibility lacks 

enrichment. Comparing POU5F1, SOX2, DACH1, and CDH18 gene expression levels 

in a scRNA-seq WT hESC dataset indicated high expression levels across all clusters 
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for POU5F1 and SOX2, and little to no expression of DACH1 and CDH18 in any cluster, 

indicating this DACH1+/CDH18high and DACH1high expression was a uniquely S-phase 

related phenomenon. 

 

 
 

Figure 3.9. Schematic depicting a model of DACH1 and POU5F1 gene expression 
and accessibility interactions during S-phase. 
 

 

DACH1 has been shown to repress pluripotency signatures by binding to the 

promoters of these features and has been implicated in establishing neuroectoderm. 

DACH1+/CDH18high and DACH1high clusters showed a prevalence of gene expression 

of SOX, MEIS, LHX, PAX, and RFX family genes and an enrichment of their 
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corresponding TF binding motif accessibility. These TFs have been implicated in 

cortical development, neural stem cell establishment, and neural cell regulation and 

patterning, implicating these DACH1+/CDH18high and DACH1high clusters as a potential 

primed neural stem precursor cell subset. 

Given these findings, it is interesting to posit a model of DACH1 and POU5F1 

interactions with DACH1 expression antagonistic to POU5F1 expression and 

accessibility in S-phase (Figure 3.9). It is possible that other mechanisms responsible 

for initiating DACH1 expression in a small subset of cells trigger during early S-phase 

and allow an opportunity that limits POU5F1 expression during this phase of the cell 

cycle. This reduction in POU5F1 expression would cause weakness in stem cell 

maintenance and allow for priming of a neural stem cell state, and should other 

factors be present to fully trigger this cell state transition, this window of the cell 

cycle could allow this cell identity change to occur. This dataset provides unique 

insights into S-phase in the context of stem cell maintenance and identity, and it 

should facilitate advances in our understanding of stem cell fate changes and the 

identification of novel gene targets involved in development. 
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Methods 

S-phase sorted 10X multiome sample preparation for sequencing of HUES64 cells 

 HUES64 were cultured in mTeSR1 media for maintenance. 

 Nuclei isolation and 7AAD staining: 

1) For one run, the amount of HUES64 cells from two wells from a 6-well dish at 

>80% confluency are sufficient. 

2) Aspirate media and add 1 mL of Accutase to each well 

3) Incubate for 18-20 minutes – gently shake/swirl plate at 10 mins so that 

cells singularize properly 

a. Note: It is extremely important that cells are fully singularized at this 

step but not left in Accutase for too long. Not leaving cells in Accutase 

for long enough creates too many multicellular clumps, which causes 

the need for more aggressive pellet resuspension, but leaving cells in 

Accutase for too long causes lysis and debris aggregates which causes 

cells to clump to one another. 

4) Add 1 mL of mTeSR1 media to quench the reaction and collect cells in a 50 

mL conical tube 

5) Spin down cells at 200 xg at 4C using the swing bucket rotor centrifuge. 

6) Aspirate supernatant, and gently resuspend cells in 1 mL ice cold 3% BSA in 

PBS. 

7) Pre-rinse a 40 um strainer with PBS and filter the sample through the pre-

rinsed strainer into a 50 mL conical tube. 
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a. This is not done in the original 10X protocol, but this step isolates 

more singularized cells which reduces the amount of agitation 

necessary of resuspending the pellet, preserving nuclei membranes. 

8) Spin down cells at 200 xg at 4C using the swing bucket rotor centrifuge. 

9) Remove supernatant gently using a 1 mL hand pipettor. 

10)  Resuspend pellet in NP40 Lysis Buffer and transfer to a 1.5 mL eppendorf 

DNA Lobind tube for 1.5 minutes. 

a. Note: This process should be performed very gently using wide-bore 

1 mL pipette tips at first, and once the tips are too wide to continue 

this resuspension (clumps are too small for the wide bore tip to make 

smaller), switch to a normal-bore 1 mL pipette tip to singularize cells. 

This pipetting process should be done in the 1.5 mL eppendorf tube, 

not the 50 mL conical. 

b. The cells should only be in the NP40 Lysis Buffer for 1.5 

minutes, but this is ample time to resuspend the pellet nearly fully. A 

few very small clumps may remain, but do not exceed 1.5 minutes in 

NP40 lysis buffer. 

11) Centrifuge at 300 xg for 5 minutes at 4C using a swing bucket rotor 

centrifuge. 

12) Remove supernatant and add 1 mL PBS + 3% BSA + 1 U/ul RNase Inhibitor. 

Incubate on ice for 3 minutes. 

13) Pipette in the same manner as step 10a, using a wide-bore pipette tip, and 

then a normal-bore tip. 
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14) Centrifuge at 300 xg for 5 minutes at 4C using a swing bucket rotor 

centrifuge. 

15) Pre-rinse a FACS tube strainer with PBS. 

16) Remove supernatant, resuspend pellet in 1 mL PBS + 3% BSA + 1 U/ul 

RNase Inhibitor in the same manner as step 10a, using a wide-bore pipette 

tip, and then a normal-bore tip. 

17) Add 10 ul 7AAD and pipette gently to mix (~5 times), and add the solution 

to a FACS tube with the pre-rinsed strainer on top. 

FACS Sorting: 

1) Bring 4 1.5 mL eppendorf Lobind tubes with 200 ul PBS + 3% BSA + 2 U/ul 

RNase Inhibitor 

a. Note: The extra RNase inhibitor is so that the concentration still 

remains high when diluted by the addition of nuclei in sheath buffer 

from the sorter 

2) Sort on a BD FACSAria Fusion machine. 

3) Cells were sorted using a 100 um nozzle with voltage parameters as follows: 

a. FSC – 242 V 

b. SSC – 330 V 

c. PerCP-Cy5-5 – 467 V 

4) FSC threshold values were set at 50,000 

5) Laser Window Extension was set to 2.0 and FSC Area Scaling was set to 0.50 

6) Make sure the adaptor to keep the tubes cooled is used. 

Note: Save 50 uL of input sample for imagestream analysis as QC. 

Nuclei permeabilization: 
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1) Centrifuge sorted tubes at 500xg for 5 minutes at 4C using a swing bucket 

rotor centrifuge. 

2) Aspirate supernatant and resuspend in 100 uL 0.1X Lysis Buffer and pipette 

mix 5 times. 

3) Incubate on ice for 2 minutes 

4) Add 1 mL Wash Buffer and pipette mix 5 times. 

5) Centrifuge tubes at 500xg for 5 minutes at 4C using a swing bucket rotor 

centrifuge. 

6) Remove supernatant, resuspend in 5 uL Diluted Nuclei Buffer, and proceed to 

10X Multiome library preparation. 

a. Note: Normally, there would be a cell count to find final nuclei 

concentration prior to the ATAC-seq portion, however, it is unlikely for 

any sample to have > 50k nuclei in total, so the concentration will 

never be > 10k nuclei/uL which is the maximum concentration for the 

assay. To determine nuclei counts, a light sequencing of the GEX 

libraries should be performed if the BioAnalyzer traces look as 

expected.  

Sorting and ImageStream 

FACS was performed at the UCI Institute for Immunology Flow Core on a BD FACSAria 

Fusion Sorter using a 100 micron nozzle. Voltage parameters were set at 242 for 

FSC, 330 for SSC, and 467 for PerCP-Cy5-5 (for 7AAD detection). FSC threshold was 

set at 50,000, and FSC Area Scaling was set to 0.50. ImageStream MKII was used 

to attain brightfield and 7AAD nuclear stains using standard settings and a 100 micron 

nozzle. 
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10x Multiome computational processing 

Cell Ranger ARC v2.0.1 was used for replicate 1 and v2.0.2 was used for replicate 2. 

BCL files were converted to FASTQ using mkfastq and FASTQ was aligned to hg38, 

filtered, barcode counted, and peak called using count. The filtered feature matrix h5 

files were analyzed using Seurat and Signac. Peaks in the samples of each replicate 

were merged to form a common peak set, and cell cycle annotations were added to 

each sample according to their S-phase fraction (S1, S2, S3, or S4). The replicates 

were filtered to keep cells with ATAC counts less than 1x106 and greater than 3000, 

keep cells with RNA counts less than 9000 and greater than 500, and remove cells 

with mitochondrial percentages greater than 35%. SCTransform normalization was 

performed on the RNA, and term-frequency inverse-document frequency was 

calculated and singular value decomposition was computed before calling a UMAP 

with LSI reduction. A weighted nearest neighbors graph was calculated using a 

weighted combination of the RNA and ATAC using FindMultiModelNeighbors in Seurat 

with dimensions 1:50 of the RNA and 2:10 of the ATAC. A WNN UMAP was produced 

and clusters were identified using the original Louvain algorithm with a resolution of 

0.7. Variable feature detection was performed using the FindVariableFeatures 

function in Seurat with the vst selection method. Gene expression markers for 

identity classes (S-phase fraction identity or cluster identity) were done using a 

Wilcoxon Rank Sum test with a log2FC threshold of 0.25.  

Accessibility plots for mean gene expression around TSS 

Mean expression values were calculated using a publicly available WT ESC dataset 

(SRP299892) and processed in Seurat similar to the 10X multiome processing 

method. Genes were binned in 20 percentile rankings from low to high mean 
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expression. A 4 kbp window around the TSS for each gene was taken and accessibility 

from bigwig files were cut into single base pair values at these sites. These were 

averaged across each expression level and loess was used to smooth the values. 

Motif accessibility analysis using chromVAR and presto 

chromVAR was used to calculate a per-cell accessibility score for known motifs and a 

chromvar assay was added to the Seurat object. To find gene and corresponding 

gene TF binding motif enrichment pairs, the presto package was used to calculate a 

p-value based on the Wilcox rank sum test of both the RNA and chromvar assay data. 

From this, a ranked list is produced for the top hits for paired RNA expression and 

corresponding gene TF accessibility. 
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SECTION 4: Immunolocalized Micrococcal Nuclease Sequencing 

4.1 Introduction 

Various proteins, including transcription factors and chromatin-modifying 

enzymes, interact with DNA to regulate gene expression, shaping a cell's 

phenotype10. In the context of stem cells, specific sets of transcription factors are 

known to sustain the stem cell state by promoting the expression of self-renewal 

genes and inhibiting differentiation genes137. Moreover, chromatin-modifying proteins 

alter the chromatin landscape, affecting the accessibility of DNA to the transcriptional 

machinery and, thus, influencing gene expression138. Therefore, precise DNA-protein 

interactions are fundamental for preserving stem cell identity and ensuring proper 

balance between self-renewal and differentiation. 

To map and understand these crucial DNA-protein interactions, techniques 

such as Chromatin Immunoprecipitation Sequencing (ChIP-seq) and Micrococcal 

Nuclease Sequencing (MNase-seq) are employed. ChIP-seq enables the identification 

of the genomic binding sites of DNA-associated proteins139. It involves the use of 

antibodies to immunoprecipitate a protein of interest along with its bound DNA. The 

co-precipitated DNA is then sequenced and mapped back to the genome to identify 

the binding sites of the protein. On the other hand, MNase-seq involves the use of 

micrococcal nuclease, an enzyme that preferentially digests accessible DNA, leaving 

behind DNA that is protected by bound proteins such as histones140. Sequencing the 

remaining DNA provides information on the locations of these protein-bound regions, 

or nucleosomes, offering insights into chromatin structure. Here, we attempt to 

develop Immunolocalized-MNase (IL-MNase)-seq, a method to localize MNase to a 

protein of interest and initiating MNase digestion to enrich for DNA bound to the 
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protein of interest. Immunolocalization will allow for isolating colonies or sections of 

colonies on a dish for not only enriching DNA-protein interactions of interest, but also 

enriching for cells in a spatial modality using a technique such as laser-capture 

microdissection. 

4.2 Results 

4.2.1 Immunolocalized Micrococcal Nuclease Sequencing 

 IL-MNase-seq is performed by using a streptavidin conjugated secondary 

antibody and biotinylated MNase similar to how immunofluorescence staining is 

performed (Figure 4.1A). First, cells are fixed and permeabilized and a primary 

antibody of interest is incubated overnight with the cells on a dish. Next, a secondary 

streptavidin conjugate antibody is incubated with the cells for one hour. Biotinylated 

MNase is added to the dish with PBS lacking calcium, as calcium is needed for MNase 

activation and digestion. A calcium spike-in is performed, the reaction is quenched 

after 30 minutes, DNA purified, and library preparation is performed. 

 First, MNase digestion was optimized. MNase was incubated at 37C and 4C 

with and without CaCl2 (Figure 4.1B). There was mild digestion at 37C and no 

digestion at 4C for the -CaCl2 treatment. Adding in CaCl2 caused complete digestion 

at 37C and mild digestion at 4C, indicating MNase was temperature sensitive and its 

activity can be controlled in a temperature-mediated manner. Next, the effects of a 

calcium chelator, EDTA, was examined (Figure 4.1C). EDTA showed complete 

inactivity of MNase. The effects of biotinylation of MNase were unknown, so digestion 

of DNA using streptavidin-bead bound biotinylated MNase was performed at 37C with 

CaCl2 in both Tris-HCL and PBS (Figure 4.1D). 
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Figure 4.1. Immunolocalized Micrococcal Nuclease-sequencing 
(A) IL-MNase-Seq protocol schematic 

(B) Gel of digested DNA by different concentrations of MNase in lanes at 37C 
and 4C, and with CaCl2 and without CaCl2. 

(C) Gel of digested DNA by different concentrations of MNase in lanes at 37C 
with optimal buffer, with EDTA, and at 4C with optimal buffer. 

(D) Gel of digested DNA by biotinylated MNase bound to streptavidin 

conjugated beads in Tris-HCL and PBS. 
(E) Immunofluorescence staining of streptavidin conjugated H3k4me3 

antibody with Atto Biotin-488. 
(F) Primer locations for PCR primers for anti-H3k4me3 POU5F1 IL-MNase PCR 

enrichment. 

(G) Fold enrichment at locations up- and downstream the POU5F1 promoter 
using IL-MNase-Seq. 

 

Biotinylation of MNase had little effect on the digestion capability of the 

enzyme. Next, we used a biotinylated dye, Atto Biotin-488, to determine if 

streptavidin conjugation of the secondary antibody had a negative effect on primary-

secondary antibody binding (Figure 4.1E). Streptavidin conjugation seemed to have 

no effect on secondary antibody binding, with a strong overlap of the fluorescence 

dye with DNA dye DAPI. 

 Confident that the independent pieces of the assay were functioning with the 

added chemical modifications, IL-MNase-seq was performed on hESCs enriching for 

H3k4me3, an abundant histone marker for active promoters141. PCR was performed 

at sites enriched for H3k4me3 and MNase-seq (Figure 4.1F). Fold enrichment 

revealed an enrichment for H3k4me3 in a manner similar to the H3k4me3 ChIP-seq 

and MNase-seq tracks, suggesting the assay was working as intended. 

4.3 Discussion 

 Here, a novel assay, IL-MNase-seq was developed to be used for assaying 

DNA-protein interactions in a unique manner. This assay was repeated 9 more times, 

with little-to-no reproducibility, and a new and improved version of this assay was 
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produced shortly after developing this, CUT&RUN142, removing the need to further 

develop this assay. 
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Methods 

Immunolocalized MNase-Seq Protocol 

*IMPORTANT* All washes should be done carefully to not disturb cell adhesion to 

plate. Take care to pipette against the wall of wells, and never use a vacuum 

aspirator. 

Cell fixation, chromatin digestion and extraction 

1) Fix cells (on culture substrate) with 1% PFA for 10 min at RT. 

2) Quench reaction with 125 mM glycine. 

3) Aspirate and wash 2x with ice-cold PBS (Ca-; Mg-). 

4) Permeabilize cell membrane with ice-cold 0.2% Triton X-100 and 3% BSA for 20 

mins with gentle rocking at RT. 

5) Aspirate and wash 2x with ice-cold PBS (Ca-; Mg-) (Leave washes in for 5 mins 

4°C with gentle rocking) 

6) Incubate with 1:500 Primary antibody in 3% BSA overnight with gentle rocking 

at 4°C 

7) Aspirate and wash 2x with ice-cold PBS (Ca-; Mg-) (Leave washes in for 5 mins 

4°C with gentle rocking) 

8) Incubate with 1:250 secondary streptavidin-conjugated antibody for 1.5 hrs at 

RT 

9) Aspirate and wash 3x with PBS (Ca-; Mg-) (Leave washes in for 5 mins 4°C with 

gentle rocking) 

Chromatin digestion 

10) Incubate with 1:30 Biotinylated MNase (5 U/ul original stock) in PBS for 1.5 hrs 

with gentle rocking at RT 
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11) Aspirate and wash 2x with PBS (Ca-; Mg-) (Leave washes in for 5 mins 4°C with 

gentle rocking) 

12) Incubate with 20 mM CaCl2 to initiate MNase digestion for 30 mins with gentle 

rocking at 37°C 

13) Gently remove supernatant without disturbing cells on culture substrate 

14) Quench MNase activity by adding 95 ul 50 mM EDTA/EGTA 

15) Scrape cells from well and place all supernatant in 1.5 ul tube for each sample 

16) Add 5 ul 20% SDS, incubate for 10 mins @ 65°C 

17) Add 16 ul Reverse cross linking mixture to sample, mix well, seal with parafilm, 

and incubate overnight (or 5 hours) at 65°C 

DNA Purification: AMPure XP Bead Purification 

18) Gently shake bottle to resuspend beads and equilibrate 2X AMPure XP Beads to 

RT 

19) Add 200 ul beads to reaction and mix by pipetting 10 times, incubate for 5 mins 

at RT and place on magnet until clear 

20) Aspirate clear solution and discard 

21) Wash beads with 200 ul freshly prepared 70% ethanol and incubate for 1 min, 

aspirate ethanol and discard 

22) Repeat once more 

23) Quick spin beads, place beads back on magnet, and pipette and discard residual 

ethanol 

24) Leave the tubes open and all the beads to dry 

25) Remove beads from magnetic stand and add 52 ul 1x TE buffer, gently mix 

bead and solution by pipette 20 times 
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26) Incubate for 5 mins at RT and place on magnetic stand 

27) Transfer clear solution to new tube 

28) Use 2 ul for Qubit analysis (Skip this step for low input, if skipping this step, 

only elute in 50 ul 1x TE Buffer in prior step) 

29) Proceed to library preparation. 

Reverse crosslinking mixture: 250 mM Tris-HCl, pH 6.5, 62.5 mM EDTA pH 8.0, 

1.25 M NaCl, 5 mg/ml Proteinase K, 62.5 ng/ul RNase A. 

Immunofluorescence staining 

Cells were fixed in 1% PFA for 10 mins at RT and the membrane permeabilized with 

0.2% Triton X-100 and 3% BSA in PBS for 20 mins with gentle rocking at RT. 1:500 

primary antibody in 3% BSA in PBS was added and left overnight with gentle rocking 

at 4C. 1:250 secondary streptavidin conjugated antibody was added for 1.5 hours at 

RT with gentle rocking. Atto Biotin-488 was added for 1 hour at RT with gentle 

rocking. 300nM DAPI was added for 10 minutes at RT with gentle rocking. 

MNase biotinylation and antibody-streptavidin conjugation 

MNase biotinylation was done using Thermo Scientific EZ-Link Micro NHS-PEG4-

Biotinylation Kit per the manufacturer’s instructions. Streptavidin conjugation to 

secondary antibody was performed using abcam’s Streptavidin COnjugation Kit per 

the manufacturer’s instructions. 
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SECTION 5: Conclusions and Future Work 

5.1 Conclusions 

In this body of work, three separate techniques were developed to probe how 

DNA-protein interactions affect gene expression during or post- DNA replication in 

human embryonic stem cells. First, Repli-ATAC-seq was developed to assay how the 

chromatin landscape develops and changes in post-replication time. This assay 

provided information regarding the heterogeneity in post-replication time and showed 

how DNA mismatch repair mechanisms, mitotic bookmarking, and gene expression 

levels may be involved in the post-replication landscape. 

Next, a brief summary of the literature of 10X Single Cell Multiome ATAC and 

Gene Expression in human samples was performed to understand the tools and ideas 

available in the scientific community for this nascent technique. This technique was 

applied in the context of DNA replication in a novel way by incorporating S-phase 

fractionation into the protocol – a never before documented feat. This unique method 

proved to be fruitful, providing information suggesting neuroectoderm fate priming 

in a subset of S-phase cells and highlighting DACH1 as a potential POU5F1 antagonist. 

Finally, IL-MNase-seq proved to be irreproducible, but provided valuable 

experience in understanding how to develop protocols and methods that built the 

foundation for being able to produce Repli-ATAC-seq and S-phase fraction 10X 

Multiome sequencing. 
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5.2 Future Work 

 The assays in this dissertation deliver only preliminary findings in their 

respective datasets. Future research about Repli-ATAC-seq will likely need higher 

resolution by including more time points. Furthermore, it would be prudent to reduce 

the pulse time of BrdU so that less time has passed since a region has replicated 

before chase. Furthermore, the analysis of the S-phase fractioned multiome dataset 

has only scratched the surface. All 12 clusters have the potential to be identified as 

a cell subtype. Also, the inclusion of the G1 and G2/M peaks would provide increased 

detail and give a complete view of the cell cycle. This would create a resource that 

would be used for decades to come to analyze stem cell fate and identity during 

development. 
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APPENDIX 

 
Figure A.1. Smooth curved scatter plots for the counts of fragments at each insert 
length in Repli-ATAC-seq replicates. 
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Figure A.2. Various TF binding site enrichment scores for Repli-ATAC-seq IP and 

Non-IP samples from each time point. 
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Figure A.3. Various TF binding site enrichment scores for Repli-ATAC-seq IP and 

Non-IP samples from each time point. 
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Figure A.4. Various TF binding site enrichment scores for Repli-ATAC-seq IP and 
Non-IP samples from each time point. 
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Table A.3.1. Multiome Replicates QC 

Sample ID Run1_S1 Run1_S2 Run1_S3 Run1_S4 Run2_S1 Run2_S2 Run2_S3 Run2_S4 

Genome GRCh38 GRCh38 GRCh38 GRCh38 GRCh38 GRCh38 GRCh38 GRCh38 

Pipeline version arc-2.0.1 arc-2.0.1 arc-2.0.1 arc-2.0.1 arc-2.0.2 arc-2.0.2 arc-2.0.2 arc-2.0.2 

Estimated 
number of cells 1773 2069 2951 2907 7512 4689 2044 4124 

Feature 
linkages 
detected 1162 1239 1120 1329 5643 11321 2907 14066 

Linked genes 706 674 662 772 1573 1747 964 1902 

Linked peaks 1408 1538 1355 1659 5349 7816 3330 10954 

ATAC 
Confidently 
mapped read 
pairs 0.8835 0.8912 0.8855 0.8884 0.875 0.8745 0.8708 0.8779 

ATAC Fraction 
of genome in 
peaks 0.0297 0.0278 0.0281 0.0315 0.0736 0.0603 0.0529 0.0672 

ATAC Fraction 
of high-quality 
fragments in 
cells 0.9583 0.9622 0.9559 0.9674 0.9731 0.9496 0.9665 0.9699 

ATAC Fraction 
of high-quality 
fragments 
overlapping 
TSS 0.1707 0.1736 0.1811 0.1895 0.2224 0.2307 0.2486 0.256 

ATAC Fraction 
of high-quality 
fragments 
overlapping 
peaks 0.1882 0.183 0.1897 0.2099 0.3775 0.3517 0.3498 0.3895 

ATAC Fraction 
of transposition 
events in peaks 
in cells 0.1728 0.1681 0.1734 0.1931 0.3377 0.3136 0.3188 0.35 

ATAC Mean raw 
read pairs per 
cell 58792 59113 58927 51906 164601 312646 156975 250030 

ATAC Median 

high-quality 
fragments per 
cell 29343 30262 34324 30102 77509 133174 87454 110793 

ATAC Non-
nuclear read 
pairs 0.0095 0.0097 0.0083 0.006 0.0226 0.0217 0.0218 0.0211 

ATAC Number 
of peaks 105588 98643 101301 112546 276555 226386 196749 251915 

ATAC Percent 
duplicates 0.2767 0.2789 0.2805 0.2801 0.3409 0.4692 0.3232 0.4346 

ATAC Q30 
bases in 
barcode 0.9185 0.9252 0.9211 0.9206 0.8933 0.92 0.9031 0.9138 

ATAC Q30 
bases in read 1 0.9414 0.9406 0.9246 0.9405 0.9367 0.9414 0.9315 0.94 

ATAC Q30 
bases in read 2 0.9425 0.9445 0.9458 0.9451 0.9181 0.9339 0.93 0.9314 
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ATAC Q30 
bases in sample 
index i1 0.914 0.9284 0.9143 0.9324 0.9463 0.9191 0.9387 0.9268 

ATAC 
Sequenced read 
pairs 1.04E+08 1.22E+08 1.74E+08 1.51E+08 1.24E+09 1.47E+09 3.21E+08 1.03E+09 

ATAC TSS 
enrichment 

score 3.7071 3.6307 3.6791 4.0455 4.9495 4.6511 5.0435 5.3521 

ATAC 
Unmapped read 
pairs 0.0064 0.0063 0.0066 0.0065 0.0101 0.0099 0.0117 0.0094 

ATAC Valid 
barcodes 0.9877 0.9263 0.9864 0.9881 0.9752 0.9829 0.9789 0.9824 

GEX Fraction of 
transcriptomic 
reads in cells 0.9184 0.9218 0.8954 0.9423 0.9501 0.9162 0.936 0.9529 

GEX Mean raw 
reads per cell 132528 92260 66856 48130 26638 34932 50510 33090 

GEX Median 
UMI counts per 
cell 1767 1763 1496 1371 1729 2329 2357.5 2231.5 

GEX Median 
genes per cell 845 814 800 816 929 1164 1165 1204 

GEX Percent 
duplicates 0.9674 0.9598 0.951 0.9278 0.8711 0.875 0.9131 0.8673 

GEX Q30 bases 
in UMI 0.929 0.9288 0.9281 0.9279 0.9466 0.9426 0.9324 0.9426 

GEX Q30 bases 
in barcode 0.9317 0.9313 0.9309 0.9302 0.954 0.9527 0.9466 0.9522 

GEX Q30 bases 
in read 2 0.9207 0.9109 0.9191 0.9076 0.9386 0.9299 0.9348 0.9408 

GEX Q30 bases 
in sample index 
i1 0.8692 0.9373 0.9199 0.9299 0.9528 0.9618 0.942 0.9375 

GEX Q30 bases 
in sample index 
i2 0.9253 0.885 0.922 0.8566 0.9286 0.9218 0.9204 0.9583 

GEX Reads 
mapped 
antisense to 
gene 0.107 0.0934 0.1434 0.2377 0.1025 0.1104 0.1233 0.1597 

GEX Reads 
mapped 
confidently to 
exonic regions 0.5961 0.6218 0.5308 0.3228 0.5497 0.5408 0.5219 0.4314 

GEX Reads 
mapped 
confidently to 
genome 0.9213 0.9161 0.9239 0.9188 0.9242 0.9205 0.9086 0.9299 

GEX Reads 
mapped 
confidently to 
intergenic 
regions 0.136 0.1277 0.1264 0.0927 0.11 0.1076 0.114 0.0967 

GEX Reads 
mapped 
confidently to 
intronic regions 0.1892 0.1666 0.2667 0.5033 0.2646 0.2721 0.2727 0.4018 

GEX Reads 
mapped 
confidently to 
transcriptome 0.6744 0.6913 0.6495 0.5821 0.7062 0.6971 0.6661 0.6674 
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GEX Reads 
mapped to 
genome 0.9604 0.9526 0.9647 0.953 0.9696 0.9635 0.9586 0.9703 

GEX Reads with 
TSO 0.0996 0.0742 0.1239 0.1385 0.1923 0.1333 0.1545 0.1407 

GEX Sequenced 
read pairs 2.35E+08 1.91E+08 1.97E+08 1.40E+08 2.00E+08 1.64E+08 1.03E+08 1.36E+08 

GEX Total 
genes detected 27139 26241 28397 28096 27931 27104 24792 26846 

GEX Valid UMIs 0.9995 0.9995 0.9994 0.9994 0.9997 0.9996 0.9996 0.9996 

GEX Valid 
barcodes 0.9568 0.9592 0.9465 0.9336 0.9698 0.9643 0.9562 0.9564 
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Table A.3.2. Replicate 2 top 10 Up- and Down-regulated DEGs between S-phase 

fractions 

S1 vs S2             

  p-value Avg Log2FC pct.1 pct.2 p_val_adj Expression 

ROBO2 1.76E-30 -0.3962563 0.518 0.607 4.29E-26 
Down-
regulated 

RPS10 4.13E-101 -0.3789427 0.36 0.57 1.01E-96 
Down-
regulated 

DIAPH3 1.70E-85 -0.3498519 0.301 0.496 4.16E-81 
Down-
regulated 

RPL39 2.09E-60 -0.3289903 0.588 0.732 5.10E-56 
Down-
regulated 

RPL28 1.95E-36 -0.3280765 0.72 0.801 4.77E-32 
Down-
regulated 

RPL36 5.30E-45 -0.3204986 0.414 0.551 1.29E-40 
Down-
regulated 

RPS19 2.47E-37 -0.3171548 0.748 0.83 6.04E-33 

Down-

regulated 

RPS28 1.18E-44 -0.3139522 0.567 0.691 2.88E-40 

Down-

regulated 

CADM2 4.12E-30 -0.3119336 0.694 0.772 1.01E-25 

Down-

regulated 

RPL41 5.28E-50 -0.3118343 0.896 0.937 1.29E-45 

Down-

regulated 

S1 vs S3             

RPL6 4.82E-28 0.3166611 0.988 0.965 1.18E-23 Up-regulated 

DLGAP1 3.96E-21 0.2826533 0.865 0.8 9.66E-17 Up-regulated 

RPL4 9.24E-27 0.2816180 0.894 0.825 2.26E-22 Up-regulated 

EEF1A1 4.77E-23 0.2534027 0.99 0.968 1.16E-18 Up-regulated 

CADM21 1.45E-64 -0.6029503 0.694 0.832 3.55E-60 

Down-

regulated 

WWOX 6.66E-76 -0.5324779 0.557 0.772 1.62E-71 

Down-

regulated 

MTRNR2L12 3.70E-76 -0.4876604 0.958 0.963 9.03E-72 

Down-

regulated 

DACH1 1.09E-08 -0.4630364 0.129 0.181 2.66E-04 

Down-

regulated 

ROBO21 2.16E-18 -0.4397071 0.518 0.605 5.28E-14 

Down-

regulated 

CDH18 3.99E-04 -0.3885473 0.1 0.129 1 

Down-

regulated 

RPS101 6.41E-49 -0.3852980 0.36 0.55 1.57E-44 
Down-
regulated 

HIST1H4C 2.07E-73 -0.3818950 0.25 0.48 5.06E-69 
Down-
regulated 
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CTNNA2 9.08E-37 -0.3777780 0.395 0.559 2.22E-32 
Down-
regulated 

DIAPH31 2.83E-49 -0.3739065 0.301 0.492 6.92E-45 
Down-
regulated 

S1 vs S4             

PRKDC 9.50E-252 0.6585263 0.896 0.71 2.32E-247 Up-regulated 

RPL61 3.53E-167 0.6301253 0.988 0.888 8.63E-163 Up-regulated 

EEF1A11 1.92E-193 0.6061974 0.99 0.906 4.69E-189 Up-regulated 

HSP90AB1 2.35E-173 0.5612087 0.861 0.644 5.73E-169 Up-regulated 

TPT1 3.01E-95 0.5587674 0.721 0.56 7.34E-91 Up-regulated 

RPL42 3.77E-144 0.5275355 0.894 0.73 9.21E-140 Up-regulated 

GAPDH 2.37E-128 0.4961101 0.924 0.794 5.78E-124 Up-regulated 

ENO1 7.47E-131 0.4882790 0.889 0.73 1.82E-126 Up-regulated 

RPL5 3.06E-108 0.4831676 0.957 0.826 7.48E-104 Up-regulated 

FLNA 2.50E-121 0.4630679 0.694 0.485 6.10E-117 Up-regulated 

ROBO22 4.50E-86 -1.0633361 0.518 0.643 1.10E-81 
Down-
regulated 

WWOX1 6.79E-229 -0.8199320 0.557 0.817 1.66E-224 
Down-
regulated 

NLGN1 2.06E-138 -0.8103524 0.485 0.692 5.03E-134 
Down-
regulated 

GRID2 5.77E-33 -0.7037944 0.854 0.818 1.41E-28 
Down-
regulated 

RBFOX1 2.06E-126 -0.6563775 0.433 0.644 5.03E-122 
Down-
regulated 

IMMP2L 1.21E-145 -0.6472090 0.546 0.761 2.94E-141 
Down-
regulated 

LINGO2 2.22E-184 -0.6164277 0.119 0.365 5.43E-180 
Down-
regulated 

GPC6 4.91E-102 -0.5818877 0.576 0.754 1.20E-97 
Down-
regulated 

CENPE 1.44E-229 -0.5625534 0.124 0.409 3.51E-225 
Down-
regulated 

MYEF2 4.98E-226 -0.5372353 0.162 0.462 1.22E-221 
Down-
regulated 

S2 vs S3             

TERF1 7.84E-15 0.2594579 0.711 0.62 1.91E-10 Up-regulated 

RPL62 6.23E-16 0.2551810 0.98 0.965 1.52E-11 Up-regulated 

ANK2 1.13E-24 -0.4222046 0.736 0.799 2.76E-20 
Down-
regulated 

DACH11 3.04E-07 -0.3924392 0.13 0.181 7.41E-03 
Down-
regulated 

MTRNR2L121 3.00E-38 -0.3575424 0.954 0.963 7.32E-34 
Down-
regulated 
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CDH181 1.56E-03 -0.3061523 0.1 0.129 1 
Down-
regulated 

WWOX2 3.23E-25 -0.2959049 0.653 0.772 7.88E-21 
Down-
regulated 

CADM22 7.43E-17 -0.2910167 0.772 0.832 1.81E-12 
Down-
regulated 

GREB1L 3.07E-13 -0.2704935 0.197 0.283 7.49E-09 
Down-
regulated 

NR6A1 1.73E-10 -0.2703911 0.581 0.627 4.22E-06 
Down-
regulated 

MT-ATP8 1.13E-20 -0.2533685 0.989 0.985 2.76E-16 
Down-
regulated 

S2 vs S4             

EEF1A12 2.69E-157 0.5821011 0.989 0.906 6.56E-153 Up-regulated 

HSP90AB11 5.68E-158 0.5774101 0.878 0.644 1.39E-153 Up-regulated 

RPL63 8.48E-112 0.5686452 0.98 0.888 2.07E-107 Up-regulated 

PRKDC1 1.19E-156 0.5454300 0.891 0.71 2.91E-152 Up-regulated 

TPT11 5.31E-86 0.5369015 0.747 0.56 1.30E-81 Up-regulated 

RPS25 6.35E-115 0.5190049 0.952 0.846 1.55E-110 Up-regulated 

RPS29 2.12E-78 0.5110423 0.833 0.692 5.16E-74 Up-regulated 

RPS23 5.31E-95 0.4912102 0.9 0.771 1.30E-90 Up-regulated 

GAPDH1 3.97E-101 0.4901820 0.915 0.794 9.69E-97 Up-regulated 

FLNA1 1.28E-126 0.4893833 0.736 0.485 3.12E-122 Up-regulated 

ANK21 2.17E-147 -0.7271264 0.736 0.882 5.30E-143 
Down-
regulated 

ROBO23 1.51E-19 -0.6670798 0.607 0.643 3.68E-15 
Down-
regulated 

MALAT1 2.13E-55 -0.6468422 0.944 0.958 5.19E-51 
Down-
regulated 

ROR1 3.24E-84 -0.6020003 0.691 0.788 7.92E-80 
Down-
regulated 

WWOX3 1.68E-100 -0.5833590 0.653 0.817 4.09E-96 
Down-
regulated 

RBFOX11 5.18E-71 -0.5695772 0.496 0.644 1.26E-66 
Down-
regulated 

NRXN3 2.38E-76 -0.5573043 0.416 0.597 5.80E-72 
Down-
regulated 

PRKG1 5.15E-70 -0.5329453 0.718 0.821 1.26E-65 
Down-
regulated 

NLGN11 3.76E-44 -0.5291723 0.591 0.692 9.18E-40 
Down-
regulated 

PLEKHA5 9.13E-81 -0.5120595 0.555 0.701 2.23E-76 

Down-

regulated 

S3 vs S4             

MTRNR2L122 1.88E-128 0.7050761 0.963 0.877 4.59E-124 Up-regulated 
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MT-ATP81 4.52E-68 0.4772670 0.985 0.965 1.10E-63 Up-regulated 

ENO11 1.11E-43 0.4442064 0.861 0.73 2.70E-39 Up-regulated 

PRKDC2 3.22E-62 0.4437250 0.855 0.71 7.85E-58 Up-regulated 

HSP90AB12 4.64E-59 0.4365518 0.843 0.644 1.13E-54 Up-regulated 

RPS291 5.96E-28 0.4234082 0.79 0.692 1.46E-23 Up-regulated 

FLNA2 4.79E-54 0.4204665 0.693 0.485 1.17E-49 Up-regulated 

MT-ND2 3.25E-61 0.4045469 0.992 0.981 7.93E-57 Up-regulated 

MT-ND3 2.02E-63 0.4034390 0.995 0.991 4.94E-59 Up-regulated 

MT-ND5 1.43E-50 0.3950482 0.974 0.938 3.48E-46 Up-regulated 

GRID21 4.43E-19 -0.6324292 0.791 0.818 1.08E-14 
Down-
regulated 

ROBO24 5.11E-11 -0.6236289 0.605 0.643 1.25E-06 

Down-

regulated 

DLGAP11 2.32E-33 -0.5739120 0.8 0.851 5.67E-29 

Down-

regulated 

NLGN12 1.82E-23 -0.5092912 0.597 0.692 4.45E-19 

Down-

regulated 

PLEKHA51 2.68E-49 -0.4983000 0.529 0.701 6.54E-45 

Down-

regulated 

RBFOX12 2.50E-23 -0.4306536 0.544 0.644 6.11E-19 

Down-

regulated 

UNC5D 2.69E-21 -0.4173013 0.738 0.799 6.56E-17 

Down-

regulated 

PTPRG 1.55E-24 -0.4157366 0.848 0.879 3.78E-20 

Down-

regulated 

GULP1 7.96E-35 -0.4081698 0.626 0.749 1.94E-30 

Down-

regulated 

MALAT11 3.06E-13 -0.4076441 0.952 0.958 7.48E-09 

Down-

regulated 
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Table A.3.3. Replicate 2 cluster gene markers 

Gene p-value 

Avg 

Log2FC Pct.1 Pct.2 

Adj. p-

value Cluster 

RPL6 3.47E-143 0.5144481 0.994 0.954 8.47E-139 0 

TERF1 1.16E-128 0.4407794 0.848 0.612 2.83E-124 0 

MT-CO2 6.87E-112 0.3138252 1 0.999 1.68E-107 0 

TPT1 6.21E-107 0.5202396 0.824 0.66 1.51E-102 0 

RPL4 7.37E-106 0.4302548 0.941 0.83 1.80E-101 0 

RPL5 1.47E-104 0.4584256 0.978 0.909 3.58E-100 0 

MT-ATP6 1.61E-103 0.2798833 1 0.999 3.93E-99 0 

MT-CYB 5.18E-98 0.2858903 1 0.999 1.26E-93 0 

RPS25 4.01E-96 0.4156213 0.971 0.914 9.78E-92 0 

MT-ND3 5.90E-96 0.2803985 1 0.996 1.44E-91 0 

MT-CO3 1.08E-94 0.2673095 1 1 2.64E-90 0 

GRID2 5.82E-91 0.2631713 0.956 0.811 1.42E-86 0 

EEF1A1 3.77E-89 0.4033690 0.993 0.964 9.19E-85 0 

MT-ND4 4.60E-89 0.2631770 1 0.996 1.12E-84 0 

RPS23 6.58E-87 0.4255324 0.934 0.848 1.61E-82 0 

RPS24 4.94E-84 0.3710826 0.931 0.863 1.21E-79 0 

AL354821.1 6.73E-84 0.3172822 0.619 0.401 1.64E-79 0 

MT-ATP8 5.48E-82 0.2892678 0.998 0.983 1.34E-77 0 

RPS8 4.97E-81 0.3218365 0.956 0.872 1.21E-76 0 

RPS27A 1.55E-80 0.3815273 0.941 0.863 3.77E-76 0 

AC022140.1 7.54E-77 0.3335513 0.837 0.67 1.84E-72 0 

MT-ND5 3.38E-76 0.2778752 0.994 0.97 8.25E-72 0 

USP9X 3.63E-76 0.3233588 0.758 0.574 8.87E-72 0 

RPL17 7.10E-76 0.3546416 0.877 0.779 1.73E-71 0 

SNHG14 3.28E-75 0.2652765 0.992 0.969 8.02E-71 0 

APOE 7.07E-73 0.2879314 0.98 0.931 1.72E-68 0 

RPL26 1.21E-71 0.3999374 0.863 0.76 2.95E-67 0 

UGP2 1.83E-70 0.3428999 0.686 0.504 4.47E-66 0 

RPL21 2.24E-66 0.3783998 0.777 0.629 5.46E-62 0 

RPL32 2.37E-62 0.3281345 0.812 0.688 5.79E-58 0 

SLC16A1 9.79E-60 0.2880056 0.617 0.451 2.39E-55 0 

VCAN 4.24E-58 0.2843222 0.612 0.441 1.04E-53 0 

PABPC1 1.18E-57 0.3103723 0.955 0.918 2.87E-53 0 

IGFBP2 2.54E-57 0.3090643 0.947 0.887 6.20E-53 0 

ZNF208 2.36E-55 0.2622785 0.597 0.429 5.76E-51 0 

RPS3A 3.65E-55 0.3224417 0.823 0.716 8.92E-51 0 

RPL14 8.45E-54 0.2805013 0.768 0.63 2.06E-49 0 

RPS6 1.68E-52 0.3085801 0.826 0.726 4.09E-48 0 
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MFGE8 5.45E-52 0.2727032 0.571 0.422 1.33E-47 0 

CD24 4.81E-51 0.2539875 0.52 0.363 1.17E-46 0 

NAP1L1 8.66E-48 0.2511697 0.971 0.926 2.11E-43 0 

RPL7 1.81E-46 0.2794509 0.709 0.568 4.43E-42 0 

AASS 1.23E-44 0.2502317 0.766 0.63 3.01E-40 0 

RPL31 1.03E-43 0.2511039 0.802 0.686 2.50E-39 0 

RPS20 2.71E-43 0.2686606 0.804 0.708 6.62E-39 0 

SNHG5 3.00E-39 0.2563900 0.581 0.446 7.33E-35 0 

TERF11 0.00E+00 0.8411328 0.913 0.604 0.00E+00 1 

GRID21 6.55E-224 0.5938581 0.985 0.808 1.60E-219 1 

KIAA0825 1.83E-164 0.5609443 0.713 0.403 4.47E-160 1 

MT-ND41 1.09E-157 0.3617643 0.999 0.996 2.66E-153 1 

MT-CO21 1.38E-153 0.3719528 1 0.999 3.38E-149 1 

MT-ATP61 1.87E-146 0.3353499 1 0.999 4.55E-142 1 

KCND2 7.26E-145 0.5298703 0.753 0.47 1.77E-140 1 

AL354821.11 1.22E-132 0.4171740 0.675 0.394 2.99E-128 1 

MT-CO31 1.71E-130 0.3130924 1 1 4.17E-126 1 

MT-ND1 4.08E-128 0.3169496 0.998 0.996 9.97E-124 1 

ZNF2081 1.69E-113 0.3948666 0.659 0.42 4.12E-109 1 

RIMS2 4.89E-111 0.4285142 0.784 0.556 1.19E-106 1 

MT-CO1 8.14E-111 0.2649427 1 1 1.99E-106 1 

MT-CYB1 5.87E-109 0.3052783 1 0.999 1.43E-104 1 

MT-ND2 8.34E-108 0.3077802 0.997 0.992 2.04E-103 1 

CCNG1 3.46E-102 0.3952331 0.626 0.392 8.44E-98 1 

MT-ND51 7.69E-97 0.3221462 0.994 0.97 1.88E-92 1 

AASS1 2.30E-95 0.3598037 0.833 0.62 5.62E-91 1 

ROBO2 2.04E-83 0.3952809 0.74 0.548 4.97E-79 1 

MT-ND31 4.70E-78 0.2604337 0.999 0.996 1.15E-73 1 

MT-ATP81 7.90E-78 0.2843167 0.994 0.984 1.93E-73 1 

NOP56 6.37E-70 0.3244345 0.692 0.498 1.55E-65 1 

RPS21 1.75E-66 0.2902659 0.961 0.907 4.27E-62 1 

L1TD1 4.23E-65 0.2818332 0.608 0.415 1.03E-60 1 

VCAN1 3.82E-63 0.2937731 0.626 0.441 9.32E-59 1 

FAM155A 2.21E-61 0.3156499 0.79 0.609 5.40E-57 1 

TPT11 6.52E-61 0.3771107 0.8 0.667 1.59E-56 1 

AC009446.1 3.85E-60 0.2501700 0.549 0.358 9.39E-56 1 

AC022140.11 1.35E-59 0.3159162 0.82 0.676 3.30E-55 1 

MAGI2 2.12E-59 0.2896943 0.598 0.413 5.18E-55 1 

MTRNR2L12 2.41E-49 0.2514178 0.969 0.934 5.89E-45 1 

FOXN3 1.21E-47 0.2608559 0.711 0.539 2.95E-43 1 

AL157778.1 7.05E-39 0.2996642 0.707 0.583 1.72E-34 1 
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ENO1 3.27E-94 0.4614196 0.953 0.837 7.99E-90 2 

DAB1 3.81E-83 0.5721934 0.756 0.606 9.31E-79 2 

GAPDH 5.40E-83 0.4300594 0.965 0.88 1.32E-78 2 

VIM 7.64E-80 0.4874520 0.558 0.356 1.86E-75 2 

RPL3 5.72E-69 0.4097345 0.909 0.808 1.40E-64 2 

TUBA1A 6.29E-58 0.4211327 0.631 0.472 1.53E-53 2 

FZD7 2.54E-56 0.4044677 0.544 0.383 6.21E-52 2 

HSP90AB1 7.90E-50 0.3529774 0.899 0.805 1.93E-45 2 

TUBB 1.50E-43 0.3252053 0.838 0.744 3.67E-39 2 

PRKDC 9.20E-42 0.3139408 0.902 0.842 2.25E-37 2 

TUBA1B 1.13E-40 0.3238602 0.804 0.711 2.75E-36 2 

ANK2 1.35E-40 0.4432694 0.864 0.784 3.29E-36 2 

NR6A1 2.28E-35 0.3272182 0.714 0.615 5.56E-31 2 

PRKG1 3.22E-34 0.3877189 0.811 0.738 7.86E-30 2 

MAPK10 3.62E-34 0.3497261 0.513 0.384 8.84E-30 2 

XACT 3.99E-34 0.3688046 0.805 0.713 9.74E-30 2 

PGK1 1.30E-29 0.2852786 0.623 0.522 3.17E-25 2 

PODXL 7.89E-28 0.2967872 0.652 0.582 1.92E-23 2 

SFRP1 9.05E-28 0.3174246 0.619 0.548 2.21E-23 2 

SFRP2 6.03E-22 0.2521508 0.62 0.547 1.47E-17 2 

SON 2.97E-21 0.2603605 0.615 0.566 7.24E-17 2 

DLGAP1 1.71E-18 0.2711788 0.899 0.842 4.17E-14 2 

RACK1 1.59E-17 0.2534933 0.599 0.554 3.88E-13 2 

WWOX 1.18E-127 0.6329658 0.881 0.639 2.89E-123 3 

DAB11 3.09E-106 0.7018491 0.804 0.602 7.53E-102 3 

FZD71 9.84E-75 0.4573230 0.591 0.379 2.40E-70 3 

CADM2 9.25E-65 0.5834399 0.862 0.745 2.26E-60 3 

XACT1 1.38E-62 0.5748826 0.834 0.711 3.37E-58 3 

TUBA1B1 2.08E-46 0.3484796 0.83 0.71 5.08E-42 3 

RPL33 5.15E-43 0.3334753 0.889 0.811 1.26E-38 3 

ENO11 2.04E-37 0.2761936 0.926 0.841 4.98E-33 3 

VIM1 4.71E-37 0.2937868 0.521 0.362 1.15E-32 3 

COL1A1 2.98E-36 0.3276667 0.546 0.397 7.27E-32 3 

NRG3 3.13E-35 0.3119891 0.793 0.68 7.65E-31 3 

TUBB1 6.19E-35 0.2880120 0.833 0.745 1.51E-30 3 

NRXN3 9.19E-35 0.3934581 0.581 0.442 2.24E-30 3 

TUBA1A1 2.87E-34 0.2619149 0.625 0.474 7.00E-30 3 

CTNNA2 5.23E-30 0.3160751 0.608 0.477 1.28E-25 3 

PRKDC1 9.75E-29 0.2523128 0.909 0.842 2.38E-24 3 

COX6A1 4.49E-28 0.2789362 0.78 0.699 1.10E-23 3 

FASN 3.06E-25 0.2576985 0.585 0.464 7.47E-21 3 
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MIR924HG 5.36E-20 0.2745403 0.686 0.59 1.31E-15 3 

SFRP21 1.40E-18 0.2521269 0.629 0.547 3.42E-14 3 

ANK21 5.58E-18 0.2612413 0.838 0.788 1.36E-13 3 

GRID22 5.31E-137 0.7211856 0.982 0.823 1.30E-132 4 

ROBO21 6.42E-100 0.7292429 0.8 0.558 1.57E-95 4 

TERF12 2.32E-91 0.5467738 0.877 0.632 5.66E-87 4 

KIAA08251 7.13E-91 0.6455294 0.702 0.429 1.74E-86 4 

MGAT4C 1.49E-81 0.5621873 0.555 0.299 3.63E-77 4 

AL354821.12 2.25E-79 0.4696473 0.685 0.416 5.49E-75 4 

ANK3 5.62E-59 0.3809128 0.64 0.404 1.37E-54 4 

AASS2 1.08E-58 0.4195280 0.829 0.638 2.63E-54 4 

KCND21 2.40E-52 0.4097447 0.731 0.495 5.86E-48 4 

AC009446.11 1.14E-51 0.3803067 0.581 0.37 2.78E-47 4 

CADM21 1.73E-51 0.4610185 0.891 0.744 4.23E-47 4 

BNC2 4.41E-45 0.3771868 0.66 0.458 1.08E-40 4 

SNHG141 6.11E-42 0.3182889 0.988 0.971 1.49E-37 4 

TCF7L2 8.29E-41 0.3579318 0.611 0.429 2.02E-36 4 

RIMS21 6.90E-40 0.3382061 0.759 0.577 1.68E-35 4 

IMMP2L 2.79E-37 0.3794340 0.79 0.624 6.82E-33 4 

PCDH11X 9.45E-36 0.4077525 0.691 0.527 2.31E-31 4 

FOXN31 4.70E-35 0.3424531 0.723 0.552 1.15E-30 4 

FAM155A1 5.82E-35 0.3397013 0.798 0.623 1.42E-30 4 

L1TD11 1.13E-30 0.2582031 0.598 0.432 2.77E-26 4 

MTRNR2L121 1.42E-28 0.2565474 0.958 0.938 3.47E-24 4 

FGD4 1.99E-28 0.3055086 0.625 0.472 4.85E-24 4 

BBS9 2.02E-28 0.3586303 0.521 0.369 4.93E-24 4 

JARID2 7.57E-28 0.3269987 0.68 0.533 1.85E-23 4 

NRXN1 3.50E-25 0.2868771 0.83 0.7 8.54E-21 4 

YBX1 1.89E-14 0.2867157 0.706 0.619 4.60E-10 4 

CENPE 6.75E-183 0.6720945 0.504 0.179 1.65E-178 5 

MYEF2 5.33E-169 0.6374000 0.551 0.219 1.30E-164 5 

WWOX1 1.21E-132 0.8994921 0.843 0.646 2.95E-128 5 

NRXN31 1.24E-126 0.9139747 0.701 0.433 3.02E-122 5 

ANK22 1.99E-113 0.8615515 0.904 0.782 4.85E-109 5 

EFNA5 9.41E-113 0.7746007 0.796 0.569 2.30E-108 5 

LSAMP 5.11E-112 0.7655711 0.713 0.459 1.25E-107 5 

ST6GALNAC5 1.11E-106 0.7178929 0.513 0.249 2.72E-102 5 

BCKDHB 1.83E-97 0.6215219 0.737 0.501 4.46E-93 5 

SSBP2 1.12E-93 0.6882231 0.604 0.356 2.74E-89 5 

IL1RAPL1 8.95E-92 0.8715030 0.521 0.278 2.19E-87 5 

TOP2A 8.87E-87 0.5922630 0.624 0.391 2.17E-82 5 
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PRKG11 1.54E-85 0.7249174 0.855 0.736 3.75E-81 5 

RMST 2.46E-81 0.7285198 0.754 0.563 6.01E-77 5 

ASPM 8.04E-81 0.4641158 0.5 0.268 1.96E-76 5 

KPNA2 1.03E-77 0.6100623 0.623 0.406 2.51E-73 5 

UBE2E2 8.46E-72 0.5451422 0.751 0.575 2.07E-67 5 

ROR1 3.95E-71 0.6484584 0.82 0.722 9.64E-67 5 

PAM 5.19E-71 0.5774822 0.579 0.359 1.27E-66 5 

SMC4 1.17E-70 0.4728784 0.598 0.382 2.86E-66 5 

PTPRD 6.25E-69 0.6604755 0.697 0.513 1.53E-64 5 

PLEKHA5 1.80E-67 0.5612669 0.732 0.56 4.39E-63 5 

ROBO1 7.39E-66 0.6336786 0.724 0.558 1.80E-61 5 

ADGRL2 4.12E-59 0.5197518 0.761 0.595 1.01E-54 5 

FBXL7 2.53E-58 0.5003600 0.698 0.511 6.16E-54 5 

LINC01473 5.27E-58 0.4834196 0.689 0.511 1.29E-53 5 

TBL1XR1 5.57E-55 0.4751983 0.623 0.441 1.36E-50 5 

FTX 6.26E-53 0.4969834 0.798 0.687 1.53E-48 5 

DIAPH3 2.26E-52 0.4037861 0.611 0.414 5.52E-48 5 

RBFOX1 4.97E-52 0.5947733 0.65 0.495 1.21E-47 5 

SYT1 1.80E-50 0.4960949 0.757 0.62 4.40E-46 5 

TENM3 2.83E-50 0.4796623 0.857 0.773 6.92E-46 5 

EXT1 2.99E-50 0.4816275 0.657 0.482 7.29E-46 5 

NRG31 5.64E-50 0.5771840 0.801 0.681 1.38E-45 5 

PPP1R9A 3.81E-49 0.4375295 0.607 0.435 9.30E-45 5 

MAPK101 4.72E-49 0.4642533 0.572 0.382 1.15E-44 5 

PTBP2 1.75E-47 0.3955043 0.653 0.482 4.27E-43 5 

LGR4 8.18E-46 0.4718271 0.52 0.351 2.00E-41 5 

NR6A11 8.35E-46 0.5360099 0.726 0.616 2.04E-41 5 

GRIP1 2.19E-45 0.4957012 0.587 0.433 5.34E-41 5 

RAD51B 2.36E-45 0.5514805 0.73 0.624 5.77E-41 5 

SPATA5 2.77E-45 0.3885873 0.569 0.387 6.76E-41 5 

ARL15 4.78E-45 0.4648775 0.618 0.469 1.17E-40 5 

GPC6 9.78E-44 0.5008421 0.762 0.647 2.39E-39 5 

PUM2 1.22E-43 0.3624946 0.54 0.361 2.97E-39 5 

FMNL2 3.24E-43 0.4396762 0.567 0.409 7.90E-39 5 

DLG2 7.92E-43 0.4926945 0.631 0.486 1.93E-38 5 

R3HDM1 9.19E-43 0.3872594 0.558 0.391 2.24E-38 5 

POU2F1 4.19E-40 0.3925697 0.546 0.389 1.02E-35 5 

VPS13B 3.16E-38 0.3668114 0.563 0.406 7.72E-34 5 

RBM26 3.89E-38 0.3486263 0.589 0.432 9.50E-34 5 

ANKRD17 7.86E-38 0.3783716 0.664 0.527 1.92E-33 5 

ARID1B 1.96E-37 0.4245395 0.67 0.539 4.78E-33 5 
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UST 2.90E-35 0.4150158 0.572 0.425 7.07E-31 5 

DAB12 7.11E-35 0.5689573 0.723 0.613 1.73E-30 5 

CTNNA21 2.31E-34 0.3795762 0.625 0.477 5.64E-30 5 

SUMF1 2.41E-34 0.3415697 0.566 0.415 5.87E-30 5 

MACROD2 8.36E-34 0.4041705 0.535 0.388 2.04E-29 5 

CENPF 9.33E-34 0.3494912 0.612 0.47 2.28E-29 5 

JMJD1C 1.30E-33 0.4054498 0.726 0.631 3.18E-29 5 

DLGAP11 1.31E-33 0.6179170 0.867 0.847 3.19E-29 5 

IMMP2L1 3.28E-33 0.4338259 0.74 0.628 8.00E-29 5 

NIPBL 7.03E-33 0.3487817 0.517 0.373 1.72E-28 5 

MAGI1 8.73E-33 0.4340751 0.724 0.635 2.13E-28 5 

BBX 1.08E-32 0.3578379 0.518 0.379 2.64E-28 5 

ADGRA3 2.94E-32 0.3329227 0.525 0.38 7.19E-28 5 

RBPMS 8.02E-32 0.4350500 0.649 0.536 1.96E-27 5 

SMYD3 9.36E-32 0.4184402 0.713 0.605 2.28E-27 5 

PKN2 2.45E-31 0.3069206 0.521 0.372 5.99E-27 5 

CHD7 4.31E-31 0.3010479 0.585 0.432 1.05E-26 5 

LINC01876 6.17E-31 0.4401801 0.639 0.529 1.51E-26 5 

TTC28 1.09E-30 0.4116447 0.581 0.45 2.65E-26 5 

JAKMIP2-AS1 2.04E-30 0.4776282 0.621 0.514 4.98E-26 5 

AUTS2 2.66E-30 0.4278879 0.604 0.489 6.50E-26 5 

FNDC3B 4.58E-30 0.3203819 0.516 0.372 1.12E-25 5 

BCAS3 6.13E-30 0.3789258 0.52 0.392 1.50E-25 5 

TCF4 3.17E-29 0.4461013 0.721 0.652 7.75E-25 5 

CASC15 4.28E-29 0.3569800 0.748 0.67 1.04E-24 5 

JAKMIP2 1.04E-28 0.3316336 0.536 0.401 2.54E-24 5 

LIN28B 7.31E-28 0.3385471 0.576 0.453 1.78E-23 5 

TCF12 1.13E-26 0.4216097 0.598 0.497 2.77E-22 5 

SRSF11 1.35E-26 0.2790855 0.538 0.407 3.30E-22 5 

PHIP 3.11E-26 0.2945849 0.599 0.474 7.59E-22 5 

PCCA 5.31E-26 0.3319692 0.573 0.456 1.30E-21 5 

ST6GALNAC3 1.94E-25 0.3110246 0.642 0.519 4.73E-21 5 

TBC1D5 2.51E-25 0.3278175 0.657 0.541 6.12E-21 5 

EXOC4 2.94E-25 0.3763971 0.602 0.506 7.18E-21 5 

NLGN1 3.66E-25 0.3907511 0.663 0.562 8.93E-21 5 

PKIB 6.62E-25 0.3157387 0.636 0.522 1.61E-20 5 

GULP1 6.20E-24 0.3128914 0.747 0.65 1.51E-19 5 

IGF1R 1.64E-23 0.3225883 0.668 0.578 4.00E-19 5 

SUPT3H 2.00E-23 0.3303204 0.624 0.524 4.89E-19 5 

MIR924HG1 2.47E-23 0.4541568 0.662 0.594 6.02E-19 5 

LINC02315 2.75E-22 0.4029394 0.613 0.54 6.72E-18 5 
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CADM22 5.84E-22 0.3490272 0.807 0.752 1.43E-17 5 

PBX3 6.99E-22 0.4352872 0.59 0.5 1.71E-17 5 

ZMYM2 9.29E-22 0.3018153 0.554 0.443 2.27E-17 5 

ZNF292 1.45E-21 0.2778500 0.585 0.47 3.53E-17 5 

TRIO 3.46E-21 0.2544074 0.517 0.393 8.45E-17 5 

CDKAL1 3.86E-21 0.2647136 0.505 0.385 9.42E-17 5 

ADGRL3 7.95E-21 0.3497609 0.572 0.468 1.94E-16 5 

NBEA 4.05E-19 0.3175076 0.619 0.544 9.89E-15 5 

PARD3 3.46E-18 0.3412186 0.598 0.52 8.45E-14 5 

XACT2 4.95E-16 0.4908042 0.756 0.72 1.21E-11 5 

IGF2BP2 8.51E-16 0.2662646 0.524 0.444 2.08E-11 5 

ADGRV1 1.11E-15 0.2520109 0.742 0.679 2.72E-11 5 

PRELID2 2.65E-15 0.2672052 0.503 0.407 6.46E-11 5 

PTK2 1.99E-13 0.2526544 0.541 0.459 4.85E-09 5 

MALAT1 2.30E-13 0.4294557 0.956 0.963 5.62E-09 5 

NRXN11 3.51E-12 0.3019982 0.734 0.709 8.56E-08 5 

PBX1 2.62E-11 0.2697020 0.696 0.653 6.39E-07 5 

PTPRG 2.78E-10 0.3025724 0.851 0.859 6.78E-06 5 

LRRTM4 4.91E-04 0.2943739 0.564 0.569 1.00E+00 5 

CDH18 0.00E+00 2.3238132 0.627 0.079 0.00E+00 6 

PRTG 0.00E+00 1.6135636 0.865 0.273 0.00E+00 6 

DACH1 0.00E+00 1.5935690 0.653 0.116 0.00E+00 6 

ZFHX4 1.80E-233 0.9377319 0.553 0.146 4.40E-229 6 

EPHA7 3.38E-218 1.1046961 0.572 0.166 8.26E-214 6 

PCDH7 2.13E-164 1.1815392 0.572 0.214 5.21E-160 6 

SOX5 6.02E-133 0.9116610 0.535 0.211 1.47E-128 6 

TUBA1A2 8.40E-130 0.9049213 0.755 0.472 2.05E-125 6 

CDH2 5.24E-128 0.7295518 0.613 0.268 1.28E-123 6 

ENO12 1.18E-111 0.7684030 0.963 0.842 2.89E-107 6 

GREB1L 5.09E-108 0.6982405 0.568 0.247 1.24E-103 6 

EFNA51 1.47E-98 0.7665740 0.815 0.573 3.58E-94 6 

MAPK102 4.18E-98 0.8608348 0.658 0.381 1.02E-93 6 

CDK14 1.02E-91 0.8019917 0.557 0.292 2.48E-87 6 

PTPRD1 1.06E-84 0.7302276 0.738 0.515 2.58E-80 6 

TLE4 4.80E-82 0.8497774 0.611 0.368 1.17E-77 6 

PKM 1.46E-67 0.6378992 0.704 0.531 3.56E-63 6 

IGFBP21 2.69E-61 0.5792989 0.962 0.893 6.58E-57 6 

PGK11 1.05E-55 0.6432523 0.685 0.523 2.56E-51 6 

LSAMP1 3.68E-54 0.5996824 0.664 0.468 8.97E-50 6 

ADGRL31 3.35E-51 0.6314197 0.641 0.467 8.18E-47 6 

SSBP21 3.86E-51 0.5703422 0.569 0.364 9.42E-47 6 
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VIM2 3.70E-50 0.4954521 0.58 0.365 9.04E-46 6 

IL1RAPL11 1.67E-48 0.4857916 0.507 0.286 4.06E-44 6 

GPC61 9.96E-48 0.5287155 0.792 0.648 2.43E-43 6 

TTC281 2.65E-46 0.5114885 0.638 0.45 6.47E-42 6 

GAPDH1 2.77E-43 0.4312092 0.958 0.885 6.76E-39 6 

ROBO11 2.67E-40 0.6431708 0.685 0.564 6.53E-36 6 

TENM31 8.33E-39 0.4366497 0.861 0.775 2.03E-34 6 

MDK 9.55E-38 0.5028427 0.617 0.483 2.33E-33 6 

PAM1 5.11E-37 0.4571148 0.533 0.368 1.25E-32 6 

SLC2A1 4.91E-35 0.4529050 0.552 0.406 1.20E-30 6 

RPL34 3.33E-34 0.3572818 0.9 0.814 8.12E-30 6 

TUBB2 8.07E-30 0.3456878 0.843 0.748 1.97E-25 6 

PTPRS 1.81E-27 0.3809727 0.559 0.439 4.42E-23 6 

TCF121 3.24E-27 0.4350993 0.618 0.499 7.90E-23 6 

NR6A12 3.33E-26 0.3431944 0.73 0.619 8.12E-22 6 

H3F3B 1.75E-25 0.3735296 0.501 0.372 4.28E-21 6 

TUBA1B2 4.30E-24 0.3399857 0.799 0.716 1.05E-19 6 

RMST1 5.90E-23 0.6186686 0.641 0.575 1.44E-18 6 

PRKG12 1.13E-21 0.3605334 0.815 0.742 2.75E-17 6 

ADGRL21 4.11E-21 0.3745195 0.681 0.605 1.00E-16 6 

SYNE2 2.08E-18 0.3595059 0.52 0.425 5.08E-14 6 

AUTS21 3.21E-17 0.3363974 0.588 0.494 7.84E-13 6 

FASN1 3.93E-15 0.2971550 0.549 0.471 9.60E-11 6 

MACF1 2.15E-12 0.2864444 0.604 0.56 5.24E-08 6 

CTNNA22 7.76E-12 0.3360610 0.55 0.486 1.89E-07 6 

DACH11 0.00E+00 1.8814215 0.769 0.113 0.00E+00 7 

DLK1 0.00E+00 1.5493285 0.565 0.078 0.00E+00 7 

MECOM 0.00E+00 1.2827160 0.518 0.063 0.00E+00 7 

LRP2 3.63E-265 0.8715423 0.501 0.099 8.86E-261 7 

PRTG1 4.47E-249 1.2010088 0.792 0.281 1.09E-244 7 

TPBG 2.30E-240 0.8827429 0.518 0.117 5.61E-236 7 

CDH21 4.49E-238 1.1501204 0.737 0.263 1.10E-233 7 

ZFHX41 2.15E-233 0.9926392 0.575 0.147 5.25E-229 7 

NAV3 8.70E-226 1.4719901 0.647 0.207 2.12E-221 7 

GPC3 3.65E-203 1.2754733 0.793 0.381 8.92E-199 7 

EPHA71 1.21E-177 1.2481769 0.547 0.17 2.95E-173 7 

ZNF521 6.16E-162 1.1210074 0.658 0.283 1.50E-157 7 

EFNA52 6.75E-150 1.2193782 0.869 0.572 1.65E-145 7 

SOX51 2.11E-147 0.9688597 0.57 0.211 5.15E-143 7 

AC233296.1 1.44E-124 0.7718601 0.534 0.206 3.52E-120 7 

GREB1L1 4.08E-120 0.8726823 0.608 0.247 9.95E-116 7 
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ADGRL32 3.03E-113 0.9787462 0.741 0.462 7.39E-109 7 

IL1RAPL12 2.31E-110 0.9104000 0.62 0.281 5.64E-106 7 

TLE41 1.36E-102 0.9250328 0.666 0.366 3.31E-98 7 

ST6GALNAC51 4.08E-102 0.9328787 0.564 0.255 9.96E-98 7 

FBN2 1.27E-101 0.7915692 0.594 0.295 3.11E-97 7 

RMST2 8.56E-98 0.9761357 0.795 0.567 2.09E-93 7 

GLI3 7.63E-94 0.7454280 0.511 0.223 1.86E-89 7 

FZD3 3.65E-88 0.6661177 0.55 0.266 8.90E-84 7 

SHROOM3 7.82E-76 0.6594371 0.513 0.25 1.91E-71 7 

GPC62 5.25E-74 0.7143291 0.842 0.646 1.28E-69 7 

MAPK103 1.49E-70 0.6978210 0.638 0.384 3.63E-66 7 

TTC282 2.22E-63 0.6298441 0.68 0.448 5.42E-59 7 

TENM32 6.76E-54 0.6194817 0.907 0.773 1.65E-49 7 

ROBO12 1.41E-50 0.6207185 0.726 0.563 3.45E-46 7 

AUTS22 1.04E-49 0.6054673 0.67 0.489 2.54E-45 7 

PTPRS1 6.46E-46 0.4800850 0.628 0.435 1.58E-41 7 

TUBA1A3 8.65E-44 0.5533863 0.659 0.479 2.11E-39 7 

SSBP22 5.56E-42 0.5297619 0.56 0.366 1.36E-37 7 

PTPRD2 1.28E-40 0.4940451 0.694 0.519 3.12E-36 7 

LSAMP2 4.17E-39 0.5191421 0.647 0.471 1.02E-34 7 

SYNE21 3.81E-37 0.5137909 0.582 0.422 9.30E-33 7 

TOP2A1 8.96E-29 0.5662037 0.54 0.403 2.19E-24 7 

CENPF1 4.22E-27 0.4730863 0.594 0.475 1.03E-22 7 

SOX4 4.16E-21 0.3633738 0.515 0.385 1.01E-16 7 

MACF11 4.79E-21 0.3566640 0.659 0.557 1.17E-16 7 

PKM1 5.18E-20 0.3612661 0.651 0.535 1.26E-15 7 

DST 7.21E-20 0.3708077 0.652 0.563 1.76E-15 7 

CHD71 8.61E-16 0.2982978 0.54 0.44 2.10E-11 7 

GRIP11 2.36E-15 0.3191093 0.548 0.44 5.76E-11 7 

NLGN11 2.84E-15 0.3150417 0.672 0.565 6.92E-11 7 

TUBB3 4.74E-15 0.2767454 0.821 0.75 1.16E-10 7 

TUBA1B3 1.52E-11 0.2722196 0.765 0.719 3.72E-07 7 

FLNA 1.63E-11 0.2667805 0.71 0.655 3.98E-07 7 

UBE2E21 1.71E-11 0.2856816 0.651 0.587 4.17E-07 7 

MSI2 3.94E-10 0.2923453 0.531 0.469 9.62E-06 7 

PHIP1 4.78E-10 0.2596330 0.551 0.481 1.17E-05 7 

TCF122 1.43E-08 0.2717330 0.56 0.503 3.49E-04 7 

RIMS22 1.64E-24 0.3521812 0.745 0.584 4.01E-20 8 

MT-ATP82 1.97E-23 0.2700161 0.999 0.985 4.80E-19 8 

TERF13 8.38E-22 0.3675161 0.782 0.646 2.04E-17 8 

MT-ND52 1.35E-20 0.2645910 0.992 0.973 3.30E-16 8 
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GRID23 4.25E-20 0.3212875 0.91 0.832 1.04E-15 8 

KCND22 3.15E-17 0.2568825 0.678 0.506 7.70E-13 8 

KIAA08252 1.02E-15 0.2993566 0.604 0.444 2.48E-11 8 

FAM155A2 1.82E-15 0.2976462 0.759 0.631 4.44E-11 8 

GRID24 1.04E-243 1.5924651 0.997 0.828 2.54E-239 9 

ROBO22 1.42E-215 1.8474649 0.914 0.561 3.45E-211 9 

ITPR2 7.83E-168 0.8869902 0.505 0.144 1.91E-163 9 

NLGN12 1.73E-155 1.3421486 0.867 0.555 4.23E-151 9 

LINGO2 5.54E-149 0.8672169 0.583 0.2 1.35E-144 9 

ADCY2 1.03E-145 1.1325731 0.574 0.205 2.51E-141 9 

ANK31 2.26E-133 0.9247684 0.786 0.405 5.51E-129 9 

KCND23 8.46E-122 0.9327005 0.862 0.496 2.07E-117 9 

UNC5D 7.75E-119 1.0978585 0.929 0.743 1.89E-114 9 

RIMS23 1.28E-115 0.8977941 0.865 0.578 3.11E-111 9 

PHC1 7.89E-98 0.4980000 0.529 0.208 1.93E-93 9 

GULP11 1.34E-97 0.8047247 0.873 0.647 3.26E-93 9 

FAT3 2.05E-94 0.6695132 0.62 0.293 5.01E-90 9 

LRBA 8.65E-94 0.8011891 0.847 0.616 2.11E-89 9 

KCTD8 5.55E-93 0.6951312 0.602 0.276 1.35E-88 9 

AC073050.1 8.68E-92 0.7069032 0.739 0.404 2.12E-87 9 

BNC21 1.02E-88 0.7694555 0.786 0.459 2.49E-84 9 

MYEF21 6.50E-88 0.4660302 0.553 0.231 1.59E-83 9 

PITPNC1 7.94E-87 0.5728104 0.589 0.273 1.94E-82 9 

SYT11 9.12E-87 0.7608980 0.858 0.62 2.22E-82 9 

IMMP2L2 9.98E-87 0.7424915 0.876 0.625 2.44E-82 9 

OSBPL10 6.90E-86 0.5343952 0.508 0.214 1.68E-81 9 

LDB2 4.15E-84 0.7299758 0.686 0.382 1.01E-79 9 

ARL151 8.76E-83 0.6306346 0.776 0.466 2.14E-78 9 

SH3D19 1.95E-82 0.5865879 0.553 0.254 4.76E-78 9 

CACNA2D1 2.26E-82 0.6512868 0.704 0.396 5.53E-78 9 

NRXN12 4.95E-80 0.7316702 0.906 0.701 1.21E-75 9 

TMEM132B 5.64E-80 0.6055384 0.619 0.313 1.38E-75 9 

KIAA08253 7.03E-79 0.9518946 0.743 0.437 1.71E-74 9 

AC003975.1 1.43E-78 0.7069741 0.53 0.236 3.48E-74 9 

RBFOX11 4.02E-74 0.7572585 0.754 0.495 9.81E-70 9 

JARID21 6.14E-74 0.8581541 0.764 0.534 1.50E-69 9 

SPATA51 1.80E-73 0.5780324 0.689 0.387 4.40E-69 9 

CASC151 2.06E-72 0.6704739 0.855 0.668 5.02E-68 9 

JADE1 5.93E-72 0.4690898 0.51 0.229 1.45E-67 9 

PCNX2 1.38E-70 0.5974940 0.561 0.289 3.37E-66 9 

PTBP21 1.12E-69 0.5637097 0.766 0.482 2.73E-65 9 
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NLGN4X 5.43E-69 0.8809216 0.619 0.38 1.33E-64 9 

UBE2E22 1.21E-68 0.6283639 0.825 0.578 2.96E-64 9 

PKP4 1.56E-68 0.5126336 0.623 0.331 3.81E-64 9 

PHF21B 1.96E-67 0.4524133 0.511 0.238 4.80E-63 9 

MAGI21 3.60E-67 0.5685350 0.734 0.427 8.79E-63 9 

TMEM132D 4.78E-67 0.5551805 0.557 0.281 1.17E-62 9 

FAM155A3 1.86E-64 0.6738046 0.855 0.626 4.55E-60 9 

PTPRG1 7.49E-64 0.7901477 0.917 0.855 1.83E-59 9 

AC008014.1 3.29E-62 0.5824445 0.598 0.324 8.02E-58 9 

ROR11 1.00E-61 0.6664076 0.866 0.723 2.44E-57 9 

UST1 1.20E-61 0.6405156 0.672 0.425 2.94E-57 9 

AASS3 3.19E-61 0.6037359 0.851 0.643 7.78E-57 9 

PLEKHA51 1.02E-60 0.6244008 0.781 0.564 2.49E-56 9 

GPR176 1.93E-60 0.5597266 0.53 0.271 4.70E-56 9 

RABGAP1L 7.21E-60 0.5945430 0.727 0.479 1.76E-55 9 

GMDS 2.81E-59 0.5514799 0.526 0.278 6.85E-55 9 

RAPGEF2 4.68E-58 0.4618975 0.504 0.251 1.14E-53 9 

SLC4A7 1.37E-57 0.5359082 0.648 0.395 3.34E-53 9 

RASAL2 7.10E-57 0.5268344 0.619 0.361 1.73E-52 9 

ST6GALNAC31 9.43E-57 0.6279874 0.75 0.518 2.30E-52 9 

PHLPP1 1.16E-56 0.5047551 0.607 0.35 2.83E-52 9 

R3HDM11 1.96E-56 0.5052946 0.645 0.393 4.78E-52 9 

TRIO1 1.10E-55 0.4981375 0.649 0.39 2.67E-51 9 

AC009446.12 4.14E-55 0.5555256 0.637 0.375 1.01E-50 9 

SBF2 5.33E-55 0.5350573 0.6 0.348 1.30E-50 9 

FBXW7 1.13E-54 0.4687324 0.581 0.323 2.75E-50 9 

FOXN32 6.98E-54 0.5383713 0.777 0.555 1.70E-49 9 

WWC2 4.91E-53 0.4949557 0.604 0.352 1.20E-48 9 

ETNK1 5.28E-53 0.4410579 0.574 0.322 1.29E-48 9 

XKR6 1.10E-52 0.4587434 0.687 0.435 2.68E-48 9 

EXT11 1.32E-52 0.5169578 0.728 0.484 3.23E-48 9 

PKIB1 3.72E-52 0.5411231 0.746 0.52 9.08E-48 9 

LPP 4.76E-52 0.7206768 0.676 0.448 1.16E-47 9 

PAWR 3.49E-51 0.5268326 0.63 0.386 8.51E-47 9 

KCNT2 5.95E-51 0.5315984 0.803 0.605 1.45E-46 9 

MLLT10 2.52E-50 0.4553695 0.583 0.331 6.16E-46 9 

CAMKMT 1.96E-49 0.5410720 0.676 0.445 4.77E-45 9 

FRAS1 2.54E-49 0.5731261 0.775 0.569 6.20E-45 9 

ANKRD171 2.87E-49 0.5010580 0.747 0.528 7.01E-45 9 

PTK21 3.37E-49 0.5942268 0.667 0.456 8.22E-45 9 

PAN3 9.26E-49 0.5161780 0.611 0.368 2.26E-44 9 
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ADGRV11 1.14E-48 0.5185236 0.858 0.675 2.77E-44 9 

CDKAL11 2.19E-48 0.4874534 0.623 0.383 5.34E-44 9 

GNAQ 5.12E-48 0.4538615 0.613 0.365 1.25E-43 9 

EXOC41 9.41E-48 0.5811123 0.712 0.504 2.30E-43 9 

PTPRZ1 1.14E-47 0.5455891 0.807 0.648 2.79E-43 9 

AC068587.4 4.36E-47 0.3684531 0.602 0.349 1.06E-42 9 

CUX1 3.18E-46 0.4458063 0.549 0.322 7.75E-42 9 

MGAT4C1 6.03E-46 0.5204375 0.552 0.309 1.47E-41 9 

FANCL 6.67E-46 0.4025396 0.572 0.334 1.63E-41 9 

AL157778.11 1.30E-45 0.7199415 0.755 0.595 3.17E-41 9 

NBEA1 1.64E-45 0.5577238 0.74 0.54 3.99E-41 9 

ERC2 2.98E-45 0.4906562 0.544 0.321 7.27E-41 9 

FNDC3B1 3.74E-45 0.4768112 0.6 0.372 9.14E-41 9 

SAMD12 4.19E-45 0.3814426 0.508 0.274 1.02E-40 9 

GABRB3 4.99E-45 0.4994849 0.571 0.347 1.22E-40 9 

GPC63 9.29E-45 0.6284064 0.84 0.647 2.27E-40 9 

CMSS1 2.36E-44 0.4435818 0.622 0.381 5.75E-40 9 

MED12L 4.89E-44 0.3809366 0.549 0.313 1.19E-39 9 

PLXDC2 4.30E-43 0.5301190 0.637 0.416 1.05E-38 9 

MAGI11 6.36E-43 0.5531536 0.795 0.634 1.55E-38 9 

JMJD1C1 1.13E-42 0.5270255 0.777 0.631 2.77E-38 9 

ADAMTS19 1.57E-42 0.3976251 0.6 0.364 3.83E-38 9 

CTNNA23 3.08E-42 0.4524157 0.705 0.478 7.52E-38 9 

ADGRA31 4.18E-42 0.4028847 0.615 0.38 1.02E-37 9 

VTI1A 4.62E-42 0.4080126 0.525 0.3 1.13E-37 9 

SUPT3H1 1.21E-41 0.5583954 0.709 0.524 2.95E-37 9 

DLG21 3.34E-41 0.4617560 0.71 0.487 8.16E-37 9 

PVT1 5.76E-41 0.5250594 0.705 0.512 1.41E-36 9 

STK33 1.00E-40 0.3869635 0.577 0.342 2.44E-36 9 

STRN3 4.95E-40 0.3840651 0.541 0.319 1.21E-35 9 

WWOX2 5.32E-40 0.5339967 0.817 0.655 1.30E-35 9 

COMMD10 2.15E-39 0.3260428 0.514 0.291 5.25E-35 9 

SRSF111 6.02E-39 0.3559482 0.63 0.407 1.47E-34 9 

PUM21 8.29E-39 0.3932023 0.585 0.366 2.02E-34 9 

FOXO1 1.46E-38 0.4144562 0.553 0.333 3.56E-34 9 

MMP16 3.04E-38 0.4853707 0.604 0.393 7.43E-34 9 

TCF123 5.42E-38 0.4891371 0.676 0.497 1.32E-33 9 

COG5 2.01E-37 0.3571726 0.507 0.295 4.89E-33 9 

FBXL71 2.36E-37 0.4129481 0.74 0.516 5.76E-33 9 

WDFY3 2.64E-37 0.3816172 0.519 0.31 6.43E-33 9 

POU2F11 3.74E-37 0.3917284 0.608 0.392 9.13E-33 9 
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DPP10 4.28E-37 0.4062902 0.594 0.374 1.04E-32 9 

BMPR1A 5.19E-37 0.4103787 0.534 0.325 1.27E-32 9 

UBE2E3 1.19E-36 0.3352668 0.527 0.31 2.91E-32 9 

EXOC6B 1.98E-36 0.4567702 0.57 0.367 4.84E-32 9 

ARID1B1 2.64E-36 0.4716275 0.727 0.541 6.44E-32 9 

AC022140.12 3.83E-36 0.5419351 0.829 0.692 9.34E-32 9 

EML4 6.13E-36 0.3189884 0.503 0.289 1.50E-31 9 

FTX1 6.76E-36 0.4057730 0.848 0.688 1.65E-31 9 

RORA 6.80E-36 0.4930620 0.641 0.444 1.66E-31 9 

GALNT13 7.24E-36 0.3957619 0.563 0.35 1.77E-31 9 

DLGAP12 7.42E-36 0.5102067 0.919 0.845 1.81E-31 9 

TBL1XR11 8.70E-36 0.3708198 0.663 0.446 2.12E-31 9 

SND1 9.83E-36 0.3795807 0.525 0.324 2.40E-31 9 

FGD41 1.46E-35 0.4502311 0.665 0.475 3.57E-31 9 

TCF41 3.59E-35 0.4297835 0.809 0.65 8.75E-31 9 

AL354821.13 5.64E-35 0.3968164 0.653 0.427 1.38E-30 9 

BBS91 6.39E-35 0.5738507 0.578 0.372 1.56E-30 9 

CLASP2 1.49E-34 0.3507765 0.559 0.346 3.63E-30 9 

ATF7IP 1.88E-34 0.3797190 0.561 0.35 4.58E-30 9 

FMNL21 4.25E-34 0.4043299 0.616 0.412 1.04E-29 9 

PTPRK 4.74E-34 0.3948051 0.746 0.532 1.16E-29 9 

GALNT7 4.93E-34 0.3111401 0.522 0.307 1.20E-29 9 

SRPK2 6.96E-34 0.3479861 0.579 0.371 1.70E-29 9 

DIAPH31 9.60E-34 0.3791566 0.628 0.42 2.34E-29 9 

TBC1D51 6.69E-33 0.4240594 0.728 0.541 1.63E-28 9 

SNTG2 8.28E-33 0.3158006 0.5 0.294 2.02E-28 9 

KHDRBS2 1.19E-32 0.4277245 0.712 0.527 2.92E-28 9 

BCAS31 1.50E-32 0.3603164 0.604 0.393 3.66E-28 9 

RBPMS1 2.63E-32 0.4854491 0.69 0.538 6.41E-28 9 

COL4A5 3.67E-32 0.2972889 0.538 0.326 8.96E-28 9 

TCF7L21 8.44E-32 0.4287130 0.624 0.435 2.06E-27 9 

HS2ST1 8.81E-32 0.3322231 0.556 0.351 2.15E-27 9 

FRMD5 9.77E-32 0.3936989 0.563 0.368 2.38E-27 9 

SENP6 1.10E-31 0.3333613 0.531 0.334 2.69E-27 9 

GALNT17 1.81E-31 0.4842927 0.63 0.459 4.42E-27 9 

COP1 1.88E-31 0.3334880 0.522 0.323 4.58E-27 9 

IGF2BP21 2.97E-31 0.4005904 0.628 0.441 7.26E-27 9 

RBM261 3.13E-31 0.3300600 0.646 0.434 7.63E-27 9 

PPM1E 3.68E-31 0.3709596 0.523 0.327 8.98E-27 9 

ADK 7.04E-31 0.4237478 0.567 0.388 1.72E-26 9 

TCF7L1 1.99E-30 0.3518891 0.527 0.336 4.85E-26 9 
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DIAPH2 2.40E-30 0.3860381 0.605 0.41 5.86E-26 9 

UBR5 3.62E-30 0.3677000 0.609 0.42 8.84E-26 9 

PARD31 3.74E-30 0.4528823 0.676 0.519 9.12E-26 9 

IGF1R1 5.28E-30 0.4008876 0.742 0.578 1.29E-25 9 

RANBP17 8.19E-30 0.3747329 0.54 0.353 2.00E-25 9 

UBE2K 1.04E-29 0.3127828 0.508 0.317 2.53E-25 9 

LINC01572 1.12E-29 0.3211493 0.522 0.322 2.74E-25 9 

ROBO13 1.96E-29 0.3459632 0.753 0.562 4.77E-25 9 

PPP3CA 2.25E-29 0.3384901 0.503 0.312 5.50E-25 9 

SIPA1L1 3.18E-29 0.4110347 0.54 0.359 7.77E-25 9 

MACROD21 3.51E-29 0.3783671 0.582 0.391 8.58E-25 9 

METTL15 3.84E-29 0.3192016 0.582 0.381 9.36E-25 9 

ZMYM21 5.59E-29 0.3876452 0.626 0.443 1.36E-24 9 

PCCA1 8.86E-29 0.3837548 0.649 0.457 2.16E-24 9 

PPP1R9A1 1.11E-28 0.3441466 0.634 0.439 2.71E-24 9 

CPSF6 1.35E-28 0.2862521 0.553 0.353 3.30E-24 9 

BIRC6 3.62E-28 0.3235039 0.638 0.438 8.83E-24 9 

JAKMIP21 3.65E-28 0.3278651 0.594 0.403 8.92E-24 9 

BCKDHB1 5.38E-28 0.3246688 0.708 0.511 1.31E-23 9 

ZNF827 7.71E-28 0.2856510 0.501 0.313 1.88E-23 9 

PHF14 1.11E-27 0.3413280 0.594 0.408 2.70E-23 9 

KIAA1958 2.09E-27 0.3282233 0.538 0.35 5.11E-23 9 

GRIP12 3.45E-27 0.3656016 0.616 0.437 8.42E-23 9 

TENM33 4.38E-27 0.3712885 0.87 0.776 1.07E-22 9 

IGF2BP3 5.92E-27 0.3715202 0.657 0.475 1.45E-22 9 

SLC25A21 7.12E-27 0.3322759 0.508 0.325 1.74E-22 9 

APP 1.01E-26 0.3859564 0.634 0.467 2.47E-22 9 

STAU2 1.47E-26 0.2889385 0.516 0.334 3.58E-22 9 

BAZ2B 1.64E-26 0.2916510 0.559 0.369 4.01E-22 9 

LINC02335 6.05E-26 0.4616997 0.544 0.373 1.48E-21 9 

MAN2A1 9.32E-26 0.3095382 0.592 0.412 2.27E-21 9 

FOXP1 1.49E-25 0.3149157 0.51 0.33 3.63E-21 9 

SMYD31 2.78E-25 0.3908066 0.73 0.608 6.79E-21 9 

CDYL 2.96E-25 0.3722294 0.54 0.37 7.23E-21 9 

CTBP2 3.17E-25 0.3817224 0.516 0.358 7.73E-21 9 

AKT3 6.38E-25 0.3164035 0.511 0.336 1.56E-20 9 

USP34 1.07E-24 0.3193698 0.597 0.422 2.60E-20 9 

LINC01090 1.72E-24 0.2604705 0.531 0.34 4.19E-20 9 

ANK23 2.22E-24 0.2873439 0.893 0.787 5.42E-20 9 

ZNF644 2.72E-24 0.3004051 0.522 0.347 6.63E-20 9 

KANSL1 5.27E-24 0.3520641 0.533 0.373 1.29E-19 9 
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CENPP 5.66E-24 0.3016479 0.504 0.332 1.38E-19 9 

LIN28B1 6.38E-24 0.3394868 0.63 0.455 1.56E-19 9 

LARP7 1.63E-23 0.2611588 0.551 0.372 3.97E-19 9 

QSER1 1.64E-23 0.2702473 0.533 0.355 4.01E-19 9 

CCDC91 3.86E-23 0.3332456 0.56 0.386 9.42E-19 9 

WDPCP 4.00E-23 0.3089222 0.619 0.443 9.75E-19 9 

SETD5 6.11E-23 0.2769889 0.557 0.383 1.49E-18 9 

FOCAD 7.19E-23 0.2861124 0.53 0.357 1.75E-18 9 

NLGN4Y 1.01E-22 0.4143648 0.582 0.434 2.47E-18 9 

SEMA6A 1.35E-22 0.3385785 0.608 0.439 3.31E-18 9 

ARID2 1.28E-21 0.2942128 0.511 0.348 3.12E-17 9 

ENAH 2.22E-21 0.3408549 0.585 0.431 5.43E-17 9 

SDK1 2.37E-21 0.3644448 0.577 0.428 5.79E-17 9 

RAD51B1 2.38E-21 0.3918829 0.74 0.627 5.81E-17 9 

PHIP2 2.40E-21 0.2554120 0.657 0.476 5.85E-17 9 

CADM23 2.03E-20 0.3390425 0.839 0.752 4.95E-16 9 

VPS13B1 1.17E-19 0.2587700 0.57 0.412 2.86E-15 9 

PBX11 1.37E-19 0.3431958 0.769 0.651 3.34E-15 9 

LINC023151 5.13E-19 0.3655509 0.671 0.54 1.25E-14 9 

EIF4G3 7.87E-19 0.3740260 0.574 0.452 1.92E-14 9 

TRIM24 2.70E-18 0.2760493 0.568 0.41 6.59E-14 9 

MALAT11 5.49E-18 0.7481753 0.954 0.963 1.34E-13 9 

GPHN 5.71E-18 0.2605137 0.5 0.344 1.39E-13 9 

MDN1 1.92E-17 0.2827759 0.507 0.367 4.67E-13 9 

LINC014731 3.25E-17 0.2506601 0.668 0.518 7.94E-13 9 

XACT3 7.22E-17 0.2925270 0.833 0.717 1.76E-12 9 

LARGE1 7.26E-17 0.3844652 0.642 0.525 1.77E-12 9 

PRKG13 6.32E-16 0.2714095 0.839 0.741 1.54E-11 9 

HNRNPC 2.77E-15 0.2689552 0.575 0.444 6.76E-11 9 

CECR2 5.59E-15 0.2732979 0.5 0.37 1.36E-10 9 

NRG32 1.01E-14 0.2824166 0.786 0.686 2.46E-10 9 

MIR924HG2 7.81E-14 0.3594342 0.675 0.596 1.91E-09 9 

LINC018761 2.08E-13 0.2706018 0.663 0.532 5.07E-09 9 

AGAP1 7.57E-13 0.2596501 0.536 0.421 1.85E-08 9 

PBX31 3.59E-12 0.2683320 0.607 0.502 8.77E-08 9 

LRRTM41 9.22E-11 0.2646811 0.673 0.563 2.25E-06 9 

RERE 2.23E-09 0.4145637 0.654 0.641 5.44E-05 9 

UGP21 2.38E-39 0.5106097 0.744 0.526 5.80E-35 10 

USP9X1 9.68E-25 0.3987876 0.757 0.599 2.36E-20 10 

BNC22 4.75E-20 0.3458769 0.646 0.468 1.16E-15 10 

EEF1A11 9.75E-16 0.2753484 0.995 0.968 2.38E-11 10 
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RPL41 4.68E-15 0.2759150 0.934 0.846 1.14E-10 10 

VCAN2 1.14E-12 0.3032193 0.591 0.465 2.77E-08 10 

RPL61 3.34E-12 0.2682272 0.992 0.96 8.16E-08 10 

TPT12 1.72E-11 0.3313666 0.792 0.684 4.20E-07 10 

CTBP21 9.36E-16 0.3295193 0.52 0.361 2.29E-11 11 

TRIM241 1.09E-09 0.3326746 0.531 0.414 2.66E-05 11 

HNRNPC1 1.22E-09 0.3205514 0.558 0.448 2.97E-05 11 

UGP22 9.72E-09 0.2964815 0.636 0.532 2.37E-04 11 

JARID22 2.63E-08 0.3325694 0.647 0.542 6.43E-04 11 

MALAT12 4.64E-06 0.3237877 0.973 0.962 1.13E-01 11 

RPL36 7.84E-119 2.0214516 0.994 0.449 1.91E-114 12 

RPS12 6.21E-110 2.2041551 1 0.586 1.52E-105 12 

RPL28 8.44E-110 2.2818723 1 0.729 2.06E-105 12 

RPS19 1.06E-108 2.3067127 1 0.761 2.60E-104 12 

RPS27 3.09E-107 2.1530851 1 0.842 7.55E-103 12 

RPL13 2.29E-105 1.9549055 1 0.658 5.58E-101 12 

RPS15 5.87E-105 2.1783572 0.989 0.6 1.43E-100 12 

RPL35 1.03E-104 2.1007643 0.989 0.598 2.51E-100 12 

RPL37 1.47E-103 1.8924461 1 0.718 3.58E-99 12 

RPL411 3.88E-103 1.8015018 1 0.897 9.48E-99 12 

RPL37A 3.40E-101 1.9734341 1 0.864 8.29E-97 12 

RPS18 1.01E-100 1.8523150 0.994 0.72 2.46E-96 12 

RPLP2 1.86E-99 1.8703821 1 0.625 4.55E-95 12 

RPL27A 1.12E-98 1.8724357 0.994 0.65 2.73E-94 12 

RPS29 6.79E-98 1.8597286 1 0.779 1.66E-93 12 

RPS17 6.42E-97 1.8456845 0.949 0.428 1.57E-92 12 

RPS28 6.94E-97 1.8280804 0.994 0.6 1.69E-92 12 

RPL11 8.02E-97 1.8684837 0.944 0.447 1.96E-92 12 

TMSB10 3.67E-94 1.5851295 0.932 0.376 8.97E-90 12 

RPL38 5.45E-94 1.8470400 0.994 0.725 1.33E-89 12 

RPL13A 1.58E-92 1.6067989 1 0.919 3.86E-88 12 

ELOB 7.38E-90 1.2295015 0.729 0.197 1.80E-85 12 

RPS26 1.75E-87 1.7201889 0.977 0.627 4.26E-83 12 

RPS16 9.12E-87 1.5608923 0.966 0.578 2.23E-82 12 

RPL18A 1.75E-86 1.6836058 0.994 0.704 4.28E-82 12 

RPL23 2.08E-85 1.5315292 0.966 0.572 5.09E-81 12 

RPS2 3.30E-85 1.7411432 0.994 0.733 8.06E-81 12 

SNRPF 1.07E-84 0.9060817 0.672 0.156 2.61E-80 12 

RPL311 3.37E-84 1.6612524 0.989 0.703 8.23E-80 12 

ATP5ME 4.92E-84 1.2352988 0.808 0.256 1.20E-79 12 

UBL5 5.45E-84 1.0424338 0.74 0.198 1.33E-79 12 
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RPL36A 7.12E-84 1.5370807 0.938 0.481 1.74E-79 12 

RPS11 2.50E-81 1.6521157 0.983 0.723 6.10E-77 12 

RPL39 9.26E-80 1.5019078 0.972 0.623 2.26E-75 12 

RPS14 1.88E-78 1.4581804 0.944 0.521 4.60E-74 12 

SNRPD2 3.57E-78 1.0694978 0.791 0.246 8.72E-74 12 

POLR2L 4.16E-77 0.8741004 0.65 0.161 1.02E-72 12 

RPS15A 5.44E-72 1.4310178 0.989 0.591 1.33E-67 12 

RPL30 1.47E-71 1.3665182 0.955 0.563 3.59E-67 12 

COX7C 3.87E-71 1.3666596 0.91 0.468 9.44E-67 12 

RPS10 5.15E-71 1.3719333 0.915 0.447 1.26E-66 12 

ATP5IF1 1.05E-69 0.9205431 0.627 0.163 2.57E-65 12 

UBA52 1.07E-69 1.2445949 0.876 0.394 2.62E-65 12 

ATP5F1E 2.93E-69 1.0970240 0.78 0.275 7.15E-65 12 

RPL12 8.02E-69 1.3024543 0.949 0.531 1.96E-64 12 

RPS9 8.16E-69 1.3341049 0.938 0.591 1.99E-64 12 

SELENOH 1.18E-67 0.8782947 0.678 0.195 2.88E-63 12 

GPX4 8.69E-67 0.8864206 0.678 0.2 2.12E-62 12 

RPL29 1.43E-66 1.2636237 0.881 0.436 3.50E-62 12 

RPL22 1.55E-66 1.1749115 0.927 0.493 3.78E-62 12 

RPS201 1.05E-65 1.4440556 0.977 0.721 2.55E-61 12 

RPS211 1.13E-65 1.0765901 1 0.914 2.76E-61 12 

RPL18 1.62E-65 1.1822192 0.955 0.55 3.96E-61 12 

RPS81 2.27E-65 1.1200752 0.989 0.885 5.54E-61 12 

ATP5MD 3.95E-65 0.6029867 0.525 0.115 9.64E-61 12 

NDUFA3 2.85E-64 0.6655484 0.542 0.126 6.96E-60 12 

RPL10A 3.16E-64 1.2062864 0.927 0.524 7.71E-60 12 

RPL8 1.50E-63 1.2131814 0.972 0.612 3.66E-59 12 

MIF 8.45E-63 1.3853898 0.898 0.505 2.06E-58 12 

TOMM7 9.31E-63 0.6987784 0.582 0.147 2.27E-58 12 

SERF2 3.28E-62 1.1978538 0.87 0.422 7.99E-58 12 

ATP5MPL 7.55E-62 0.6953539 0.531 0.124 1.84E-57 12 

RPS3 1.09E-61 1.1899179 0.966 0.64 2.66E-57 12 

NDUFS6 3.08E-61 0.7631679 0.633 0.178 7.51E-57 12 

RPL7A 2.68E-60 1.2042179 0.994 0.677 6.55E-56 12 

RPL171 3.68E-60 1.1185826 0.994 0.794 8.99E-56 12 

RPLP1 3.76E-60 0.9592755 1 0.969 9.17E-56 12 

RPL35A 3.76E-60 1.1395719 0.977 0.672 9.19E-56 12 

PFDN5 9.21E-60 0.6658534 0.537 0.131 2.25E-55 12 

RPS13 1.73E-59 1.1951193 0.921 0.498 4.21E-55 12 

RPS231 3.88E-59 1.1488312 0.994 0.861 9.48E-55 12 

RPL36AL 2.78E-58 0.6211184 0.514 0.122 6.79E-54 12 
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RPL321 7.98E-58 1.2196760 0.949 0.706 1.95E-53 12 

RPL23A 1.40E-57 1.3066971 0.977 0.809 3.42E-53 12 

TMSB4X 6.04E-57 0.8890069 0.751 0.263 1.47E-52 12 

RPL19 2.09E-56 1.1047780 0.983 0.836 5.11E-52 12 

ROMO1 2.97E-56 0.7029502 0.542 0.142 7.25E-52 12 

RPS241 2.55E-55 1.0715030 1 0.873 6.23E-51 12 

RPS5 3.86E-55 1.1647262 0.927 0.592 9.42E-51 12 

RPL24 6.51E-55 1.2311000 0.955 0.649 1.59E-50 12 

NDUFA13 3.32E-53 1.0583614 0.831 0.384 8.11E-49 12 

NDUFS5 6.74E-53 0.9326868 0.678 0.247 1.64E-48 12 

RPL10 1.61E-52 1.0590284 0.972 0.71 3.93E-48 12 

RPL15 2.92E-52 1.0806151 0.91 0.537 7.12E-48 12 

HSPE1 2.14E-49 0.8182222 0.684 0.248 5.22E-45 12 

RPS27A1 2.82E-49 0.9722546 0.989 0.875 6.89E-45 12 

RPL9 4.12E-47 0.9601344 0.893 0.503 1.01E-42 12 

UQCR11 5.94E-47 0.6298878 0.588 0.186 1.45E-42 12 

PFN1 1.96E-44 1.0307703 0.819 0.441 4.79E-40 12 

SNRPG 2.77E-44 0.6287423 0.588 0.189 6.77E-40 12 

FAU 1.65E-43 0.8893792 0.898 0.542 4.03E-39 12 

RPL211 9.31E-43 0.9961587 0.955 0.651 2.27E-38 12 

SLIRP 2.40E-42 0.6808359 0.633 0.227 5.86E-38 12 

EEF1D 3.42E-42 0.6482733 0.61 0.213 8.36E-38 12 

COX6B1 3.91E-42 0.6574584 0.644 0.237 9.53E-38 12 

GADD45GIP1 6.94E-42 0.5925069 0.571 0.185 1.69E-37 12 

RPS7 7.74E-42 0.9656918 0.904 0.6 1.89E-37 12 

EDF1 3.35E-41 0.5268098 0.508 0.15 8.18E-37 12 

RPL341 1.21E-40 1.0327575 0.904 0.607 2.95E-36 12 

UQCRH 2.53E-40 0.7376930 0.593 0.218 6.17E-36 12 

RPL27 2.75E-39 0.7985387 0.887 0.53 6.71E-35 12 

TMA7 3.04E-38 0.8499516 0.723 0.34 7.42E-34 12 

MYL6 5.74E-38 0.7758308 0.729 0.335 1.40E-33 12 

COX5B 8.42E-38 0.6537408 0.678 0.276 2.05E-33 12 

NME2 1.31E-37 0.8169850 0.751 0.373 3.19E-33 12 

RPS4X 1.64E-37 0.7753948 0.757 0.356 4.01E-33 12 

COX6C 2.47E-37 0.7042538 0.616 0.234 6.02E-33 12 

HMGA1 4.69E-37 0.7500286 0.718 0.334 1.15E-32 12 

ATP5MF 5.40E-37 0.6033065 0.565 0.2 1.32E-32 12 

NDUFB7 4.13E-36 0.5885624 0.525 0.178 1.01E-31 12 

RPLP0 1.55E-35 0.8713719 0.898 0.645 3.77E-31 12 

SNHG51 1.73E-35 0.8088035 0.825 0.465 4.22E-31 12 

GAPDH2 1.82E-35 0.8140976 0.989 0.888 4.45E-31 12 
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RPS3A1 3.20E-35 0.8541611 0.966 0.731 7.81E-31 12 

RPL141 4.29E-35 0.8561171 0.91 0.651 1.05E-30 12 

SNRPE 7.41E-34 0.5758781 0.559 0.206 1.81E-29 12 

NDUFB4 2.04E-33 0.5100051 0.559 0.203 4.98E-29 12 

RPS251 3.39E-33 0.6894475 1 0.923 8.27E-29 12 

RARRES2 3.12E-32 0.6538711 0.633 0.272 7.63E-28 12 

SNHG6 1.08E-31 0.6117887 0.576 0.229 2.65E-27 12 

ZFAS1 2.60E-31 0.5269020 0.537 0.199 6.34E-27 12 

H3F3A 4.51E-31 0.7873104 0.859 0.559 1.10E-26 12 

RPSA 2.39E-30 0.7589920 0.944 0.758 5.82E-26 12 

GSTP1 9.02E-30 0.7350179 0.78 0.434 2.20E-25 12 

TMEM258 1.82E-29 0.5359472 0.565 0.22 4.45E-25 12 

ATP5MG 2.00E-28 0.5622610 0.508 0.195 4.89E-24 12 

RPL261 2.10E-27 0.6679683 0.966 0.776 5.14E-23 12 

PPIA 3.11E-27 0.6746210 0.814 0.507 7.58E-23 12 

RACK11 2.71E-26 0.6894331 0.836 0.555 6.60E-22 12 

NDUFA4 1.09E-25 0.5706649 0.706 0.36 2.66E-21 12 

APOE1 2.90E-23 0.5995230 0.989 0.939 7.08E-19 12 

UQCRB 3.94E-22 0.5425946 0.678 0.367 9.61E-18 12 

RPS61 1.68E-21 0.6426380 0.904 0.741 4.11E-17 12 

EEF1B2 3.25E-21 0.5284442 0.616 0.313 7.92E-17 12 

ANAPC11 5.56E-20 0.4596042 0.52 0.241 1.36E-15 12 

FTL 2.28E-19 0.6014515 0.718 0.441 5.57E-15 12 

COX7A2 6.02E-18 0.4055822 0.588 0.305 1.47E-13 12 

NACA 9.66E-18 0.5083853 0.672 0.407 2.36E-13 12 

RPL71 2.06E-17 0.5618695 0.831 0.589 5.03E-13 12 

FTH1 7.04E-17 0.5241979 0.734 0.473 1.72E-12 12 

TPI1 4.59E-16 0.4307030 0.633 0.364 1.12E-11 12 

RPL310 4.97E-16 0.4900442 0.944 0.817 1.21E-11 12 

SLC25A6 6.56E-16 0.3405493 0.548 0.273 1.60E-11 12 

EEF1G 9.70E-16 0.4589211 0.661 0.391 2.37E-11 12 

ATP5MC2 1.96E-15 0.4392518 0.616 0.345 4.77E-11 12 

COX4I1 2.46E-15 0.5123704 0.599 0.364 5.99E-11 12 

BTF3 2.79E-14 0.3540291 0.537 0.284 6.80E-10 12 

SUMO2 1.66E-13 0.3544733 0.514 0.275 4.06E-09 12 

PTMA 7.27E-13 0.4380740 0.921 0.763 1.77E-08 12 

PRDX2 2.00E-12 0.3641521 0.508 0.28 4.88E-08 12 

HIST1H4C 1.46E-11 0.3950492 0.565 0.336 3.58E-07 12 

PRDX1 9.64E-11 0.3236089 0.751 0.493 2.35E-06 12 

H2AFZ 1.32E-10 0.3292910 0.554 0.334 3.23E-06 12 

MDK1 7.76E-10 0.3485400 0.712 0.488 1.89E-05 12 
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CFL1 2.07E-09 0.2944670 0.599 0.385 5.05E-05 12 

CD241 3.39E-09 0.3391344 0.582 0.388 8.28E-05 12 

H3F3B1 6.30E-09 0.2926507 0.582 0.377 1.54E-04 12 

HMGB1 1.99E-08 0.3371788 0.638 0.453 4.85E-04 12 

MIR302CHG 1.19E-06 0.3524208 0.672 0.533 2.90E-02 12 

COX6A11 1.21E-06 0.2695773 0.847 0.705 2.96E-02 12 

CLDN6 1.44E-06 0.2560295 0.655 0.47 3.51E-02 12 

BSG 2.46E-06 0.2531286 0.633 0.474 5.99E-02 12 

NDUFB9 4.36E-06 0.2538259 0.542 0.384 1.06E-01 12 

ACTB 1.39E-04 0.2751062 0.802 0.727 1.00E+00 12 
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Table A.3.4. Replicate 2 chromVAR top motifs in S-phase fractions 
 

  Gene 
RNA 
AUC 

RNA p-
val 

Motif 
Feature 

Motif 
AUC Motif p-val 

Avg 
AUC 

s1 SOX4 0.51547 2.60E-04 MA0867.2 0.60919 2.95E-112 0.56233 

s1 SOX2 0.51394 2.54E-04 MA0143.4 0.55924 2.53E-34 0.53659 

s2 SREBF1 0.50829 6.90E-04 MA0595.1 0.67261 4.57E-221 0.59045 

s2 MGA 0.51257 1.69E-04 MA0801.1 0.65889 1.19E-187 0.58573 

s2 NFKB2 0.50977 6.33E-07 MA0778.1 0.65114 5.66E-170 0.58045 

s2 ZNF682 0.50925 2.45E-04 MA1599.1 0.64381 4.30E-154 0.57653 

s2 ZBTB6 0.50263 4.48E-04 MA1581.1 0.64079 9.25E-148 0.57171 

s2 MYCN 0.51706 4.52E-12 MA0104.4 0.56268 9.80E-31 0.53987 

s2 POU5F1 0.52524 1.67E-12 MA1115.1 0.53729 7.06E-12 0.53127 

s2 FOSL1 0.50333 1.16E-04 MA0477.2 0.55174 1.84E-21 0.52753 

s2 ZIC3 0.50892 4.96E-05 MA0697.1 0.53717 8.19E-12 0.52305 

s2 MAZ 0.50872 7.10E-04 MA1522.1 0.53386 4.80E-10 0.52129 

s2 JUND 0.50893 8.63E-05 MA0491.2 0.53114 1.03E-08 0.52003 

s2 XBP1 0.51421 3.69E-08 MA0844.1 0.52360 1.43E-05 0.51890 

s2 ATF4 0.50769 7.42E-04 MA0833.2 0.53005 3.29E-08 0.51887 

s2 ELF3 0.50524 1.49E-06 MA0640.2 0.51450 7.67E-03 0.50987 

s4 FOXP1 0.55754 3.86E-33 MA0481.3 0.62945 3.57E-113 0.59349 

s4 FOXN3 0.54632 1.66E-17 MA1489.1 0.62827 3.76E-111 0.58730 

s4 FOXO3 0.51753 5.31E-10 MA0157.2 0.63264 9.97E-119 0.57509 

s4 ELF2 0.53537 3.33E-20 MA1483.1 0.60689 9.12E-78 0.57113 

s4 FOXK1 0.50638 2.24E-03 MA0852.2 0.63102 6.81E-116 0.56870 

s4 FOXG1 0.50227 1.63E-03 MA0613.1 0.61803 2.08E-94 0.56015 

s4 E2F3 0.54282 8.97E-25 MA0469.3 0.56810 1.28E-32 0.55546 

s4 NFYC 0.51370 1.18E-09 MA1644.1 0.57770 6.02E-42 0.54570 

s4 NRF1 0.53126 9.32E-24 MA0506.1 0.55556 2.89E-22 0.54341 

s4 ETV6 0.53383 1.78E-29 MA0645.1 0.54949 5.50E-18 0.54166 

s4 OVOL2 0.50524 1.78E-03 MA1545.1 0.57343 1.19E-37 0.53933 

s4 HMBOX1 0.53160 5.32E-24 MA0895.1 0.54618 7.36E-16 0.53889 

s4 SP3 0.51208 1.20E-03 MA0746.2 0.55792 4.68E-24 0.53500 

s4 RORB 0.51045 7.14E-06 MA1150.1 0.55861 1.36E-24 0.53453 

s4 DMRTA2 0.50118 7.18E-04 MA1478.1 0.55795 4.49E-24 0.52956 

s4 NFATC3 0.52060 7.53E-11 MA0625.1 0.53805 3.03E-11 0.52933 

s4 RUNX2 0.52809 5.79E-25 MA0511.2 0.52635 4.17E-06 0.52722 

s4 EGR3 0.50165 2.12E-03 MA0732.1 0.55236 6.03E-20 0.52700 

s4 ETV5 0.50741 2.78E-06 MA0765.2 0.54255 1.07E-13 0.52498 

s4 HINFP 0.50421 1.63E-03 MA0131.2 0.54168 3.34E-13 0.52295 

s4 CTCF 0.51187 2.68E-05 MA0139.1 0.53269 1.14E-08 0.52228 

s4 ERG 0.50708 3.00E-09 MA0474.2 0.53448 1.72E-09 0.52078 
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Table A.3.5. Replicate 2 chromVAR top motifs in clusters 
 

c0             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

POU5F1 0.53802 6.65E-20 MA1115.1 0.73159 6.01E-293 0.63481 

FOXN3 0.54926 2.62E-16 MA1489.1 0.68019 3.64E-178 0.61472 

ZBTB33 0.50475 5.74E-04 MA0527.1 0.63612 1.55E-102 0.57043 

TCF7L2 0.52162 1.56E-04 MA0523.1 0.55357 2.64E-17 0.53759 

SOX4 0.52806 3.89E-07 MA0867.2 0.52766 1.25E-05 0.52786 

c1             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

NFKB2 0.50989 2.73E-05 MA0778.1 0.83759 0.00E+00 0.67374 

MGA 0.51571 9.23E-05 MA0801.1 0.82701 0.00E+00 0.67136 

POU2F2 0.51352 8.00E-07 MA0507.1 0.69966 4.96E-205 0.60659 

NFIB 0.52545 1.74E-13 MA1643.1 0.68665 1.91E-179 0.60605 

POU5F1 0.52711 2.81E-10 MA1115.1 0.68362 9.75E-174 0.60536 

CEBPG 0.50554 8.67E-04 MA0838.1 0.66322 1.05E-137 0.58438 

TP53 0.50974 2.07E-05 MA0106.3 0.65757 1.81E-128 0.58365 

GRHL2 0.53059 1.96E-21 MA1105.2 0.63476 1.69E-94 0.58268 

ZNF682 0.51170 1.14E-04 MA1599.1 0.63501 7.72E-95 0.57336 

THRB 0.51626 1.80E-10 MA1574.1 0.62739 1.21E-84 0.57183 

RORA 0.52145 2.99E-04 MA0071.1 0.61444 1.13E-68 0.56795 

XBP1 0.51325 1.94E-05 MA0844.1 0.53200 9.70E-07 0.52263 

ZBTB7A 0.51059 7.84E-06 MA0750.2 0.52372 2.84E-04 0.51715 

BATF3 0.50175 2.81E-05 MA0835.2 0.52752 2.53E-05 0.51464 

c2             

Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

SOX2 0.51951 1.29E-03 MA0143.4 0.64891 5.87E-83 0.58421 

LHX5 0.51138 3.69E-09 MA1519.1 0.60083 5.18E-39 0.55611 

PHOX2A 0.50356 2.42E-06 MA0713.1 0.58083 1.13E-25 0.54220 

LMX1A 0.50547 1.64E-04 MA0702.2 0.56463 5.54E-17 0.53505 

PKNOX2 0.50855 7.46E-04 MA0783.1 0.55271 8.45E-12 0.53063 

c3             

Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

OTX2 0.51592 9.02E-08 MA0712.2 0.81096 0.00E+00 0.66344 

PBX3 0.53317 9.56E-06 MA1114.1 0.70998 6.34E-150 0.62157 

GLI3 0.52493 3.22E-05 MA1491.1 0.64880 2.93E-76 0.58687 

LHX5 0.51420 1.76E-12 MA1519.1 0.62691 5.71E-56 0.57055 

TEAD1 0.54419 1.95E-11 MA0090.3 0.57714 9.62E-22 0.56067 
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LMX1B 0.50268 3.84E-05 MA0703.2 0.60747 1.23E-40 0.55507 

LMX1A 0.50620 4.26E-05 MA0702.2 0.59888 1.15E-34 0.55254 

LEF1 0.51053 1.92E-04 MA0768.1 0.58696 3.45E-27 0.54874 

NR3C1 0.51021 2.95E-04 MA0113.3 0.53761 3.00E-06 0.52391 

c4             

Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

MEF2B 0.50565 2.38E-05 MA0660.1 0.73791 1.16E-169 0.62178 

MAFK 0.50421 7.83E-05 MA0496.3 0.71895 5.25E-144 0.61158 

POU2F1 0.54469 3.06E-09 MA0785.1 0.67588 1.28E-93 0.61028 

POU2F2 0.51933 7.30E-08 MA0507.1 0.66367 2.50E-81 0.59150 

GRHL2 0.52967 2.03E-12 MA1105.2 0.62845 8.49E-51 0.57906 

MLXIPL 0.50971 1.03E-05 MA0664.1 0.61344 5.24E-40 0.56158 

RORA 0.56712 6.14E-18 MA0071.1 0.55342 4.55E-10 0.56027 

ELF2 0.52134 2.06E-04 MA1483.1 0.59417 4.30E-28 0.55775 

ZBTB7A 0.51231 7.41E-05 MA0750.2 0.59924 5.12E-31 0.55577 

FOS 0.50851 2.83E-07 MA0476.1 0.59578 5.27E-29 0.55214 

ATF2 0.52102 1.16E-04 MA1632.1 0.56560 1.93E-14 0.54331 

PKNOX1 0.51172 1.38E-05 MA0782.2 0.57265 2.28E-17 0.54218 

NRF1 0.51934 3.27E-05 MA0506.1 0.55818 1.12E-11 0.53876 

CLOCK 0.52855 4.55E-08 MA0819.1 0.53942 4.22E-06 0.53398 

RREB1 0.52206 8.16E-09 MA0073.1 0.53745 1.24E-05 0.52976 

CREB1 0.52264 1.81E-04 MA0018.4 0.52993 4.77E-04 0.52629 

SP4 0.51680 3.14E-04 MA0685.1 0.52932 6.22E-04 0.52306 

EGR1 0.51507 1.22E-08 MA0162.4 0.52963 5.44E-04 0.52235 

c5             

Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

FOXP1 0.53169 1.05E-05 MA0481.3 0.65165 7.82E-70 0.59167 

SOX13 0.51563 5.27E-05 MA1120.1 0.62164 1.42E-45 0.56863 

E2F3 0.54112 4.59E-11 MA0469.3 0.57232 3.62E-17 0.55672 

LEF1 0.53334 1.69E-28 MA0768.1 0.56786 2.69E-15 0.55060 

RORB 0.51602 4.44E-06 MA1150.1 0.58318 3.36E-22 0.54960 

HMBOX1 0.52603 2.84E-08 MA0895.1 0.54912 1.06E-08 0.53757 

ELF2 0.53298 1.03E-08 MA1483.1 0.53876 6.34E-06 0.53587 

NFATC3 0.51546 1.12E-03 MA0625.1 0.54893 1.20E-08 0.53220 

RBPJ 0.53355 2.35E-06 MA1116.1 0.52642 2.08E-03 0.52999 

NFATC4 0.52875 1.93E-16 MA1525.1 0.52992 4.92E-04 0.52933 

TCF7L1 0.52407 8.61E-04 MA1421.1 0.53357 9.20E-05 0.52882 

PRRX1 0.50924 3.73E-13 MA0716.1 0.53727 1.41E-05 0.52326 

c6             
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Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

RFX4 0.52036 1.70E-19 MA0799.1 0.85206 6.26E-267 0.68621 

PAX3 0.65357 4.62E-283 MA0780.1 0.63319 8.24E-40 0.64338 

SOX4 0.56748 1.87E-14 MA0867.2 0.66949 2.29E-63 0.61848 

MEIS2 0.53501 4.52E-25 MA0774.1 0.69180 1.27E-80 0.61340 

LHX5 0.50948 1.72E-04 MA1519.1 0.71255 1.40E-98 0.61101 

TEAD1 0.57614 2.78E-20 MA0090.3 0.63918 2.58E-43 0.60766 

GBX2 0.52588 2.80E-50 MA0890.1 0.67346 2.78E-66 0.59967 

MEIS3 0.52948 3.06E-18 MA0775.1 0.66357 3.79E-59 0.59653 

MEOX2 0.50642 5.70E-19 MA0706.1 0.68625 3.89E-76 0.59633 

MEIS1 0.50811 1.13E-07 MA0498.2 0.66745 6.77E-62 0.58778 

MSX1 0.50982 8.94E-12 MA0666.1 0.65968 1.90E-56 0.58475 

EN1 0.50778 2.09E-18 MA0027.2 0.64575 2.51E-47 0.57676 

LEF1 0.53040 8.32E-18 MA0768.1 0.59202 7.31E-20 0.56121 

SOX9 0.51070 3.64E-06 MA0077.1 0.61098 3.69E-28 0.56084 

EMX2 0.50882 4.09E-06 MA0886.1 0.61154 2.00E-28 0.56018 

PKNOX2 0.51880 1.38E-08 MA0783.1 0.58962 6.35E-19 0.55421 

EN2 0.50323 1.08E-10 MA0642.1 0.60029 2.71E-23 0.55176 

TFAP2A 0.50355 3.84E-08 MA0003.4 0.56395 2.30E-10 0.53375 

DMRT3 0.50265 3.00E-08 MA0610.1 0.55438 6.97E-08 0.52852 

c7             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

RFX3 0.58135 1.15E-18 MA0798.2 0.82378 5.43E-205 0.70256 

EMX2 0.55294 1.10E-152 MA0886.1 0.84457 6.97E-232 0.69875 

GSC 0.50184 5.67E-08 MA0648.1 0.87628 4.09E-276 0.68906 

SOX4 0.58728 4.16E-21 MA0867.2 0.78500 2.70E-159 0.68614 

OTX2 0.52280 5.96E-09 MA0712.2 0.83968 2.06E-225 0.68124 

LHX5 0.51233 3.31E-06 MA1519.1 0.84822 8.76E-237 0.68027 

LHX2 0.51838 8.72E-65 MA0700.2 0.82829 1.08E-210 0.67334 

RAX 0.52847 1.29E-88 MA0718.1 0.80086 2.76E-177 0.66467 

RFX4 0.50926 9.19E-05 MA0799.1 0.81664 3.84E-196 0.66295 

OTX1 0.50633 2.40E-14 MA0711.1 0.79287 4.26E-168 0.64960 

LMX1A 0.51392 3.02E-12 MA0702.2 0.76687 6.35E-140 0.64039 

SOX2 0.56090 2.60E-13 MA0143.4 0.67153 6.34E-59 0.61622 

MEIS2 0.54002 2.31E-29 MA0774.1 0.69168 4.02E-73 0.61585 

PAX6 0.52457 1.69E-69 MA0069.1 0.70672 9.80E-85 0.61564 

SOX9 0.51693 3.16E-12 MA0077.1 0.69938 5.87E-79 0.60815 

MEIS1 0.52896 1.07E-72 MA0498.2 0.67541 1.57E-61 0.60219 

PAX3 0.53605 9.49E-16 MA0780.1 0.66123 2.89E-52 0.59864 

LEF1 0.52461 3.53E-11 MA0768.1 0.67186 3.87E-59 0.59824 
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ZNF148 0.53177 1.35E-05 MA1653.1 0.65593 5.27E-49 0.59385 

MEIS3 0.52062 6.72E-09 MA0775.1 0.66687 7.30E-56 0.59375 

SOX21 0.51576 5.76E-11 MA0866.1 0.58174 1.23E-14 0.54875 

ETV5 0.50986 7.50E-04 MA0765.2 0.57696 3.82E-13 0.54341 

ATF6 0.51749 8.08E-04 MA1466.1 0.55864 3.15E-08 0.53806 

DMRTA2 0.50811 1.83E-36 MA1478.1 0.56554 6.25E-10 0.53682 

c9             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

FOXN3 0.66074 6.98E-54 MA1489.1 0.66787 4.48E-53 0.66431 

FOXP1 0.59584 1.49E-25 MA0481.3 0.67538 9.13E-58 0.63561 

ELF2 0.54301 4.73E-09 MA1483.1 0.70877 4.46E-81 0.62589 

TCF4 0.63145 3.59E-35 MA0830.2 0.61872 2.11E-27 0.62509 

NR6A1 0.57283 5.52E-12 MA1541.1 0.67175 1.80E-55 0.62229 

E2F3 0.58765 3.65E-28 MA0469.3 0.64378 2.11E-39 0.61572 

POU2F1 0.62265 3.74E-37 MA0785.1 0.60317 4.34E-21 0.61291 

FOXK2 0.54143 5.26E-11 MA1103.2 0.67891 4.88E-60 0.61017 

FOXO3 0.53259 1.57E-09 MA0157.2 0.68085 2.62E-61 0.60672 

ETV6 0.55771 8.39E-24 MA0645.1 0.65095 2.96E-43 0.60433 

CTCF 0.51675 1.94E-03 MA0139.1 0.67130 3.42E-55 0.59403 

RORA 0.62428 6.80E-36 MA0071.1 0.56105 2.45E-08 0.59267 

ETS1 0.51005 1.51E-06 MA0098.3 0.66346 2.06E-50 0.58675 

ETV5 0.51859 7.69E-10 MA0765.2 0.65386 7.22E-45 0.58622 

ERG 0.52536 9.95E-29 MA0474.2 0.63967 2.78E-37 0.58252 

ETV1 0.55335 1.12E-11 MA0761.2 0.60448 1.38E-21 0.57891 

NFYC 0.53380 4.08E-15 MA1644.1 0.60764 8.14E-23 0.57072 

MEF2A 0.56187 3.70E-14 MA0052.4 0.57797 1.06E-12 0.56992 

SP4 0.54499 4.21E-14 MA0685.1 0.58606 3.81E-15 0.56552 

TBX15 0.51640 4.31E-09 MA0803.1 0.61186 1.65E-24 0.56413 

GRHL2 0.56493 2.05E-33 MA1105.2 0.56234 1.24E-08 0.56364 

NRF1 0.54951 8.59E-17 MA0506.1 0.57376 1.60E-11 0.56164 

VDR 0.50248 1.80E-06 MA0693.2 0.61370 2.88E-25 0.55809 

BACH2 0.52111 4.20E-05 MA1101.2 0.56135 2.10E-08 0.54123 

MEF2C 0.50829 7.25E-04 MA0497.1 0.57119 7.88E-11 0.53974 

ESRRA 0.53367 4.22E-18 MA0592.3 0.53619 9.48E-04 0.53493 

OVOL2 0.52617 3.16E-16 MA1545.1 0.53736 6.42E-04 0.53177 

IRF2 0.50830 1.65E-03 MA0051.1 0.55220 1.86E-06 0.53025 

HES6 0.52471 5.17E-14 MA1493.1 0.53038 5.52E-03 0.52755 

ZNF136 0.50697 1.80E-03 MA1588.1 0.54734 1.53E-05 0.52716 

MLXIPL 0.51114 7.54E-05 MA0664.1 0.53554 1.17E-03 0.52334 

c10             
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Gene 
RNA 
AUC RNA p-val 

Motif 
Feature 

Motif 
AUC 

Motif p-
val 

Avg 
AUC 

FOXN3 0.55822 3.40E-07 MA1489.1 0.58667 5.45E-13 0.57244 

c11             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

HES1 0.57603 2.85E-18 MA1099.2 0.59075 5.18E-11 0.58339 

SP3 0.55493 1.08E-09 MA0746.2 0.60394 5.51E-14 0.57943 

HIF1A 0.54772 6.98E-06 MA1106.1 0.58072 5.22E-09 0.56422 

ETV6 0.53147 1.40E-05 MA0645.1 0.58230 2.62E-09 0.55689 

c12             

Gene 

RNA 

AUC RNA p-val 

Motif 

Feature 

Motif 

AUC 

Motif p-

val 

Avg 

AUC 

POU5F1 0.65943 1.17E-28 MA1115.1 0.63720 3.29E-10 0.64832 

 

 

 




