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Abstract 

Microfluidics is a versatile tool with many applications in biology. Its ability to manipulate small 

volumes of liquid precisely has led to the development of many microfluidic assay platforms. 

They could handle small amounts of samples and carry out analysis with high sensitivity and 

throughput. Microfluidic assays have provided new insights into scarce biological samples at 

higher resolution. In this thesis, we developed microfluidic tools to conduct low input ChIP-seq 

and ChIRP-seq. We applied them to a variety of samples profiling different targets. The native 

MOWChIP-seq platform was developed to map RNA polymerase II, transcription factors and 

histone deacetylase binding in 1,000-50,000 cells. We examined mouse prefrontal cortex and 

cerebellum using this technology. We found extensive differences that correlated with distinct 

neurological functions of the brain regions. The same platform and workflow were used to 

profile five key histone modifications in human lung tumor and normal tissue samples. 

Integrative analysis with gene expression data revealed extensive chromatin remodeling in 

lung tumor. Spatial histone modification mapping was conducted in mouse neocortex in a 

similar fashion. We generated an epigenomic tomography that demonstrated the molecular 

state of the brain in 3D. Lastly, we developed a microfluidic version of the ChIRP-seq process 

which successfully conducted the assay using only 500K cells. This improvement makes 

ChIRP-seq in tissue samples feasible. 
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General audience abstract 

Microfluidics is a type of technology that can control small volumes of liquid in a miniature 

system. It can carry out reactions on very small scales with higher precision and sensitivity 

than conventional methods. Microfluidics has found many uses in the field of biology, 

especially dealing with samples available in limited quantities. These low input microfluidic 

platforms have helped researchers gain new knowledge on many complex questions. In this 

thesis, we developed microfluidic tools to carry out low input ChIP-seq and ChIRP-seq. These 

are two established techniques used to map where certain targets are located on the genome 

of an organism. These targets include specific chemical modifications to the wrapper protein of 

DNA (histone modification), proteins that take part in transcription and expression of genes 

(RNA polymerase II, transcription factors) and other molecules. Our nMOWChIP-seq system 

removed the need for fixation by chemicals. It was able to examine RNA polymerase II, 

transcription factors and other enzymes using 1,000-50,000 cells. Traditional ChIP-seq 

requires more than 10 million cells and time-consuming chemical treatment steps. Our 

technology greatly improved sensitivity and ease of use. We also used this platform to test five 

important histone modifications in human lung tumors and healthy tissues. We constructed a 

spatial map of histone modification in mouse brain by analyzing slices of the cortex. Finally, we 

developed a microfluidic version of ChIRP-seq process to map locations of long non-coding 



iv 
 

RNAs in cultured human cells. The cells needed for a successful test were reduced to 500K 

from 20 million of the original workflow. 
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Chapter 1: Overview 

Gene expression can change without the DNA sequence being altered, through the process of 

epigenetics. Epigenetic changes occur naturally in organisms throughout their life cycle. They 

control key biological processes such as cell differentiation, development, and diseases. 

Various environmental factors affect epigenetic regulation. There are three main categories of 

epigenetic changes: histone modification, DNA methylation and non-coding RNA (ncRNA). 

They exert effects through various mechanisms that control the transcription level of protein-

coding genes. RNA polymerase II (Pol II) transcribes genes into messenger RNA, which are 

then further coded into functional products following the central dogma of molecular biology. 

Various proteins such as transcription factors (TFs) take part in this process and further 

regulate the transcription process. Enzymes including histone acetyl transferases (HATs) and 

histone deacetylases (HDACs) regulate histone modification levels which in turn affect the 

transcription of protein-coding genes. Some of the non-coding regions of the genome also 

transcribe into ncRNA. They do not have protein products yet serve varied biological functions. 

At the start of this project, our lab had developed the first generation of microfluidic oscillatory 

washing-based chromatin immunoprecipitation (MOWChIP-seq). The traditional chromatin 

immunoprecipitation (ChIP) method relies on free binding between antibody and chromatin 

fragments in a set volume of suspension inside a tube. Free binding limits the efficiency of 

target chromatin capture. Due to this, traditional ChIP requires a very large amount of input 

material to generate enough ChIP DNA. MOWChIP addresses this shortcoming by employing 

a microfluidic chamber where magnetic beads carrying antibody are packed into a dense bed 

at the exit. Chromatin sample is forced to go through the packed bed of beads in its entirety at 

a slow flow rate. This shortens diffusion distance and significantly increases the efficiency of 
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target capture. We demonstrated capture of histone modification approaching the theoretical 

limit, and successful ChIP-seq assays from 100 cells.1 

While histone modifications are the common focus for ChIP-seq assays, other non-histone 

targets including Pol II, TFs and enzymes are also of interest. They have a lower occurrence 

on the genome compared to histone modification and are more difficult to profile. After the 

success with histone modification using MOWChIP, we turned our attention to low input 

profiling of Pol II and TFs. However, initial trials using the same process of chemical 

crosslinking and sonication to prepare chromatin proved inadequate. MOWChIP maintained its 

high capture efficiency, but the datasets had low reproducibility and high noise levels. At this 

time, we started employing MNase to digest chromatin in other ongoing projects to very 

consistent results. We believed crosslinking and sonication was the issue for MOWChIP 

dealing with non-histone targets. Thus, we tested MNase digestion of native chromatin 

followed by MOWChIP. This resulted in much higher data quality comparable to published 

standards. The results reinforced our hypothesis that chemical fixation was not necessary for 

ChIP-seq assays when a gentle fragmentation method like MNase digestion was used. We 

tested with cell line samples and found the practical limit to be 1,000 cells for Pol II MOWChIP-

seq. Our collaborators from Dr. Rong Liôs group at GWU followed our progress on Pol II closely 

and sent us both treated human cell line and mouse blood cell samples. We profiled Pol II 

binding in these samples using the native MOWChIP-seq workflow. We generated good quality 

data that captured the varying states of Pol II binding in different conditions. We further tested 

mouse brain PFC and cerebellum and achieved good results. The difference in Pol II binding 

was clearly shown in the datasets and reflected the distinct functions of the brain regions. We 

next moved onto testing EGR1 and MEF2C, two TFs that participate in brain development, at 
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the suggestion of Dr. Hehuang Xie. Cell line trials revealed the practical limit at 5,000 cells per 

assay. We found that compared to Pol II, TF binding was more transient and introduced more 

variance to data quality. Native MOWChIP-seq was able to distinguish between mouse PFC 

and cerebellum and capture their functional differences. We found EGR1 and MEF2C to be 

closely associated with each other and Pol II in the samples tested. Finally, we tested the 

histone modifying enzyme HDAC2, which proved to be the most difficult. The reproducible limit 

was found to be 50,000 cells. 

After establishing the MOWChIP-seq technology and later optimizing it for multiple parallel 

runs,2 we sought to apply it to tissue samples derived from patients and lab animals. Our 

collaboration project with Dr. Wei Wangôs group at UCSD was aimed precisely at this goal: 

make use of MOWChIP-seqôs capability in low input assays to examine multiple histone 

modifications in clinical tumor samples. Frozen lung tissue samples, both tumor and non-

neoplastic, were acquired from Moores Cancer Center at UCSD. We set out to examine five 

key histone modifications in parallel using MOWChIP-seq, and gene expression via RNA-seq. 

We adapted the nuclei extraction protocol previously used for brain samples to the lung 

samples. Less than 15 mg of tissue per sample was needed to conduct all MOWChIP-seq 

assays for each tissue. In addition, we found out that lung tissue is more delicate in the context 

of RNA-seq and came up with a suitable process to preserve its mRNA using RNAlater-ICE, 

followed by direct RNA extraction from tissue slices. After initial optimization, we were able to 

process samples at a steady rate of one tissue per day, completing nuclei extraction, digestion 

and MOWChIP of five histone modifications (ten assays). Data analysis showed extensive 

changes in histone modification and gene expression levels between normal and tumor 

tissues. Integrated analysis of the six different types of data revealed systemic chromatin 
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reorganization brought about by tumor and distinct clusters of genomic regions marked by their 

specific co-modification patterns. The application of the tested and matured MOWChIP-seq 

technology enabled us to profile five major histone modifications simultaneously. Two of the 

five marks were repressive ones that provide information outside the typical open chromatin 

regions mapped by similar studies. The high-quality dataset would be a valuable resource for 

epigenetic studies into lung cancer and proved the power of MOWChIP-seq in dealing with 

scarce patient derived tissue samples difficult for conventional methods. 

Aside from cancer, brain and neuroscience have been another major focus of our lab. We 

have applied low input ChIP-seq and reduced representation bisulfite sequencing to 

investigate different brain regions.3,4 We have also examined the effect of psychedelic 

exposure on the brain using MOWChIP-seq.5 Mouse brain sampling, nuclei extraction, FACS 

sorting and MOWChIP-seq had become a combined routine pipeline in our lab. This enabled 

us to carry out epigenetic profiling of selected cell/nuclei population from very small amounts of 

sample. We were inspired by a report of spatial transcriptomic profiling in zebrafish embryo, 

termed ñRNA tomographyò,6 to construct an epigenomic tomography in mouse brain with 

spatial resolution. Considering the tools available, we decided on processing mouse brain into 

0.5 mm-thick coronal slices using a slicing matrix. We conducted complete profiling of 

H3K27me3 of neurons and glia for both left and right hemispheres of neocortex in two mice. 

Results in these biological replicates showed similar patterns in the two hemispheres of 

neocortex, and that glia remained largely uniform in the spatial context. Knowing this, we 

further profiled one mouse for gene expression using RNA-seq, concentrating on the right 

hemisphere and neurons. By comparing the transcriptomic data with the repressive 

H3K27me3 data, we found a distinct subgroup of genes which promoter H3K27me3 signal and 



5 
 

gene expression signal followed inverse spatial trends. Finally, we examined both H3K27ac 

and H3K27me3 in a pair of injected mice, one with kainic acid to induce seizure. We found that 

the epigenetic effect of induced seizure in neocortex to be concentrated in the anterior and 

posterior parts. The most disrupted genomic regions were related to key functions in 

neurotransmission, learning and memory. Apart from these biological insights into the fine 

details of neocortex, we also optimized a clustering pipeline for analyzing such spatial 

epigenomic datasets and visualizing them in an easy-to-understand way. 

Finally, we continued our effort in expanding the selection of epigenomic targets for our low 

input technology. Long non-coding RNA (lncRNA) is the last main category and research 

interest in it has been rising in recent years. We collaborated with Dr. Zhen Chenôs group, who 

had been studying lncRNA extensively. We worked from the basis of the chromatin isolation by 

RNA purification (ChIRP-seq) protocol developed by Howard Changôs group. We decided to 

adapt it for our MOWChIP device, utilizing the strength of microfluidics to reduce the amount of 

sample needed. We kept the basic steps of cell fixation and sonication from the original 

method, and switched the hybridization steps around so the biotinylated probes were adsorbed 

onto magnetic beads first. The coated beads were then incubated with chromatin sample on 

the device and hybridized via gentle oscillating pressure pulse to achieve capture, followed by 

washing and chromatin isolation. We were able to produce datasets with consistent quality and 

matched the published results using 500K cells per assay. This was a significant improvement 

over the original method which recommended 20 million cells as input material. Through our 

trials we also found out that the design of the probe affected the resulting data of the same 

target lncRNA molecule when all other conditions were the same. This project is ongoing, and 

we have laid the foundation for a microfluidic, low input profiling technology capable of 
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examining lncRNA binding in animal and human tissue samples. This will expand the scope of 

ChIRP-seq to include samples with more biological relevance. Low input ChIRP-seq would 

help researchers reach beyond cultured cells in their continued effort to understand lncRNAôs 

function. It also completes our labôs arsenal of microfluidic platforms for low input epigenomic 

mapping, covering all major aspects including DNA methylation, histone modifications, non-

histone protein binding and lncRNA. 
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Chapter 2:  Native MOWChIP-seq for profiling RNA polymerase II, 

transcription factors and histone deacetylases 

Introduction 

The genetic information of eukaryotes are packed into chromatin, a complex of DNA wrapped 

around octamers of histone proteins.7 Chemical modifications to either DNA or histone proteins 

affects chromatin structure, regulating gene expression in the process.8 As a result, histone 

modification and DNA methylation have received much research interest as the two main 

categories of epigenetics, with lncRNAôs role only emerging recently. However, it is important 

to note the roles of non-histone protein targets that also bind to DNA and are heavily involved 

in regulating transcription and expression of genes.9 These proteins include RNA polymerases, 

transcription factors and histone modifying enzymes. 

RNA polymerase II (Pol II) is one of the three RNA polymerases found in eukaryotic nucleus.10 

It transcribes mRNA from protein-coding genes with the help of many co-factors through a 

number of steps: preinitiation complex formation, promoter-proximal pausing, productive 

elongation and termination.11 Once bound to DNA, Pol II acquires serine 5-phosphorylation 

(Ser5P) and enters a paused state, being held in place by two pausing factors. A short (< 60 

nt) mRNA has been produced at this time. The paused Pol II can either be released without 

generating full length mRNA or wait for a cue to complete transcription. This pausing is critical 

as it controls the rate of expression for 70% of metazoan genes.12 Pol II pausing also serves 

key biological functions, such as coordinating tissue morphogenesis, regulating developmental 

potential and inhibition of new transcription.13-15  
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Transcription factors (TFs) are proteins that control the rate of transcription of genes. They 

bind to the genome in a sequencing-specific manner and initiate the process of Pol II binding 

and mRNA production.16,17 Through regulating the expression of genes, TFs control important 

biological processes in cells including differentiation, development patterning and immune 

response.16,18 They are a large group with complex functionalities, with early estimations of 

about 3,000 DNA-binding TFs and 1,391 manually curated for detailed analysis by Vaquerizas 

et al. in 2009.19 Interest in TFs had been growing since, along with efforts to establish 

resources that examine and compile their detailed information.20 Because of their central role 

in key cellular functions, TF activity are often dysregulated in diseases, and researchers have 

been investigating their potential as therapeutic targets.21,22 Another interesting property of a 

TF is its ability to regulate the expression of both itself and other TFs. Because of this, the 

concept of TF network has been used to describe the circuitry of complex TF interactions. 

These networks function to maintain normal cellular functions and are often disrupted in 

diseases.23 

Histone modifying enzymes are enzymes that participate in conferring various types of post-

translational modifications to histone substrates.24,25 Histone modification is one major 

component of the eukaryotic epigenome, regulating gene expression and key cellular 

functions. As such, histone modifying enzymes serve as the upstream source of histone 

modification and play important roles in the overall epigenetic regulation of cell biology. Major 

types of histone modifying enzymes include histone acetyltransferases (HATs), histone 

deacetylases (HDACs), histone lysine methyltransferases (HKMTs), histone arginine 

methyltransferases (HRMTs) and histone demethylases (HDMases).26 They possess 

modulating functions in development, cell fate decisions and diseases including cancer.27-30 
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Because of their involvement in epigenetic regulation and cellular functions, genome-wide 

profiling of the above non-histone protein targets is of great value. Like histone modification, 

non-histone targets are also examined primarily with ChIP-seq methods. While the standard 

practice of ChIP-seq applies to both histone modification and non-histone targets, some 

differences exist. The linkage between non-histone proteins and DNA are usually weaker and 

more transient than that between histone proteins and DNA. This leads to more technical 

difficulties, more input materials per assay and lower overall data quality.31 

Chromatin immunoprecipitation coupled with sequencing (ChIP-seq) is the gold standard 

method to profiling genome-wide state of histone modification and binding of non-histone 

proteins.31 Fixation of protein-DNA binding with chemicals such as formaldehyde had been a 

standard practice in conventional ChIP-seq. However, the process was cumbersome, involving 

multiple steps of treatment, incubation and washing.32 Large amounts of starting material was 

usually required (~ 107 cells per assay), making it impractical for use on human and small 

animal sample which are limited in quantity.31 In recent years, significant efforts have been 

made in developing low-input ChIP-seq methods.3,33-41 However, most of these methods have 

only been demonstrated on examining histone modifications. 

The necessity of fixation was in part due to the harsh conditions of DNA fragmentation by 

sonication, which can easily damage the transient binding between proteins and DNA in their 

native state and render ChIP-seq impossible. Sonication also required extensive optimization 

as difference in cell lines, tissues, fixation processes, model of sonicators and their programs 

can all change the results significantly.42 Our lab had years of experience on fixation and 

sonication. The optimization process was long and costly for each project as circumstances 

varied, and the results were rarely consistent. Because of these shortcomings, an alternative 



10 
 

DNA fragmentation strategy with gentle conditions became the next step towards better ChIP-

seq methods. 

Micrococcal nuclease (MNase) is isolated from Staphylococcus aureus and able to digest 

DNA. Under the correct conditions, MNase will cleave chromatin into fragments at the spaces 

between nucleosomes, leaving DNA fragments sized between 180bp and 550bp (1 to 3 

nucleosomes). Histone proteins are left intact and bound to DNA. In ChIP-seq, MNase has 

been used as the replacement of sonication to fragment DNA. Since it is a much gentler 

treatment process compared to sonication, chromatin does not need chemical fixation.43,44 

Native ChIP-seq has become the preferred method for profiling histone modification due to its 

higher resolution and lack of artifacts.45 In terms of practicality, MNase digestion shortens the 

process by up to several working days as the complex and time-consuming steps of chemical 

crosslinking, sonication and reverse-crosslinking are replaced with a 30-minute process. The 

need for a specialized and expensive sonicator is also eliminated. 

MNase digestion has also seen increasing use in the development of low-input ChIP-seq 

assays. While early attempt such as nano-ChIP-seq46 and LinDA-ChIP-seq47 still used 

chemical fixation, recent developments in the field have moved on towards native ChIP-seq 

and MNase digestion.48 In particular, CUT&RUN, a low-input ChIP-seq method now in early 

commercialization, is based solely on MNase. Their work went back to using MNase as simply 

a fragmentation tool on fixed chromatin to improve ChIP-seq resolution.49 Later, they combined 

the fragmentation of MNase with the specificity of immunoprecipitation by developing custom 

MNase with protein A anchor point for antibody binding.50 With the ChIP antibody in tow, the 

MNase selectively cleave only the target sections of the genome and release them from nuclei 

for recovery. This greatly increased the efficiency of ChIP-seq and enabled CUT&RUN to 
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profile 100 cells for H3K27me3 and 1,000 cells for CTCF.51,52 The newer CUT&Tag method 

further incorporates the function of tagmentation by Tn5 to improve sensitivity and reduce 

sequencing cost.53 The latest version of CUT&Tag54 have been used to profile single cells. 

However, CUT&RUN requires immobilization of cells to bead surface via concanavalin A and 

glycolipid interaction and CUT&RUN data appear to exhibit lower correlation with the gold-

standard ChIP-seq data (e.g. ENCODE data) compared to low-input ChIP-seq technologies 

55,56. CUT&RUN datasets may also be contaminated by DNA sequences that are from 

unknown sources associated with the process (e.g. sequences containing (TA)n).57 

Aside from the advantages MNase offers in the pure molecular biology sense, its small 

footprint, lower cost and ease of use contributed significantly to this popularity. From our labôs 

experience, MNase digestion produces high quality results consistently and we have found 

little to no need for optimization when switching to a different cell line or tissue sample. This in 

turn saves valuable time and cost and is one of reasons we were able to conduct several 

large-scale projects involving hundreds of ChIP-seq assays each. While our low-input 

MOWChIP-seq was first developed with fixation and sonication steps,1 later developments 

have made use of MNase exclusively, including Surface-ChIP-seq3 and parallel native 

MOWChIP-seq on both histone modification and non-histone targets.2,58 

In this work, we demonstrated the use of native MOWChIP-seq based on MNase digestion for 

low-input profiling of Pol II, TFs and HDAC2 binding in various samples. It was believed that 

these proteins needed to be chemically fixed to DNA prior to ChIP assays. However, our trials 

revealed that crosslinking drastically reduced the performance of MOWChIP-seq on these 

targets. On the other hand, MNase digestion was shown to preserve the binding between 

proteins and DNA effectively, enabling low-input profiling. We tested the system with GM12878 
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cells and generated high quality ChIP-seq data using as few as 1,00 cells for Pol II, 5,000 cells 

for TF EGR1, and 50,000 cells for HDAC2. The method was then applied to map genome-wide 

binding of Pol II, EGR1 and MEF2C in mouse prefrontal cortex (PFC) and cerebellum. 

Significant variations in Pol II and TF binding were identified between these two functional 

regions of the mouse brain. Further analysis of the differential regions and their associated 

genes yielded biological functions and pathways that agree with the distinct functions of PFC 

and cerebellum. 

Author contribution 

Chang Lu designed and supervised the study. Zhengzhi Liu conducted native MOWChIP-seq 

experiments and data analysis. Lynette Naler, Yan Zhu, Chengyu Deng, Qiang Zhang, Bohan 

Zhu, Zirui Zhou and Mimosa Sarma helped with experiments and data analysis. Alexander 

Murray and Hehuang Xie helped with experiments on TFs. Zhengzhi Liu, Lynette Naler and 

Chang Lu wrote the manuscript. 

Results and discussion 

Profiling genome-wide binding of RNA Pol II, TFs, and enzymes 

RNA Pol II, TF and enzyme binding has been conventionally studied after crosslinking using 

reagent such as formaldehyde that firmly immobilizes the protein to the genomic DNA.59,60 Our 

low-input MOWChIP-seq technology which has proven high efficiency for collecting DNA-

protein complexes.39,40 However, we generated low-quality results when 100,000 crosslinked 

cells were used for MOWChIP-seq. 54,000 and 17,000 peaks were yielded in the two technical 

replicates, compared to 115,000 and 141,000 peaks generated by nMOWChIP-seq using 
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10,000 cells per assay. Crosslinking and subsequent sonication may damage RNA Pol IIôs 

ability to form antigen-antibody complex and seriously limit ChIP efficiency.   

We then applied nMOWChIP-seq to profile protein binding to the genome. MNase digestion (or 

native ChIP) had primarily been applied to studies associated with histone modifications where 

the strong interaction between genomic DNA and histone guarantees the pulldown of DNA 

without crosslinking.3,55,61 In our process (Figure 1A), tissues were first mechanically 

homogenized to extract nuclei and cultured cells were directly used. Nuclei or cells were lysed 

and digested with MNase to yield chromatin fragments with size range appropriate for ChIP 

(150-600 bp). That was followed by the MOWChIP process.39,40 Briefly, in a microfluidic 

chamber with a partially closed sieve valve, antibody-coated magnetic IP beads were packed 

into a dense bed. All chromatin fragments were forced through the bead bed, drastically 

increasing the adsorption efficiency of targeted fragments. Oscillatory washing was then 

applied to remove non-specific binding, and the beads with bound chromatins were removed 

from the chamber for DNA elution, library preparation and sequencing.   



14 
 

MNase digestion

Antibody-coated beads

MOWChIP

ȹP

Oscillatory washing

Library preparation

Capture native RNA Pol II/TF binding without crosslinking

A

C

B

ZC3H10 MYL6 RNF41 ANKRD52 CS CNPY2 IL23A TIMELESSSPRYD4 SNORA105C RBMS2 RBMS2 BAZ2A PTGES3 NACA HSD17B6
Gene

10

0

10

0

10

0

10

0

10

0

10

0

10

0

10

0

10

0

R1

R2

R1

R2

R1

R2

R1

R2

ENCODE

50,000

10,000

2,000

1,000

Pol II (S5)

100 kb hg38

RefSeq gene
MYL6 RNF41 CS IL23A TIMELESS NACAPTGES3BAZ2ARBMS2

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

[0 - 10.00]

GM_Pol2_50K_1_Full_Norma

lized_Extended.bw

GM_Pol2_50K_2_Full_Norma

lized_Extended.bw

GM_Pol2_10K_1_Full_Norma

lized_Extended.bw

GM_Pol2_10K_2_Full_Norma

lized_Extended.bw

GM_Pol2_2K_1_Full_Normal

ized_Extended.bw

GM_Pol2_2K_2_Full_Normal

ized_Extended.bw

GM_Pol2_1K_1_Full_Normal

ized_Extended.bw

GM_Pol2_1K_2_Full_Normal

ized_Extended.bw

ENCODE_GM_Pol2-4H8_1_Ful

l_Normalized_Extended.bw

H1-1 H2BC3 NR_144383.1 H2AC6 H1-4 H2BC6 H2BC8 H4C7 H3C8 XR_241992.4 BTN3A2 BTN3A1 BTN3A3 XR_001744057.2 NR_134611.1
Gene

30

0

30

0

30

0

30

0

20

0

20

0

20

0

20

0

3

0

R1

R2

R1

R2

R1

R2

R1

R2

ENCODE

100,000

50,000

10,000

5,000

EGR1 

100 kb hg38

RefSeq gene
H2BC3 H2AC6 BTN3A2H2BC6 H4C7 BTN3A3 NR_13461

[0 - 30]

[0 - 30]

[0 - 30]

[0 - 30]

[0 - 20]

[0 - 20]

[0 - 20]

[0 - 20]

[0 - 3.00]

CLu-JE8-GM-EGR1-100K-1_F

ull_Normalized_Extended.

bw

CLu-JE8-GM-EGR1-100K-2_F

ull_Normalized_Extended.

bw

CLu-JE8-GM-EGR1-50K-1_Fu

ll_Normalized_Extended.b

w

CLu-JE8-GM-EGR1-50K-2_Fu

ll_Normalized_Extended.b

w

CLu-YP24-GM10K-EGR1-2_Fu

ll_Normalized_Extended.b

w

CLu-Liu-JE4-GM10K-Egr1-2

_Full_Normalized_Extende

d.bw

CLu-YP24-GM5K-EGR1-1_Ful

l_Normalized_Extended.bw

CLu-Liu-JE4-GM5K-Egr1-1_

Full_Normalized_Extended

.bw

ENCODE_GM_EGR1_1_Full_No

rmalized_Extended.bw

Pol II (S5)
Correlation of peaks Pol2-S5

X1K_R2

X1K_R1

X2K_R2

X2K_R1

X10K_R2

X10K_R1

X50K_R2

X50K_R1

1
K
_
R
2

1
K
_
R
1

2
K
_
R
2

2
K
_
R
1

1
0K
_
R
2

1
0K
_
R
1

5
0K
_
R
2

5
0K
_
R
1

0.5

0.6

0.7

0.8

0.9

1.0

R2

R2

R2

R2

R1

R1

R1

R1
50,000

10,000

2,000

1,000

R
2

R
2

R
2

R
2

R
1

R
1

R
1

R
1

5
0
,0

0
0

1
0
,0

0
0

2
,0

0
0

1
,0

0
0

EGR1
Correlation of peaks EGR1

X5K_R2

X5K_R1

X10K_R2

X10K_R1

X50K_R2

X50K_R1

X100K_R2

X100K_R1

5
K
_
R
2

5
K
_
R
1

1
0K
_
R
2

1
0K
_
R
1

5
0K
_
R
2

5
0K
_
R
1

1
0
0K
_
R
2

1
0
0K
_
R
1

0.5

0.6

0.7

0.8

0.9

1.0

R2

R2

R2

R2

R1

R1

R1

R1
100,000

50,000

10,000

5,000

R
2

R
2

R
2

R
2

R
1

R
1

R
1

R
1

1
0
0

,0
0

0

5
0

,0
0

0

1
0

,0
0

0

5
,0

0
0

20

0

20

0

15

0

15

0

1

0

R1

R2

R1

R2

100,000

50,000

RefSeq gene POM121L2 ZNF204P ZNF184 XR_001744071.1 LINC01012 H2AC13 H2AC16

100 kb hg38

ENCODE

PRSS16 POM121L2 ZNF204P ZNF184 XR_001744071.1 LINC01012NR_038929.1 H2AC13 H2AC16 OR2B2
Gene

[0 - 20]

[0 - 20]

[0 - 15]

[0 - 15]

[0 - 1.00]

GM_HDAC2_100K_1_R1_Full_

Normalized_Extended.bw

GM_HDAC2_100K_2_R1_Full_

Normalized_Extended.bw

GM_50K_1_R1_Full_Normali

zed_Extended.bw

GM_50K_2_R1_Full_Normali

zed_Extended.bw

ENCODE_GM_HDAC2_1_Full_N

ormalized_Extended.bw

HDAC2 

HDAC2

0.7

0.9

0.6

0.8

1.0

0.5

R2

R2

R1

R1

100,000

50,000

R
2

R
2

R
1

R
1

5
0
,0

0
0

1
0
,0

0
0

Correlation of promoters TERC

X50K_R2

X50K_R1

X100K_R2

X100K_R1

5
0K
_
R
2

5
0K
_
R
1

1
0
0K
_
R
2

1
0
0K
_
R
1

0.5

0.6

0.7

0.8

0.9

1.0

Figure 1: Overview of the low input nMOWChIP process and data on RNA polymerase II, EGR1 and 
HDAC2 binding in GM12878 cells. (A) Steps to generate nMOWChIP-seq libraries. (B) Normalized RNA Pol II 
(S5) signals generated using 1,000 to 50,000 cells, EGR1 signals generated using 5,000 to 100,000 cells, and 
HDAC2 signals generated using 50,000 and 100,000 cells. ENCODE data (Pol II: GSM803485; EGR1: 
GSM803434; HDAC2: GSE105521) are included for comparison. (C) Pearsonôs correlations of affinity score 
calculated from consensus MACS2 peaks and uniquely mapped reads using DiffBind, among samples of various 
cell numbers for RNA Pol II, EGR1 and HDAC2. 
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Using cell line GM12878, we show that our method can generate high quality ChIP-seq data 

with input as little as 1,000 cells per assay for Pol II (phosphor S5) (Figure 1B). Pearson 

correlations between technical replicates were 0.87, 0.84, 0.60, and 0.54 for 50,000-, 10,000-, 

2,000-, and 1,000-cell samples on RNA Pol II, respectively (Figure 1C). We benchmarked our 

data against ENCODE data obtained using conventional ChIP-seq and 20 million cells per 

assay. We examined the number of peaks called and the fraction of reads in peaks (FRiP) for 

data quality (Table 1). The nMOWChIP-seq Pol II data produced an average of 137,000, 

128,000, 65,000 and 27,000 peaks with 50,000, 10,000, 2,000 and 1,000 cells per assay, 

respectively, compared to 110,000 peaks from the ENCODE data obtained using 20 million 

cells. FRiP measures the amount of background in the data and nMOWChIP-seq Pol II data 

showed a decrease from 49.8% to 9.4% with cells per assays decreasing from 50,000 to 

1,000, far exceeding the 1% threshold recommended by ENCODE.62 

We also determined that the binding of Pol II was stable enough to be preserved at -80 °C, a 

unique property not observed in histone modifications or TFs (Figure 2). From our testing, 

MNase-digested chromatin can be frozen at -80 °C or on dry ice for 2 d without substantial 

degradation in data quality for Pol II.  

We profiled a transcription factor, early growth response protein 1 (EGR1), using as few as 

5,000 GM12878 cells (Figure 1). Pearson correlation coefficients between the technical 

replicates were 0.87, 0.87, 0.63, and 0.67 for 100,000-, 50,000-, 10,000-, and 5,000-cell 

samples, respectively (Figure 1C). EGR1 data generally show lower peak numbers and FRiP 

than Pol II data, as shown by both nMOWChIP-seq and ENCODE data. FRiP ranged from 

8.4% to 3.2% in our nMOWChIP-seq EGR1 data. We also profiled another TF MEF2C (Table 
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1). A large percentage of the EGR1 (85%) and MEF2C (75%) peaks overlap with Pol II peaks. 

 

Finally, we applied nMOWChIP-seq to examine the binding of histone deacetylase HDAC2 in 

GM12878 cells (Figure 1B and 1C, Table 1). At least 50,000 cells were required to generate 

good quality data on HDAC2 binding. An average of 1,394 (FRiP = 1.2%) and 8527 peaks 

(FRiP = 3.1%) were generated using 50,000 and 100,000 cells per assay, compared to 1820 

peaks of ENCODE data obtained using 10 million cells (FRiP = 0.3%). We also examined 

HDAC2 binding in mouse brain cells. 100,000 mixed nuclei and 800,000 FACS-sorted NeuN+ 

neuronal nuclei were used in each assay and an average of 3193 (FRiP ~13.1%) and 2112 

(FRiP ~10.4%) peaks were produced (Table 1). 
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Figure 2: Storage at -80 °C does not change RNA pol II binding profile.  (A) Normalized Pol II-S5 signal of 
GM12878 cells. ñ10,000-stò denotes chromatin samples (each containing chromatin fragments from 10,000 cells) 
that were stored at -80 °C for 2 d and then used for nMOWChIP -seq. ñ10,000ò refers to samples processed 
without such storage. (B) Pearsonôs correlation matrix of Pol II-S5 nMOWChIP-seq data of fresh and -80 °C 
stored GM12878 chromatin, computed using DiffBind affinity score method. 



17 
 

Table 1: Summary of nMOWChIP-seq data 

File 
Mapped 
reads 

Mapping 
Rate 

Unique 
reads 

Unique 
rate 

MACS2 FRIP 

GM12878_Pol2-total_50K_1 16432424 98% 16204517 99% 133015 57.1% 

GM12878_Pol2-total_50K_2 20219467 98% 19820603 98% 129219 55.5% 

GM12878_Pol2-S5_50K_1 16006273 98% 15570715 97% 142339 52.4% 

GM12878_Pol2-S5_50K_2 15203135 98% 14377380 95% 130669 47.3% 

GM12878_Pol2-S5_10K_1 12271356 96% 12061753 98% 114811 41.3% 

GM12878_Pol2-S5_10K_2 21780356 96% 21550914 99% 140695 48.0% 

GM12878_Pol2-S5_10K_st_1 9646207 95% 9354458 97% 82320 27.8% 

GM12878_Pol2-S5_10K_st_2 13775137 96% 13338787 97% 79800 24.9% 

GM12878_Pol2-S5_2K_1 14243331 90% 13432201 94% 59713 17.7% 

GM12878_Pol2-S5_2K_2 15242929 87% 14400694 94% 70439 22.0% 

GM12878_Pol2-S5_1K_1 15572762 87% 14923018 96% 33627 10.7% 

GM12878_Pol2-S5_1K_2 9194036 86% 8777057 95% 19820 8.1% 

GM12878_Pol2-S5_100K_cl_1 31745569 98% 31406005 99% 53817 8.8% 

GM12878_Pol2-S5_100K_cl_2 31111394 98% 30545134 98% 17561 2.7% 

GM12878_EGR1_100K_1 14323523 96% 12199195 85% 16614 8.3% 

GM12878_EGR1_100K_2 17458334 96% 14961426 86% 15584 7.9% 

GM12878_EGR1_50K_1 14910367 95% 12800282 86% 16465 8.6% 

GM12878_EGR1_50K_2 16669698 95% 14480504 87% 15159 8.2% 

GM12878_EGR1_10K_1 9072849 84% 7725182 85% 2626 3.8% 

GM12878_EGR1_10K_2 12461029 94% 10785293 87% 2781 2.6% 

GM12878_EGR1_5K_1 10330104 92% 8383719 81% 8245 5.0% 

GM12878_EGR1_5K_2 12660454 93% 11175451 88% 1423 1.9% 

GM12878_MEF2C_100K_1 24369737 76% 21133894 87% 14716 4.5% 

GM12878_MEF2C_100K_2 24642860 85% 20705206 84% 19884 6.3% 

GM12878_HDAC2_100K_1 21068312 84% 18801502 89% 11221 3.8% 

GM12878_HDAC2_100K_2 19862691 85% 18127467 91% 5832 2.3% 

GM12878_HDAC2_50K_1 8767036 93% 8093468 92% 1204 1.3% 

GM12878_HDAC2_50K_2 12215492 93% 11358639 93% 1584 1.1% 

PFC_Pol2-total_50K_1 13064208 97% 12803650 98% 66123 48.6% 

PFC_Pol2-total_50K_2 16395371 99% 16251965 99% 80138 55.4% 

PFC_Pol2-total_10K_1 8574476 95% 7748982 90% 24423 26.5% 

PFC_Pol2-total_10K_2 13007858 93% 12338679 95% 53291 46.4% 

Cerebellum_Pol2-total_50K_1 10617272 99% 10444570 98% 43387 52.0% 

Cerebellum_Pol2-total_50K_2 9805738 98% 9553592 97% 36762 48.5% 

Cerebellum_Pol2-total_10K_1 15483210 97% 15200342 98% 54534 67.1% 

Cerebellum_Pol2-total_10K_2 14308273 98% 14139656 99% 54278 69.5% 

PFC_EGR1_100K_1 9285737 91% 8104052 87% 6212 10.7% 

PFC_EGR1_100K_2 8557087 51% 7510446 88% 6921 11.0% 

Cerebellum_EGR1_100K_1 9882524 95% 8739064 88% 17795 16.2% 
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Cerebellum_EGR1_100K_2 13141514 95% 11799729 90% 22866 15.4% 

PFC_MEF2C_100K_1 8478934 82% 7497951 88% 1354 7.5% 

PFC_MEF2C_100K_2 11407867 91% 10012928 88% 5362 9.1% 

Cerebellum_MEF2C_100K_1 11268711 95% 10016208 89% 24063 19.0% 

Cerebellum_MEF2C_100K_2 11481247 95% 10025093 87% 17393 15.6% 

PFC_HDAC2_100K_1 14011639 85% 11164030 80% 2929 13.6% 

PFC_HDAC2_100K_2 15354891 85% 12429080 81% 3465 12.6% 

PFC_NeuN+_HDAC2_80K_1 12258720 80% 10188120 83% 1382 11.2% 

PFC_NeuN+_HDAC2_80K_2 12448796 80% 10639071 85% 2842 9.6% 

 

Comparison of Pol II and Pol II-S5 binding profiles 

We used two antibodies to differentiate the binding of phosphor-5 activated subset of Pol II 

(Pol II-S5, ab5131) and all Pol II regardless of its phosphorylation status (Pol II-total, ab817, 

clone 8WG16). Our data showed the distinction. The two profiles on GM12878 cells were 

similar in a large fraction of the genome (Figure 3A). However, some genes (ACTG1 and 

MDM2 as examples) with Pol II binding over the entire gene body showed that Pol II-total 

profile captured the initial binding of unphosphorylated Pol II at TSS, which was absent in Pol 

II-S5 profile in comparison (Figure 3B). During the course of binding to a gene, Pol II is 

unphosphorylated during the pre-initiation stage, but undergoes phosphorylation once a short 

(20-60 bp) mRNA begins to transcribe.11 Being able to differentiate the distinct forms of Pol II is 

important when the exact Pol II binding status on specific genes is of interest (e.g. whether 

pre-initiation or activated Pol II dominates pausing at a TSS).  

To determine whether Pol II-total or Pol II-S5 was more effective in predicting TF binding sites, 

we analyzed the overlap of either Pol II-total peaks or Pol II-S5 peaks with EGR1 peaks at 

varying peak-calling thresholds, shown as receiver operating characteristic (ROC) curves that 

display the true positive rate (TPR) versus the false positive rate (FPR) (Figure 3C). 
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To quantify the predictive quality, we calculated the area under the curve (AUC) for each of the 

ROC curves using our EGR1 binding data as the gold standard. We found that Pol II-S5 profile 

had a higher predictive value than Pol II-total (0.899 vs 0.845 using nMOWChIP-seq data, and 

0.871 vs 0.807 using ENCODE data). We also tested if Pol II-S5 was more robust than Pol II-

total with samples of lower quality (Figure 3D). For this, we subsampled our EGR1 data from 
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Figure 3: Comparison of Pol II-total and Pol II-S5 bindings in GM12878 cells. (A) Normalized Pol II-S5 and 
Pol II-total signal in GM12878 cells (50,000 cells per assay). (B) Normalized Pol II signal over genes ACTG1 and 
MDM2, showing the difference in Pol II-total and Pol II-S5 binding. Pol II-total includes Pol II that is not 
phosphorylated. These non-active Pol II molecules tend to pause at promoter regions, while phosphorylated and 
active Pol II (S5 being the majority) binds to the entire gene body. (C) Receiver operating characteristic (ROC) 
curves using ENCODE (SRX100400 and SRX100530) and nMOWChIP-seq Pol II-total and Pol II S5 datasets 
predicting EGR1 binding peaks in GM12878 cells. (D) Matthewôs correlation coefficient (MCC) plots of ENCODE 
and nMOWChIP-seq datasets being subsampled at different levels to predict EGR1 binding peaks in GM12878 
cells. 
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25% to 95% of the original reads, with 5 replicates at each sampling. We then calculated the 

average Matthewôs correlation coefficient (MCC), a robust single value quantifier of classifier 

quality, of the five replicates at each subsampling percentage. Pol II-S5 outperformed Pol II-

total, both in our data and in ENCODEôs, regardless of TF data quality. 

Differential RNA Pol II binding in prefrontal cortex and cerebellum of mouse brain 

We applied nMOWChIP-seq to profile Pol II binding in mouse PFC and cerebellum. PFC have 

roles in cognitive functions, decision-making and short-term memory,63,64 while cerebellum 

controls motor functions and coordination.65 We reasoned that the functional difference 

between the two regions should reflect on the binding of Pol II and TFs that have recognized 

roles in the brain. There has not been published ChIP-seq data confirming this. 

We mapped Pol II-total binding in B6 mouse brain using nuclei extracted from PFC and 

cerebellum (Figure 4). The genome-wide Pol II profiles were substantially different between 

cerebellum and PFC with Pearsonôs correlation at 0.67, compared to an average of 0.96 

between technical replicates (Figure 4A-B). DiffBind analysis identified 3021 peaks with higher 

levels of Pol II binding in PFC than in cerebellum, and 1197 peaks having higher binding in 

cerebellum (fold change > 2, p < 10^-5). Gene ontology (GO) analysis showed regions with 

high Pol II binding intensity in PFC were enriched in memory, learning and anxiety-related 

response. Synaptic plasticity, one of the fundamentals of learning and memory, was also 

enriched along with its key components: long term potentiation and depression (Figure 4C).66 

In contrast, the genomic regions with higher Pol II binding in cerebellum were enriched in 

cerebellum specific processes (e.g. cerebellum morphology and development) (Figure 4C).  
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Figure 4: Differential RNA polymerase II binding in prefrontal cortex and cerebellum of mouse brain. (A) 
Normalized Pol II-total signals generated using nuclei isolated from mouse prefrontal cortex (PFC) and 
cerebellum (50,000 nuclei per assay).  (B) Pearsonôs correlations of affinity score calculated from consensus 
MACS2 peaks and uniquely mapped reads using DiffBind, among Pol II data on PFC and cerebellum. (C) GO 
biological processes and mouse phenotypes (single knockout) associated with regions having higher Pol II 
binding levels in either PFC or cerebellum (-log10 binomial p value, fold change > 2, p < 10^-5). (D) Normalized 
Pol II-total signals at genes that have significantly different pausing indexes between PFC and cerebellum. (E) 
Distribution of Pol II pausing index in PFC and cerebellum. 
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We also examined the Pol II pausing index for the Pol II-bound genes in PFC and cerebellum. 

Pol II pausing index (PI) refers to the ratio of Pol II read density between promoter proximal 

region (-30 to +300 bp of TSS) and gene body (+300 bp of TSS to TES), with higher PI 

indicating more Pol II binding near TSS.11,67 Pol II-bound genes can be divided into three 

categories based on the PI value: non-paused and expressed (PI<2), paused and expressed 

(2<PI<20), and paused and unexpressed (PI>20).11 For example, Plk2, which is a gene known 

to participate in rodent brain development and cell proliferation,68 and Npas4, which is involved 

in regulating reward-related learning and memory,69 both showed dramatically higher PI values 

in cerebellum than in PFC (Figure 4D). The data revealed that they were actively expressed in 

PFC but paused without expression in cerebellum. In contrast, Slc46a1 and Rsph9 showed 

higher PI values in PFC than cerebellum. While both were being expressed in the two tissues, 

there was significant pausing of Pol II at TSS in PFC. This suggests that PFC had more 

potential in transcribing these genes at a short notice, such as Slc46a1, which encodes a 

facilitative carrier for folate.70 Furthermore, we analyzed the distribution of the PI in PFC and 

cerebellum (Figure 4E). 36% of genes were being actively expressed in PFC (PI<20), 

compared to only 25% in cerebellum. Mouse brain displays more pause and less active 

transcription compared to GM12878 (52% actively expressed genes). This was also within our 

expectation because GM12878 cells were maintained in log phase and actively dividing, unlike 

brain cells in adult mice. We identified Pol II-bound genes that displayed significantly different 

pausing indexes between PFC and cerebellum (fold change > 3, minimal read density > 0.02 

read/bp). Among these, Igfbp6 is involved in myelin formation during central nervous system 

(CNS) development,71 and Slc1a2 encodes excitatory amino acid transporter 2, responsible for 

reuptake of 90% glutamate in CNS.72 Shank3 belongs to the Shank gene family that plays a 
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role in synapse formation,73 and Flrt2 encodes a member of the FLRT protein family that is 

shown to regulate signaling during mouse development.74 

Differential EGR1 and MEF2c binding in prefrontal cortex and cerebellum of mouse brain 

We also examined EGR1 and MEF2C (myocyte enhancer factor-2 C) binding using nuclei 

extracted from mouse PFC and cerebellum. Chromatin from 100,000 nuclei were used in each 

assay, yielding high quality data that revealed differential binding between the two regions of 

brain (Figure 5A). We picked several genes as examples. Kalrn (Kalirin) plays important roles 

in nerve growth75. Higher EGR1/MEF2C activity in PFC was observed on Gria1 (Glutamate 

receptor 1) which is involved in synaptic transmission.76 Cacna1a is involved in movement 

disorder77 and expression of Nfix can influence neural stem cell differentiation.78 Zic1 and Zic4 

belong to the family of Zinc finger of the cerebellum (ZIC) protein family,79 whose loss of 

function can lead to Dandy-Walker malformation and incomplete cerebellar vermis.80 Higher 

EGR1 binding on these four genes were seen in cerebellum than in PFC. A large fraction of 

EGR1 and MEF2C peaks (68-89%) appear to overlap with Pol II peaks, in both cerebellum and 

PFC. We observed correlated EGR1 and MEF2C profiles, with an average of Pearsonôs 

correlation of 0.74 between the two TFs in PFC and 0.835 in cerebellum (Figure 5B). Such 

correlations were much higher than the one observed in GM12878 cells (r ~0.52). On the other 

hand, EGR1 and MEF2C present very different profiles between PFC and cerebellum, with the 

average correlation of 0.513 and 0.508 between the two brain regions, respectively. We further 

examined the binding difference between PFC and cerebellum for these two TFs. Their binding 

sites were much more heavily situated at promoters in PFC (79%) than in cerebellum (60%) 

(Figure 5C). We further analyzed the data using DiffBind to identify regions with significantly 

different level of EGR1/MEF2C binding between PFC and cerebellum.81 
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Figure 5: Differential transcription factor binding in prefrontal cortex and cerebellum of mouse brain. (A) 
Normalized EGR1 and MEF2C signals at genes identified by DiffBind to have significantly different binding 
between PFC and cerebellum (fold change > 2, p < 10 -̂5). (B) Pearsonôs correlations of affinity score calculated 
from consensus MACS2 peaks and uniquely mapped reads using DiffBind, among TF data on PFC and 
cerebellum. (C) Distribution of TF binding peaks (p < 10^-5) in various genomic regions. Each peak set is the 
overlapping peaks from 2 replicates of the same sample. (D) GO biological process and mouse phenotype (single 
knockout) terms associated with regions having higher EGR1 and MEF2C binding levels in cerebellum than PFC 
(-log10 binomial p value, fold change > 2, p < 10^-5). 
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In total, DiffBind identified 1026 peaks with higher EGR1 binding in cerebellum than in PFC, 

and 1563 peaks with higher MEF2C binding in cerebellum than in PFC (fold change > 2, p < 

10^-5). These regions were further analyzed for GO term enrichment analysis using GREAT 

and linked to walking behavior, motor coordination, and cerebellum morphology and 

development in the case of EGR1, cerebellar development and limb coordination in the case of 

MEF2C (Figure 5D). In contrast, very few differential peaks (12 for EGR1 and 1 for MEF2C) 

were found to have higher binding signal in PFC than in cerebellum and no GO terms were 

found. 

Discussion 

ChIP-seq profiling of proteins bound to the genome is generally much more challenging than 

that of modified histones. Histone ChIP-seq can be conducted with crosslinking and sonication 

or under native ChIP condition. Due to the robust interaction between histones and genome, 

native ChIP-seq for histone modifications can have very high efficiency. In contrast, previous 

ChIP-seq of protein bindings often involves crosslinking and sonication that immobilizes the 

protein to the interacting DNA sequence before breaking chromatin into fragments. 

Crosslinking is often considered necessary when Pol II, TF and enzyme interaction with the 

genome is studied, due to perceived needs and benefits for preservation of such interactions 

by crosslinking. However, crosslinking and sonication potentially cause epitope masking82 and 

damage, respectively, and both affect antibody-antigen interaction critically involved in ChIP 

assays. Furthermore, crosslinking may also create artifact peaks at highly transcribed regions 

due to protein-protein crosslinking.83 

In this work, we conducted nMOWChIP-seq without crosslinking and sonication on non-histone 

targets. We demonstrated that our low-input technology could work with as few as 1000-
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50,000 cells per assay for profiling a wide range of protein-genome interactions. We show that 

nMOWChIP-seq method effectively preserves the interaction between Pol II/TFs/enzyme and 

the genome. In our approach, the required number of cells depends on the robustness of the 

protein binding to the genome under native ChIP conditions, the number of binding sites, and 

the quality of the antibody. Compared to the state-of-the-art ChIP-seq data taken using millions 

of cells per assay, our datasets generally show a very high signal-to-noise ratio and low 

background, characterized by high FRiP values.  

Compared to histone modification data, ChIP-seq data on Pol II, TFs, enzyme in tissues are 

very scarce. We applied nMOWChIP-seq to profile Pol II, and key TFs EGR1 and MEF2C in a 

brain-region-specific manner in cerebellum and prefrontal cortex of mouse brain. We found 

that Pol II and TF profiles were highly characteristic of the brain regions. The Pol II binding 

profiles had 4,200 differential peaks between cerebellum and PFC, while EGR1/MEF2C 

profiles had 2,100 differential peaks between the two brain regions. The peaks with their 

intensity high in PFC and low in cerebellum were highly enriched in functions including 

cognition, learning or memory, while the peaks that were high in cerebellum and low in PFC 

were enriched in GO terms including walking behavior, motor coordination and cerebellar 

cortex formation. The fact that the binding profiles of these functional molecules are highly 

characteristic of the functions of various brain regions indicate that Pol II and the key TFs are 

critically involved in the molecular dynamics associated with the spatial configuration of brain 

functions. Our results suggest the possibility of deciphering genome-wide molecular binding 

profiles to establish the neuroanatomical origin of brain tissues for the first time. 

Materials and methods 

Fabrication of microfluidic device 
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Microfluidic ChIP device was fabricated using polydimethylsiloxane (PDMS) via soft 

lithography. Photomasks of fluidic layer and control layer with microscale patterns were 

designed with FreeHand MX (Macromedia) and printed on high-resolution (5,080 dpi) 

transparencies. For fluidic layer master, photoresist (SU-8 2025, Microchem) was spun on a 3-

inch silicon wafer (978, University Wafer) at 500 rpm for 10s and 2500 rpm for 30s and baked 

at 95°C for 8 min. For control layer m aster, SU-8 was spun at 500 rpm for 10s and 1500 rpm 

for 30s and baked at 95°C for 8 min. Each master was covered with its photomask and 

exposed to 580mW UV for 17s, and followed by baking at 95°C for 8 min. They were then 

developed in SU-8 developer for 2 min, rinsed with IPA and D.I. water and air blown to dry. 

The masters were then baked at 140°C to strengthen the bond and prevent features from 

detaching. To make fluidic layer, PDMS (General Electric silicone RTV 615, MG chemicals) 

with a mass ratio of A:B = 5:1 was thoroughly mixed and vacuumed for 1 hr. It was then 

poured onto the fluidic layer master in a Petri dish to a thickness of ~5 mm. To make control 

layer stamp, PDMS with a mass ratio of A:B = 20:1 was mixed, vacuumed for 1 hr, and spun 

onto the control layer master at 1100 rpm for 35s. Both stamps were partially cured at 80 °C 

for 13 min. The fluidic layer was then peeled off from the fluidic layer master and aligned to the 

control layer. Two-layer PDMS were thermally bonded at 80 °C for 90 min and peeled off from 

control layer master. The inlets and outlets of the device were punched by a 2 mm hole 

puncher. Glass slides washed thoroughly, and air blown to dry. The two-layer PDMS and a 

pre-cleaned glass slide were treated with oxygen plasma cleaner (PDC-32G, Harrick Plasma) 

and brought together to form closed channels and chamber. The device was then baked at 

80 °C for 4 hours to strengthen the bonding between PDMS and glass.  

Cell culture 
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GM12878 cells were obtained from Coriell Institute for Medical Research. Cells were cultured 

in RPMI-1640 medium (30-2001, ATCC) supplemented with 15% fetal bovine serum (1600-

044, Gibco) and 1% pen-strep (Invitrogen) at 37 °C, 5% CO 2. Cells were subcultured every 3 

days to maintain exponential growth. 

Mouse strain and brain dissection 

Male C57BL/6J mice were obtained from Jackson Laboratory. They were kept in the animal 

facility with 12-h light/12-h dark cycles and food and water ad libitum. 8-week-old male mice 

were euthanized with compressed CO2 followed by cervical dislocation. Brains were rapidly 

dissected, flash frozen on dry ice and stored at -80 °C. The study was approved by the 

Institutional Animal Care and Use Committee (IACUC) at Virginia Tech. 

Nuclei isolation from mouse brain tissue 

A mouse brain was put on dry ice and PFC and cerebellum were dissected for nuclei isolation. 

The following steps are performed on ice and centrifugation performed at 4°C. Tissue was 

placed in 3 ml of ice-cold nuclei extraction buffer [0.32 M sucrose, 5 mM CaCl2, 3 mM Mg(Ac)2, 

0.1 mM EDTA, 10 mM tris-HCl, and 0.1% Triton X-100, with 30 µl of PIC (P8340, Sigma -

Aldrich), 3 µl of 100 mM PMSF, and 3 µl of 1 M dithiothreitol added before use]. Tissue was 

homogenized in the grinder set (D9063, Sigma-Aldrich) by slowly douncing 15 times with 

pestle A and 25 times with pestle B. Homogenate was filtered through a 40 µm cell strainer 

into a 15 ml tube and centrifuged at 1000g for 10 min. The supernatant was removed, the 

pellet was resuspended in 500 µl nuclei extraction buffer and transferred to a 1.5 ml tube. 750 

µl of 50% iodixanol, 7.5 µl of PIC, 0.75 µl of 100 mM PMSF and 0.75 µl of 1M dithiothreitol 

were added and mixed by pipetting. The mixture was centrifuged at 10,000g for 20 min and the 
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supernatant was removed. If mixed nuclei (without separation of neurons and glia) were used 

for MOWChIP directly, the nuclei pellet was resuspended in 200 µl of Dulbecco's phosphate-

buffered saline (DPBS). If nuclei labeling and FACS sorting were conducted, 500 µl of 2% 

normal goat serum (50062Z, Life Technologies) in DPBS was added to the nuclei pellet and 

incubated for 10 min before resuspending. Anti-NeuN antibody conjugated with Alexa 488 

(MAB377X, EMD Millipore) was diluted with DPBS to 2 ng/µl. 8 µl of anti -NeuN was added to 

each 500 µl of nuclei suspension and incubated at 4°C for 1 h on a rotator. The labeled nuclei 

were then sorted using FACS (BD FACSAria, BD Biosciences). 8 µl o f non-labeled nuclei were 

saved as unstained control prior to addition of anti-NeuN antibody. The concentration of nuclei 

suspension after FACS was typically low (~1.2×10 5/ml). The nuclei were re-concentrated by 

adding 200 µl of 1.8 M sucrose, 5 µl of 1M C aCl2 and 3 µl of 1M Mg(Ac) 2 to 1 ml of the nuclei 

suspension. The mixture was incubated on ice for 15 min and centrifuged at 1800g for 15 min. 

Supernatant was removed and the nuclei pellet was resuspended in DPBS. 

Chromatin preparation by MNase digestion 

This protocol is scalable in volume and can digest cell/nuclei suspension with concentration up 

to 4×10 6/ml. Our experiments usually started with 4×10 5 cells/nuclei suspended in 100 µl of 

DPBS. 1 µl of PIC, 1 µl of 100 mM PMSF and 100 µl lysis buffer [4% Tr iton X-100, 100 mM 

tris-HCl, 100 mM NaCl, and 30 mM MgCl2] were added, mixed by vortexing and incubated at 

room temperature for 10 min. 10 µl of 100 mM CaCl 2 and 2.5 µl 100U MNase (88216, Thermo 

Fisher Scientific) were added, mixed by vortexing and incubated at room temperature for 10 

min. 22 µl of 0.5 M EDTA was then added, mixed by vortexing and incubated on ice for 10 min. 

The solution was centrifuged at 16,100g for 5 min at 4°C. Supernatant containing fragmented 

chromatin was collected into a new 1.5 ml tube and placed on ice for use. 
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Immunoprecipitation beads preparation 

5 µl of protein A Dynabeads (10001D, Invitrogen) were used in each MOWChIP assay. The 

beads were washed twice with IP buffer (20 mM Tris-HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA, 

0.5 mM EGTA, 0.1% (w/v) sodium deoxycholate, 0.1% SDS, 1% (v/v) Triton X-100) and 

resuspended in 150 µl of IP buffer. 1 µg of Pol II or TF antibody was added into the bead 

suspension for each assay using 105 cells/nuclei, while 0.5 µg of antibody was added for each 

assay using 5×10 4 or fewer cells/nuclei. We used the following antibodies in this work: anti-Pol 

II-total (ab817, lot GR3271868-2, Abcam), anti-Pol II-S5 (ab5131, lot GR3202335-5, Abcam), 

anti-EGR1 (sc-101033, lot A1618, Santa Cruz), anti-MEF2C (sc-365862, lot B0818, Santa 

Cruz), anti-HDAC2 (ab124974, lot GR97402-7, Abcam).  The suspension was incubated on a 

rotator at 4°C overnight. The beads were then washed with IP buffer twice and resuspended in 

5 µl of IP buffer for loading into the device chamber.  

Operation of MOWChIP device 

The device was controlled by a customized LabVIEW program (National Instruments) 

managing solenoid valves (18801003-12V, ASCO Scientific) via a data acquisition card (NI 

SCB-68, National Instruments). The valves are connected to compressed air for closing the 

sieve valve and conducting oscillatory washing. The control channel was filled with water first 

and connected to a valve with 30 psi of pressure. When the valve was opened, the pressure 

deformed the control layer membrane and partially closed the sieve valve in the device. This 

prevented the beads from leaking but allowed the solution to pass. The device was then rinsed 

with IP buffer at 50 µl/min using a syringe pump (F usion 400, Chemyx) to remove air from the 

chamber. IP beads were loaded into the inlet of the chamber guided by magnet. 60 µl of 

chromatin solution from the appropriate number of cells (diluted from MNase-digested 
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chromatin samples with IP buffer where necessary) was loaded into the chamber at 1.5 µl/min, 

and beads were packed against the partially closed sieve valve after 2 min of sample loading. 

Sample loading was completed after 60 min. 2 washing tubes filled with low salt buffer (20 mM 

Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% (v/v) Triton X-100) were then 

connected to both inlet and outlet of the device, and oscillatory washing was conducted for 5 

min at ~1 psi with alternating pulses of 0.5 s with the sieving valve open. The same washing 

was repeated with high salt buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 0.1% 

SDS, 1% (v/v) Triton X-100). Beads were then flushed out of the chamber using IP buffer at 

200 µl/min and collected in a 1.5 ml tube.  

Purification of ChIP DNA 

After MOWChIP, IP beads were rinsed once with IP buffer and resuspended in 200 µl of DNA 

elution buffer (10 mM Tris-HCl, 50 mM NaCl, 10 mM EDTA, and 0.03% SDS). 2 µl of 20 mg/ml 

proteinase K was added and the suspension was incubated at 65°C for 1 h. DNA was then 

extracted and purified by phenol-chloroform extraction and ethanol precipitation. DNA pellet 

was resuspended in 8 µl of low EDTA TE buffer.  Input DNA was purified with the same 

process, by digesting chromatin solution directly using proteinase K, followed by the same 

extraction and purification process. 

Library preparation, quantification and sequencing 

Libraries were constructed using 2S Plus DNA Library kit (IDT) following the manufacturerôs 

instructions. 1× EvaGreen dye (Biotium) was added to the amplifi cation mixture to monitor the 

PCR amplification. Library was eluted to 7 µl of low EDTA TE buffer. Library fragment size was 

examined using TapeStation (Agilent) and the concentration was quantified with KAPA Library 
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Quantification Kit (Kapa Biosystems). We also examined the enrichment of the libraries using 

qPCR and primers listed in Appendix. Libraries were pooled for sequencing by Illumina HiSeq 

4000 SR50 mode. 

ChIP-seq data analysis 

Raw sequencing FASTQ files were trimmed using Trim Galore! with default settings. Reads 

that passed the quality check were mapped to reference genomes hg38 (human) or mm10 

(mouse) with Bowtie.84 Uniquely mapped reads were filtered for known blacklisted genome 

regions using Samtools85 and bedtools86 to remove ChIP-seq artifacts. The reference genome 

was then divided into 100-bp bins and ChIP-seq signal for each bin was counted for both ChIP 

and input samples. Normalized ChIP-seq signal for each bin was calculated using the following 

equation: 

ὛὭὫὲὥὰ
ὅὬὍὖ ίὭὫὲὥὰ

ὔέȢ  έὪ όὲὭήόὩ ὅὬὍὖ ὶὩὥὨί

Ὅὲὴόὸ ίὭὫὲὥὰ

ὔέȢέὪ όὲὭήόὩ Ὥὲὴόὸ ὶὩὥὨί
ρȟπππȟπππ 

Both ChIP and input reads were then extended by 100 bp on either ends to compute 

normalized signal for each bin in the same manner, and visualized as tracks in genome 

browser IGV.87 Peak calling was conducted using MACS2 (default settings). Differential 

binding analysis was carried out using DiffBind81 with default settings. Selected genomic 

regions of interest were further analyzed for gene ontology terms using GREAT.88 Pearsonôs 

correlation between datasets was calculated via DiffBind, using dba.count command with 

default parameters to process MACS2 peaks and uniquely mapped reads and calculate 

consensus peaks and affinity score. 
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ROC curves were created by calculating the true positive rate (TPR) and false positive rate 

(FPR) at 100 different peak-calling thresholds from 9.9×10^ -1 and 10^-15. Thresholds were 

applied to both the EGR1 and Pol II sets, and AUC was calculated with the R package ROC. 

Subsampling of EGR1 bam files to between 25% to 95% of original reads was performed using 

Samtools. Five separate, but consistent, seeds were used at each subsampling percentage. 

Matthewôs correlation coefficient (MCC) was calculated in R (mltools) at each percentage and 

each seed using a MACS2 q-value cutoff of 0.05 for both EGR1 and Pol II peaks. 
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Chapter 3: Comprehensive histone modification and gene 

expression profiling in human lung tumor samples 

Introduction 

The importance of epigenetic changes in cancer biology has been well-established. Significant 

efforts have been made investigating the cancer epigenome and decoding it for insight into 

possible intervention. Abnormalities and misregulation of epigenetic pathways are common in 

cancer. A large body of evidence suggest these changes play key roles in oncogenesis and 

progression and hold potential for drug development.89-94 Studies of primary tumor samples 

have revealed valuable information on risk loci and regulatory element reprogramming in 

cancer. The Cancer Genome Atlas has conducted several large scale profiling of primary 

cancer samples, including whole-genome bisulfite sequencing of 39 tumors which identified 

previously unknown hypomethylation in partially methylated domains.95 Their extensive ATAC-

seq profiling of 410 tumor samples across 23 cancer types discovered numerous risk loci as 

DNA regulatory elements in cancer.96 Other works on epigenetic profiling of tumors have 

revealed important aspects of the disease, such as the reactivation of epigenomic programs 

for tissue development during prostate cancer metastasis,97 and abnormal activity in and 

regulators of colorectal cancer gained enhancers.98-100 

Profiling epigenetic landscape, often combined with transcriptomic assays in primary, patient-

derived samples have proven valuable. However, the scope of such studies is often limited by 

the scarcity of primary tissue from patients, available from a handful of tissue biobanks 

typically in the milligram range. This reality contrasts sharply with the starting material 

requirement for epigenetic and transcriptomic assays, especially when the desire of examining 
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multiple markers and the need of replicates. Furthermore, due to the complex and highly 

variable nature of patient samples, a relatively large number of samples is often necessary to 

draw reliable conclusions. This compounds the discrepancy between sample availability and 

assay requirement. Usually, no more than three distinct marks are profiled directly in patient 

samples.100-102 Xenograft on lab animals and in vitro culture are commonly used to increase 

sample amount,97-99,103,104 but these procedures have more stringent requirements for samples 

(e.g. being freshly extracted and not frozen) and will introduce non-native interferences. 

Lung cancer is the most common cause among cancer death as of 2020. Both cases and 

deaths are on the rise, with 2.09 million new cases and 1.76 million deaths estimated for 2018 

alone.105 Its high mortality rate is attributed to patients often being diagnosed at advanced 

stages and poor five-year survival rate of only 15%.106 Epigenetic changes such as DNA 

methylation, histone modification and non-coding RNA expression have all been shown to play 

important roles in the initiation and progression of lung cancer, and understanding the 

underlying mechanisms will contribute to better early detection, diagnosis and therapeutics.106-

109 For instance, it was demonstrated that histone modification levels can predict survival 

probability in lung cancer patients.110  

The maturation of next-generation sequencing technology, in particular its accessibility and 

reduced cost, has renewed interest in large scale epigenetic profiling of patient samples in 

cancer. The Cancer Genome Atlas (TCGA) led such an effort in 2018 in which they conducted 

ATAC-seq on 410 patient tumor samples from 23 types of cancer to map their chromatin 

accessibility, a key marker of active DNA regulatory elements.96 Such large scale profiling of 

statistically significant number of samples revealed abundant information useful for various 
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research into cancer. Profiling multiple histone modifications across large number of tumor 

samples would provide even more new knowledge since different histone modifications have 

their unique effect on transcription, while ATAC-seq only map the openness of chromatin 

structure. However, tumor samples from patients are usually available in no more than 50 mg 

to individual research labs. Work by TCGA was done on 20 mg per sample, ideally yielding 

more than 100,000 nuclei. This was enough for ATAC-seq assays, but would be far from the 

required number for typical ChIP-seq assay once multiple histone marks and technical 

replicates are factored in. Our MOWChIP-seq method is capable of consistently generating 

high quality ChIP-seq data using 10,000 or less nuclei per assay input material and is suitable 

for conducting a large-scale profiling of multiple histone modifications in patient samples 

limited in available weight. 

Library preparation

Patient-derived lung tissue

(normal & tumor)

Nuclei extraction MNase digestion

MOWChIPSequencing & data analysis

Figure 6: Process of profiling multiple histone modifications in lung tissue samples. 
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In this work, we used native MOWChIP-seq system to map five key histone modifications 

(H3K27ac, H3K4me1, H3K4me3, H3K27me3 and H3K9me3) in patient derived lung tissues. A 

total of 38 lung tissue samples were obtained by Dr. Wei Wang at UCSD from tissue bank. 18 

were tumor samples and 20 were non-neoplastic control samples. We generated high quality 

ChIP-seq data of the five histone marks for 38 tissues, using about 20 mg of sample on 

average. 8 pairs of samples were ómatchedô, meaning that the tumor and control tissue come 

from the same patient. RNA-seq was conducted by extracting total RNA from tissue slices 

incubated with RNAlater-ICE reagent, followed by a modified Smart-seq2 workflow. Data 

analysis showed that the libraries produced were of high quality and reproducibility. Numerous 

differentially modified epigenomic regions (DMER) and differentially expressed genes (DEG) 

were identified between tumor and non-neoplastic samples. Downstream analyses revealed 

differential TFs and consensus regulation associated modules (cRAM) specific to tissue 

conditions. Genome-wide clustering found 6 distinct sections with specific co-modification 

patterns. Integrated analysis showed tumor and non-neoplastic specific cRAMs to be key 

regions related to chromatin reorganization with functional implication. 

Author contribution 

This work was a collaboration with Wei Wangôs group at University of California San Diego. Dr. 

Wangôs group acquired the samples, supplied major reagents and funded all sequencing. Lina 

Zheng coordinated the acquisition and shipping of samples and conducted all bioinformatic 

analyses of the sequencing data. Zhengzhi Liu carried out histone modification MOWChIP-seq 

and library preparation. Zirui Zhou conducted RNA extraction and library preparation. All 
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authors wrote the manuscript. 

 

Results and discussion 

Tissue processing optimization 

We adapted our standard nuclei extraction protocol developed for brain tissues to extract 

nuclei from lung tissue samples from patients. Tissues were stored in liquid nitrogen vapor 
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Figure 7: (A) Illustration of the lung ChIP-seq and RNA-seq workflow. (B) Normalized ChIP-seq and RNA-
seq signal tracks from normal and tumor samples. 
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phase. All transportation and handling were done on dry ice to prevent possible sample 

degradation. Due to the lung tissues being denser and containing more connective tissue 

compared to brain, we cut thin slices off the tissue piece and diced them into smaller pieces 

before loading into the tissue grinder. Extra douncing was done to the lung tissue pieces to 

ensure complete release of nuclei into the extraction solution (20 times with pestle A and 30 

times with pestle B, compared to 15 times with pestle A and 25 times with pestle B for brain 

samples). Nuclei yield per unit of weight also varied across a wide range though we kept the 

amount of sample used in each nuclei extraction consistent. 

Parallel MOWChIP assays and chromatin storage 

We processed one sample per day and ran all 10 MOWChIP-seq runs in parallel (5 histone 

modifications, each having 2 technical replicates). Typically, chromatin from 30,000 nuclei 

were used for each MOWChIP assay. Extra chromatin was stored at 4 °C as backup in case 

any library constructed from the ChIP DNA didnôt pass qPCR quality check. During the project, 

we used MNase-digested chromatin stored at 4 °C for 1 month for re-runs and produced high 

quality data. 

RNA extraction in lung tissue sample 

Our lab has previously developed an RNA extraction workflow that ran in parallel with the 

nuclei extraction process from brain tissue. A fraction of the nuclei extracted and purified from 

sample was set aside and used for RNA extraction by RNeasy Mini kit. The same protocol was 

initially employed for the lung tissue samples. However, the cDNA we produced was too small 

for RNA-seq library preparation. The small size indicated severe RNA degradation during the 

extraction process. After side-by-side comparison with brain tissue samples, we concluded 
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that the lung cells contained more molecules that could degrade RNA than brain cells. These 

molecules were released into the suspension during nuclei extraction and degraded the mRNA 

in nuclei before RNA extraction. Therefore, we used the RNAlater-ICE reagent to protect RNA 

ChIP-seq

A B

C D

E

Figure 8: Distribution of five key quality control matrices for ChIP-seq data. (A) Number of uniquely mapped 
reads. (B) Number of called peaks. (C) Fraction of reads in peaks (FRiP). (D) Normalized strand cross-correlation 
coefficient (NSC). (E) Relative strand cross-correlation coefficient (RSC).  
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in the lung tissue. The reagent was prechilled to -80 °C. Thin tissue slices cut from the sample 

were transferred into RNAlater-ICE and allowed to incubate at -20 °C overnight. The tissue 

slices permeated with RNAlater-ICE were then homogenized and lysed for RNA extraction. 

This way we were able to produce cDNA of normal size distribution.  

Sequencing data processing and quality 

We generated an average of 12.2, 17.0, 12.2, 25.5, 37.8 and 11.1 million uniquely mapped 

reads per library for H3K27ac, H3K4me3, H3K4me1, H3K27me3, H3K9me3 and RNA-seq. 

The MOWChIP-seq process gave a high signal-to-noise ratio, with the average FRiP for the 

five histone modifications at 0.377, 0.450, 0.396, 0.122 and 0.181 (Figure 8). The ChIP-seq 

RNA-seq

A B C

D E

Figure 9: Distribution of five key quality control matrices for RNA-seq data. (A) Number of uniquely mapped 
reads. (B) Uniquely mapped rate. (C) Exon percentage. (D) GC percentage. (E) Number of genes covered. 
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libraries also showed high reproducibility, with the average Pearsonôs correlation between 

technical replicates at 0.93, 0.95, 0.93, 0.92 and 0.95. RNA-seq libraries had an average 

mapping rate of 69.3% and exon rate of 82.2% (Figure 9). 

Differential binding and TF regulation analysis 

ChIP-seq data was analyzed using DiffBind81 to reveal DMERs in each of the five histone 

modifications. 27,233 H3K27ac (13,415 gain, 13818 loss in tumor compared to non-

neoplastic), 44,677 H3K4me1 (21,132 gain, 23,545 loss), 13,005 H3K4me3 (8,725 gain, 4,280 

loss), 5,091 H3K27me3 (2,877 gain, 2,214 loss), 18,589 H3K9me3 (11,211 gain, 7,378 loss) 

DMERs were identified. RNA-seq data was analyzed using DESeq2.111 1,053 DEGs were 

identified. The top 96 DEGs showed a clear separation in signal intensity pattern between 

tumor and non-neoplastic samples (Figure 10A). We used g:Profiler112 to examine their related 

biological function and found the top DEGs to be highly enriched in cancer and cell 

proliferation/apoptosis pathways (Figure 10B). DMERs from the five types of histone 

modifications were also examined the same way. In particular, ñpathways in cancerò was 

identified in four out of the five types. Other cancer and cell proliferation related pathways were 

also found here, including ñRas signaling pathwayò, PI3K-Akt signaling pathwayò, ñMAPK 

signaling pathwayò and ñcAMP signaling pathwayò (Figure 10C). 

We used Taiji and EpiTensor pipeline to investigate the underlying transcription regulation and 

look for change between tumor and non-neoplastic samples.113,114 H3K27ac and RNA-seq 

data from each sample were integrated to assemble a network of TF-gene interaction. Taiji 

used the H3K27ac data to predict TF binding sites with known motifs in active promoter and 

enhancer regions. Enhancers were then linked to their interacting promoters predicted by 
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ranked DEGs. (B) Over-represented pathways of top ranked DEGs. (C) Enriched pathways for DMERs in each 
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Figure 11: Differential regulatory analysis of tumor and non-neoplastic lung tissue. (A) Differential page 
rank TF heatmap. (B) Over-represented pathways of differential TFs. (C) Example track showing individual RAMs 
(D) Venn diagram of cRAM from tumor and non-neoplastic samples. (E) cRAM size distribution. (F) DMER and 
DEG distribution in viable cRAMs. (G) Over-represented pathway in differential cRAMs with DMER and DEG 
signal. 
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EpiTensor. The TF-gene pairs were combined into a network for each sample and PageRank 

score for each node was computed to reflect its importance. We compared the PageRank 

score for TFs in tumor and non-neoplastic samples and identified 118 differential TFs (Figure 

11 A). The over-represented pathways for the differential TFs were also identified, with 

chromatin organization being of particular interest (Figure 11B). 

Regulation associated module analysis 

Strong association between changes in chromatin organization and cancer progression have 

been previously identified.115-117 In order to further examine the state of chromatin organization 

in our data, we applied the software suite findRAM to locate regulation associated modules 

(RAM). RAMs are genome wide modular patterns that reflect diverse chromatin activities at a 

better scale. Deletion of RAM boundaries would severely affect chromatin organization and cell 

fitness.118 Peaks from H3K27ac data were used to identify RAMs in individual samples, and 

consensus RAMs (cRAM) were then assembled from either tumor or non-neoplastic samples. 

760 cRAMs were identified in tumor samples and 759 cRAMs were identified in non-neoplastic 

samples. Among these, 682 cRAMs were shared between the two groups, with more than 50% 

mutual overlap (Figure 11D). 78 cRAMs were specific to tumor samples and 77 cRAMs were 

specific to non-neoplastic samples. Overlap between these two groups of cRAMs were merged 

and 88 cRAMs remained, referred to as ñviable cRAMsò. cRAMs specific to one of the two 

conditions indicated the changes in chromatin organization related to the pathological state. By 

mapping DMERs and DEGs identified from differential binding analysis onto viable cRAMs, we 

found that 91% of the viable cRAMs overlap with four or more types of DMERs and DEGs 

(Figure 11F). g:Profiler revealed that DMERs and DEGs that overlap with viable cRAMs were 

enriched in a variety of pathways (Figure 11G). New terms aside from the common ones 



46 
 

related to cancer emerged. Several terms were of particular interest, including ñECM-receptor 

interactionò, ñloss of function of TGFBR1 in cancerò, ñsignaling by TGF-beta receptor complex 

in cancerò, and ñloss of function of SMAD2/3 in cancerò. Remodeling of ECM pathways has 

been associated with cancer cell survival and metastasis.119-122 TTGF-beta and SMAD2/3 both 

play key roles in non-small cell lung cancer.123,124 

Global co-modification patterns clustering 

Aside from the differential analysis between tumor and non-neoplastic samples, we also 

sought to examine the global histone modification pattern in all samples, particularly the 

interaction between the 6 markers profiled. An unbiased, unsupervised integrative analysis 

was done using EpiSig.125,126 EpiSig scanned the entire human genome in 5kb windows and 

retained windows with significant signal for any one of the five histone modifications or gene 

expression across all samples. Windows with signal were then clustered based on similarity of 

co-modification patterns, resulting in 429 clusters in total (average 66 windows per cluster). k-

means clustering was then applied to combine these clusters into 6 large sections, each with 

an overall co-modification pattern of epigenetic and transcriptomic signals (Figure 12A). 

Section I had strong H3K27ac and H3K4me1 signal, with weaker H3K4me3 signal and gene 

expression, and were in intron and intergenic regions, indicating active enhancers. Section II 

had a strong H3K4me3 signal with noticeable H3K27ac, H3K4me1 and gene expression 

signal, indicating active promoters. This section distributed itself across major types of 

genomic annotations except 3ô UTR. Section III had noticeable gene expression and was 

concentrated in intron and coding exon regions. Section VI was similar to section III except for 

higher gene expression levels. Both were likely transcribed regions of the genebody. 
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E 

Figure 12: Integrated analysis of co-modification pattern and viable cRAM. (A) EpiSig co-modification 
clusters and annotation. (B) Distribution of co-modification sections in viable cRAMs. (C) DMER and DEG 
enrichment in sections with viable cRAM overlap. (D) An example showing DMER and DEG within a viable cRAM 
region. (E) Over-represented pathways in sections with viable cRAMs. 
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Section IV and V were both repressed regions enriched in H3K27me3 and H3K9me3, 

respectively, and no significant signal from active markers or gene expression. They were 

distributed mostly in intergenic regions and showed bias towards chromosome 19 and X. 

These two sections also showed a lower percentage of DMER and DEG coverage compared 

to the other four sections. 

We linked global co-modification pattern back to viable cRAMs by mapping the 6 EpiSig 

sections over the viable cRAM regions. The distribution of sections within viable cRAMs were 

not to the ratio of their relative size (Figure 12B). DMER and DEG distribution within these 

overlapping regions also showed a distinct pattern (Figure 12C): section I, III and VI were 

enriched with H3K27ac and H3K4me1 DMERs, section II enriched with all three active histone 

mark DMERs, section IV enriched with RNA DEGs, and section V enriched with H3K9me3 

DMERs and RNA DEGs. Pathway analysis of each sectionôs overlap with viable cRAMs 

revealed distinct functionalities except section V (Figure 12E). Section I showed enrichment 

ñNegative regulation of FLT3ò in tumor samples. This is interesting because FLT3 is a 

biomarker in hematopoiesis study and important for the normal development of immune 

system and stem cells.127 Section II was enriched with critical cancer related pathways 

including ñTCR signalingò, ñMAPK1/MAPK3 signalingò, ñMAPK6/MAPK4 signalingò, ñsignaling 

by the B cell receptorò, ñTNFR2 non-canonical NF-kB pathwayò, ñapoptosisò, ñDNA replicationò 

and ñcell cycle checkpointsò, highlighting the importance of these loci in non-small cell lung 

cancer. 

Discussion 

Here we present comprehensive multi-omics profiling of human lung tumor and non-neoplastic 

tissues. Our low-input MOWChIP-seq technology allowed a large number (5) of histone marks 
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and gene expression to be profiled simultaneously, while using very small quantities of tissue 

sample (~20 mg) and achieving high data quality. The bench top workflow and subsequent 

bioinformatics pipeline could serve as a template for future large-scale studies of scarce tissue 

samples where multiple histone modifications and other targets are to be mapped. 

Furthermore, the data we generated will be a valuable resource to the field of lung cancer 

research because of the detailed epigenomic and transcriptomic characterization of both 

normal lung tissue and non-small cell lung tumor, similar to the examination of prostate cancer 

by Li et al.102 The data generated in this study represents the first sizable effort in 

comprehensive epigenomic and transcriptomic mapping of both open and closed chromatin in 

lung cancer, conducted using a proven low input ChIP-seq technology. 

Previous epigenomic studies of patient derived tumor samples focused on the open chromatin 

state96 and active histone modifications.97,100 Repressive histone modifications associated with 

downregulation of gene expression and heterochromatin formation were usually left out. The 

reason could be a combination of technical difficulty in generating high quality ChIP-seq data 

on repressive marks and the presumption that they yield less information compared to active 

marks. We included two repressive marks (H3K27me3, H3K9me3) in our study apart from the 

three active marks. This allowed us to define chromatin state in various genomic regions with 

higher precision for both open and closed chromatin regions, and to integrate six different data 

types together and separate epigenomic regions into distinct groups based on their co-

modification pattern. We identified 6 main sections each with a distinct pattern of histone 

modifications and gene expression, with 4 sections highly enriched in DMERs and DEGs. We 

found H3K27me3 and H3K9me3 to occupy two clusters of regions with a small amount of 

overlap, outside of the genome marked by active modifications and gene expression. While 
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both are repressive marks in nature, H3K9me3 is seen as a permanent mark of repression 

while H3K27me3 is more temporary.128 Co-modification pattern analysis also showed that 

H3K9me3 covered a much larger portion of the genome compared to H3K27me3. We also 

found 18,589 differentially modified regions in H3K9me3 compared to 5,091 in H3K27me3, 

suggesting that epigenomic change between normal tissue and tumor can be reliably captured 

by both temporary and permanent repressive marks. Overall, our results demonstrate that not 

only is high quality mapping of repressive marks feasible with suitable tools, but also 

necessary to gain a full picture of epigenomic landscape. 

Solid tumors are complex assemblies of cancerous cells and a variety of noncancerous cells 

that either promote or inhibit tumor development.129 Our experiment did not separate the cells 

into various subpopulations. It is likely that the difference we observed between normal and 

tumor samples represented the combination of tumorigenesis and the promoting/inhibiting 

effect from other cell types. This ñbulkò approach captures the full range of cell types found in 

tissue samples. However, the contribution of different cell populations cannot be easily 

separated. Corces et al. theorized that it may be possible to dissect the complex data from 

tumors to reveal the contribution of different cell types.96 However, methods such as cellular 

deconvolution have so far only been developed for transcriptomic and methylome mapping 

data.130,131 A similar workflow optimized for multiple histone modifications will assist in 

understanding the roles of different cell types in tumor. It is useful to capture the big picture in 

an early-stage study and provide the full information as a resource. This will guide potentially 

more refined studies where the scope is narrowed down. It will be worthwhile to investigate 

specific cell types, isolated via techniques such as FACS, or move onto single cell methods 

that could distinguish subpopulations of cells within the bulk tissues.132,133 
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We previously identified a modular pattern in histone modifications, referred to as regulation 

associated modules (RAM), that reflected spatial chromatin organization. Somatic mutations 

were consistently enriched in RAMs in cancer patients. This suggests a possible link between 

tumorigenesis and changes in RAM, which have major impact on chromatin organization (23). 

Here, we identified 88 viable cRAMs composed of 78 tumor specific and 77 non-neoplastic 

specific cRAMs, apart from 682 cRAMs shared by both conditions. The viable cRAMs should 

effectively sum up the change in RAM boundaries from tumorigenesis. Indeed, we found that 

91% of the viable cRAMs overlap with four or more types of DMERs and DEGs out of the six 

types examined, indicating high correlation between differential epigenomic and transcriptomic 

signal and tumor/normal-specific cRAMs. If only the viable cRAMs were considered, the DMER 

and DEG enrichment pattern of the six sections would change significantly. Further pathway 

analysis of sections within viable cRAMs presented unique functions, including many cancer 

related pathways, for five of the sections. This demonstrates the ability of viable cRAMs to 

extract information from the genome-wide trend due to their high relevance to the difference 

between tumor and non-neoplastic samples. The above analyses correlated well with each 

other and further supported the robustness of RAMs as modules of chromatin organization. 

The common patterns in chromatin organization resided in cRAMs shared by tumor and non-

neoplastic samples, while pathologically important changes concentrated in viable cRAMs 

specific to either sample type. Our results are evidence that RAMs could provide a useful 

guide in analyzing large epigenomic and transcriptomic datasets. It can condense numerous 

DMERs and DEGs scattered as small windows into a much smaller number of functionally 

important regions. 

Materials and methods 
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Human lung tissue selection 

De-identified and archived human non-small cell lung cancer (N = 18) and non-neoplastic lung 

tissue (N = 20) were obtained from Biorepository and Tissue Technology Shared Resource at 

Moores Cancer Center, UCSD. Both UCSD and Virginia Tech IRB office reviewed the study 

protocol and deemed the project as ñNot Human Subject Researchò. All tumor samples were of 

pathological stage I and II. Frozen samples were sealed in 1.8 ml cryovials and stored in liquid 

nitrogen vapor phase before use. 

Fabrication of microfluidic device 

Same as in Methods of Chapter 2. 

Nuclei isolation from human lung tissue 

Slices of tissues were dissected off the large piece on dry ice using a sharp scalpel and moved 

into a tissue grinder set (D9063, Sigma-Aldrich) pre-chilled on ice. The following steps are 

performed on ice and centrifugation performed at 4°C. 3 ml of ice -cold nuclei extraction buffer 

[0.32 M sucrose, 5 mM CaCl2, 3 mM Mg(Ac)2, 0.1 mM EDTA, 10 mM Tris-HCl, and 0.1% Triton 

X-100, with 30 µl of PIC ( P8340, Sigma-Aldrich), 3 µl of 100 mM PMSF, and 3 µl of 1 M 

dithiothreitol added before use] was added into the tissue grinder. Tissue slices were 

homogenized by slowly douncing 20 times with pestle A and 30 times with pestle B. 

Homogenate was filtered through a 40 µm cell strainer into a 15 ml tube and centrifuged at 

1000g for 10 min. The supernatant was removed, and the pellet was resuspended in 500 µl 

nuclei extraction buffer and transferred to a 1.5 ml tube. 750 µl of 50% iodixanol, 7.5 µl of PIC, 

0.75 µl of 100 mM PMSF and 0.75 µl of 1M dithiothreitol were added and mixed by pipetting. 
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The mixture was centrifuged at 10,000g for 20 min and the supernatant was removed. Purified 

nuclei pellet was resuspended in 100 µl of Dulbecco's phosphate -buffered saline (DPBS). 

MNase digestion of chromatin 

Resuspended nuclei were counted to determine concentration and diluted to 4×10 6/ml. Our 

experiments usually started with 4×10 5 cells/nuclei suspended in 100 µl of DPBS (protocol is 

scalable in volume). 1 µl of PIC, 1 µl of 100 mM PMSF and 100 µl lysis buffer [4% Triton X -

100, 100 mM Tris-HCl, 100 mM NaCl, and 30 mM MgCl2] were added, mixed by vortexing and 

incubated at room temperature for 10 min. 10 µl of 100 mM CaCl 2 and 2.5 µl 100U MNase 

(88216, Thermo Fisher Scientific) were added, mixed by vortexing and incubated at room 

temperature for 10 min. 22 µl of 0.5 M EDTA was then added, mixed by vortexing and 

incubated on ice for 10 min. The solution was centrifuged at 16,100g for 5 min at 4°C. 

Supernatant containing fragmented chromatin was collected into a new 1.5 ml tube and placed 

on ice for use. 30 µl of chromatin solution (~50K nuclei) was used for each MOWChIP assay. 

Immunoprecipitation beads preparation 

5 µl of pro tein A Dynabeads (10001D, Invitrogen) were used in each MOWChIP assay. The 

beads were washed twice with IP buffer (20 mM Tris-HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA, 

0.5 mM EGTA, 0.1% (w/v) sodium deoxycholate, 0.1% SDS, 1% (v/v) Triton X-100) and 

resuspended in 150 µl of IP buffer. We used the following antibodies in this work: anti -

H3K27ac (ab4729, Abcam), 0.125 µg/assay; anti -H3K4me1 (39297, Active Motif), 0.5 

µg/assay; anti-H3K4me3 (ab8580, Abcam), 0.125 µg/assay; anti -H3K27me3 (39155, Active 

Motif), 0.5 µg/assay; anti-H3K9me3 (ab8898, Abcam), 0.125 µg/assay. The suspension was 
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incubated on a rotator at 4°C overnight. The beads were then washed with IP buffer twice and 

resuspended in 5 µl of IP buffer for loading into the device chamber.  

Operation of MOWChIP device 

Same as in Methods of Chapter 2. 

Purification of ChIP DNA 

Same as in Methods of Chapter 2. 

Library preparation, quantification and sequencing 

Same as in Methods of Chapter 2. 

RNA-seq 

Tissue slices were placed in 200 µl of RNAlater -ICE solution (AM7030, Thermo Fisher 

Scientific) pre-chilled to -80°C, and then incubated overnight at -20°C. Each library was 

prepared from 10 ng RNA extract. Two technical replicates were prepared per sample. RNA 

was extracted from the incubated tissue slices using RNeasy Mini Kit (74104, Qiagen) and 

RNase-free DNase Set (79254, Qiagen). Extracted RNA was resuspended in 4.5 µl of RNase -

free water with 5% RNase inhibitor added. 2 ɛl of oligo-dT primer (10 ɛM), 2 ɛl of dNTP mix 

(10 mM) and 4.3 ɛl of total RNA solution were mixed, incubated at 72ÁC for 3 minutes and 

immediately put on ice. Then 1 ɛl of SuperScript II reverse transcriptase (200 U/ɛl), 0.5ɛl of 

RNase inhibitor (40 U/ɛl), 4ɛl of Superscript II first-strand buffer, 1 ɛl of DTT (100 mM), 4 ɛl of 

5 M Betaine, 0.12 ɛl of 1 M MgCl2, 0.2 ɛl of TSO (100 ɛM), 0.88 ɛl of nuclease-free water were 

added to the 8.3 ɛl mixture mentioned above. The reverse transcription (RT) reaction mix was 

then incubated at 42°C  for 90 minutes, followed by 10 cycles of 50°C for 2 minutes and 42°C 
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for 2 minutes, and lastly 70ÁC for 15 minutes. The RT reaction mix was mixed with 25 ɛl KAPA 

HiFi HotStart ReadyMix, 0.5 ɛl IS PCR primers (10 ɛM), 2.5 ɛl Evagreen dye, and 2 ɛl 

nuclease-free water, and amplified with: 98°C for 1 minute, 9 ï11 cycles of 98°C 15 seconds, 

67ÁC 30 seconds, 72ÁC 6 minutes. The cDNA was purified using 30 ɛl of SPRIselect beads 

and eluted in 5 ɛl of low EDTA TE buffer.  

The RNA-seq library was made using tagmentation. 3 ɛl of home-made Tn5 was mixed with 3 

ɛl of 50 ɛM pre-annealed P5/P7 transposon and incubated at 37°C for 1 hour. Assembled P5 

and P7 transposons were then mixed well to form Tn5 mix. 1 ɛl cDNA (600 pg) and 1 ɛl of 

tagmentation buffer (TNP92110, Lucigen) were added to 8 ɛl Tn5 mix, and the mixture was 

incubated at 37ÁC for 1 hour. 1 ɛl of 10X stop buffer (TNP92110, Lucigen) was then added to 

the mixture to quench tagmentation. 11 ɛl SPRIselect beads were used to purify tagmented 

cDNA. The cDNA was then eluted in 9.5 ɛl of low EDTA TE buffer. 25 ɛl of KAPA HiFi HotStart 

ReadyMix was incubated at 98ÁC for 30 seconds, mixed with 9.5 ɛl tagmented cDNA and 

incubated at 72ÁC for 5 minutes. 1.5 ɛl of 100 ɛM P5 primer, 1.5 ɛl of 100 ɛM P7 primer, 10 ɛl 

nuclease-free water and 2.5 ɛl Evagreen were then added and amplified with: 98ÁC for 30 

seconds; 10-12 cycles of 98°C for 10 seconds, 63°C for 30 seconds and 72°C for 30 seconds. 

Amplified cDNA libraries were purified with 50 ɛl SPRIselect beads and eluted in 8 ɛl of low 

EDTA TE buffer. RNA-seq libraries were sequenced with Illumina HiSeq 4000 platform. 

ChIP-seq data analysis 

Raw sequencing FASTQ files were trimmed using Trim Galore! with default settings. Trimmed 

reads were then aligned to hg19 genome using bwa.134 After deduplication, uniquely mapped 

reads with MAPQ Ó 10 were retained for processing. Narrow peaks (H3K27ac, H3K4me1, 

H3K4me3) were called using MACS2 (2.2.7.1) with q-value Ò 0.05. Board peaks (H3K27me3, 
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H3K9me3) were called using Homer findPeaks function in histone mode with -p-value Ò 0.05. 

Differential binding peaks for histone modifications were identified using DiffBind with default 

setting.81 

RNA-seq data analysis 

Raw sequencing FASTQ files were trimmed using Trim Galore! with default settings. Trimmed 

reads were aligned to the hg19 genome using STAR.135 Reads with Q30 were kept for further 

processing. featureCounts was used to quantify gene expression in each sample. DEGs were 

identified using DESeq2. 

Transcription factor analysis using Taiji 

Processed H3K27ac peaks and RNA-seq data were loaded into Taiji pipeline with default 

parameters. 3D contacts for the regulatory elements were identified using unsupervised 

learning algorithm EpiTensor. Putative TF binding motifs were curated from the CIS-BP 

database.136 

Regulatory associated modules (RAM) analysis 

H3K27ac peak density was calculated with a sliding window of step size = 250 kb, flanking size 

= 500 kb for each window in all samples. RAM boundaries and peaks were detected using 

findRAM. RAMs from the 18 tumor samples and 20 non-neoplastic samples were combined 

into their respective groups. Regions with more than 25% presenting frequency in each group 

were identified as consensus RAM (cRAM) for the group. cRAMs were filtered to keep those 

larger or equal to 500 kb in size. cRAM boundaries located within 250 kb were merged. 

Genome-wide co-modification pattern analysis 
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The genome-wide co-modification of epigenetic and gene expression signal was clustered 

using the unsupervised learning method EpiSig. Sequencing data were normalized, adjusting 

for total sequencing depth. Regions within the ENCODE blacklist were removed. ChIP-seq 

signals were subtracted for input noise. ChIP-seq and RNA-seq data were then loaded into 

EpiSig pipeline. EpiSig divided the genome into 5kb bins and detected signal enrichment of 

histone modifications and gene expression in all bins among all samples. Bins with similar 

signal patterns were clustered into one EpiSig cluster. For better interpretation of the data, 

individual EpiSig clusters were further concentrated using k-means clustering. The optimal 

number of clusters was determined by Elbow method. 
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Chapter 4: Spatially resolved epigenetic mapping of mouse 

neocortex 

Introduction 

Gene expression is influenced by multiple levels of epigenetic and transcriptomic control. 

Epigenomic and transcriptomic profiling reveal rich information on the regulation of important 

biological processes involved in development and disease. While many epigenomic and 

transcriptomic studies were done using cell lines, tissue samples provide superior in vivo 

information and reflect conditions inside an organism which cell cultures cannot reproduce. 

One such aspect is the spatial complexity of tissue and organ, and the three-dimensional 

interactions between different cell populations and organization of tissue structure. Because of 

this, spatial resolution is an important merit to consider when conducting epigenetic and 

transcriptomic mapping of tissue samples with complex structures. Various transcriptomic 

methods have been developed with spatial resolution up to single cells, providing key insights 

into the cell organization, tissue microenvironment and cytoarchitecture.137-143 In comparison, 

few reports on a similar method exist for epigenetic mapping of tissue samples. Conventional 

assays require millions of cells as input material per run. As a result, they are typically 

optimized for cell lines which are uniform in nature. The complexity of real tissue samples, be it 

the spatial arrangement of different cell types, their interactions and other variability are 

unlikely to be replicated in cell culture. Tissue samples can be processed into small enough 

pieces with relative ease and become spatially resolved. However, the individual ópixelsô of the 

tissue usually cannot produce enough material at this stage for meaningful epigenetic 

examination. Recent works based on single-cell methyl-seq144 and CUT&Tag145 demonstrate 
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that certain spatial resolution can be achieved for epigenomic markers. However, the 

complexity and cost of single-cell assays make them impractical for examining a large volume 

of tissue. 

This dilemma is reflected in that while there have been several reports on spatially resolved 

transcriptomic profiling of tissue sample with highly interesting results,6,146 no work has been 

reported on histone modification in the same manner. A recent study by Joseph Eckerôs group 

demonstrated the intricacy of spatially resolved brain regions in terms of DNA methylation 

state using single-cell bisulfite sequencing.144 Even with their mature single-cell pipeline, 

pooling of samples from 6 ï 30 mice was necessary to generate the dataset. 

The development of low-input, MNase-based ChIP-seq methods makes it practical to profile 

histone modification and other targets in spatially resolved tissue pieces. The yield from each 

piece would be enough to conduct ChIP-seq with replicates and possibly more than one 

marker. The use of MNase makes the process much shorter while minimizing the loss of 

material and variability in fixation/sonication. Our group have previously applied this approach 

to demonstrate the extensive differences between mouse PFC and cerebellum across multiple 

histone marks.3 ChIP-seq profiling of histone modifications of brain tissue in a spatially 

resolved manner is the next logical extension. 

Epilepsy is a neurological condition characterized by recurrent seizures as a result of abnormal 

and excessive neuron firing.147 Research into both animal models and human samples reveal 

that epilepsy causes significant changes to the epigenome of the brain, including histone 

modification. These changes then lead to regulation of gene expression and cascading 

downstream effects in the brain.148-150 Insights into the change in genome-wide histone 
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modification profile are important to further our understanding of the progression of epilepsy 

and potential treatments. 

In this project, we conducted spatially resolved mapping of histone modifications and mRNA 

expression in mouse neocortex. The whole mouse brain was processed into 0.5 mm-thick 

slices in a brain matrix and neocortex portions were dissected and separated into left and right 

portions. Nuclei were extracted from the tissue samples and sorted into neuronal (NeuN+) and 

glial (NeuN-) portions. A total of 5 mice were used in this study. We examined polycomb 

repression mark H3K27me3 in neurons and glia from both left and right neocortices using 

MOWChIP-seq (M1-2). We conducted RNA-seq on the neurons from the right neocortex using 

Smart-seq2 (M3). We further examined the effect of epilepsy by inducing seizures via kainic 

acid injection (M4) and compared the H3K27ac and H3K27me3 profiles of neurons from right 

neocortex with a control mouse (M5).  

Our analysis revealed distinct spatial patterns of histone modification in mouse neocortex and 

significant changes because of induced seizure. The differences were concentrated in specific 

regions of the neocortex. Differentially marked genomic regions associated strongly with brain 

functions and biological processes important in epilepsy. Using k-means clustering, we were 

able to sort the top features into individual functional groups based on their spatial distribution. 

GO analysis of the biological process terms associated with each group indicated their specific 

role in brain function. 

Author contribution 

Zhengzhi Liu conducted all mouse brain dissection and isolation of the neocortex slices. 

Chengyu Deng carried out MOWChIP-seq and RNA-seq experiments of mouse M1-M3. 
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Zhengzhi Liu carried out MOWChIP-seq experiments of mouse M4-M5 and data analysis. 

Injections to produce mouse M4 and M5 were conducted by Jiang Shan with generous help 

from Xiaoting Jiaôs group at Virginia Tech. The project received helpful advice from Melissa 

Makris, who operated the FACS sorting service at Virginia Tech. 
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Figure 13: Overall process of spatial resolved profiling of mouse neocortex. (A) Illustration of workflow. (B) 
Pearsonôs correlation between samples separated by different number of slices. (C) Normalized H3K27ac ChIP-
seq signal in mouse neurons (M5). (D) Normalized H3K27me3 ChIP-seq signal in neurons and glia in mouse 
neurons and glia (M2). 
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Sample processing and MOWChIP-seq 

Brain samples were extracted from 10-week male C57BL/6J mice. M1-3 were euthanized by 

compressed CO2. M4 was injected with kainic acid to induce seizure. M5 was injected with 

saline as control. M4-5 were euthanized by direct cervical dislocation to avoid changes to 

epigenetic profiles induced by CO2 suffocation. Whole brains were dissected and cut into 

coronal slices of 0.5 mm thickness in a mouse brain slicing matrix. Each slice was examined, 

and the neocortex portion was separated into left and right portions. Neocortex slices were 

then used for nuclei extraction, FACS sorting and MOWChIP-seq. Each assay was done using 

around 4,000 sorted nuclei. 2 technical replicates per sample were prepared (Figure 13A). 

MOWChIP-seq yielded consistently high-quality data (Table 2). For example, M4-5 averaged 

11069 peaks and FRiP of 18.4% for H3K27me3 and 43951 peaks and 14.4% FRiP for 

H3K27ac. 

Table 2: MOWChIP-seq data summary of M4 and M5. 

Mouse Slice Mark Rep 
Mapped 
Reads 

Mapping 
Rate 

Unique 
Reads 

Unique 
Rate 

Peaks FRIP 

M4 1 H3K27ac 1 15129600 89.3% 14974041 99.0% 55721 29.3% 

M4 1 H3K27ac 2 14851829 91.4% 14746704 99.3% 58955 34.4% 

M4 2 H3K27ac 1 20787168 92.7% 20695123 99.6% 47508 17.5% 

M4 2 H3K27ac 2 18215617 93.2% 18146039 99.6% 54318 19.9% 

M4 3 H3K27ac 1 13834773 92.2% 13785668 99.6% 48784 17.1% 

M4 3 H3K27ac 2 16739229 90.1% 16629112 99.3% 42173 14.5% 

M4 4 H3K27ac 1 16373079 91.4% 16331849 99.7% 46710 14.8% 

M4 4 H3K27ac 2 16439446 91.2% 16396689 99.7% 45496 14.3% 

M4 5 H3K27ac 1 15419107 77.4% 15364342 99.6% 31150 7.3% 

M4 5 H3K27ac 2 16331106 75.6% 16257442 99.5% 30305 7.2% 

M4 6 H3K27ac 1 15541069 83.7% 15492350 99.7% 41314 11.0% 

M4 6 H3K27ac 2 15441248 82.5% 15383458 99.6% 41078 11.0% 

M4 7 H3K27ac 1 15143393 86.2% 15092721 99.7% 40304 10.8% 

M4 7 H3K27ac 2 15149694 84.7% 15077798 99.5% 37434 10.4% 

M4 8 H3K27ac 1 14487281 85.0% 14440781 99.7% 42127 10.6% 

M4 8 H3K27ac 2 14344921 83.4% 14295697 99.7% 43645 11.2% 

M4 9 H3K27ac 1 14720207 85.9% 14655758 99.6% 48058 13.9% 

M4 9 H3K27ac 2 17282495 84.9% 17190306 99.5% 49403 14.4% 

M4 10 H3K27ac 1 28911856 81.7% 28796178 99.6% 36941 9.8% 

M4 10 H3K27ac 2 25165867 81.9% 25079172 99.7% 35370 9.7% 
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M4 11 H3K27ac 1 21527910 86.3% 21468975 99.7% 39536 10.7% 

M4 11 H3K27ac 2 21360600 84.7% 21298679 99.7% 39506 10.6% 

M4 12 H3K27ac 1 16965122 91.8% 16834267 99.2% 44382 12.2% 

M4 12 H3K27ac 2 20985104 90.5% 20838728 99.3% 35347 10.0% 

M4 13 H3K27ac 1 24589243 91.3% 24531131 99.8% 37382 10.7% 

M4 13 H3K27ac 2 25250034 92.0% 25177828 99.7% 36034 10.1% 

M4 14 H3K27ac 1 21884955 81.2% 21825688 99.7% 13495 3.4% 

M4 14 H3K27ac 2 18715186 80.7% 18676086 99.8% 27399 6.5% 

M4 15 H3K27ac 1 24485662 88.3% 24443394 99.8% 25257 6.3% 

M4 15 H3K27ac 2 20311336 88.9% 20273892 99.8% 26673 6.6% 

M4 16 H3K27ac 1 29376050 84.8% 29298148 99.7% 22869 5.9% 

M4 16 H3K27ac 2 29570056 89.9% 29481959 99.7% 21741 5.6% 

M4 17 H3K27ac 1 17587478 82.1% 17534456 99.7% 10775 2.7% 

M4 17 H3K27ac 2 18199589 82.7% 18155806 99.8% 13949 3.5% 

M4 18 H3K27ac 1 15132723 77.6% 15029502 99.3% 36209 8.5% 

M4 18 H3K27ac 2 16052819 76.9% 15968296 99.5% 29500 7.2% 

M4 19 H3K27ac 1 17712640 70.9% 17614735 99.4% 34225 8.9% 

M4 19 H3K27ac 2 19386261 81.5% 19209984 99.1% 44958 14.8% 

M4 20 H3K27ac 1 18062999 89.9% 17941073 99.3% 33942 10.0% 

M4 20 H3K27ac 2 17576948 89.8% 17446994 99.3% 32561 9.5% 

M4 21 H3K27ac 1 20257691 86.8% 20180299 99.6% 48125 25.9% 

M4 21 H3K27ac 2 22301542 86.5% 22188933 99.5% 49753 25.9% 

M4 1 H3K27me3 1 18709424 92.2% 18140925 97.0% 10174 25.0% 

M4 1 H3K27me3 2 20036276 92.4% 19426692 97.0% 10257 26.5% 

M4 2 H3K27me3 1 22187518 89.6% 21387422 96.4% 12361 21.9% 

M4 2 H3K27me3 2 24082302 90.1% 23236961 96.5% 12314 23.1% 

M4 3 H3K27me3 1 24944713 89.5% 24134923 96.8% 12752 23.1% 

M4 3 H3K27me3 2 23317393 89.1% 22554507 96.7% 12501 22.1% 

M4 4 H3K27me3 1 37549043 89.3% 36311276 96.7% 15099 23.4% 

M4 4 H3K27me3 2 24414280 89.0% 23629545 96.8% 12068 19.7% 

M4 5 H3K27me3 1 25943329 76.5% 25148226 96.9% 9788 16.5% 

M4 5 H3K27me3 2 24990710 79.0% 24217735 96.9% 9863 16.7% 

M4 6 H3K27me3 1 25615493 87.7% 24802326 96.8% 12098 16.4% 

M4 6 H3K27me3 2 22545182 84.2% 21851125 96.9% 11536 14.5% 

M4 7 H3K27me3 1 26872969 87.8% 26034588 96.9% 13678 19.3% 

M4 7 H3K27me3 2 24461264 87.7% 23712080 96.9% 13282 17.8% 

M4 8 H3K27me3 1 20043494 86.8% 19420243 96.9% 9237 16.0% 

M4 8 H3K27me3 2 20838709 85.2% 20174155 96.8% 9412 16.8% 

M4 9 H3K27me3 1 21904356 88.1% 21245137 97.0% 12033 23.4% 

M4 9 H3K27me3 2 22902579 82.6% 22196320 96.9% 13797 17.5% 

M4 10 H3K27me3 1 23059222 81.5% 22325299 96.8% 10626 19.7% 

M4 10 H3K27me3 2 28491617 86.7% 27569683 96.8% 13184 17.6% 

M4 11 H3K27me3 1 26802541 88.6% 25960905 96.9% 12539 16.0% 

M4 11 H3K27me3 2 29312553 85.1% 28499696 97.2% 12926 16.3% 

M4 12 H3K27me3 1 18974653 89.3% 18378962 96.9% 9109 15.2% 

M4 12 H3K27me3 2 19837408 61.7% 19209285 96.8% 10046 17.5% 

M4 13 H3K27me3 1 31862152 88.1% 30858384 96.8% 14983 23.8% 

M4 13 H3K27me3 2 31472656 87.4% 30452602 96.8% 14546 22.7% 

M4 14 H3K27me3 1 31676278 84.1% 30710402 97.0% 12042 16.4% 

M4 14 H3K27me3 2 29280366 84.3% 28392688 97.0% 11611 15.4% 

M4 15 H3K27me3 1 31929693 87.9% 31009420 97.1% 13712 21.6% 

M4 15 H3K27me3 2 30710030 87.0% 29795170 97.0% 13534 20.2% 

M4 16 H3K27me3 1 25063537 87.9% 24230550 96.7% 11887 16.4% 
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M4 16 H3K27me3 2 19124793 88.1% 18458499 96.5% 8489 15.1% 

M4 17 H3K27me3 1 23147599 75.2% 22175749 95.8% 8352 16.0% 

M4 17 H3K27me3 2 30484696 80.0% 29191691 95.8% 10846 14.8% 

M4 18 H3K27me3 1 24685800 79.4% 23726492 96.1% 10727 15.0% 

M4 18 H3K27me3 2 22413208 68.0% 21555570 96.2% 9092 18.6% 

M4 19 H3K27me3 1 28919722 75.9% 27819481 96.2% 11449 16.6% 

M4 19 H3K27me3 2 25549785 72.8% 24598605 96.3% 10587 14.4% 

M4 20 H3K27me3 1 20215140 86.8% 19517710 96.6% 9927 19.4% 

M4 20 H3K27me3 2 17130170 87.2% 16548195 96.6% 8722 15.5% 

M4 21 H3K27me3 1 23439859 85.8% 22674860 96.7% 15990 27.7% 

M4 21 H3K27me3 2 22669206 84.8% 21929556 96.7% 13399 31.7% 

M5 1 H3K27ac 1 12824937 94.7% 12785362 99.7% 52923 19.4% 

M5 1 H3K27ac 2 13156040 94.6% 13106409 99.6% 55988 21.3% 

M5 2 H3K27ac 1 15430657 94.6% 15394083 99.8% 57332 18.0% 

M5 2 H3K27ac 2 12701056 92.3% 12662989 99.7% 49718 15.9% 

M5 3 H3K27ac 1 12111403 94.6% 12074775 99.7% 63617 26.4% 

M5 3 H3K27ac 2 11710093 95.6% 11682491 99.8% 60761 25.2% 

M5 4 H3K27ac 1 14512453 94.9% 14466073 99.7% 58122 24.9% 

M5 4 H3K27ac 2 12767002 94.6% 12723822 99.7% 60417 26.5% 

M5 5 H3K27ac 1 15771802 94.5% 15691987 99.5% 49106 21.5% 

M5 5 H3K27ac 2 16505143 95.6% 16418826 99.5% 50654 21.1% 

M5 6 H3K27ac 1 13330460 93.7% 13243061 99.3% 47997 13.8% 

M5 6 H3K27ac 2 10842581 92.9% 10743297 99.1% 44546 13.0% 

M5 7 H3K27ac 1 12787154 94.4% 12650006 98.9% 40038 10.7% 

M5 7 H3K27ac 2 11822896 95.6% 11748402 99.4% 52506 14.2% 

M5 8 H3K27ac 1 10392321 95.7% 10355446 99.6% 46629 13.7% 

M5 8 H3K27ac 2 10635102 92.9% 10570423 99.4% 49359 15.0% 

M5 9 H3K27ac 1 11396298 95.1% 11312315 99.3% 52855 16.0% 

M5 9 H3K27ac 2 11072639 94.7% 10937845 98.8% 47663 14.2% 

M5 10 H3K27ac 1 15526509 94.8% 15447067 99.5% 56503 17.6% 

M5 10 H3K27ac 2 12291850 85.0% 12228070 99.5% 50461 16.4% 

M5 11 H3K27ac 1 15928403 95.6% 15839544 99.4% 45097 13.9% 

M5 11 H3K27ac 2 18556511 95.7% 18471813 99.5% 48005 14.7% 

M5 12 H3K27ac 1 13759565 96.4% 13702962 99.6% 52612 17.1% 

M5 12 H3K27ac 2 12156584 95.4% 12054021 99.2% 50874 16.0% 

M5 13 H3K27ac 1 13894457 93.4% 13801115 99.3% 58068 17.1% 

M5 13 H3K27ac 2 17542582 93.0% 17356054 98.9% 49880 14.6% 

M5 14 H3K27ac 1 13334405 89.3% 13234246 99.2% 45187 13.4% 

M5 14 H3K27ac 2 12237034 88.2% 12161300 99.4% 51916 15.3% 

M5 15 H3K27ac 1 14367313 93.8% 14288414 99.5% 42942 12.6% 

M5 15 H3K27ac 2 14149645 93.4% 14010206 99.0% 39451 11.5% 

M5 16 H3K27ac 1 18055790 89.4% 17827002 98.7% 37194 10.5% 

M5 16 H3K27ac 2 17515972 93.8% 17344945 99.0% 35202 9.7% 

M5 17 H3K27ac 1 17112231 88.7% 16956272 99.1% 56548 20.6% 

M5 17 H3K27ac 2 18744747 87.4% 18549890 99.0% 62238 22.4% 

M5 18 H3K27ac 1 16296728 79.8% 16130842 99.0% 56551 19.4% 

M5 18 H3K27ac 2 15972213 78.1% 15791020 98.9% 52705 18.1% 

M5 19 H3K27ac 1 18418657 83.1% 18261896 99.1% 57745 21.2% 

M5 19 H3K27ac 2 19612274 80.6% 19369323 98.8% 46263 17.1% 

M5 1 H3K27me3 1 20309683 91.9% 19676379 96.9% 10517 23.0% 

M5 1 H3K27me3 2 11749316 92.1% 11375996 96.8% 7451 12.8% 

M5 2 H3K27me3 1 21461444 92.1% 20831862 97.1% 11484 16.7% 

M5 2 H3K27me3 2 25270894 92.7% 24580806 97.3% 12735 20.7% 
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M5 3 H3K27me3 1 26353246 93.1% 25640953 97.3% 13810 24.8% 

M5 3 H3K27me3 2 24544272 92.8% 23900082 97.4% 13822 24.1% 

M5 4 H3K27me3 1 23021334 92.4% 22403597 97.3% 14160 23.7% 

M5 4 H3K27me3 2 19037064 92.7% 18531468 97.3% 11619 25.9% 

M5 5 H3K27me3 1 17867358 91.8% 17346566 97.1% 11096 24.0% 

M5 5 H3K27me3 2 20774013 91.7% 20159082 97.0% 11035 25.6% 

M5 6 H3K27me3 1 18257408 92.6% 17738085 97.2% 9583 19.3% 

M5 6 H3K27me3 2 19338831 92.4% 18801333 97.2% 9842 20.5% 

M5 7 H3K27me3 1 23486390 92.3% 22763174 96.9% 11348 17.3% 

M5 7 H3K27me3 2 17118012 91.4% 16587002 96.9% 8122 15.8% 

M5 8 H3K27me3 1 22689859 92.8% 22041060 97.1% 11862 17.6% 

M5 8 H3K27me3 2 21844579 91.6% 21130571 96.7% 10348 14.6% 

M5 9 H3K27me3 1 18429915 92.0% 17831713 96.8% 8632 16.3% 

M5 9 H3K27me3 2 26553501 91.9% 25670272 96.7% 12302 18.8% 

M5 10 H3K27me3 1 26148779 92.3% 25311518 96.8% 11787 17.5% 

M5 10 H3K27me3 2 20255329 92.7% 19665926 97.1% 9398 18.8% 

M5 11 H3K27me3 1 17336062 93.0% 16865008 97.3% 8155 15.0% 

M5 11 H3K27me3 2 15041369 85.7% 14624427 97.2% 6949 11.8% 

M5 12 H3K27me3 1 16611418 93.6% 16185429 97.4% 9553 17.3% 

M5 12 H3K27me3 2 21326216 93.0% 20723441 97.2% 12039 16.4% 

M5 13 H3K27me3 1 23248815 90.4% 22536427 96.9% 10714 15.2% 

M5 13 H3K27me3 2 24938511 90.9% 24082228 96.6% 10442 15.2% 

M5 14 H3K27me3 1 17345110 61.0% 16773835 96.7% 5768 10.2% 

M5 14 H3K27me3 2 24899332 90.3% 24149452 97.0% 10022 14.2% 

M5 15 H3K27me3 1 20599933 91.2% 19906107 96.6% 8236 16.5% 

M5 15 H3K27me3 2 26246977 91.3% 25362618 96.6% 11143 16.7% 

M5 16 H3K27me3 1 25669176 89.9% 24780120 96.5% 11020 16.7% 

M5 16 H3K27me3 2 26933154 91.7% 26069016 96.8% 12031 19.2% 

M5 17 H3K27me3 1 23678042 90.9% 22948012 96.9% 11856 17.4% 

M5 17 H3K27me3 2 22979648 90.5% 22274263 96.9% 11433 16.4% 

M5 18 H3K27me3 1 23431240 90.8% 22733916 97.0% 8995 12.9% 

M5 18 H3K27me3 2 21416764 90.6% 20783198 97.0% 7854 16.7% 

M5 19 H3K27me3 1 23128612 90.6% 22429890 97.0% 9178 13.6% 

M5 19 H3K27me3 2 21753842 91.3% 21112805 97.1% 8615 12.6% 

 

We computed Pearsonôs correlation between replicates of the same slice and slices spaced 

apart by different numbers of slices (Figure 13B). Overall, correlation coefficient values 

dropped as slices spaced further apart. Neurons also showed a higher level of variation 

compared to glia. In fact, M1-2 showed that glia remained largely uniform compared to 

neurons (Figure 14). It was also observed that left and right neocortices had little difference 

between them. Due to this, we focused our effort on neurons from one side of the neocortex in 

the subsequent experiments on M3-5. Spatial variation at genes related brain functions were 
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also observed by examining the ChIP-seq signal in genome browser (Figure 11C-D). 

 

Spatial profiles of histone modifications in mouse brain neurons 

We plotted the overall correlation matrix of M4 and M5 for both histone marks using DiffBind 

(Figure 15). Similar spatial profiles of correlation were observed for both histone marks, and 

the same general trend was seen in both normal and seizure mice. Starting from slice 1 which 

corresponds to the front of the brain, three distinct portions with relatively high correlation can 

be observed (M4: 1-4, 5-20, 21; M5: 1-6, 7-17, 18-19). We divided the brain into the anterior, 

mid, and posterior portions based on this observation. We observed higher correlation 

between seizure and control mice in the mid portion, and lower correlation between the 

different conditions in the anterior and posterior portions of the brain. A similar trend in tissue 

morphology can be observed in the mouse brain neocortex according to Allen Brain Atlas.151 

The dominant functional brain area changes accordingly, starting with primary and secondary 

Correlation of mouse 1 neuron and glia H3K27me3
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Figure 14: Pearsonôs correlation plots of neuron and glia samples in M1 and M2. Distinct portions can be 
observed in neuron samples. 
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motor areas, and gradually transitions to somatosensory areas, auditory and visual areas. 

 

We used DiffBind to analyze the difference in histone modification levels. First, we treated the 

samples within the three portions of the brain as replicates of the same tissue. We then 

compared the groups between normal and seizure conditions. Differentially marked regions 
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Figure 15: Spatial resolved profiling reveal changes induced by seizure in mouse neocortex. (A) 
Normalized ChIP-seq signal at selected genes showing significant difference between control and seizure mice. 
(B) Pearsonôs correlation of control and seizure mice for both H3K27ac and H3K27me3. 3 distinct spatial portions 
(frontal, medial, caudal) can be seen and correlation between control and seizure is low in frontal and caudal 
portions. 
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marked by DiffBind were further filtered (fold > 2, p < 1E-5) and separated into two groups 

(seizure > normal, normal > seizure). GO analyses were conducted on these groups to 

determine their related biological processes and phenotypes. 

Significant differences were identified between the anterior and posterior portions of the brain 

between the two conditions. For H3K27ac, DiffBind analysis identified 18061 peaks with higher 

binding in control and 15867 peaks with higher binding in seizure within the frontal section of 

the brain; 7911 peaks with higher binding in control and 11075 peaks with higher binding in 

seizure were identified in the back section. For H3K27me3, 1496 peaks with higher binding in 

control and 1428 peaks with higher binding in seizure were identified in the frontal section; 313 

peaks with higher binding in control and 2364 peaks with higher binding in seizure were 

identified in the back section (fold change > 2, P < 1E-5). These peak sets were fed to GREAT 

gene ontology analysis to check for their related biological processes (Figure 16). Most terms 

identified were related to signal transmission and general brain functions, including exocytosis, 

neurotransmitter secretion, ion transporter activity, synaptic plasticity, neuron differentiation, 

cognition, learning, and memory. 
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Consensus peak clustering in untreated mice 

We selected the top 30% of peaks ranked by confidence score from each sample and picked 

from them a set of consensus peaks (peaks that occur in at least 2 samples). For H3K27me3, 

promoter peaks were retained. The average normalized read coverage for each peak was 
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Figure 16: GO biological process terms from differentially modified peaks between control and seizure 
mice in anterior and posterior portions of the neocortex for (A) H3K27ac and (B) H3K27me3. 
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computed using Deeptools (multiBigWigSummary). The resulting matrix in which the x-axis 

lists the samples and y-axis lists the consensus peaks was used for k-means clustering and 

visualized in heatmaps. The optimal number of clusters was determined by Elbow method. 
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Figure 17: Individual epigenomic tomography generated by k-means clustering of promoter peaks in 
neuron samples and their associated GO biological terms for each cluster. (A) M1 left; (B) M1 right; (C) M2 
left; (D) M2 right. Top 10 GO terms are listed. (E) Overlap of peaks of the same cluster between different 
tomographies. 



71 
 

Peaks grouped into the same cluster were then used in GREAT gene ontology analysis to 

check for their enriched biological processes. 
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Figure 18: Double epigenomic tomography produced by k-means clustering of promoter H3K27me3 peaks 
from neurons of both left and right neocortices, and top GO biological process terms of each cluster. (A) 
M1 left and right. (B) M2 left and right. (C) Overlap between peaks of each cluster. 
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We produced 4 tomographies using the untreated mice neuron data (M1-2). While each varied 

in the number of peaks per cluster, the general patterns of spatial variation were highly similar, 

and the peaks shared much overlap (Figure 17). The clusters also shared many GO biological 

process terms among them. Cluster I and IV included gene expression regulation, 

development, and biosynthetic processes. Cluster II was linked to morphogenesis, 

development, and cell proliferation. Cluster V was associated with sensory perception and 

chemical stimulus. 

We also produced combined neuronal tomographies by joining 2 sets of data together for the 

peak selection and clustering process. This way we could compare the biological replicates 

(M1 and M2), and the left and right portions of the neocortex. The results showed that left and 

right neocortices shared similar cluster patterns (Figure 18). 5 clusters with their distinct spatial 

distribution were identified in both cases. Cluster I and II were related to development and 

morphogenesis, cluster IV were related to transcription and RNA synthesis, and cluster V was 

related to sensory processes and chemical stimulus. The similarities between clustering results 

were seen again in a different mouse. 

In comparison, glia data from untreated mice showed similar patterns in clustering results and 

much less spatial variation compared to neurons (Figure 19). Figures were clustered together 

mainly by uniform levels of signal intensity. Peak overlap between clusters from the different 
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sets of data and the sharing of GO terms remain the same (Figure 19). 
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Figure 19: Double epigenomic tomography produced by k-means clustering of promoter H3K27me3 peaks 
from glia of both left and right neocortices, and top GO biological process terms of each cluster. (A) M1 
left and right. (B) M2 left and right. (C) Overlap between peaks of each cluster. 
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Link between epigenomic tomography and RNA tomography 

We next examined the relationship between epigenomic tomography with gene expression. 

Using Smart-seq2, we profiled the mRNA levels across the neurons of right neocortex slices of 
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Figure 20: Correlation between promoter H3K27me3 (M2) and genebody RNA signal (M3). (A) k-means 
clustering of promoter H3K27me3 signal from 495 genes with inverse trend between H3K27me3 and RNA (PCC 
< -0.5). Genebody RNA signal for genes are ranked in the same order on the right. (B) Selected genes with strong 
inverse or positive correlation between promoter H3K27me3 and RNA signal. 
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mouse M3. The RNA-seq signal over genebody of all mouse RefSeq genes were computed. 

Pearsonôs correlations between genebody RNA-seq signal and promoter H3K27me3 signal 

across all slices were computed to test the correlation of two data types for the genes. A total 

of 4,443 genes passed the quality filter and 2,839 of those (64%) had negative correlation. 495 

genes showed high negative correlation (r < -0.5). As H3K27me3 is repressive to gene 

expression, we expect genes involved in brain functions to have a negative correlation 

between H3K27me3 and RNA levels. For example, Tanc2 and Zic1 are associated with 

signaling during brain development (Figure 20).152-154 

Consensus peak clustering in seizure and control mice 

We processed the seizure (M4) and control (M5) mice data on H3K27ac and H3K27me3 in the 

same pipeline to cluster the consensus peaks. For H3K27ac, we further filtered the consensus 

peaks to retain those without overlap with promoters (active enhancers). We identified 4 

clusters of enhancer peaks with distinct patterns that differ significantly between control and 

seizure mice (Figure 21). Regulation of transmembrane ion transporter activity, exocytosis and 

neurotransmitter secretion ranked top in the GO biological processes related to these peaks. 

Ion transportation across membrane and exocytosis form the basis of electrical and chemical 

signaling in nerve cells.155 Seizure is an example of severely perturbed neural activity 

characterized by significant changes to extracellular and intracellular ion concentrations and 

increased neuronal firing.156,157 It is within our expectations that inducing seizure in mice 

caused histone modification changes to genomic regions related to these major biological 

processes. In cluster IV, locomotory behavior was identified as a top GO biological process. 
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The impact of seizures on rodent locomotory behavior through disrupting suprachiasmatic 

nucleus function has been well documented.158-160 We examined the peaks related to this GO 

term and found the three genes with the largest number of related peaks: Grin2a, Gnao1 and 

Negr1. Mutation in GRIN2A causes epilepsy, language difficulties and delay of brain 

development in human.161-163 Mutation in GNAO1 leads to epilepsy, movement disorder and 

development delay in human.164,165 Susceptibility to pentylenetetrazol-induced seizures was 

observed in Negr1-KO mice, together with learning deficits and impaired social behavior.166 
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Figure 21: Double epigenomic tomography produced by k-means clustering of enhancer peaks from 
neuronal H3K27ac data on right neocortex of control and seizure mice and top GO biological process 
terms of each cluster. 
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We examined the correlation between control H3K27ac ChIP-seq signal and RNA-seq signal 

from M3 for enhancer peaks to predict enhancer for these genes. We found that signal trend at 

predicted enhancers were altered significantly in seizure mouse, suggesting that our analysis 

captured the perturbed brain function and underlying biological process. Other genes in the top 

20 by number of peaks related to locomotory behavior include Apba2167, Atp2b2168, Lsamp169, 

Mapt170,171, Cacna1c172, Dab1173, Fgf14174, Cacnb4175, Cntn2176, and Lrrtm1177, all of which 

play important roles in brain functions and development. In comparison, the remaining clusters 

of peaks related to processes such as synaptic plasticity, RNA splicing and RNA processing. 
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Figure 22: Effect of k value on double tomography of H3K27ac in seizure and control mice. (A) k=4; (B) 
k=5; (C) k=7. (D) Overlap of spatially differential peaks from clusters of varied k values. 












































































































