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SAI MA

ABSTRACT

Microfluidics has revolutionized how molecular biology studies are conducted. It
permits profiling of genomic and epigenomic features for a wide range of applications.
Microfluidics has been proven to be highly complementary to NGS technology with its
unique capabilities for handling small volumes of samples and providing platforms for
automation, integration, and multiplexing. In this thesis, we focus on three projects
(diffusion-based PCR, MID-RRBS, and SurfaceChiP-seq), which improved the
sensitivities of conventional assays by coupling with microfluidic technology. MID-RRBS
and SurfaceChlIP-seq projects were designed to profiling genome-wide DNA methylation
and histone modifications, respectively. These assays dramatically improved the
sensitivities of conventional approaches over 1000 times without compromising genomic
coverages. We applied these assays to examine the neuronal/glial nuclei isolated from
mouse brain tissues. We successfully identified the distinctive epigenomic signatures
from neurons and glia. Another focus of this thesis is applying electrical field to investigate
the intracellular contents. We report two projects, drug delivery to encapsulated bacteria
and mRNA extraction under ultra-high electrical field intensity. We envision rapid growth
in these directions, driven by the needs for testing scarce primary cells samples from

patients in the context of precision medicine.
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GENERAL AUDIENCE ABSTRACT

Microfluidics is a technology that manipulates solution with extremely small volume.
It is an emerging platform that has revolutionized how molecular biology studies are
conducted. It permits profiling of genome wide DNA changes or DNA-related changes
(e.g. epigenomics) for a wide range of applications. One of the major contribution of
microfluidics is to improve the next generation sequencing (NGS) technologies with its
unique capabilities for handling small volumes of samples and providing platforms for
automation, integration, and multiplexing. In this thesis, we focus on three projects
(diffusion-based PCR, MID-RRBS, and SurfaceChlP-seq), which improved the
sensitivities of conventional assays by coupling with microfluidic technology. MID-RRBS
and SurfaceChlIP-seq projects were designed to profiling genome-wide DNA methylation
and histone modifications, respectively. DNA methylation and histone modification have
been proved to affect a lot of biological processes, such as disease development. These
developed technologies would benefit the development of precision medicine (a medical
model that proposes the customization of healthcare) and treatment to various diseases.
We applied these technologies to study the epigenomic differences between several cell

types in the mouse brain.
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Chapter 1 - Overview

CHAPTER 11 Overview

The scope of this research is to develop and optimize microfluidic protocols for novel
molecular biotechnologies. The application of conventional techniques to microfluidic chip
format provides unique advantages of improved sensitivity, speed, reproducibility, and
reduced cost. This dissertation presents the development of five different microfluidic

assays that capable of conducting genetic or epigenetic studies.

Cellular heterogeneity is evident in functionality * 2 and gene expression
measurements (RNA-seq) within apparently homogeneous samples 3. To analyze the
genetic contents from cells, polymerase chain reaction (PCR) is the primary tool. One of
the major limitations of PCR is the sensitivity and integration with upstream technologies.
We applied a diffusion-based technology to perform PCR from intact cells (Chapter 3).
This technology integrated multiple steps in a single device, including cell trapping, cell
lysis, surfactant removal, and DNA amplification. We achieved sensitivity down to single

cell level.

The gene expression and cellular behavior are not only affected by the DNA
sequence, but also the epigenetic activities, such as DNA methylation and histone
modification. The epigenetic activity shows great impact on the cell differentiation, self-
renewal and disease development; however, the mechanism is still barely to be
understood despite all the efforts made over the years. A better understanding of
epigenetic regulation will benefit disease diagnosis and developing personalized

medicine and therapeutics.
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DNA methylation is one of the major epigenetic mechanisms. The gold standard to
profile methylome is using bisulfite conversion coupled with sequencing. The bisulfite
conversion is a chemical reaction, which converts unmethylated cytosines to thymines
while keep methylated cytosines unchanged. The major drawback of bisulfite conversion
is the significant DNA loss up to 96%, which led to large amount of starting materials
(microgram level DNA). We applied a diffusion-based technology to conduct bisulfite
conversion on microfluidic chip, which preserved 30% of the DNA and improved the

sensitivity to sub-1 ng (Chapter 4).

The epigenetic regulation involves the interaction between DNA sequence and
specific proteins (such as histone proteins). The histone modification is another of the
major epigenetic mechanisms. To identify the genome-wide DNA/protein interaction,
chromatin immunoprecipitation coupled with next generation sequencing (ChlP-seq) has
become the most sensitive method. ChIP-seq involves gathering large amount of cells
(108 ~107 cells), cell lysis, chromatin fragmentation by enzyme digestion or sonication,
immunoprecipitation to capture target DNA/protein complex, proteinase K digestion to
release DNA, DNA library construction/amplification and next generation sequencing for
identifying enriched sequences. There are two major limitations of the conventional ChlP-
seq protocols: 1) requirement of large number of cells (>107 cells) which limits application
for scarce samples, 2) tedious process with long hands-on time, which compromises the
reproducibility and throughput of the assay. We demonstrated a microfluidic technology,
referred to as Surface Immobilized Antibody for Chromatin Immunoprecipitation coupled
with next generation sequencing (SurfaceChlP-seq) for low-input (30-100 cells) profiling

of multiple histone modification landscapes in parallel (Chapter 5).
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The thesis is divided in two parts, based on the absence (part 1) or presence (part
II) of electrical methods in the system. Part | mainly discusses microfluidic technologies
for genetic and epigenetic analysis. The diffusion-based approaches were developed for
conducting PCR (Chapter 3) or bisulfite conversion on-chip (Chapter 4). We also
developed a device with surface immobilized antibody for low cell number chromatin
immunoprecipitation (Chapter 5). Part Il focuses on ultra-high field intensity electrolysis
of Mycobacteria smegmatis (Chapter 6) drug delivery using electroporation (Chapter 7).

The focus of each chapter is outlined briefly:

Part |

CHAPTER 317 Diffusion-b ased Mi cr of | ui-gatco PArRa lfyogi §1i Onfe Ce l

Genetic analysis starting with cell samples often requires multi-step processing
including cell lysis, DNA isolation/purification, and polymerase chain reaction (PCR)
based assays. When conducted on a microfluidic platform, the compatibility among
various steps often demands complicated procedure and complex device structure. Here
we present a microfluidipot de witageaet stgpgRCR
analysis starting from cells. Taking advantage of the diffusivity difference, we replace the
smaller molecules in the reaction chamber by diffusion while retaining DNA molecules
inside. This simple scheme effectively removes reagents from the previous step to avoid
interference and thus permits multi-step processing in the same reaction chamber. Our
approach shows high efficiency for PCR and potential for a wide range of genetic analysis

including assays based on single cells.

per miutl
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CHAPTER 41 A Microfluidic Device for Low-input Methylomic Analysis Using Sub-1 ng

Starting DNA

Methylomic analyses require substantial amounts of DNA and this restriction
hinders studies involving scarce animal and patient samples with direct biomedical
relevance. Here we describe microfluidic diffusion-based reduced representative bisulfite
sequencing (MID-RRBS) that permits methylomic profiling with 0.3 ng starting DNA.
Using this technology, we examined genome-wide DNA methylation in neurons and glia
isolated from mouse cerebellum and established cell type-specific methylomes. Our data
revealed that genome-wide methylation in general and methylation in low CpG-density
promoter regions in particular showed distinct patterns for neurons and glia. Furthermore,
we found very little overlap between differentially methylated region-associated genes

and differentially expressed genes when the two cell types were compared.

CHAPTER 57 Paralleled Microfluidic Device for High-throughput and Low-input Histone

Modification Analysis Based on Surface ChIP (surfaceChIP-seq)

The sensitivity and throughput of chromatin immunoprecipitation (ChlIP) assays
hinders the epigenomic study for scarce and clinical samples. We developed a
microfluidic approach for automated and paralleled ChIP-seq assay using as few as 30-
100 cells. Comparing to conventional approaches, modification-specific antibodies were
immobilized on the glass surface in the microfluidic channels instead of beads
(SurfaceChlP-seq). This approach simplifies the chip structure and allows up to

simultaneously profiling eight assays. Using this technology, we revealed the epigenomic
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signatures in neuron and glia isolated from mouse cerebellum, suggesting that the

distinctive histone modification landscapes exist in brains.

Part Il

CHAPTER 6 T RNA extraction from a mycobacterium under ultrahigh electric field

intensity in a microfluidic device

Studies of transcriptomes are critical for understanding gene expression. Release
of RNA molecules from cells is typically the first step for transcriptomic analysis. Effective
cell lysis approaches that completely release intracellular materials are in high demand
especially for cells that are structurally robust. In this report, we demonstrate a microfluidic
electric lysis device that is effective for mRNA extraction from mycobacteria that have
hydrophobic and waxy cell walls. We used packed bed of microscale silica beads to filter
M. smegmatis out of the suspension. 4000-8000 V/cm field intensity was used to lyse M.
smegmatis with long pulses (i.e. up to 30 pulses that were 5 s long each). Our gRT-PCR
results showed that our method yielded a factor of 10-20 higher extraction efficiency than
the current state-of-the-art method (bead beating). We conclude that our electric lysis
technique is an effective approach for mRNA release from hard-to-lyse cells and highly

compatible with microfluidic molecular assays.

CHAPTER 7 1 Electroporation-based delivery of cell-penetrating peptide conjugates of

peptide nucleic acids for antisense inhibition of intracellular bacteria
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Cell penetrating peptides (CPPs) have been used for a myriad of cellular delivery
applications and were recently explored for delivery of antisense agents such as peptide
nucleic acids (PNAs) for bacterial inhibition. Although these molecular systems (i.e. CPP-
PNAs) have shown ability to inhibit growth of bacterial cultures in vitro, they show limited
effectiveness in killing encapsulated intracellular bacteria in mammalian cells such as
macrophages, presumably due to difficulty involved in the endosomal escape of the
reagents. In this report, we show that electroporation delivery dramatically increases the
bioavailability of CPP-PNAs to kill Salmonella enterica serovar Typhimurium LT2 inside
macrophages. Electroporation delivers the molecules without involving endocytosis and
greatly increases the antisense effect. The decrease in the average number of Salmonella
per macrophage under a 1200 V/cm and 5 ms pulse was a factor of 9 higher than that
without electroporation (in an experiment with a multiplicity of infection of 2:1). Our results
suggest that electroporation is an effective approach for a wide range of applications
involving CPP-based delivery. The microfluidic format will allow convenient functional

screening and testing of PNA-based reagents for antisense applications.



Chapter 21 Microfluidics for Transcriptomic and Epigenomic Analysis

CHAPTER 21 Microfluidics for Epigenomic Analysis

2.1 Introduction

Next-generation sequencing (NGS) is transforming the understanding of biology.
Since the finish of the human genome project in 2003, the cost of sequencing has
significantly decreased which makes it available to more researchers. Unfortunately,
advances in sequencing technologies are not always accompanied by the development
of new sample processing procedures. Genomics and transcriptomics (the study of the
complete set of DNA or RNA of cells at a specific stage) have already achieved single
cell sensitivity using conventional tube-based approaches 1. Tube-based approaches
have hit their limit in terms of amplification bias and throughput (only up to tens of samples
each batch). Such methods are not particularly suitable for investigating the heterogeneity
among single cells due to manual handling errors and vast number of targeted cells.
Epigenomics is the study of heritable modifications on DNA or histone without changing
DNA sequences. It is an emerging field that usually requires large amount of starting
material for the assays (e.g. ChiP-seq, MeDIP-seq and Bisulfite-seq). Benchtop versions

usually do not provide an efficient way to improve the sensitivity of these assays.

Microfluidics, which allows manipulation of solution with extremely small volume,
has been widely used for monitoring individual cells " 2 13 and manipulating
microenvironments 4 15, Utilizing parallel structures, microfluidic devices are capable of
processing hundreds of samples simultaneously within their tiny chambers. The

miniaturized structures improve throughput, reduce reagent amount, and the amount of
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starting materials. Microfluidic devices are becoming an important tool to improve the

performance of sequencing related molecular technologies % 1619,

2.2 Epigenomics

Epigenomics is the freshly developed study of epigenetic modification of a cell
which is analogous to genomics and proteomics 2°. Epigenetics refers to the phenomena
that gene expression changes without changing DNA sequencing, in another word, a
change in phenotype without a change in genotype. Epigenetic change is a regular and
natural, but also involves age, environment and diseases. Epigenetic change can
determine common manner, such as cell differentiation or more damaging effects, such
as cancers. Epigenetic modifications involve the reversible and heritable modifications on
DNA or histone without changing DNA sequences. The most commonly studied
epigenetic modifications are histone modification, DNA methylation, and non-coding RNA
(ncRNA). These tags change the chromatin structure, DNA accessibility and regulation
of gene expression. It has been proved that these modifications play critical roles in a lot
of biological processes, such as brain development 2! and tumor formation 22. Unlike
genomic analysis, most of the epigenomic assays require a large amount of starting
materials. For example, 1 million cells are required for histone modification profiling, and
microgram levels of DNA is needed for DNA methylation analysis. To overcome this
drawback, several microfluidic based approaches 233! have been developed and
dramatically improved the sensitivity and throughput of conventional assays. It can be

seen that utilizing microfluidic technologies for epigenomic profiling is a fast growing field.
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DNA methylation

In eukaryotic DNA, it is known that the methylation occurs at the cytosine which
are converted to 5-methylcytosine (5-mC). The DNA methylation is believed to repress
the gene expression by blocking the promotors where the transcription factors are
supposed to bind. Extensive studies have demonstrated that DNA methylation plays a
major role in many biological phenomena, such as cellular proliferation, differentiation,
and various diseases 3% 32, Some studies have also indicated that there is connection
between histone modification and DNA methylation at certain genomic positions 34 35, |t
has also been demonstrated that DNA methylation is implicated in brain development

underlying learning and memory 2.

Chromatin structure and histone modification

Within the nucleus of eukaryotic cells, DNA is highly condensed and wrapped
around nuclear proteins (histone). The complex of DNA and histone is called chromatin.
The basic chromatin unit, the nucleosome is formed by a ~147 bp DNA chain wrapped
around an 8 histone subunits. The chromatin can be fragmented by sonication or enzyme
digestion (e.g. micrococcal nuclease). Under optimized condition, mono-nucleosomes
can be obtained from chromatins. There are five types of histone subunits: H1, H2A, H2B,
H3 and H4. H1 stabilizes the chromatin structures by binding to the linker region. H2A,
H2B, H3 and H4, which are called core histones, form nucleosome by two copies of each.
Nucl eosomes connect to each other by a short r
fiber which is the primary structure of DNA packaging. Mult i pl e fAibeads on a s

are packed together to form 30 nm solenoid which extends to chromosome.
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The core histones are mostly globular excep
important feature of histone, especially t he At ai |l s o, is the | arge
residues they process. There are more than eight modifications have been found on
histone. The most commonly studied modifications are acetylation, methylation and
phosphorylation which are named after the different functional groups attached. Histones
contains more than 60 different residues that can be modified. Besides, methylation that
happens on lysines or arginines may be one of three different forms: mono-, di-, or
trimethyl for lysines and mono- or di- (asymmetric or symmetric) for arginines. For
example, H3K4me3 means trimethylation of the fourth amino acid residue from the N-
terminus of histone H3. The status of all these modification depends on the cell type,
status and environment. To monitor the global incidence of histone modification,
modification-specific antibody is used to capture histone associated DNA coupled with

next gen sequencing (ChlP-seq).

State of the art of ChIP-seq

ChlP-seq involves cell lysis, chromatin fragmentation, immunoprecipitation of the
protein of the interest, protein digestion, DNA enrichment, and sequencing.
Conventional ChIP-seq assay usually requires about 10 million cell which is impractical
for precious samples. Various efforts have been made to improve the conventional
protocol over the last few years, including CChIP 36, Nano-ChlIP 37:38  LinDA 3°, iChIP 4°,
ULI-NChIP 41, WGA-ChIP-seq 4? and FARP-ChIP-seq #* and Drop-ChIP (single-cell
ChlIP-seq) 3. By utilizing microfluidic devices, our lab developed MOWChIP-seq to
detect histone marks (H3K4me3 and H3K27Ac) from as little as 100 cells which is

described in section 2.5.2. In the section 3.3, a novel glass surface antibody

10
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immobilization approach is described which performs similar to MOWChIP-seq but is

suitable for single cell ChIP assay.

ACarri er Ch3)RapreseritsGCatdgdry of ChIP protocol using carrier
chromatin or mRNA to reduce the non-specific adsorption of magnetic beads. The
original CChIP protocol detected H4K16ac, H3K4me3, H3K9me2 and H3K4mel histone
marks from 100 to 1000 mouse ES cells. Using carrier chromatin is an effective way to
improve the sensitivity of ChIP-gPCR; however, the carrier chromatins will significantly
affect the sequencing depth when used in ChlP-seq assay. Using mRNA carrier which
is digested later has been shown to increase recovery of ChiIP DNA and allowed
transcription factor ChlP-Seq using 10,000 cells 4. RP-ChlIP-seq and FARP-ChIP-seq
protocols %3 was published in November, 2015 using similar carrier approach. In RP-ChlIP-
seq, yeast chromatins were used as carrier for immunoprecipitation of mouse chromatin,
about 1~2 million reads are finally mapped to mouse genome which was not sufficient
compare to literature #°. To improve the sequencing depth of RP-ChlP-seq, Favored
Amplification RP-ChIP-Seq (FARP-ChIP-seq) was developed. A 210-bp biotin-DNA that
does not map to Drosophila, mouse, or human genomes was designed as carrier. The
biotin-DNA and the chromatin of interest were recovered by streptavidin beads and
antibody-coupled protein G beads, respectively. To inhibit amplification of biotin-DNA
during library construction, a PCR amplification blocker oligo complementary to the biotin-
DNA was designed to contain modifications at both ends. The blocker oligo reduced the
amplification of the biotin-DNA by over 99%. RP-ChlIP-seq examined histone mark

H3K4me3 using 500 ES cells.

11
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Nano-ChlIP 3 % was developed by Br adl ey E Ber thosexamin@ d6s gr

histone modification using 5,000 to 10,000 cells. Single-tube linear DNA amplification
(LinDA 2°) was developed to profile the histone mark (H3K4me3) using 10,000 cells,
oestrogen receptor-U ER-U) binding using 5000 cell s
little as 30 pg DNA. Both nano-ChIP and LinDA explored their own DNA amplification
strategy. The primer with hairpin structure was used in Nano-ChIP to minimize primer
self-annealing. The primers containing restriction sites were digested by BciVI and used
directly for sequencing adaptor ligation. In LinDA, ChIP DNA was ligated with poly T and
and in vitro transcripted to RNA. The RNA was then reverse transcripted and amplified
using the T7 promoter-Bpml-oligo(dA)15 primer. Linda was based on an optimized T7
phage RNA polymerase linear amplification protocol that reduces amplification bias due
to GC content. In WGA-ChIP-seq 3, purified DNA was amplified by WGA4 kit, a single
cell whole genome amplification kit from Sigma-Aldrich. The adaptors were removed by
Bpml restriction enzyme and used for library construction.

Indexing-first ChIP (iChIP 4°) was recently developed to index each sample and
pool together before ChIP. Magnetic beads coated with anti-H3 hisone antibody was used
to capture chromatins. The chromatins (~500 cells) were end-repaired, A-tailed, and
ligated with indices. The indexed chromains were then pooled and subjected to second
round of immunoprecipitation with specific antibody (H3K4me3, H3K27ac et al.). The
ChIP DNA from pooled samples was then sequenced and the data were demultiplexed

based on indices to yield a sensitivity of 500 cells per individual sample.

12
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ULI-NChIP 4! was developed to work with native-ChlIP (i.e. epigenetic mark does
not crosslinked with DNA) that the chromatins were sheared by MNase digestion. There

were able to detect histone mark (H3K27me3, H3K9me3 and H3K4me3) from 1000 cells.

2.5 Next Generation Sequencing

Nucleic acid sequencing refers to methods for determining the axact order of
nucleotides in DNA or RNA. Since the Human Genome Project (HGP) which took 13
years and cost $3 billion completed in 2003, the use of sequencing has exponentially
increased 46, Sanger sequencing which is known as fist generation sequencing, was used
to accomplish HGP. Since the Sanger sequencing was developed in 1973, the throughput
of sequencing has been significantly improved while the cost has been significantly
reduced. The second generation sequencing (next generation sequencing, NGS) is able
to perform massively sequencing which means millions DNA fragments can be
sequenced simultaneously. It has been widely used for all kinds of applications, including
whole-exome sequencing, RNA-seq, whole genome sequencing, methylation sequencing,

and ChlP-seq.

There are several NGS platform has been commercialized. 454 pyrosequencing
(Roche Applied Science), Solexa technology (lllumina Genome Analyzer), SOLID
platform (Applied Biosystems), ion torrent semiconductor sequencing and Hi-seq
(llumina Hi-seq 2500) are the most popular platforms. Among them, lllunima Hi-seq is
the most commonly used platform providing >200 million reads per lane for less than
$1000. lllunima sequencing is based on cluster generation and sequencing by synthesis

(SBS) technology. To be able to be sequenced by lllumina sequencing, target DNA

13
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usually needs to be end-repaired and adaptor ligated on both ends. After denaturation,
single strand DNA fragments containing adaptors are immobilized to flow cell surface with
complimentary adaptors. Each immobilized fragment creates a bridge structure by
hybridizing its free end with another complimentary adaptor. To achieve sufficient
fluorescence signal for identify dNTPs, immobilized fragments are amplified through PCR,
which is known as bridge amplification. The sequencing templates were amplified to
generate up to 1000 identical copies per cluster by solid phase amplification. The density
of cluster can achieve more than 10 million clusters per square centimeter. Four
fluorescently-labelled nucleotides (ANTPs) are used to sequence clusters. During each
sequencing cycles, one dNTPs is incorporated on each DNA copy. The dNTP is identified

by scanning the fluorescence signals during enzyme cleavage.

The principle of NGS is very similar to capillary electrophoresis (CE) sequencing.
DNA synthesis is catalyzed by polymerase to add fluorescently labelled dNTPs onto the
DNA templates during a series of cycles. At the end of each cycle, the fluorescent signals
are analyzed to identify the added nucleotides. NGS allows processing millions of
fragments in parallel, which significantly improves throughput and decreases sequencing
costs. There are five major steps to prepare a sequencing sample/library: DNA
fragmentation, end-repair/A-tailing, adapter ligation, amplification, and quality

control/sample pooling (Fig. 1).

14



Chapter 21 Microfluidics for Transcriptomic and Epigenomic Analysis

DNA fragmentation
End repair
A-tailing

¥

~TXXIXIIININY...
o
¥

L
XTTCTTTTTINIRNIY
¥

ST
T
¥ . Adapter ligation
4

PCR

[— 11111 C) LU
e DO
o KRR
. = oo
- = OO
| o DGR

¥
Sequencing

Fig. 2.1 The NGS library preparation procedure.

The starting material for library preparation needs to be fragmented to ~100-500 bp
to be properly amplified in the flow cell. The fragmentation is typically performed by
sonication, enzyme digestion, or tagmentation. Next, a pair of sequencing adapters are
ligated to both ends of the DNA. The ligated DNA will be able to attach to the flow cell by

hybridization during sequencing. To maximize the ligation efficiency, the DNA fragments

15
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are usually subjected to end-repair and A tailing (generate adenine overhang to the 3'
end of DNA) before ligation. Depending on the amount of starting materials, the ligated
products may be i nsuf 2nMg Padymdrasd chain resctiop (PER)c i ng (
is the most commonly used approach to amplify the ligated products and generate
enough material for sequencing. The fragment sizes of amplified products are checked
by gel electrophoresis or Bioanalyzer to ensure they are properly ligated. The libraries
are then pooled to the desired concentration (2-10 nM) and are ready for sequencing.
Depending on the applications, the library preparation procedure may be quite different.
We will discuss various library preparation procedures for the three major fields, genomics,

transcriptomics and epigenomics.

The final step in the NGS pipeline is genome mapping. The obtained reads need
to be aligned to a known reference genome, such as hgl19, mm8. Depending on the reads
quality, the raw reads might be trimmed to reduce bias and improve alignment rate.
Usually, uniquely mapped reads with length longer than 20-30 bp will be used for following
analysis. After alignment, the DNA sequence of each tag is replaced with the genomic

coordinates.

16
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2.3 Sequencing-related Microfluidic Technologies for Epigenomics
Analysis

In recent years, the microfluidic applications for epigenomic analysis are rapidly
growing. The mechanisms of these applications can be classified into three categories,

bisulfite-based approaches, affinity-based approaches, and digestion-based approaches.

Bisulfite-based approaches

To look into the genome wide DNA methylation profile, the most established
technology is a bisulfite conversion based analysis coupled with next generation
sequencing, which is regarded as the gold standard for DNA methylation analysis.
Bisulfite conversion enables methylation analysis at single base resolution 47-4°, It is
based on the difference in reactivity of sodium bisulfite with unmethylated and methylated
DNA. Sodium bisulfite converts the unmethylated cytosines to uracils while the
methylated cytosines remain the same. After conversion, the original DNA sequences are
distinguished by quantitative PCR or sequencing. For bench approaches, the sensitivity
of bisulfite sequencing has been improved to single cell level %51, It is also coupled with
other sequencing technology (RNA-seq) %% 53 to obtain more information from the same

cell.

Several efforts have been made to perform bisulfite conversion on a microfluidic
chip. Shin et al. designed a droplet based platform for bisulfite conversion >*. The DNA is
bound to the surface of magnetic silica beads under low pH and high chaotropic salt
concentration. The DNA can be released by reversing these conditions. By moving the

DNA/bead complex, the DNA is transferred into different buffers for conversion and

17
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cleanup. For comparison, Yoon et al.% used a glass surface as the substrate to adsorb
DNA instead of silica beads. The denatured DNA is first mixed with bisulfite cocktail and
converted on chip. The converted DNA is mixed with guanidine hydrochloride and
adsorbed to the glass surface by electrostatic interaction. In all these cases, the DNA is
detected by PCR for analyzing the methylation status. Some efforts have also been made
to improve the accuracy and throughput of PCR using microfluidic devices °6-%°. Although
the on-chip conversion methods could be used for genome-wide DNA methylation

profiling, no such demonstration has been published yet. (cite my paper after publishing)

Affinity-based approaches

I. ChlP

In the eukaryotic cell, DNA wraps around globular histone cores and forms
nucleosomes. The nucleosomes pack together and form chromatin. The histone tails can
be covalently modified, such as acetylation, methylation, phosphorylation, and
ubiquitination. Acetylation and methylation are the most commonly studied modifications.
Chromatin immunoprecipitation (ChlP) is the primary technology used to examine histone
modifications . It can also be used to determine if a specific protein (i.e. transcription
factors) interacts with certain genomic region (e.g. enchancer and promotor). ChiIP is
divided into two categories, depending on the method used to process the chromatin,
XChIP and NChIP. For NChIP (native ChIP), the chromatin is not cross-linked so that it
is suitable for mapping histone marks or transcription factors that strongly bind to DNA.
Usually the chromatin is fragmented by micrococcal nuclease (MNase) digestion to yield
a ladder of DNA fragments corresponding to the size of multiple nucleosome cores plus

the linker (~170 bp). For XChIP (cross-linked ChlIP), the chromatin is stabilized by
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formaldehyde, which makes it difficult for MNase to access to chromatin. Instead of
enzyme digestion, sonication is typically used for XChIP. The fragmented chromatin (by

sonication or enzyme digestion) is selectively targeted by specific antibodies that are

i mmobilized to magnetic or agarose beadsbo

complexes are washed, and then the DNA is eluted and purified. The ChiPed DNA can
be detected by quantitative PCR (ChIP-gPCR) for examining a few loci, NGS (ChlP-seq),
or microarray (ChlP-chip) for genome wide profiling. Using a conventional assay, genome
wide profiling (~10 million cells) usually requires more dedicated optimization and at least

one order of magnitude more starting materials than ChIP-gPCR (~1 million cells).

ii. ChIRgPCR

The recent advances of microfluidic ChIP-qPCR were reviewed by Matsuoka et al
61, The first applications of ChIP on a microfluidic platform were independently developed
by Oh et al. 22 and Wu et al. 2. Oh et al. designed a flat chamber (bead reservoir) to hold
micro-agarose beads 3. The bead reservoir is connected to the dispersion channels via
short and shallow channels, which stops microagarose beads while allowing solution to
flow through. This chip design does not involve the use of complicated micro-valves. It
requires 2.5x10° cells as starting material, which is similar to the performance of the
conventional assay. Wu et al. designed AutoChIP 24 and HTChIP 2°for automated high
throughtput ChIP-gPCR analysis using sheared chromatin corresponding to 1000-2000
cells for each sample. Chromatin is actively mixed with antibody-beads complexes in a
circulating peristalic mixer. The chromatin-antibody-bead complexes are then stacked to
a column by micromechanical valves and washed by buffers. They were able to perform

ChlIP assay from 4 and 16 samples simutanusly.
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Geng et al. from our group developed the most sensitive on-chip ChIP-gPCR assay
26, This protocol utilizes N-ChIP (native chip) coupled with MNase digestion. Intact cells
are directly loaded on chip instead of sonicated chromatin. The cells are lysed and
digested by MNase. The fragmented chromatin is then forced to flow through a pre-
packed antibody-bead bed in a connected micro-chamber. Oscillatory washing is utilized
to yield high quality ChIP DNA. This technique allowed sensitive gPCR with as few as 50

cells.

Cao et al. from our group integrated sonication into a microfluidic chip for histone
modification and DNA methylation profiling 2. The chromatin or DNA is sheared by
transducer, which is attached to the glass bottom of the chip. Compared to Gen g 6 s
protocol 6, Caod s appr oa c hlinkadocellk (X-ChIRY, iwhidn may rexiesds
the application to profile transcription factors. These two approaches are complimentary
to each other and make the on-chip ChIP assay suitable for both native chromatins and
cross-l i nked chromatins. Caod s work reaches sim

work with significantly improved signal-to-noise ratio (fold enrichment).
lii. ChlPseq

Even though, on-chip ChIP-gPCR assay achieved very good sensitivity, it can only
be used to examine a few loci for each sample. To extend to the analysis to genome wide

profiing from a few loci, several efforts have been made by taking advantage of

microfluidics.

Jiang et al. developed a microfluidic chip for profiling H3K4me3 landscape by ChiP-

seq 28. The chip shared similar structure as the chip developed by Wu et al. 2* 25, The
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chromatin and beads are circulated in a dead-end flow channel for immunoprecipitation.
The chromatin-antibody-bead complex is trapped to form a column and washed. This

protocol was able to detect histone mark from 1000 mouse early embryonic cells.

Recently, our group developed the microfluidic oscillatory washingi based ChIP-seq
(MOWChIP-seq) 2° protocol for histone marks (H3K4me3 and H3K27ac) from as little as
100 cells. In the MOWChIP-seq, chromatin is flowed through a packed bed of antibody
coated beads. The packed bed leads to high-efficiency adsorption and increases the
chance of nonspecific adsorption and physical trapping. The chromatin/bead complexes
are washed by oscillatory washing in two buffers which effectively removed non-

specifically absorbed chromatins.

The Drop-ChlIP protocol, developed by Rotem et al., collected ChIP-seq data at
single cell level 3. Their strategy was to extract and digest chromatin of single cells in
individual droplets. The fragmented chromatin is labeled by unique DNA barcodes so that
each cell can be distinguished after sequencing. Chromatin collected from about 100 cells
is pooled together for conventional ChlIP assay. Carrier chromatin (i.e. chromatin
extracted from other species) is used to minimize non-specific adsorption. The carrier
chromatin unfortunately results in huge amount of junk reads. They only collected 7
million useful reads (700,000 unique reads) from 320 million reads in total. On average
~1000 unigue reads are obtained for each single cell. Typically, for conventional ChlP-
seq of bulk sample, 10-20 million reads are preferred for the same histone mark. Even
though they provided an elegant solution to investigate heterogeneity among thousands
of single cells, it provided too little information compared to the other type of single cell

sequencing technology, such as RNA-seq and Bisulfite-seq.
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iv. MeDIP and MBD

The affinity-based approaches, including Methylated DNA Immunoprecipitation
sequencing (MeDIP-seq) % 63 and Methylated DNA Binding Domain sequencing (MBD-
seq) % are also used for profiling DNA methylation status. These technologies require

much more starting materials (1-300 ng).

Microfluidic devices can also be used to enrich methylated DNA. Methyl-binding
domain (MBD) protein ¢ 66 or 5-methylcytidine (5-mC) antibody 2’ which specifically
targets methylated DNA is immobilized on magnetic beads or the surface of the
microfluidic chamber. When the DNA mixture contact MBD protein or 5-mC antibody, the
methylated DNA is captured. The non-captured DNA is washed away and the captured
DNA is then eluted for gPCR analysis. These methods have been demonstrated for
examining the methylation status of specific loci 6’. They have not been applied for

genome wide analysis.

v. Transcription factor binding affinity

Transcription factors (TFs) are proteins that bind to specific DNA sequences so that
they control the transcription rate of DNA. The most common way to profile transcription
factor binding sites is using ChlP-seq, which is similar to histone modification detection.
The TFs that bind to DNA are fixed at certain time point. The DNA is then fragmented by
sonication and the TF/DNA complex is specifically selected by the antibody. Because
there is a probability that the TFs actually bind to DNA, ChIP-seq for TFs requires much
more starting material than that for histone modification. The binding strength between

TFs and DNA is also usually much weaker compared to that between histone and DNA.
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Due to the above reasons, ChiIP-seq for TFs has not been achieved in microfluidic

platform.

Maerkl et al. developed an alternative to systematically study the binding affinity of
TFs, especially low-affinity interactions 873, The device contains 2400 units and each
unit is controlled by three micromechanical v
membrane is used for surface derivation and control molecular interaction. The chip
surface is locally derived with antibody to capture target DNA and TFs. It provides a way
for large-scale quantitative protein-DNA interaction measurement, which can be used to

verify and predict the in vivo function of TFs.

Digestion-based approaches

The way that the DNA is packaged into chromatin is critical for gene regulation.
Several methods have been developed for analyzing chromatin conformation,
accessibility, and nucleosome positioning 7. To evaluate the chromatin accessibility,
specific enzymes (MNase, DNase and transposase) are used to digest chromatin.
Combined with NGS, these methods are used for profiling genome-wide chromatin status.
These methods include chromosome conformation capture (Hi-C) ’°, assay for
transposase-accessible chromatin (ATAC-seq) 6, DNase-seq 7/, MNase-seq "8, and
formaldehyde-assisted isolation of regulatory elements with sequencing (FAIRE-seq) ’°.
Hi-C is used to identify the 3D conformation of chromatin. MNase-seq identifies the
nucleosome positioning by digesting chromatin with MNase. In DNase-seq, chromatin is
digested by DNase I. In ATAC-seq, DNA is fragmented and tagged by Tn5 transposase

simultaneously.
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These methods require hundreds to millions of cells as starting material when the
bench versions were initially developed. In the recent years, the sensitivities of most of
the assays have been improved to single cell level, including single cell Hi-C &9, single
cell ATAC-seq ¥, single cell DNase-seq 8!, and single-cell MNase-seq 2. Single cell
ATAC-seq was developed on a microfluidic platform. All these methods may be
implemented on chip, which will dramatically improve the throughput of the assay and

provide more biological insights.

In the single cell ATAC-seq %, the assay was designed based on the C1 integrated
fluidics circuit (I'FC) from Fluidigm. I ndividal
trapping structures. The cells are washed and stained for viability analysis. The cell
membrane is then permeabilized by surfactant NP-40, and chromatin is treated with Tn5
transposase. Open chromatin is digested and tagged by Tn5 transposase, while closed
chromatin remains intact. After transposition, the Tn5-DNA complexes are dissociated by
adding EDTA. By performing 8 cycles of PCR, sequencing adapters are added onto the
transposed DNA. Additional PCR cycles are used to amplify libraries in 96-well plate. This
method not only opened the gate for chromatin accessibility analysis using a microfluidic
chip, but also demonstrated an automated, parallel library preparation protocol starting

with a limited amount of DNA.
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2.4 Library Construction for NGS

NGS technology has already had a profound impact on the understanding biology
with sensitivity down to single cell. Unfortunately, the preparation of properly constructed
sequencing libraries from DNA or RNA is still a time-consuming and tedious process.
Most library preparation procedures are still manual and not suitable for high-throughput
sample preparation, not to mention the high cost. Microfluidics can manipulate hundreds
of reactions simultaneously, which make it possible to streamline the entire library
preparation. The ability to work with a small reaction volume (U to pl) may potentially
improve the sensitivity. A typical library preparation procedure involves nucleic acid
extraction, fragmentation, adapter ligation, amplification, and library quantification.
Extracting high quality DNA 5 7. 838 or RNA 869 from various species has been
extensively investigated and can be found in review articles 13 °1-%_ |n this review, we will

not focus on nucleic acid extraction methods.

DNA fragmentation

Depending on the application, the size of DNA templates are usually at least a few
thousand base pairs long, while NGS requires libraries with 200-600 bp length in order to
bind to the sequencing flow cell. The DNA template needs to be fragmented before it is
used for library construction. The most common methods are sonication and enzymatic

fragmentation.

I. Sonication

The conventional way to fragment DNA is using sonication. The ultrasonicator

employs focused bursts of ultrasonic energy to a specific focal zone where numerous
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cavitation bubbles are generated. When each burst ends, these small bubbles collapse,

create high velocity jets of solute, and break DNA into small fragments.

Tseng et al. described a DNA/chromatin shearing device within a microfluidic chip
97, The acoustic field is generated by attaching a piezoelectric Langevin-type composite
transducer to a microfluidic chip. The fragment size can be controlled over a range from
180 to 4000 bp by adjusting voltages and pulse duration. Our group extended the work
by adding crescent shaped structures in the microfluidic chamber, which improved the
generation of cavitation ?’. The sheared DNA or chromatin was used for ChIP or MeDIP
analysis followed by gPCR. Such integration allowed highly sensitive assays with ~100

cells for ChIP-gPCR and 500 pg DNA for MeDIP-gPCR.

ii. Enzymatic fragmentation

Fragmentase (NEBNext, New England Biolabs) and DNase | % can also be used
for DNA fragmentation. NEBNext dsDNA Fragmentase is currently the more popular
choice. It is a mix of two enzymes and generates DNA fragments between 100-800 bp in
length by adjusting incubation time. The enzyme can be inactivated by heat at 65 3 for
15 min. Since there is no additional equipment needed, enzyme fragmentation can be
easily scaled up for high throughput library preparation. It has been employed in several
applications including RNA-seq, DNA-seq, and haplotyping °% 10, |t also showed the
highest consistency among enzymatic fragmentation, sonication, and nebulization 192,
Even though applications of using Fragmentase in the microfluidic chip have not been
reported, DNase has been implemented on chip 1°? for HIV genotyping. The device
automatically conducted RNA purification, RT-PCR, nested PCR, DNase fragmentation,
and hybridization to GeneChip oligonucleotide arrays.
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Ligation

In order to allow the DNA fragments to attach to the flow cell, the DNA needs to be
ligated with adapters on both ends by ligase. When dealing with a limited amount of DNA,
it is critical to ensure efficient ligation. Ligation between adapters (adapter dimer) reduce

library quality.

Hong et al. designed the first microfluidic chip for DNA ligation, even though it is
not specialized for NGS 103, DNA, vector, and enzyme are filled in three consecutive
channels. These three solutions are pushed into a mixing ring and mixed by an actuating
peristaltic pump. After incubating for 15 min, the DNA ligated to vector is eluted and ready
for transformation. Similarly, Lin et al. used an electrowetting-on-dielectric (EWOD)
microfluidic chip for DNA ligation with vectors 1%, Reagents in their own reservoirs are
separated into droplets, and the droplets are moved in the common microchannels and
mixed. The solutionis manipulated by electrical potential instead of external pump or
micromechanical valve. Ko et al. combined micromixer with a microchannel reaction to

reduce the complexity of the EWOD system 19,

Integrated library prep

Library preparation is a time consuming and costly procedure. An automated
sample preparation platform may help to reduce hands-on time and reagent cost. A key
step to perform library preparation is DNA purification. The enzyme, buffer, and small
molecules used in each step need to be removed to avoid interference with the following
steps. Kim et al. used digital microfluidic (DMF) platform and AMPure XP magnetic beads
to integrate multiple subsystem modules 1%, AMPure XP beads bind to large DNA and

exclude DNA smaller than certain size, based on the buffer composition. DMF utilizes
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electrode arrays to transfer and merge liquid. It is programmed to exchange the buffer of
the beads and wash the beads after binding. After this demonstration, they further
adapted the entire tagmentation based Nextera library preparation protocol to their
platform 197, E. coli genomic DNA (9 ng) is subjected to tagmentation (fragmentation and
adding adapters), clean-up, PCR amplification, and size selection. The assay is finished
in about 1 h with 5 min of hands-on time. Tan et al. designed the automated, multi-column
chromatography (AMCC) chip to perform multiple purification on 16 independent samples
108, ChargeSwitch beads and AMPure beads are packed into a column. Both beads are
capable of capturing/releasing DNA, depending on buffer composition. Peristaltic pumps
were integrated to mix the samples with buffers and force samples to flow through the
column for purification. Fagmented DNA (100 ng) was end-repaired, dA tailed, ligated
with adapters, and size selected on chip. The assay was finished in about 4 h with 25 min

hands-on time for 16 samples.

Library quality control

Two major aspects to evaluate the quality of sequencing library are the fragment

size and library concentration.

I. Library quantification

Depending on the sequencer and sequencing facility, libraries with 2-10 nM
concentration are usually required for sample submission. Reliable quantification of
library concentration will help to achieve the optimal amount of reads during sequencing.
Spectrometer (Nanodrop), Fluorometer (Qubit) and quantitative PCR (KAPA library
guantification system) have all been used for library quantification. Because only DNA
that is successfully ligated on both ends can be detected by quantitative PCR.
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Quantitative PCR provides better accuracy over fluorometer and spectrometer. Digital
PCR, a variation of quantitative PCR, calculates the absolute number of copies of DNA
109, The digital PCR has been conducted in either a micro-chamber 73 110 or micro-droplet
111 1t was demonstrated by White et al. that the digital PCR shows lower variation and
higher sensitivity compared to real-time PCR based assays or spectrometer based
assays 109 112 Digital PCR for measuring DNA copy number has been intensively

reviewed 113115 5o jt will not be further discussed in this review.

ii. Library fragment size

To determine the effective library concentration and justify the quality of the library,
it is necessary to check the library fragment size (~200-600 bp). Gel electrophoresis was
the common way to determine fragment size. Because of the minimal sample
consumption and fast process, microchip-based instruments (Bioanalyzer and
Tapestation) are becoming more popular. Thaitrong et al. developed an automated
platform for NGS quality control to improve upon these commercially available instrument
116 The system integrates a droplet-based digital microfluidic system, capillary-based
reagent delivery unit, and quantitative capillary electrophoresis module. It is capable of

measuring DNA of 5-100 pg/d and requires much less sample than Bioanalyzer.
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CHAPTER 3171 Diffusion-based Microfluidpaet ®PCR f o
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3.2 Results and Discussion

Design for microfluidic diffusion-based PCR.
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Fig. 3.1 Principle of solution replacement based on diffusion. (a) The design of
the microfluidic device. The device consists of two PDMS layers. Control and hydration
are implemented in the same control layer by actuating the valves and supplying water
under pressure (~25 Psi). The fluidic layer has a small reaction chamber connected
with two large loading chambers. When the valves are open, molecules in the solution
A may enter the reaction chamber by diffusion, effectively replacing solution B. (b) The
entry (solid lines) and release (broken lines) of various molecules into/out of the
reaction chamber, modeled by COMSOL Multiphysics. The initial concentration in the
loading chamber (in the cases of entry into the reaction chamber) or that in the reaction
chamber (in the case of release out of the reaction chamber) was used as the reference

(i.e. having a value of 100%).
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Where Jisthedi f fusi on f | ux, D is the diff
concentration, and — is the concentration gradient. There is substantial difference

among the diffusivity of involved species: at 25 3, the diffusivity of genomic DNA
fragments is estimated to be 2.0x10 13m?/s (by assuming ~50 kb as the average size and
calculating using the empirical equation'?®), compared to 4.7x101* m?s for Taq
polymerase 1°0, 8.0x10 ** m?/s for intracellular proteins ! (considering ~53kDa as the
average size), 1.0x10 19m?/s for primers (~20bp ssDNA) %2, 3.7x10 "1® m?/s for dNTP 153,
3.0x101°m?/s for Triton X-100 >4 and 1.0x10-° m?/s for small ions %, such as Mg?*, K*
and CI. Fig. 3.1b shows a COMSOL model of our microfluidic design. Only 1.4% of
genomic DNA fragments diffuse out of the reaction chamber in 1 h. In comparison, 87.5%
of the lysis reagent Triton X-100 and 44.3% of the intracellular proteins, diffuses out of
the reaction chamber (into the loading chambers) in the same period. 1 h loading of new
reagents causes the concentrations of Taq polymerase and primers in the reaction
chamber to reach 32% and 58%, respectively, of the concentrations in the loading
chambers, compared to 90% for small ions. Thus the concentrations in the loading
chambers may need to be high in order to supply the reaction chamber with desired
concentrations given a short loading period. It is worth emphasizing that the modeling
was conducted by assuming the size of DNA to be ~50 kb which was the typical size of
genomic DNA after lysis with shearing, as opposed to the size of a complete genomic

DNA. Larger DNA sizes will further facilitate our scheme.

On-chip amplification of purified DNA.

As an initial test, we used our platform for PCR of purified human genomic DNA

produced from a lymphoblastoid cell line (GM 12878). In the experiment, we first loaded
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genomic DNA in water into the reaction chamber (about 500 copies of DNA molecules in
the 24 nl reaction chamber). We then filled the loading chambers with PCR mix having
designed concentrations (250 U/ml Tagp ol y mer as e, 1.2 M for
each of dNTPs, 6 mM MgClz and 100mM KCI, 0.8% PEG 8000, 0.08% Tween-20) and
allowed various periods for the loading times (0-30 min). It is worth noting that the
concentrations of Tag polymerase and primers in the loading chamber were significantly
hi gher than the desired concentrations

speed up the diffusion-based material transfer. During loading, the PCR mix (with primers
targeting GAPDH gene) slowly replaced the original solution in the reaction chamber by
diffusion. The reaction chamber was then sealed off by the valves and the microfluidic
chip was placed on a flat-plate thermal cycler for PCR amplification. After the PCR
amplification, the PCR product was quantified using gPCR to obtain the copy number of
the amplified genes. As shown in Fig. 3.2, we observed increasing amplification with
longer loading times (the grey bars). To verify that the PCR result was dictated by the
diffusion process, we used COMSOL to model the molecular transport during loading and
generated values for Taq polymerase (0, 0.2, 2, 13 and 38 U/ml) and primers (0, 3, 20,
120, 400 nM) in the reaction chamber under various loading times (0O, 1, 3,10, 30 min).
We then conducted on-chip PCR in the reaction chamber containing PCR mixes with the
above Taq polymerase/primer concentrations (striped bars). We found that the amount
of PCR product was very similar in these two cases. This confirms that the increase in
the amplification under longer loading time was due to higher reagent concentrations in
the reaction chamber after longer diffusion and the diffusion of Taq polymerase and

primers was the limiting step.
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10" 1 [ Diffusion based PCR
/] PCR with modeled reagents

concentrations

PCR product (copy)

1 3 10 30

Loading time (min)

Fig. 3.2 Diffusion-based PCR in a 24nl microfluidic chamber starting with
genomic DNA purified from GM12878 cells. The detection targeted GAPDH gene
and the amplification run for 30 cycles. The copy number of the PCR product was
guantified using gPCR. The results with various loading times (grey bars, 0, 1, 3, 10
and 30 min) are compared with those of on-chip PCR with various Taq polymerase
concentrations (0, 0.2, 2, 13 and 38 U/ml) and primers concentrations (0, 3, 20, 120,
400 nM) (striped bars, these values were generated by COMSOL modelling of the
diffusion process for the corresponding loading times) to confirm the impact of the

diffusion on PCR results.
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Fig. 3.3 Combined lysis and PCR starting with GM12878 cells in a 3nl reaction
chamber. (a) A schematic on the procedure. Triton X lysis buffer replaces the original
cell buffer by diffusion. Then the triton X lysis reagents are replaced by PCR mix by
diffusion. Finally, PCR amplification occurs for 45 cycles. Triton X lysis buffer and PCR
mix had loading times of 10 and 30 min, respectively. (b) The cell lysis observed under
differential interference contrast (DIC) microscope. Cells are completely lysed after the
loading of Triton X lysis buffer for 3 min. (c) The combined lysis and PCR procedure on
cells of various numbers (0-50). The PCR signal resulted from the control sample (0

cells) is from primer dimerization as shown by the melting curves (Fig. 3.5).
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Fig. 3.4 Real-time PCR amplification of purified DNA from various numbers of

GM12878 cells (purified by QlAamp DNA Blood Mini Kit). There is noticeable

difference in the signal when the number of the cells varies.
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Fig. 3.5 The melting curves of the on-chip samples in Fig. 3.3. Amplification products

were eluted from the chip and measured by real time PCR. NTC is the no template

control (negative control).
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On-chip amplification starting from cells.

Based on this understanding, we designed the multi-step PCR process, starting
from cells (Fig. 3.3a). Compared to the experiments in Fig. 3.2, we reduced the volume
of the reaction chamber to 3 nl and used it to process 1-100 cells and applied 45 thermal
cycles for the amplification. GM12878 cells were first loaded into the reaction chamber.
Triton X was flowed into the loading chambers (with the reaction chamber closed) and
then diffused into the reaction chamber for lysing the cells with a loading time of 10 min

(shown in Fig. 3.3b). The reaction chamber was then closed for 5 min for lysis to complete
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Fig. 3.6 The inhibition of off-chip PCR by Triton X-100.25 ng/ ¢ | DN
with various Triton X-100 concentrations in each test was measured by real time PCR.
The measured amount of DNA (i.e. effective DNA concentration) is lower than the

actual amount (25 ng/ 1) due to inhibition of Triton X-100.
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while the PCR mix (250 U/ml Tagp ol y me r a s e r each pritnereOM mM @ach of
dNTPs, 6 mM MgCl2 and 100 mM KCI, 0.8% PEG 8000, 0.08% Tween-20) was flowed
into the loading chambers. The PCR reagents were then diffused into the reaction
chamber with a loading time of 30 min, while the lysis reagent triton X and intracellular
molecules diffused out. We run the thermal cycles (45 cycles) while the reaction chamber
was closed. The PCR product was then flushed out of the reaction chamber for
guantification by gPCR off-chip. Fig. 3.3c shows the results of the diffusion-based PCR
for detecting samples ranging from single cells to 50 cells. Real-time PCR used in our
experiment has the resolution to differentiate various numbers of cells in the range of 1-
1000 (as shown in Fig. 3.4). Fig. 3.3c shows that various numbers of cells (1, 5, 15 and
50) were easily differentiated based on the amount of PCR product after amplification of
45 cycles. It is worth noting that the signal from the blank sample (O cell) was due to the
dimerization of primers as suggested by the melting curves (Fig. 3.5). The parameters of
the above process were carefully designed to maximize the efficiency for the on-chip PCR.
Our modeling shows that the residual Triton X in the reaction chamber during PCR was
less than 0.1% which has minimal effect on PCR performance based our test results (Fig.
3.6). As a further confirmation, the diffusion-based PCR starting with cells yielded similar
results compared to those starting with purified DNA from the same number of cells (Fig.

3.7), indicating that there was no inhibition from the lysis reagent or intracellular molecules.

3.3 Materials and Methods

Microfluidic chip fabrication

42



Chapter 31 Microfluidic PCR

1012
1010
=
S 10°8-
S
S 10°
B8
S 10%-
0
S 102-
10°

Fig. 3.7 The comparison among on-chip PCR tests (with 3nl reaction chamber) of
various conditions. Some of these tests were conducted with combined lysis and PCR
process (Loading times for Triton-X and PCR mix were 10 and 30 min, respectively),
stating from GM12878 cells (e.g. A57 cel |l s
from a certain number of GM12878 cell s
conducted using QIAamp DNA Blood Mini Kit. Samples were amplified for either 30 or

45 cycles.

Two-layer PDMS chip was fabricated by multilayer soft lithography 47 (Fig.
3.1a). Photomasks were designed by Freehand MX (Macromedia, San Francisco,
CA) and printed on 4000 dpi films. The fluidic master (photoresist on a silicon

wafer) was fabricated in SU-8 2025 (Microchem, Newton, MA) and AZ 9260
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(Clariant, Charlotte, NC) with thethick ness being 60 em and 13 s
The master was heated to 1303 to form rounded cross-sectional profile for the

features in AZ 9260. The control layer master was fabricatedinSU-2 0 25 wi t h 24¢
thickness. The control layer PDMS was made by spinning PDMS (RTV615A:
RTV615B=20:1, R. S. Hughes, Sunnyvale, CA) at 500 rpm for 10s and then at

1700 rpm 30s, which resulted a thickness of 67 pm. The fluidic layer PDMS had

the composition of RTV615A: RTV615B =5:1 and a thickness of ~0.4 cm. Both

layers of PDMS were cured at 803 for 15 min. The two layers were then aligned,

brought into contact and baked for 1h at 803 . The two-layer PDMS structure was

then peeled off from the master and access holes were punched. Finally, the PDMS

structure was bonded to clean cover glass (~150 um thick, VWR, Radnor, PA) after

plasma oxidation of the surfaces (Harrick Plasma, Ithaca, NY) and baked at 803

overnight to strengthen the device.

Device setup and operation

The solutions were delivered into the device by a syringe pump. The actuation
of the two-layer valves and hydration line was controlled via solenoid valves (ASCO
Scientific, Florham Park, NJ) using a DAQ card (NI SCB-68) and LabVIEW
(National Instruments, Austin, TX) programs 26 8, The control layer and the
hydration line were filled with water before experiments.

Human genomic DNA purified from a lymphoblastoid cell line (GM 12878)
using a QlAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) were used in on-chip
PCR testing. During the PCR, the loading chambers were filled with PCR mix of a

designed composition (1x Fast Plus EvaGreen qPCR Master Mix from Biotium,
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0.8% PEG 8000, 0.08% Tween-2 O , 0. 2U/ ¢ Tagq pol ymer ase

primers for GM 12878 cells). The microvalves were open for 10 to 30 min to replace
the original solution in the reaction chamber with desired reagent concentrations.
The microfluidic device was then placed on a flat-plate thermal cycler (Techne,
Bibby Scientific, Burlington, NJ) for on-chip PCR. A metal frame was used to clamp
down on the microfluidic chip to ensure good contact with the flat plate. Paraffin oil
(Sigma-Aldrich, St. Louis, MO) was applied in between the glass surface of the
chip and the flat plate to improve heat transfer. Thermocycling conditions were 953
for 3min followed by 30 cycles or 45 cycles of (953 for 30 s, 603 for 30 s and 723
for 30 s).

When cell-lysis was included as an on-chip step, GM 12878 cells (suspended
in a PBS buffer at a concentration of 106 to 107 cells/ml) flowed into the device to
leave a known number of cells in the reaction chamber. A Triton X lysis buffer (1%
Triton X-100, 50mM Tris-HCI, 150mM NacCl, pH 7.5) was flowed into the loading
chambers. Opening the microvalves for 10 min permitted complete cell lysis. The
cell lysis step was then followed by diffusion-based PCR described above.

Quantitative PCR assay on the on-chip PCR product

QPCR assays were perf or me-dime RCR Pdiection
System (CFX Connect, BIO-RAD, Hercules, CA). The product from on-chip PCR
was el ut e d20 bngl thdn@erial-Idiluteld to the working range of the qPCR.
Thermocycling conditions were 953 for 3min followed by 30 cycles of (953 for 30
s, 603 for 30 s and 723 for 30 s). The following primers were used to detect
GAPDH gene in GM 12878:

GAPDH f or-w@CGCACACACGATGCACTTACC -3 0,
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GAPDH r e v-€CTAETCCEAGGGCTTTGATT -3 0 .

Mathematical modelling

COMSOL Multiphysics 4.3 was used to model the diffusion process in the
microfluidic device (i.e. molecular exchange between the loading chambers and
the reaction chamber). The physics model, namely transport of diluted species was
used. A 3D time-dependent study was built to analyse the concentration variations
of each species within 1h inside the microscale structure. No flux at all the
boundaries was applied. The average concentration of each species in the reaction
chamber was evaluated. We modelled the diffusion processes at 25 3 using the
diffusivity values included in the main text. To model the entry of species (Triton-X
100, dNTP, Taqg polymerase, primers, and small ions) from the loading chamber
into the reaction chamber, the starting concentration in the reaction chamber was
0 and then we examined the increase in the species concentration in the reaction
chamber over time in terms of its percentage of the original concentration in the
loading chamber. To model the exit of the species (DNA, proteins, and Triton-X
100) out of the reaction chamber, the starting concentration in the loading chamber
was 0 and then we examined the decrease in the species concentration in the
reaction chamber over time in terms of its percentage of the original concentration

in the reaction chamber.

3.4 Conclusion

Genetic analysis starting wi tsht egpelplr oscaemnspslie
including <celll l ' ysi s, DNA isolation/ purifica:
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CHAPTER 41 Cell Type-specific Mouse Brain Methylomes Profiled

Using an Ultralow-input Microfluidic Device
4.1 Introduction

DNA methylation patterns in the genome (i.e. DNA methylomes) critically affect
gene activities as a part of overall epigenetic regulatory program during normal
development and disease processes. CpG dinucleotides are important targets for
methylation (MCG). Hypermethylation on CpG island promoters is a common mechanism
for gene silencing and an epigenetic feature for many types of human cancers 6. Both
mCG 157: 158 gnd non-CG methylation (MCH, where H = A, C, or T) 21 159 are critically
involved in human neuronal genome and their dynamics play critical roles in mammalian
brain development. There have been a number of genome-wide technologies for profiling
DNA methylomes. Whole-genome bisulfite sequencing (WGBS) is generally considered
the gold standard for DNA methylation analyses 4% 169, Bisulfite treatment converts
cytosine residues to uracils, with 5-methylcytosine residues unaffected. Combined with
high-throughput sequencing, the approach generates methylomic profiles with single-
nucleotide resolution. Despite of the high resolution, the cost associated with deep
sequencing involved in WGBS (>500 million reads per sample to cover human genome)
can be prohibitive. In comparison, enrichment-based technologies dramatically reduce
the required sequencing depth by enriching methylated DNA fragments based on affinity
purifications, at a price of low resolution (100-300 bp) 63 161, As another cost-effective
alternative to WGBS, reduced representative bisulfite sequencing (RRBS) utilizes
methylation-insensitive restriction enzyme (Mspl) digestion and size selection to enrich a
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subset of the genome (mostly CpG islands and promoter regions) for analysis while
preserving single-nucleotide resolution 47 162,

Prevailing WGBS and RRBS protocols require substantial amounts of genomic
DNA. WGBS requires 10 ng to 5 pg input DNA 49 160. 163 RRBS typically requires >300
ng DNA to detect 1.0-2.2 million unique CpGs (OlLx coverage) and merely 0.3 -1.0 million
CpGs O10x coverage in human genome. Recent efforts on low -input RRBS lowered the
starting DNA amount to 30 ng with compromised CpG recovery (0.9 million unique CpGs)
162 Single-cell assays with RRBS *° and WGBS 5% 164 were demonstrated recently. In
spite of discovering variations among individual cells, single cell RRBS or WGBS data
covered only a fraction of the genome (up to 48%) 5% 51. 164 Thus low-input methods with
high methylome coverage are desired for profiling scarce samples including those derived
from animals and patients.

Here we demonstrate a microfluidic technology, referred to as Microfluidic
Diffusion-based RRBS (MID-RRBS), for low-input (down to 0.3-0.5 ng DNA) assay with
high bisulfite conversion efficiency and high coverage of CpGs. We used a diffusion-
based reagent swapping approach for the multi-step treatment of DNA on the microfluidic
platform. Our microfluidic bisulfite conversion protocol preserved substantially more
amplifiable DNA than conventional bisulfite treatment 47 165167 while achieving high
conversion rate. We mapped methylomes of a cell line (GM 12878), neurons and glia
isolated from mouse cerebellums. Our protocol yielded data that were heavy in CpGs of
high coverage (2.0-2.7 million CpGs with OLx, 1.3-1.8 million CpGs with O10x coverage
with 0.3 to 10 ng starting DNA, respectively). MID-RRBS technology allowed

differentiation of methylomic landscapes of neurons and glia from mouse cerebellum,

49



Chapter 41 MID-RRBS

generating insights into cell type-specific features and their relationships to gene

expressions.

4.2 Results and Discussion

Device and protocol for MID-RRBS

Our microfluidic device consisted of a reaction chamber (~240 nl in volume)
connected with two loading chambers (~480 nl each) on both sides (Fig. 4. 1a and Fig.
2a). The reaction chamber and the loading chambers could be disconnected by actuating
a pair of pneumatic valves in between them. We conducted a bisulfite conversion process
using a diffusion-based reagent swapping method. This approach takes advantage of the
difference in the diffusivities of DNA and small molecules. DNA of substantial sizes have
much smaller diffusivity than small-molecule reagents involved in DNA treatment. When
material exchange occurs only by diffusion, DNA loss from the small reaction chamber
during a short period is minimal, whereas a small-molecule reagent in the same chamber
gets released (into the loading chambers) and replaced by another small-molecule
reagent needed for the next step. Although we had applied similar principle to process
large DNA fragments (~50 kb) in previous work °, treating smaller DNA fragments (several
hundred bp, which is the size range relevant to next-generation sequencing) remained
challenging. In our process (Fig. 4. 1b), a genomic DNA sample (containing fragments
ligated to adapters with the sizes of 160-360 bp) was loaded into the reaction chamber
and a bisulfite conversion buffer was loaded in the loading chambers, while the valves
between the chambers were closed. The dosing of bisulfite mix into the reaction chamber

then occurred by opening the valves and allowing diffusion under concentration gradients
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(in 3 periods of 10 min each, with the loading chambers replenished with fresh bisulfite
mix after each period). The diffusivity of DNA fragments (e.g. 2x10 1! m?/s for ~250 bp
DNA) differs with those of small-molecule reagents (~10° m?/s) roughly by 2 orders of
magnitude. Thus the majority of the DNA molecules (93% estimated by COMSOL
modeling in Fig. 4. 1c) remained in the reaction chamber, while the small-molecule
bisulfite mix filled up the reaction chamber to reach 98% and 97% of the loading
concentrations for sodium bisulfite and quinol, respectively (Fig. 4. 1c). After sulphonation
of 1 h at 55 3 with all valves closed, using the same diffusion-based swapping scheme,
NaOH was loaded into the reaction chamber to replace bisulfite mix for desulphonation.
The valves were then closed for 20 min to allow desulphonation to take place in the
reaction chamber. DNA was finally eluted out of the device for ethanol precipitation and
downstream sequencing. It is worth noting that our process eliminated column-based
purification between bisulfite conversion and desulphonation (which may cause loss of
80-90% of DNA 67), Small-molecule reagents in the reaction chamber were effectively
removed by the diffusion step (e.g. the concentration of sodium bisulfite in the reaction

chamber fell to 2% of its original one after three 10-min periods of diffusion, Fig. 4. 1c).
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Fig. 4.1 MID-RRBS device and protocol. (a) A schematic illustration of the two-
layered microfluidic device (with the fluidic layer labeled blue and the control layer
labeled orange). The device consisted of one reaction chamber (at the center) and two
connected loading chambers. A hydration line (within the control layer) containing
water was pressurized during heating to minimize water loss from the reaction
chamber. (b) Steps involved in MID-RRBS (detailed in Materials and Methods). The
schematics were drawn with a cross-sectional view of the three chambers. (c)
COMSOL modelling of release (solid lines) and loading (broken lines) of various
molecular species from/into the reaction chamber. The release and loading of the
molecules were conducted in three diffusion periods of 10 min each with the solution
in the loading chambers refreshed after each period. The initial concentration in the
loading chambers was considered as 100% in the case of loading whereas the one in

the reaction chamber as 100% for release.

To benchmark the performance of MID-RRBS, we used our technology to profile
the methylome of GM12878 cells (a lymphoblastoid cell line). We varied the amount of
starting genomic DNA in the range of 0.3 to 10 ng. After Mspl digestion and adapter
ligation, DNA fragments in the range of 160-360 bp (with insert sizes of 40-240 bp) were
selected by gel-free size selection (Fig. 4. 3) 168 MID-RRBS was conducted and
sequencing data were analyzed. We achieved averagely 99.8 £0.1% conversion rates
using our protocol (Table 4. 1). The numbers of unique CpGs ranged from 2.0 million with
0.3 ng DNA to 2.6 million with 10 ng DNA whereas CpGs with O10x coverage ranged

from 1.3 million with 0.3 ng to 1.8 million with 10 ng DNA (Fig. 4. 4a). The samples of 10,
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3,1, and 0.3 ng had Pearson coefficients of 0.95, 0.98, 0.96, and 0.84 between replicates,
respectively (Fig. 4. 4b). We also examined the breath of coverage of various genomic

regions by data obtained with various sample sizes (Fig. 4. 4c). Although there was

gradual decline in the breath of coverage for all genomic regions with decreased DNA

amount, low-input samples (1 ng or less) preserved most of the coverage achieved by 10

ng samples. For example, minor decreases from 66.6% to 63.7% with O11 CpG
measurements and 64.5% to 61.1% with CG6xCpG measurements were observed for core
promoters when the sample size changed from 10 ng to 0.3 ng. Compared to ENCODE

data (obtained using 1 pg DNA), our data contained a much larger percentage of these

genomic regions with O100x CpG measurements. For example, the percentage of core
promoters covered by O1001l CpG measurements v
and 47.4% at 0.3 ng, compared to 39.7% with ENCODE data. Our aligned reads for

various samples (0.3-10 ng) exhibited higher complexity than that of ENCODE data (Fig.

4. 5). We also compared MID-RRBS data with ENCODE data and other published data

on mammalian cell lines other than GM12878 5% 168. 169 in terms of the number of CpGs

at various coverages (Fig. 4. 4d) and saturation analyses (Fig. 4. 4e). All of our data (0.3-

10 ng) performed better than ENCODE (obtained with 1 pg) data in the entire spectrum.

Our data yielded a much higher number of CpGs with high coverage (>30%) than mMRRBS

data (obtained with 100 ng using gel-free method) (Fig. 4. 4d). Saturation analysis
revealed that our datasets taken with O1 ng
detection efficiency at all sequencing depths

input DNA 168. 169 (Fig. 4. 4e). Our 0.3 ng samples (equivalent to DNA from 50 cells)
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yielded far superior CpG recovery than single cell RRBS %° and were similar to that of

MRRBS, in terms of CpG detection efficiency at a given sequencing depth (Fig. 4. 4e).

a 3 )
O L =]
0606 0 0 o
b s R Compressed air

Computer

l 00000046
ssssssssesese un )

5V Power Supply

Syringe pump Microfluidic chip

Fig. 4.2 Design and setup of the microfluidic device. (a) A microscopic image of the
device (stitched from multiple images). The dimensions of the reaction chamber and
each loading chamber were 20 mm x0.2 mm x0.06 mm and 20 mm x0.4 mm x0.06

mm, respectively. (b) A photograph of the PDMS/glass microfluidic device. (c) A
schematic of the ancillary system for control and liquid delivery and its connection with

the microfluidic device.
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Fig. 4.3 Fragment size distributions of MID-RRBS libraries produced by gel size

selection and gel-free size selection (DNA from GM 12878). (a) The fragment size

distribution of a library prepared using gel size selection. (b) The fragment size

distribution of a library prepared using gel-free size selection.
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Fig. 4.4 MID-RRBS generated high quality data using sub-1 ng DNA. (a) The
numbers of identified CpGs at 1x and 10x coverage with starting DNA samples of
various amounts. Error bars represent s.d. (b) Cross correlations in the CG methylation

level among various samples. CpGs with d 25 coverage were examined in the

calculations. (c) MID-RRBS coverage of gene promoters (2 kb regions upstream of
transcription starting sites of RefSeq genes), CpG islands (UCSC annotation
database), CpG island shores (2 kb regions adjacent to CpG islands), enhancers
(regions defined by H3K4mel+ H3K27ac based on ENCODE ChiP-seq data of
GM12878 cells, ENCFFO01SUE and ENCFF660QDF), and 5 kb tiles (non-overlapping
consecutive 5 kb windows), in comparison to those of ENCODE data (GSM683927).
(d) The number of CpGs with various coverages (0-100%), in comparison to those of
ENCODE data and mRRBS (Boyle et al. 2012 20). (e) Saturation analysis of MID-
RRBS data in comparison with other works (Smith et al. 21 and single cell RRBS
performed by Guo et al. 13). Each point on the saturation curves (four replicates of
subsamplings per dataset with each curve constructed with at least two data sets. Error
bars representing s.d.) was generated by random selection of a number of raw reads
followed by using the same pipeline to identify unique CpGs. Percentage CpG recovery
represents the number of discovered CpGs divided by the total number of CpGs subject

to RRBS examination, 2.1 million for mouse or 2.8 million for human).
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Fig. 4.5 Aligned reads (GM 12878, signal intensity up to 10x coverage) show that
MID-RRBS libraries (with 0.3-10 ng input DNA) had higher complexity than those

of ENCODE data (with 1 pg input DNA).

Genome-wide DNA methylation patterns in neurons and glia from mouse cerebellum

are cell type-specific

We demonstrated the utility of MID-RRBS for studying primary cell samples by
examining DNA methylomes in neurons and glia isolated from mouse cerebellums.
Methylomic landscapes are important molecular features for defining cellular identities.
Neurons and glia from human and mouse frontal cortex were previously profiled by
WGBS (MethylC-seq), revealing significant cell-type specific methylomic features and
associated gene activities 2% 15°, In contrast, previous reports on methylomes of mouse
cerebellums only included profiles on the mixed nuclei population without separate
methylomes on neurons and glia, presumably due to the limited DNA amount generated

by these subpopulations 170: 171,
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Fig. 4.6 Distinctive methylomic features in neurons (NeuN+) and glia (NeuN-) from
mouse cerebellums. (a) The separation of neuronal and glial fraction from mouse
cerebellum using FACS. (b) Heat map depicting unsupervised clustering analysis of
100 most variably methylated CpG islands (CG methylation) between neurons and glia.

CpG islands containing more than 10 CpGs with each CpG having d 25 coverage

are included in the heat map. (c) Rimsl gene CG methylation levels in neurons and

glia.

In these experiments, we isolated nuclei from cerebellum samples, separated
neuronal fraction (NeuN+) and glial fraction (NeuN-) by fluorescence activated cell sorting
(FACS) (Fig. 4. 6a and Fig. 4. 7), and used MID-RRBS to examine the methylomes. We
applied MID-RRBS to 10 and 0.5 ng DNA samples extracted from NeuN+ and NeuN-
nuclei and achieved bisulfite conversion rate of 99.7 £0.1% ( Table 4. 2). Our data on the
mi xed cell population (fAmixo) correlated well
average Pearson correlation of 0.90). Pearson correlation coefficients among replicates
of RRBS data on individual cell types were 0.98, 0.99, 0.97, and 0.98 for 10 ng NeuN+,
10 ng NeuN-, 0.5 ng NeuN+, and 0.5 ng NeuN- samples, respectively (Fig. 4. 8). The
numbers of CpGs discovered in these samples were slightly lower than those of
GM12878 samples of similar quantities (Table 4. 1). Our RRBS data revealed that DNA
methylation was more prevalent in glia (NeuN-) than in neurons (NeuN+) in CG context
(3.9% vs 2.9% by 10 ng data or 4.1 vs 2.6 by 0.5 ng data for glia and neurons, respectively,

p < 0.05), but similar in CH context (0.16 % vs 0.18% by 10 ng data and 0.21 vs 0.23 by
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Fig. 4.7 FACS of nuclei extracted from mouse cerebellum to generate NeuN+ and
NeuN- fractions. (a) Two distinct subpopulations of nuclei after staining with anti-NeuN
(Alexa 488 labeled). (b) Unstained control sample. (c) NeuN- fraction after FACS

sorting. (d) NeuN+ fraction after FACS sorting.

0.5 ng data for glia and neurons, respectively). We examined 100 most variably
methylated CpG islands across neuronal and glial methylomes using unsupervised

hierarchical clustering of CpG island methylation (Fig. 4. 6b). There were substantial
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differences between the two cell types and the methylomes taken using the mixed cell
populations only reflected the average over two cell types (Fig. 4. 6b). For example,
Rims1 is a gene that regulates synaptic vesicle exocytosis and neurotransmitter release
172 1ts CG methylation level in gene body was substantially higher in neurons than in glia,
detected with both 10 ng and 0.5 ng samples (Fig. 4. 6c¢).

We next examined DNA methylation status in several categories of annotated
gene features (promoters, intergenic regions, CpG islands, and CGI shores). The average
methylation levels in glia was higher those in neurons in all categories (Fig. 4. 9a).
Promoters presented the most significant difference (p < 10-1°, paired t-test) whereas CpG
islands showed no significant difference (p > 0.05, paired t-test). The methylation profiles
are highly reproducible between two replicates for all gene features (with an average
Pearson correlation of 0.98). CpG islands were also the most conservative feature across
neurons and glia (Pearson coefficient up to 0.812, Fig. 4. 9b), followed by CGI shores (R
up to 0.763).

We examined how the CpG density of the promoters affected their cell-type
specificity. We classified the promoters into three categories: High CpG-density
Promoters (HCPs, CpG Ratio > 0.6 and GC% > 0.55, n=11,410), Intermediate CpG-
density Promoters (ICPs, 0.4 O CpG Ratio O 0.6, n=3,338), and Low CpG-density
Promoters (LCPs, CpG Ratio < 0.4, n=3,014) 173, Previous works revealed that CpGs in
HCPs tend to be methylated whereas CpGs in LCPs tend to be unmethylated 174 175,
HCPs are associated with ubiquitous housekeeping and developmental genes whereas
LCPs are associated with tissue-specific genes 17°. Our data strongly support this notion.

Our HCPs and ICPs are largely conserved across cell types (e.g. the average Pearson
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correlation coefficients were 0.83 and 0.81 between neurons and glia for HCPs and ICPs,
respectively) and provide weak classifications (Fig. 4. 10). In contrast, LCPs show strong
differential DNA methylation with cell-type specificity. The Pearson correlations between

neurons and glia have an average of 0.59.
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Fig. 4.8 Correlation in the CG methylation level among cerebellum (mix), NeuN+

and NeuN- samples (with CpGs having 0251 C O\

calculations).
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Fig. 4.9 Methylation levels across various annotated genomic features for
neurons and glia from mouse cerebellum. (a) Box plots of CG methylation levels in
promoters, intergenic regions, CpG islands, and CpG island shores. The boxes
represent first quartile, median, and third quartile. P-values are calculated using paired
t-test. (b) Scatter plots of CG methylation levels in promoters (n=23,525), intergenic
regions (n=19,239), CpG islands (n=16,027), and CpG island shores (n= 30,232). The
data were generated using 0.5 ng neuronal/ glial DNA. R represents Pearson

coefficient. R1 and R2 are two replicates.
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Fig. 4.10 Correlations in CG methylation levels for low, medium, and high CpG

density promoters (LCP, ICP, and HCP) among cerebellum ( mix ), neuronal, and
glial samples. Promoters containing more than 5 CpGs with each CpG havingd 5

coverage are included in the calculations.
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Differentially methylated region-associated genes are more enriched for neuron/glia-

specific GO terms than differentially expressed genes

We identified 3159 and 1948 differentially CG-methylated regions (DMRS) (p <
0.05) (corresponding to 2184 and 1393 DMR-associated genes), by comparing NeuN+
and NeuN- methylomes established using 10 ng and 0.5 ng samples, respectively (Fig.
4. 1l1a). A large fraction (842) of the two sets of genes overlapped, supporting the
consistency of MID-RRBS for profiling using DNA samples of different amounts. The
DMRs discovered using 10 ng or 0.5 ng DNA show highly consistent distributions in
various genomic features (annotated by Homer) (Fig. 4. 11b). The DMRs were largely
located around genes (averagely 71%, within +1 kb of RefSeq genes). We performed
unbiased gene ontology (GO) analyses on DMR-associated genes and found that these
genes were strongly enriched in a number of neuron or glia-specific GO terms (p < 0.001,
hypergeometric test). Some of these genes (e.g. Neurog2, Pax5, Foxn4, Lhx6, Wntl1,
ler2, Esr2, Grik3, Cacnalb, and Epha2) play important roles in neuronal and synaptic
development and functions.

In order to examine the impact of methylomic features on transcription, we also
performed transcriptome profiling (mMRNA-seq) on neuronal and glial subpopulations of
the nuclei (Table 4. 3) and identified 2331 differentially expressed genes (DE genes)
between the two cell types (> 8-fold change, p < 0.05, t-test) (Fig. 4. 12). The mRNA-seq
data on the mixed cell populations correlated very well with the ENCODE data (with an
average Pearson correlation of 0.94, GSE93456). Only 299 (14%) of the DMR-associated
genes identified using 10 ng datasets and 182 (13%) of those identified using 0.5 ng

datasets exhibited differentiated expressions in the two cell types (Fig. 4. 11a), suggesting
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that there were mechanisms other than CG methylation that strongly affected transcription. A
large fraction (120) of these two sets of genes overlapped (Fig. 4. 11a). Consistent with
previous report 1’6, CG methylation on non-CGI promoters is strongly associated with
transcriptional repression in both cell types, whereas such correlations are less consistent
with CGI promoters (Fig. 4. 11b).

Consistent with previous report, CG methylation on non-CGIl promoters was
strongly associated with transcriptional repression in both cell types, whereas such
correlation was less consistent with CGI promoters (Fig. 4. 11b). CH methylation did not

present strong correlation with the level of transcription ((Fig. 4. 13).
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Fig. 4.11 Interactions between methylomes and transcriptomes. (a) Area-
proportional Venn diagram indicating intersections among CG-DMR-associated genes
discovered by experiments using 10 or 0.5 ng neuronal/glial DNA and differentially
expressed genes (DE, identified by mRNA-seq). (b) The level of CG methylation in non-
CGI and CGI promoters plotted against mRNA rank (generated by mRNA-seq) in

neurons and glia. Grey area represents s.e.m.

70



Chapter 41 MID-RRBS

a a ..
151 R=0.997 151 R=0.864
10 _10
& o
E 5 () G
0 . (§ 8
0 ﬁn R11'o 15 0 Ns 49 15
IX euron
b e
151 R=0.998 151 R=0.864
10 o101 v
c 14
o o i
g 5 o5
=2
0 01 gasmdery
0 5 10 15 0 5 10 15
Neuron R1 Neuron R2
C 15 f —
R= 0.997
GliaR1 1.00
10 Glia R2
N
m Neuron R1
K-
6 5 Neuron R2
Mix R1
I0.86
Mix R2
0
T 8 E 8 B 8
0 5 10 15 5 5 8 8 £ £
Glia R1 ® 33 C

Fig. 4.12 Comparisons among mRNA-seq data of various cell types and replicates.
(a-e) Scatter plots for comparing various replicates across three cell types
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NeuN- samples. All transcripts annotated in RefSeq database were used for computing
correlation coefficients. The number of reads in each transcript was corrected by

transcript length and total number of reads (FPKM).
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Our MID-RRBS technology offers capability for low-input profiling of DNA
methylomes on a microfluidic platform. The diffusion-based reagent exchange method
permits loading/releasing of various small-molecule reagents without substantial loss in
the DNA amount. Such approach facilitates conducting a complex molecular biology
treatment in a microfluidic device with a simple structure. In principle, similar approaches

can be applied to WGBS.

Profiling and comparing methylomes are critical for understanding difference in
epigenetic regulations among various cell types in the same organ. Cell-type-specific
methylome is an important part of the overall molecular machinery that defines cellular
identity. In this study, we showed that our low-input MID-RRBS technology allowed us to
establish distinct DNA methylomes for neurons and glia from a mouse cerebellum. The
high coverage for CpGs detected by MID-RRBS ensured that various methylomic
features of the two cell types were sufficiently revealed for comparison and differentiation.
Complementary to previous reports on brain methylomes obtained by WGBS 4, 5, our
RRBS data with focus on promoters and CGIs showed substantial difference between
neuronal and glial methylomes in terms of the CG methylation levels on specific genes
and across various genomic features. We found that LCPs bore high cell-type specificity.
In spite of the inverse correlation between non-CGIl promoter methylation and
transcription within the same cell type, there was fairly little overlap between DMR-
associated genes and differentially expressed genes (< 13% of DE genes and < 14% of
DMR genes) when the two cell types were compared. This suggests that profiling
methylomes may provide unique information for cell type classification that is orthogonal

to transcriptomic analysis. We envision that the technology will generate insights into
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important epigenomic dynamics using scarce primary cell samples with direct biomedical

relevance.
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Table 4. 1 Summary of MID-RRBS data on GM12878 DNA samples of various starting amounts (0.3-10 ng).

Total Trimmed Uniquely Unique
Starting reads Reads Mapped Mapping 1xCpG 10xCpG Conversion Median

material (ng) (million) (million) Reads efficiency  (million)  (million) rate (%) coverage

(million) (%)

10_R1 49.0 483 28.9 59.80 2.60 1.80 99.62 26
10 _R2 42.6 42.1 25.3 60.00 2.52 1.72 99.61 24
3 R1 49.1 38.5 19.6 51.01 2.69 1.60 99.90 16
3 R2 39.5 35.3 20.0 56.56 2.62 1.61 99.91 17
1 R1 48.3 33.9 16.7 49.18 2.50 1.47 99.91 14
1 R2 41.4 30.1 15.3 50.78 2.52 1.44 99.91 14

0.3 R1 49.5 40.2 22.4 55.79 2.02 1.44 99.91 25

0.3 R2 36.7 29.2 15.7 53.68 2.12 1.33 99.91 17
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Table 4. 2 Summary of MID-RRBS data on neuronal (NeuN+), glial (NeuN-) and cerebellum (mix) DNA samples.

Uniquely Unique

Cell type/DNA r-gc;ti Trérenarggd Mapped Mapping 1xCpG 10xCpG Conversion Median
amount (ng) . - Reads efficiency (million) (million) rate (%) coverage
(million)  (million) -
(million) (%)

Mix_10_R1 39.8 39.5 28.3 71.53 1.88 1.16 99.60 24
Mix_10_R2 43.2 42.9 30.6 71.20 1.90 1.18 99.60 25
Mix_0.5 R1 30.3 30.0 20.9 69.84 1.78 1.14 99.62 24
Mix_0.5 R2 32.9 32.6 22.7 69.57 1.79 1.16 99.62 26
NeuN+_ 10 R1 43.3 39.4 21.4 54.26 1.61 1.03 99.77 27
NeuN+ 10 R2 44.3 40.7 23.0 56.53 1.62 1.05 99.78 29
NeuN- 0.5 R1 41.9 38.6 21.0 54.42 1.42 0.86 99.76 21
NeuN- 0.5 R2 41.9 38.9 22.1 56.73 1.43 0.87 99.78 21
NeuN+ 10 R1 37.4 34.1 23.6 69.32 1.80 1.09 99.81 23
NeuN+ 10 R2 38.6 35.7 25.1 70.52 1.82 1.11 99.81 24
NeuN- 0.5 R1 37.6 35.3 23.8 67.29 1.58 1.07 99.79 32
NeuN- 0.5 R2 40.0 37.9 25.9 68.35 1.59 0.94 99.80 34

Table 4. 3 Summary of RNA-seq data on neuronal (NeuN+), glial (NeuN-) and cerebellum (mix) samples.

s | Total reads Trimmed reads Aligned reads Alignment efficiency
ample
P (million) (million) (million) (%)
Mix_R1 31.2 31.2 25.8 82.73
Mix_R2 26.7 26.7 22.4 83.65
NeuN+ R1 31.3 31.3 26.0 83.22
NeuN+ R2 30.7 30.7 25.6 83.43
NeuN-_R1 32.1 32.1 24.9 77.53
NeuN-_R2 27.5 27.5 21.2 77.16
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4.3 Materials and Methods

Fabrication of the microfluidic device. The polydimethylsiloxane (PDMS)-glass device

was fabricated by multilayer soft lithography 2% 177, Three photomasks (1 for the control
layer and 2 for the fluidic layer) were generated with the microscale patterns designed
using LayoutEditor (juspertor GmbH) and printed on high-resolution (10,000 d.p.i.)
transparencies. The control layer master was fabricated by spinning SU-8 2025
(Microchem) on a 3-inch silicon wafer (P(100), 380 pm thickness, University Wafers) at
500 rpm for 10 s followed by at 3000 rpmfor45s (yieldi ng 2 4 812025 thickriess).
The fluidic layer master was fabricated in SU-8 2025 and AZ 9260 (Clariant) on another
silicon wafer with the thickness being 60 and
was baked at 130 3 for 30 s to round AZ 9260 features so that the resulted fluidic
channels could be fully closed by microscale pneumatic valves. The control layer (~0.4
cm thick) was fabricated by pouring PDMS prepolymer (General Electric silicone RTV
615, MG chemicals) with a mass ratio of A: B =5: 1 onto the control layer master in a petri
dish. The fluidic layer (~80 pum thick) was fabricated by spinning PDMS (A: B=20: 1) at
500 rpm for 10 s and then at 1500 rpm for 30 s. Both layers were baked at 75 3 for 15
min. The control layer was then peeled off from the master and access holes to the control
layer channels were punched. The two PDMS layers were aligned, brought into contact,
and baked for 1 h at 75 3 for thermal boning. The bonded PDMS structure was peeled
off from the fluidic layer master and access holes to the fluidic layer were punched. The
structure was then bonded to a cover glass (VWR) that was pre-cleaned in 27% NH4OH:

30% H202: H20=1: 1: 5 (volumetric ratio) at 80 3 for 1 h. Both PDMS surface and glass
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surface were oxidized in plasma (PDC-32G, Harrick Plasma) for 1 min and then
immediately brought into contact. The entire structure was then baked at 753 for 1 hto

strengthen the bonding.

Cell culture. GM12878 cells were purchased from Coriel Institute for Medical Research
and cultured in RPMI 1640 medium (11875-093, Gibco) plus 15% fetal bovine serum
(26140-079, Gibco) and 100 U/ml penicillin-streptomycin (15140-122, Gibco) at 37 3 in
a humidified incubator with 5% CO:2. Cells were sub-cultured every 2-3 days to maintain

them in exponential growth phase.

Mouse strain and cerebellum dissection. The mouse line C57BL/6 was bred and

maintained in groups of 3-4 per cage with food ad libitum. 8-10 week old mice were
anesthetized with isoflurane and decapitated. The cerebellum was rapidly dissected and

frozen on dry ice and stored at -80 3 until used for nuclei isolation.

Nuclei isolation from mouse cerebellum. We used a nuclei isolation protocol that was

similar to previous report 178, A cerebellum was placed in 5 ml ice-cold nuclei extraction

buffer (0.32 M sucrose, 5 mM CaClz, 3 mM Mg(Ac)z, 0.1 mM EDTA, 10 mM Tris-HCI and

0.1% Triton X-1 00) with freshly added 50 ¢l pr-ot ease

Aldrich), 5 ¢l of 110G mMMPNIH .adnd Smdditi
inhibitor (N2611, Promega) was also added when RNA-seq was conducted. Once thawed,
the tissue was homogenized by slowly doucing for 15 times with a loose pestle (D9063,

Sigma-Aldrich) and 25 times with a tight pestle (D9063, Sigma-Aldrich). The homogenate
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was filtered with 40 pm nylon mesh cell strainer (22363547, Fisher Scientific) and then
transferred into a 15 ml centrifugation tube. The sample was centrifuged at 1000 g for 10
min. The supernatant was removed and the cell pellet was gently resuspended in 1 ml
cold nucl ei extraction buffer with fres
100 mM PMSF and 1 ¢l of 1 M DTT. 1.5 ¢l

nuclei extraction buffer when RNA-seq was conducted. The 1 ml sample suspension was
split into two 1.5-mI micro-c ent ri fuge tubes (500 ¢l i n
was gently mixed with 0.75 ml of 50% iodixanol to yield 30% iodixanol solution. 50%
iodixanol was prepared by adding 0.4 ml diluent (150 mM KCI, 30 mM MgClI2, and 120
mM Tris-HCI, pH 7.8) to 2 ml of 60% iodixanol (D1556, Sigma). The samples were then
centrifuged at 10,000 g for 20 min before the supernatant was removed. The nuclei in
each tube were incubated on ice for 10 min in 0.5 ml Dulbecco's phosphate-buffered
saline (14190144, Life Technologies) containing 2.0% normal goat serum (5006227, Life

Technologies). The nuclei were resuspended and then pooled together (generating ~1 ml

hly ad

of 40

each

in total). For RNA-seq, | 3 off 40 U/ ¢l RNase inhibitor w a

suspension. The integrity and the number of nuclei were checked under the microscope.
32 ¢l of -NMeuMagtibady corqugated with Alexa 488 (MAB377X, EMD Millipore)
was incubated with the nuclei suspension (~1 ml) for 1 h at 4 3 on an end-to-end rotator.
The stained samples were sorted by FACS (BD FACSAria, BD Biosciences) with 50,000
to 100,000 unlabeled nuclei used as non-staining control. We typically isolated 0.5 million
neuronal nuclei and 0.5 million glial nuclei from a mouse cerebellum. The isolated nuclei
were used for RNA and DNA extraction within 1 h after FACS to maintain transcriptomic

and epigenomic state of nucleic acids.

79



Chapter 41 MID-RRBS

Genomic DNA extraction. Human genomic DNA was purified from GM 12878 cells using

Ql Aamp DNA Bl ood Mi ni Ki t (Qi agen) foll owin

suspended in EB buffer (Qiagen). Mouse genomic DNA was purified using QlAamp DNA
Blood Midi Kit (Qiagen) from nuclei and suspended in AE buffer (10 mM Tris-Cl, 0.5 mM
EDTA, pH 9.0). The eluate was reloaded on the column membrane and spun to maximize
DNA yield. Mouse DNA was concentrated by ethanol precipitation and suspended in EB

buffer. The extracted DNA was used for RRBS library construction without storage.

RRBS library construction. Library construction was conducted based on the protocol

published by Gu et al. 12 and modified for Illunima Hi-Seq system. 5 | genomic DNA was
digested by adding 1 d of 20 U/g Mspl enzyme (R0106S, NEB), 2 4 NEB buffer2 and
12 4 H20 at 37 3 for 1 h and inactivated at 80 3 for 20 min. The fragment size was

examined using 2.5% agarose gel (16550100, Thermo Fisher) in 0.5x TBE buffer

(15581044, Thermo Fisher). T he 3répaireceandann a | of

extra A (required by adapter ligation) was added on both strands in a single reaction. 1 {
of 5 U/d Klenow exo - enzyme (M0212M, NEB) and 1.1 4 dNTP mixture (10 mM dATP,
1 mM dGTP and 1 mM dCTP, N0446S, NEB) were added into 20 | digested sample.
Ten-fold excess of dATP was added to increase A-tailing efficiency. The sample was
incubated at 30 3 for 20 min (end-repair), 37 3 for 20 min (A-tailing) and 75 3 for 20
min (enzyme inactivation). The DNA (22.1 d) was then purified by ethanol precipitation.
DNA pell et was then resuspended in 17 ¢l

tube. 1 pl of 2000 U/ T4 ligase (M0202T, NEB), 2 | of supplied 10x T4 ligase buffer,
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and 0.6 4 NEXTflex bisulfite -seq barcode (1.6-6 M) were mixed with the sample for
ligation. The ligation reaction was carried out at 16 3 for 16 h and followed by 65 3 for
10 min for heat inactivation. The heating of the thermal cycler lid was turned off to protect
the T4 ligase. Gel-free procedure %8 179 instead of gel cutting was used for RRBS library
construction. Ligated DNA (20 ul) was purified using AMPure XP beads with bead
suspension to sample volumetric ratio of 1.5: 1. The DNA was eluted from Ampure beads
by 20 4 EB buffer. The eluate was concentrated by ethanol precipitation and then

suspended in the EB buffer for loading into the microfluidic device.

Operation of the microfluidic device. The control layer channels were filled with DI water

before experiments. The on-chip pneumatic valves were actuated at 25 psi by solenoid
valves (18801003-12V, ASCO Scientific) that were connected to a compressed air outlet
and operated by a LabVIEW program via a computer and a data acquisition card (PCI-
6509, National Instruments).

DNA (after adapter ligation and size selection) and reagents were delivered into
the microfluidic device by a syringe pump. A syringe and a connected tubing was initially
filled with water. An air plug (~ 1 cm long) was created (by aspiration) in the tubing to
separate water from a liquid plug of DNA sample or other reagents (aspirated from a
microcentrifuge tube after the air plug formation). Our microfluidic bisulfite conversion
involved several steps: 1). A conversion buffer from EZ DNA methylation-lightning kit
(D5030-1, Zymo) with added 1.6% Tween 20 was loaded into the syringe pump and
delivered into the two loading chambers and reaction chamber from the reagent inlet.

Then the valves between the loading and reaction chambers were closed and the DNA
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sample (with concentrations ranging roughly from 1.1 to 36.2 ng/pl) was loaded into the
reaction chamber (240 nl) from the sample inlet, replacing the conversion reagents in the
reaction chamber. 2). The pneumatic valves were opened for 10 min to allow diffusion-
based reagent exchange. The pneumatic valves were then closed. The bisulfite mix in
the loading chambers was refreshed before the pneumatic valves were opened for
another 10 min. This loading process was repeated one more time to reach a total
diffusion time of 30 min for bisulfite mix. 3). While the pneumatic valves were closed, the
bisulfite mix in the loading chambers was flushed out by water (to avoid damage to the
PDMS device during heating) and the hydration line on top of the reaction chamber was
pressurized (at 25 psi) to minimize water loss during heating. The microfluidic device was
then placed on a flat-plate thermal cycler (TC-4000, Techne) with 1 ml paraffin oil (18512,
Sigma-Aldrich) added between the device and the thermal cycler surface to improve heat
transfer. The device was heated at 98T for 5 min (heat denaturation) followed by 55 3

for 1 h (sulphonation). The whole process was conducted in dark to prevent degradation
of bisulfite mix. 4). Freshly-prepared 0.3 M NaOH was delivered from reagent inlet into
the loading chambers. Diffusion-based loading of NaOH (and releasing of bisulfite mix)
was conducted for a total of 30 min while the NaOH solution in the loading chambers was
refreshed after each 10-min period. The microfluidic device was then incubated at room
temperature for 20 min for desulphonation (with the pneumatic valves closed). 5).
Converted DNA was eluted by 100 g Tris-EDTA buffer and then purified by ethanol
precipitation with the following steps. 60 g of 5 M ammonia acetate, 4 { of 5 g/

glycogen and 480 i of ice -cold 100% ethanol were mixed with the eluate and incubated

at-803 for 1 h. The mixture was then spun at 16,100 g for 15 min. The supernatant was
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discarded without disturbing the precipitated pellet. 500 4 of 70% ethanol was added
before the sample was spun again at 16,100 g for 10 min. The supernatant was removed
and the pellet was air dried for 10 min. The pellet was finally resuspended in 20 4 EB

buffer and stored at -80 3 until use.

PCR amplification and sequencing. The converted DNA (20 Jd) was amplified by PCR

(via adding 1 d of 2.5 U/ PfuTurbo C x Hotstart DNA Polymerase, 5 J of 10x PfuTurbo

Cx reaction buffer, 1.25 g of 10 mM dNTP, 3 d of 5 M primers, 2.5 i of 20x EvaGreen

Dye, and 17.25 {4 H 20 into the DNA sample). DNA was denatured at 95 3 for 2 min,

amplified in a number of cycles (953 for30s,653 for30sand 723 for45 s)depending

on the amount of starting DNA (13 cycles for 10 ng, 14 cycles for 3 ng, and 16-18 cycles

for 1-0.3 ng). After PCR amplification, a double size selection using AMPure XP beads

was performed following the product manual. Briefly, large DNA fragments were removed

by adding 30 €I AMPure bead suspension and in
| arge DNA bound were discarded and the superna
suspension were then added into the supernatant and incubated for 5 min. The
supernatant was discarded and DNA bound to b
Library fragment size was determined using high sensitivity DNA analysis kit (Agilent) on

a TapeStation. Each library was quantified by KAPA library quantification kit (Kapa
Biosystems). Each library was pooled at 10 nM for sequencing by Illumina HiSeq 4000

with single-end 50 nt read. Typically, 30-40 million reads were generated per library.
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RRBS data analysis. Sequencing reads were trimmed by trim galore with --RRBS option.

The trimmed reads were aligned to hg19 or mm9 genome by bismark 8% and bowtie 8!
with default settings. The bisulfite conversion rate and CpG coverage were calculated by
methylKit 182 using aligned reads. The called CpGs were visualized in IGV genome
browser 18, Regional analysis was performed for mouse data using

(http://www.bioinformatics.bbsrc.ac.uk/projects/segmonk/). Features containing at least

10 CpGs with each CpG having 25x coverage are included in the calculations. The
promoters were defined as 2 kb upstream and 500 bp downstream of transcription starting
sites of RefSeq genes. Intergenic regions were defined by regions other than gene bodies
and promoters. CpG islands were download from UCSC database. CpG shores were
defined as 2 kb regions flanking CpG Islands. The promoters were classified into HCPs,
ICPs, and LCPs based on CpG ratio and GC% content. The coordinates of classified
promoters were obtained from literature 173. DMRs were identified by DSS ¥ (p < 0.05)
and annotated to the closest RefSeq genes (i.e. DMR-associated genes). Genes that
were closest to DMRs were extracted as targets for gene ontology (GO) term enrichment

analysis by DAVID 18 (p < 0.05).

MRNA-seq. RNA was extracted from ~100,000 nuclei using RNeasy Mini Kit (Qiagen).
DNase treatment was included following manufacturer instructions to remove gDNA
contamination. The RNA quality was detected by High Sensitivity RNA ScreenTape
System (Agilent) to yield RNA integrity number (RIN) > 6. mRNA-seq libraries were
prepared using SMART-seq v4 Ultra Low Input RNA kit (Clontech) and Nextera XT DNA

library prep kit (Illumina) following instructions. Briefly, 1 ng RNA (9.5 pl) was mixed with

84


http://www.bioinformatics.bbsrc.ac.uk/projects/seqmonk/

Chapter 41 MID-RRBS

1 ul of 10x reaction buffer. The sample was mixed with2 ul o f 3 éseqgSCM@A JRimer
Il A and incubated at 72 3 for 3 min. The sample was then placed on ice for 2 min. 5.5
pl Master Mix and 2 pl SMARTScribe Reverse Transcriptase were added into the sample
(20 pl in total). The mixture was incubated at 42 3 for 90 min and then 70 3 for 10 min
to synthesize first-strand cDNA. cDNA was then amplified by 13 cycles of PCR. The PCR
product was purified by AMPure beads. 100-150 pg purified cDNA was used for Nextera
library preparation. The cDNA was tagmented at 55 3 for 5 min and neutralized at room
temperature for 5 min. The tagmented DNA was amplified by 12 cycles of PCR and
purified by 30 ¢ AMPure XP beads. The fragment size was determined by a Tapestation
and quantified by KAPA gPCR library quantification kit. Each library was pooled at 10 nM
for sequencing by lllumina HiSeq 4000 with single-end 50 nt read. Typically, 20 million

reads were generated per library.

MRNA-seqg data analysis. Sequencing reads were trimmed by trim galore with default

settings. The trimmed reads were aligned by Tophat 8. The aligned reads were further
analyzed by cufflinks 187, The gene expression level was plotted by cummerbund
(http://compbio.mit.edu/cummeRbund/), Segmonk and custom R scripts. Differentially
expressed genes were identified by cummerbund and used as targets for gene ontology

(GO) term enrichment analysis by DAVID (p < 0.05).

Mathematical modelling of microfluidic diffusion. The time-dependent diffusion process in

the microfluidic device was modelled using COMSOL Multiphysics 4.3 as previously
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described °. We used 1.3x109, 9x101% and 2x10!! for diffusivities of ions, quinol and 250

bp DNA, respectively 188-190,

86



Chapter 51 SurfaceChlIP-seq

CHAPTER 51 Multiplexed Microfluidic Device for High-throughput
and Low-input Histone Modification Analysis Based on Surface

Immobilized antibody for ChIP-seq (SurfaceChlIP-seq)

5.1 Introduction

Protein-DNA interaction and histone modifications play critical roles in brain
function and development by regulating gene expression. Distinguishable epigenomic
landscape exists in seemingly homogeneous tissue/ cell population (e.g. cerebellum).
Chromatin immunoprecipitation coupled with next generation sequencing (ChIP-Seq) is
the gold standard for studying in vivo genome-wide protein-DNA interactions and
chromatin modifications. ChIP-seq typically involves cell lysis, chromatin fragmentation
(e.g. enzyme digestion or sonication), immunoprecipitation of targeted chromatin using
magnetic beads, digestion/removal of proteins, and amplification/identification of ChiPed
DNA. There are two major limitations of the conventional ChIP-seq protocols: 1)
requirement of large number of cells (>107 cells) which limits application for scarce
samples, 2) tedious process with long hands-on time which compromises the
reproducibility and throughput of the assay. Various strategies have been applied to
improve the sensitivity of conventional ChIP-seq, such as LinDA (10000 cells) 3°, nano-
ChlP-seq (5000 cells) 38, iChIP (500 cells) 4°, MOWCHIP (100 cells) ?° and Drop-ChIP
(single cells) 3. MOWChIP uses packed magnetic beads in a microfluidic channel to
enrich chromatin and oscillatory washing to reduce non-specific adsorbed proteins. It
profiled histone 3 lysine 4 tri-methylation (H3K4me3) mark and histone 3 lysine 27

acetylation (H3K27ac) using as few as 100 cells. Drop-ChlIP barcodes chromatin from
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each cell and performs immunoprecipitation on the pooled sample with the presence of
significant amount of O6carrier 6 c-el@suolation
with limited genomic coverage (1000 unique reads per cell) and significant amount of
uninformative reads (>97%). All the strategies above were developed based on antibody
coated beads which have overwhelming surface area to adsorb chromatin. For limited
starting materials (~100 cells), the non-specifically adsorbed chromatin occupies bead
surface which leads to considerably low signal-to-noise ratio (enrichment). It is also
challenging to automate bead-based approaches which limit the potential applications.

Here, we demonstrate a microfluidic technology, referred to as Surface
Immobilized Antibody for Chromatin Immunoprecipitation coupled with next generation
sequencing (SurfaceChlIP-seq) for low-input (30-100 cells) profiling of multiple histone
modification landscapes in parallel. The antibodies are covalently immobilized on the
glass surface instead of magnetic beads. This strategy not only dramatically reduces
surface area and non-specific adsorption, but also enables a fully automated
immunoprecipitation procedure by simplifying chip structure. We employed a stepwise
sample injection to maximize collection efficiency of ChiIPed DNA and an oscillatory
washing for removing nonspecific adsorption/trapping. The combination of flat
immobilized antibody, stepwise sample injection and oscillatory is the key to extremely
high yield of highly enriched DNA.

We mapped the epigenome of a cell line (GM12878), neuron and glia isolated from
mouse cerebellum with multiple histone marks (H3K4me3, H3K27me3, and H3K27ac).
Our protocol yield data with high quality (AUC 0.968 for 5000 cells, 0.927 for 100 cells,

and 0.912-0.864 for 30 cells) and reproducibility (Pearson correlation 0.995 for 5000 cells
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0.991 for 100 cells, and 0.897 for 30 cells). It permitted profiling up to 8 ChIP assays
simultaneously with multiple histone marks. The SurfaceChlP-seq allowed differentiation
of epigenomic landscape of neuron and glia, generating biological insights into cell-type
specific features (bivalent promoter, enhancer and super-enhancer) and their

relationships to gene expressions.
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Fig. 5.1 The overview of the SurfaceChIP protocol and profiling of H3K4me3 and
H3K27me3 marks in parallel using 100 or 500 cells. (a) Experimental procedure. (b)
Representative normalized ChlIP-seq signals of GM12878 using 100 or 500 cells in a
single multiplexed device.

5.2 Results and Discussion

Multiplexed SurfaceChlP-seq for profiling multiple histone marks.

We used multi-layer soft lithography to design and fabricate a polydimethylsiloxane
(PDMS) device, featuring 4 or 8 multiplexed microfluidic chambers (2.4 W in volume, 40
mmx1 mm x0.06 mm) for high -throughput ChIP with multiple histone marks (Fig. 5.1a
and Fig. 5.2a). The microfluidic chambers have a common inlet, 4 or 8 individual inlets
and 4 or 8 individual outlets. The inlets and outlets can be fully closed by on-chip
pneumatic valves by exerting a pressure at 25 psi (Fig. 5.3). The common inlet allowed
simultaneous surface coating of all the chambers and individual inlets permitted profiling
different histone marks and/or different samples in parallel. We also fabricated a single
layer PDMS device with individual microfluidic channels (40 mmx60 pmxL mm) ( Fig.
5.2b). This extremely simplified device allowed rapid screening of coating conditions
without using any pneumatic valve during surface modification procedure. Key features
and operation of the two-layered device are shown in Fig. 5.1a (see Materials and
Methods). 1) The plasma activated glass surface was covalently derived by poly-I-lysine
(PLL) and DNA oligo linker. The DNA oligo increased the antibody coating density and
maintained the activity of antibody 1°1. 2) DNA-conjugated antibodies were flowed into
microfluidic chamber and hybridize with DNA oligo linker. 3) Micrococcal Nuclease

(MNase) digested chromatin (~170 bp) were periodically flowed through the antibody
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immobilized microchambers and adsorbed on the glass surface. 4) The microchambers
were then washed by oscillatory washing in two different washing buffers (a low-salt buffer
followed by a high-salt buffer) to remove nonspecifically adsorbed chromatin fragments.
5) The captured chromatin was digested by proteinase K for 30 min to release ChlPed

DNA from the surface. 6) The ChlPed DNA was eluted for off-chip processing.
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5 mm

Fig. 5.2 Microscopic images of microfluidic devices. (a) 8-multiplexed multi-layer

device. (b) Single-layer device.

93



Chapter 51 SurfaceChlIP-seq

8 parallel device 4 parallel device Individual device

Q Common inlet

(PCommon inlet

idual inlets

Computer

@

Power Solenoid
supply valves

\ Pneumatic
. |valves

&

Syringe pump Sample injection/Oscillatory washing

94



Chapter 51 SurfaceChlIP-seq

Fig. 5.3 Design and setup of the microfluidic device. (a) The design of microfluidic
devices. (b) A schematic of the ancillary system for control and liquid delivery and its

connection with the microfluidic device.

We found that the performance of SurfaceChlP was affected by several
parameters of the protocol, including antibody concentration used for coating glass
surface, duration of the oscillatory washing, duration of immunoprecipitation, and cell
sample size. The careful optimization of these parameters is critical for obtaining high-
guality ChlP-Seq data from tiny amount of cells. These parameters were optimized using
SurfaceChIP-gPCR to evaluate the fold enrichment of known positive loci (Zmynd11, Unkl,
C9orf3, and Chst14) and negative loci (N1 and N2) for histone 3 lysine 4 trimethylation
(H3K4me3) in a human lymphoblastoid cell line, GM12878 (Table 5.1). Assuming the
glass surface (40 mm x1 mm) of the microfluidic chamber was fully covered with antibody
(7-10 nm in diameter), a surface would capture ~180 ng DNA with 170 bp (mono-
nucleosome) in length which is less than 5% of capture capacity (at least 4 ;g DNA) in
bead-based protocols. It is more than enough to perform ChIP from 10000 or fewer cells.
Non-specific adsorbed chromatin will significantly reduce the signal to noise ratio (fold
enrichment), thus an effective washing is essential for generating high-quality ChIP data.
We found oscillatory washing was necessary to reduce nonspecific adsorption and
physical trapping (Fig. 5.4a). Excessive washing should be avoided to prevent DNA loss.
Comparing to bead-based ChIP protocols 2% 31. 38 40, 192 non-specific chromatin is less
possible to be adsorbed or trapped on the flat glass surface. The washing was also more

effective due to the increased relative flow rate. We also found that the fold enrichment
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of ChiIPed DNA reached peak value at an intermediate antibody concentration (Fig. 5.4b).
The insufficient antibody coverage on the glass surface at low concentration decreases
the amount of chromatin to be captured, while excessive antibody increases the chance
that non-specific chromatin to be adsorbed. Under the optimized conditions, we obtained
~700 pg and 25 pg ChiPed DNA from 5000 and 100 for H3K4me3, respectively. The yield
was comparable to our previous work 2° but about 2 orders of magnitude higher than other
reported works 3. We also noticed that the stepwise immunoprecipitation step improved
the capture efficiency of ChlIPed DNA. Within 6 min of incubation, 99.5% of the chromatin
was adsorbed on the surface based on modelling result (Fig. 5.5). We replaced the
chromatin in the microfluidic chamber with fresh chromatin every 6 min to maximize the
capture efficiency and minimize non-specific adsorption. The entire sample was flowed

through the chamber in 10 6-min periods (~ 1 h in total).
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Table 5.1 Real-time PCR primers.
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: Histone ,
Species mark/antibody Name Primer
Zmynd11 (F) AGG ATA ATC AGC CCCTGAATAA
Zmynd11l (R) | TCC ATC AGT CAG TCC GCAGT
UNKL (F) CAG CCA CCC ACC TAG GAA
UNKL (R) TCC TAT GGC TCC CCA GGT
H3KAme3 C9orf3 (F) CCT CCT CAG TTC TCC CAG ACT
EMD Millipore C9orf3 (R) AGC TGA GGT GGT AAGATGTGAC
07-473 Chst14 (F) GAC CGT TACCGCTTCCTCTA
Chst14 (R) CTG CCAGCACCTTCATCA
N1 (F) TCA TCT GCA AAT GGG GAC AA
N1 (R) AGG ACA CCC CCT CTC AACAC
N2 (F) GCC CTG CCT GAATGC TCT AG
N2 (R) CAA GGA CACCCCCTCTCAAC
P2 (F) AGT ATG TGG TCC AAACACTTATCA
Human P2 (R) CCA GAC GGG TGG CAA ATA
P4 (F) CAG CACCTCCAGCCCTTAT
P4 (R) TCC CCA GAG GGA GGA AAG
P5 (F) CTCGGC CTTGATCTTCTCC
P5 (R) TCTGGCTTITCTTCGCTTTTC
H3K27me3 P6 (F) CGT CTT CGT ATG CCATCAAC
EMD Millipore P6 (R) GTT GAACAC GGG TCAGTCG
07-449 N1 (F) TAC TAG CGG TTT TAC GGG CG
N1 (R) TCG AAC AGG AGG AGC AGA GAG CGA
N2 (F) CCCATTTCT CTCTCCACTTCC
N2 (R) ACATGC CTT AGG GTT CGT TC
N3 (F) TGG TAC AAG GTT GGG AGG TA
N3 (R) CAT CCA ATG GAG AAAAGG TAG T
N4 (F) ATG GTT GCC ACT GGG GAT CT
N4 (R) TGC CAA AGC CTA GGG GAA GA
H3K4me3 Gapdh-2 Active motif 71018
EMD Millipore ) ]
07-473, Actb-2 Active motif 71017
H3K27ac Negative-1 Active motif 71011
Abcam Inc.
Mouse ab4729 Negative-2 Active motif 71012
Hoxc10 Active motif 71019
E&'Ezmlfsore Pax-2 Active motif 71020
07-449 Negat!ve-S Act!ve mot!f 71013
Negative-4 Active motif 71014
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Fig. 5.4 qPCR optimization of SurfaceChIP for H3K4me3 mark from 21000

GM12878 cells. a) Optimization of washing condition b) Optimization of antibody

concentration.
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Fig. 5.5 The COMSOL modelling result of chromatin concentration change in the

microfluidic chamber over time.

The SurfaceChIP-seq allows simultaneous examine multiple histone marks using
as few as 100 cells for each chamber. We profiled H3K4me3 and histone 3 lysine 27
trimethylation (H3K27me3) marks simultaneously using chromatin generated from 500 or
100 GM12878 cells. The sequencing results are summarized in Table 5.2. Fig. 5.1b
shows normalized signals from the 4-multiplexed device using 500 cells (Upper panel)
and 8-paralleled device (lower panel) using 100 cells around CHUK gene which plays a
critical role in the negative feedback of NF-ae B si gnaling to |
activation 193, The distinguishable patterns between the two histone marks prove that little

probability of cross contamination. Among the 4 replicates of H3K4me3 using 100 cells,
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we generated 3 useable samples. The usable H3K4me3 samples of 500 and 100 cells
had Pearson coefficients of 0.99 and 0.96-0.93 between replicates, respectively. The

H3K27me3 samples of 500 and 100 cells had Pearson coefficients of 0.99 and 0.99-0.95

between replicates, respectively.
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Table 5.2 Summary of SurfaceChlIP-seq data.
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Sample Histone No. Total Trimme | Aligned Alignment
type mark of rga_ds d r_eads rga_ds efficiency Peaks
cells | (million) | (million) | (million) %
500 28.07 28.00 27.31 97.51 46636
500 19.96 19.79 19.10 96.54 48641
H3KAme3 100 20.46 20.43 19.52 95.56 33386
100 21.11 20.87 19.74 94.55 34514
100 14.74 14.63 13.95 95.32 43625
n?ul\lﬂiﬁeBZSd 100 | 2115 | 2114 | 12.25 57.94 4103
experiment 500 58.44 58.12 56.87 97.84 27643
500 45.12 45.06 44.11 97.90 26897
H3K27me3 100 30.79 30.78 30.01 97.51 25841
100 34.24 34.21 33.30 97.35 28555
100 42.30 42.28 41.21 97.48 30541
100 41.29 41.23 40.20 97.48 28120
Sample _ Total Trimmed | Aligned Align_ment
type Histone mark re_za_ds re_za_ds re_apls efficiency | Peaks
(million) (million) (million) %
95.70 74.48 67.11 90.11 27479
H3K4mes3 Broad ™5 08 29.36 23.18 78.95 | 24451
22.81 22.27 20.18 90.58 37562
emtagrs L mes W 5526 24.76 23.93 96.65 | 36413
ENCODE H3K27me3 10.30 8.66 8.20 94.70 13397
Broad 28.75 14.97 13.85 92.52 17365
45.95 45.63 44.55 97.64 14917
19.08 18.95 18.31 96.64 16366
H3K27me3 UW =14 46 14.36 13.55 94.36 | 17495
Sample | Histone | No. of \(/jVashllng Total |Trimmed| Aligned Alignment
type mark cells uration re_a_ds rga_ds re_a_ds efficiency % Peaks
(min) [ (million) | (million) | (million)
500 1 23.10 23.08 22.07 95.64 8
500 1 17.88 17.87 16.85 94.29 33292
500 2 58.78 58.63 56.05 95.60 4444
500 2 28.26 28.14 26.82 95.32 31026
C;:\(")%;ﬁf Hakames 500 4 1879 | 1854 | 17.65 | 9520 | 13410
linker 500 4 15.49 15.27 14.44 94.52 14404
500 8 28.77 28.55 27.30 95.61 10898
500 8 24.55 24.46 23.31 95.32 35389
100 4 31.05 30.61 28.77 93.99 344
100 4 32.54 32.10 29.33 91.35 798
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: Total Trimmed | Aligned
Sample Histone No. of :
type mark cells rea_ld_s rea_ld_s rea_ld_s Allgnment
(million) | (million) | (million) | efficiency % | Peaks
5000 20.31 20.31 19.89 97.95 47765
5000 20.26 20.26 19.84 97.93 49853
1000 14.99 14.99 14.68 97.95 53167
1000 17.99 17.99 17.62 97.94 51276
500 16.59 16.53 16.03 96.94 55333
500 19.20 19.11 18.55 97.06 58251
GM12878 100 18.46 18.45 17.91 97.12 59602
DNA H3K4me3 100 20.85 20.84 20.23 97.07 56745
oligo 60 28.30 25.43 24.39 95.93 37705
linker 60 17.69 16.28 15.61 95.90 46842
30 19.44 19.31 18.43 95.47 22673
30 38.19 35.06 31.75 90.56 5484
30 35.97 35.48 31.69 89.34 5396
1M 18.84 18.83 18.36 97.53 56659
1M 18.41 18.40 17.96 97.63 45249
Input 19.45 19.38 9.94 51.31
10000 57.47 57.38 55.97 97.53 31466
10000 81.79 81.67 79.64 97.51 32567
5000 64.81 64.64 63.24 97.82 32421
GM12878 5000 57.85 57.55 56.12 97.51 34781
DNA H3K27me3 1000 47.76 47.68 46.60 97.73 32759
oligo 1000 74.04 73.54 71.84 97.68 37535
linker 500 45.60 45.29 44.18 97.55 36510
500 42.07 41.85 40.77 97.43 32797
100 50.06 50.03 48.62 97.19 32916
100 44.67 44.63 43.40 97.25 25770
Input 24.92 24.92 24.00 96.30
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s , Total Trimmed | Aligned | Alignment
ample Histone No. of D
type mark cells rga_ds rga_ds rga_ds efficiency | Peaks
(million) | (million) | (million) %
10000 23.59 23.41 22.63 96.69 43454
10000 31.61 31.32 30.34 96.87 43255
H3KAme3 1000 24.85 24.81 23.65 95.33 46184
1000 26.84 26.80 25.48 95.07 46419
100 25.27 25.25 23.86 94.51 32148
100 23.09 23.07 21.83 94.60 28570
10000 22.07 21.85 21.24 97.21 45345
10000 27.11 26.80 26.07 97.29 48655
Cere- H3K27ac 1000 26.97 26.93 26.00 96.58 61435
bellum 1000 31.93 31.85 30.75 96.55 67921
mix 100 30.58 30.55 29.19 95.55 47596
100 30.74 30.71 29.36 95.61 54179
10000 47.86 47.61 45.84 96.26 8951
10000 46.40 46.25 44.55 96.33 9792
H3K27me3 1000 54.51 54.40 52.10 95.77 10053
1000 35.50 35.41 33.92 95.80 9311
100 45.47 45.41 43.25 95.23 9457
100 53.12 53.05 50.56 95.30 9518
Input 28.40 28.37 27.30 96.24
H3K4me3 21.40 20.96 16.83 80.31 39321
Cere- 18.71 18.69 9.76 52.22 30456
bellum 13.35 13.32 12.24 91.87 17000
mix | HSKerac | 100M T T 071 | 10.96 93.60 | 34663
(ENCO 36.36 32.93 30.72 93.30 1357
pE) | H3K27mes 33.13 | 29.73 | 26.02 87.53 7806
Input 16.35 11.85 10.60 89.44

103



Chapter 51 SurfaceChlIP-seq

. Total Trimmed | Aligned | Alignment
Sample Histone No. of o
type mark cells rga_ds rga_ds rga_ds efficiency | Peaks
(million) | (million) | (million) %
1000 27.73 27.69 26.89 97.14 56319
H3KAme3 1000 23.93 23.90 23.20 97.07 55057
100 23.54 23.52 22.43 95.36 58409
100 21.41 21.37 20.37 95.28 59744
1000 28.25 28.21 27.58 97.78 46359
Cere- H3K27ac 1000 24.59 24.45 23.87 97.60 52503
bellum 100 24.75 24.71 23.69 95.86 25059
neuron 100 20.20 20.12 19.29 95.90 24988
1000 43.97 43.97 43.02 97.85 7215
1000 43.16 43.15 41.94 97.21 6480
H3K27mes ™00 4316 | 43.15 | 41.02 95.08 4922
100 38.07 38.06 36.18 95.05 4345
Input 24.74 24.68 23.79 96.40
1000 17.30 13.43 12.32 91.79 36191
H3K4Ame3 1000 26.05 21.68 20.24 93.34 48900
100 18.93 18.10 16.95 93.66 7345
100 22.23 21.41 20.05 93.64 9655
1000 21.19 21.18 20.60 97.26 33849
Cere- H3K27ac 1000 24.17 24.13 23.47 97.28 31808
bellum 100 22.94 22.76 21.93 96.36 6348
glia 100 24.94 24.86 23.98 96.48 5567
1000 34.55 34.54 33.45 96.85 11480
H3K27me3 1000 36.85 36.83 35.66 96.84 10532
100 41.55 41.54 40.09 96.50 11812
100 44.17 44.14 42.59 96.47 9539
Input 21.99 21.96 21.19 96.47
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Fig. 5.6 SurfaceChIP-seq generates high quality data using as little as 30-100
cells. (a) Representative H3K4me3 signals of GM12878 using 5k to 30 cells. (b)
H3K4me3 cross correlation of promoter regions. (c) ROC curves of SurfaceChIP-seq
and MOWChIP-seq data for H3K4me3 mark. (d) Representative H3K27me3 signals of

GM12878 using 10k to 100 cells.

Benchmark SurfaceChlP-seq.

To benchmark the performance of SurfaceChIP-Seq for genome-wide analysis,
we profiled H3K4me3 and H3K27me3 marks with various numbers of GM12878 cells.
We digested chromatin using 5000, 1000, 500, 100, 60 and 30 cells for H3K4me3 mark
and 10000, 5000, 1000, 500 and 100 cells for H3K27me3 mark. Fig. 5.6a shows
normalized SurfaceChlP-Seq signals for H3K4me3 at the MANBA gene locus. The
promoter region was highly enriched for H3K4me3 signal in SurfaceChIP-Seq data
generated using 30-5000 cells. We examined the reproducibility of the SurfaceChlP-seq.
The H3K4me3 samples of 5000, 1000, 500, 100, 60, and 30 cells had Pearson
coefficients of 0.995, 0.997, 0.992, 0.991, 0.954, and 0.897 between replicates,
respectively (Fig. 5.6b). The Pearson coefficients significantly dropped when 60 or fewer
cells were used. Using published ChIP-Seq data generated by conventional protocol with
millions of cells as the gold standards, we compared the performance of SurfaceChIP-
Seq to state of the art methods, MOWChIP-Seq (detailed in Materials and Methods).
Receiver Operating Characteristic (ROC) curve was used to quantify the agreement of
data with a gold standard. The Area Under the ROC Curve (AUC) is a standard metric for
quantifying balanced sensitivity and specificity. For H3K4me3, SurfaceChlP-Seq with 30

cells (AUC =0.912 and 0.864) produced data with quality that was comparable to that of
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MOWCNhIP using 100 cells (AUC=0.870, Fig. 5.6c). Although the AUC values decreased
with decreasing number of cells, all data showed good consistence with gold standard
that enabled analysis of important genome-wide features. H3K27me3 is a repressive
mark of transcription and involved in developmental transitions in both animals and plants.
Fig. 5.6d shows normalized SurfaceChIP-Seq signals for H3K27me3 around Pax2 gene
using 100-10000 cells. Pax2 gene provides instruction for making transcription factor Pax
which is critical for formation of tissues and organs during embryonic development. The
H3K27me3 samples of 5000, 1000, 500, 100, 60, and 30 cells had Pearson coefficients

of 0.978, 0.971, 0.964, 0.941, and 0.960 between replicates, respectively (Fig. 5.7).

—1.0

R1 R2 R1 R2 R1 R2 R1 R2 R1 R?2
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Fig. 5.7 Cross correlation of H3K27me3 signals in promoter regions from

GM12878 cells.
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Fig. 5.8 The SurfaceChlP-seq signals using AGP linker were improved by
optimizing washing duration. (a) Representative H3K4me3 signals of GM12878
using 500 or 100 cells. (b) Cross correlation of promoter regions. (c) ROC curves of

SurfaceChiIP-seq and MOWChIP-seq data for H3K4me3 mark.
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As an alternative to PLL/oligo linker, we tested (3-Aminopropyl) triethoxysilane
/Glutaraldehyde/Protein A linker (AGP) linker using chromatin digested from 500 cells for
H3K4me3 mark (Fig. 5.8a). The oscillatory washing duration was optimized (1, 2, 4 and
8 min) to effectively remove nonspecific adsorption without compromising peak quality. 2
min and 4 min washing show the highest Pearson coefficients (0.922 and 0.926 between
replicates, respectively, Fig. 5.8b) and AUC (0.961 and 0.956, respectively, Fig. 5.8c).
This is consistent with the gPCR optimization of washing duration (Fig. 5.4).
SurfaceChIP-Seq with AGP linker using 500 cells produced data with quality that was
comparable to that of MOWChIP-seq using 600 cells (AUC=0.963, Fig. 5.6¢). Using 100
cells, the AGP linker (AUC=0.708) underperformed PLL/oligo linker (AUC=0.927) and

MOWChIP-seq (AUC=0.870) possibly due to the less antibody coating density.

Histone modification landscapes are distinctive for neurons and glia cells.

We applied SurfaceChlP-Seq to study the epigenome of neurons (NeuN+) and
glial cells (NeuN-) isolated from mouse cerebellum. Little is known about the epigenomic
signature of the subpopulations from cerebellum, largely due to the difficulty in isolating
sufficient qualities of intact chromatin after harsh ultracentrifugation and FACS sorting.
Our technology provides an ideal solution to this challenge. Neuron and glial cells are the
two major populations in the brain with distinctive functional and epigenomic patterns.
Although, previous studies have mapped histone modifications to the entire cerebellum
194 and subpopulations from prefrontal cortex °5, the neurons and glial cells from
cerebellum have not been investigated. We mapped H3K4me3, H3K27ac, and
H3K27me3 using 10000, 1000, and 100 nuclei from cerebellum mixture and 1000 and

100 nuclei from neuron and glial cells (Table 5.2). For all histone marks and sample sizes,
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the replicates are highly correlated (average r= 0.97, 0.96, and 0.97 for H3K4me3,
H3K27ac, and H3K27me3, Fig. 5.9). Lower correlations were observed among two
different populations indicates the different histone modification patterns (average r= 0.88,
0.86, and 0.81 for H3K4me3, H3K27ac, and H3K27me3, Fig. 5.9 and 5.10). For example,
the Pearson correlation between H3K4me3 mark in neuron replicates using 100 nuclei is
0.97 which is much higher than the correlation between neuron and glial cells (r = 0.86,
Fig. 5.11a and 5.11b). We also computed the correlation between replicates of our data
with published ENCODE datasets (~100 million cells) on entire cerebellum. Our data
showed similar or better correlation between replicates compared to published data which
supports the high quality of our data. (average r = 0.98 and 0.91 for our data and ENCODE

datasets, respectively).
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Fig. 5.9 The cross correlation of SurfaceChlP-seq signals from mouse
samples. (a) Clustering of ChIP-seq signals from mix using various number of cells.

(b-d) Cross correlation of promoter coverage from various cell types.
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Fig. 5.10 The scatter plots of SurfaceChIP-seq signals from mouse samples. (a-

c) show the plots for H3K4me3, H3K27ac and H3K27me3 marks, respectively.
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Fig. 5.11 The distinctive histone modification profile between Neuron and Glia.
(a) H3K4me3 promoter signals on neuron replicates using 100 nuclei. (b) H3K4me3
promoter signals on neuron and glia using 100 nuclei. ¢) Venn diagram of differentially
binding promoters (H3K4me3, H3K27me3 and H3K27ac, FDR < 0.05) and differently
expressed genes (RNA, p value < 0.01, fold change > 8) (d-f) Unsupervised
hierarchical clustering of genome-wide coverage for the significantly binding
H3K4me3. (g) Venn diagram of bivalent promoters from each cell type. (h) Venn
diagram of enhancers from each cell type. (i) Heat map of p values for representative
transcription-factor-binding motifs that are enriched in enhancers (j) Representative
super enhancer around Zic2 and Zic5 loci which is related to neural crest differentiation

and transcription factor activity.

Using our technology, we distinguished the histone modification patterns between
the two populations even with such little starting materials. For example, H3K4me3 mark
was enriched at RTNK gene in glial cell but not in neurons (Fig. 5.11c). We identified
3842, 2330, and 7556 promoter regions with significantly different enrichments (FDR <
0.05) from H3K4me3, H3K27ac, and H3K27me3 marks, respectively (Fig. 5.11c). Among
them, 2092 promoters showed differences on two histone marks and 649 promoters
showed differences on all three histone marks. We also performed RNA-seq from nuclei
to validate our results (Chapter 4). The differentially enriched promoters largely
overlapped with genes showed significantly different expression levels between two
populations (1255 out of 3204 genes, p value < 0.01, fold change >8). We observed

positive correlations (H3K4me3 and H3K27ac, Fig. 5.12 and 5.13) and negative
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correlation (H3K27me3, Fig. 5.14) between promoter coverages and gene expression
levels. The result supports the report that H3K4me3 mark is associated with activating
transcription, while H3K27me3 is a repressive mark. By comparing the coverages of
promoters with significantly different enrichment, dramatically different patterns were
observed (Fig. 5.11e-g). Unsupervised hierarchical clustering of H3K4me3 and

H3K27me3 signals successfully identified the two populations.
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Fig.5.12 The positive correlation between promoter signal of H3K4me3 mark and

MRNA expression level.
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