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Abstract

Methylomic analyses typically require substantial amounts of DNA, thus hindering studies 

involving scarce samples. Here, we show that microfluidic diffusion-based reduced representative 

bisulfite sequencing (MID-RRBS) permits high-quality methylomic profiling with nanogram-to-

single-cell quantities of starting DNA. We used the microfluidic device, which allows for efficient 

bisulfite conversion with high DNA recovery, to analyse genome-wide DNA methylation in cell 

nuclei isolated from mouse brains and sorted into NeuN+ (primarily neuronal) and NeuN− 

(primarily glial) fractions, and to establish cell-type-specific methylomes. Genome-wide 

methylation and methylation in low-CpG-density promoter regions showed distinct patterns for 

NeuN+ and NeuN− fractions from the mouse cerebellum. The identification of substantial 

variations in the methylomic landscapes of the NeuN+ fraction of the frontal cortex of mice 

chronically treated with an atypical antipsychotic drug suggests that this technology can be 

broadly used for cell-type-specific drug profiling and for the study of drug-methylome 

interactions.
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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 (CGI) promoters is a common mechanism for gene 

silencing and an epigenetic feature for many types of human cancers 1. Both mCG 2,3 and 

non-CG methylation (mCH, where H = A, C, or T) 4,5 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 

developed over the years. Whole-genome bisulfite sequencing (WGBS) is generally 

considered the gold standard for DNA methylation analyses 6,7. 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 required by WGBS (>500 million reads per sample to cover human genome) can 

be prohibitive. In comparison, enrichment-based technologies reduce the required 

sequencing depth by enriching methylated DNA fragments based on affinity purifications, at 

a price of low resolution (100–300 bp) 8,9. As another cost-effective alternative to WGBS, 

reduced representative bisulfite sequencing (RRBS) utilizes methylation-insensitive 

restriction enzyme (MspI) digestion and size selection to enrich a subset of the genome 

(mostly CpG islands and promoter regions) for analysis while preserving single-nucleotide 

resolution 10,11.

Prevailing WGBS and RRBS protocols require substantial amounts of genomic DNA. 

WGBS requires 10 ng to 5 μg input DNA 6,7,12. RRBS typically requires >300 ng DNA to 

detect 1.0–2.2 million unique CpGs (≥1× coverage) and merely 0.3–1.0 million CpGs with 

≥10× coverage in human genome. Recent efforts on low-input RRBS lowered the starting 

DNA amount to 30 ng with compromised CpG recovery (< 1 million unique CpGs) 11. 

Single-cell RRBS 13 and WGBS 14–16 were also demonstrated recently. These single-cell 

assays cover only a small fraction of the genome 13–16. Thus when cell-to-cell variability is 

not the focus of a study, low-input methods (using a low number of cells) offer much higher 

breath of coverage for the genome and distinct advantages over their single-cell 

counterparts. These low-input methods are useful for establishing reference epigenomes 

using scarce primary tissues and profiling patient materials for treatment stratification.

Microfluidics has proven to be a powerful platform for genomic and transcriptomic analysis 

of cells 17–21. Microfluidic devices have also been applied to study epigenomics recently 
22,23. Bisulfite conversion was implemented in both channel 24 and droplet 25 formats for 

examining DNA methylation at single loci. Here we demonstrate a microfluidic technology, 

referred to as MIcrofluidic Diffusion-based RRBS (MID-RRBS), for low-input assays 

(down to 0.3 ng DNA and single cells) with high bisulfite conversion efficiency and high 

coverage of CpGs. We used a diffusion-based reagent swapping approach for multi-step 

treatment of DNA on the microfluidic system. Our protocol preserved substantially more 

amplifiable DNA than conventional bisulfite treatment 10,26–28 while achieving high 
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conversion rate. We mapped methylomes of a cell line (GM 12878), NeuN+ (primarily 

neuronal) and NeuN− (primarily glial) fractions isolated from mouse brains. Our protocol 

yielded data that were heavy in CpGs of high coverage (2.0–2.6 million CpGs with ≥1×, 

1.3–1.8 million CpGs with ≥10× coverage with 0.3 to 10 ng starting DNA, respectively). We 

also demonstrated the capability of MID-RRBS for parallel processing of multiple samples 

and single cell profiling. MID-RRBS technology allowed differentiation of methylomic 

landscapes of NeuN+ and NeuN− fractions from mouse cerebellum, generating insights into 

cell-type-specific features. Finally, we discovered changes in the mouse frontal cortex NeuN

+ methylome associated with chronic administration of an atypical antipsychotic drug 

clozapine, establishing the feasibility for applying the technology to study drug-methylome 

interactions relevant to drug development.

Results

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. 1a and Supplementary Fig. 1). The 

reaction chamber and the loading chambers could be disconnected by actuating a pair of 

pneumatic valves in between them. We conducted bisulfite conversion using a diffusion-

based reagent swapping method. This approach takes advantage of the difference in the 

diffusivities of DNA and small molecules. DNA molecules of substantial sizes have much 

lower diffusivity than small-molecule reagents involved in DNA treatment. When material 

exchange occurs by diffusion for a short period, DNA loss from the reaction chamber 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 

almost completely. Although we applied similar principle to process large DNA fragments 

(~50 kb) in previous work 29, treating DNA fragments of several hundred base pairs, which 

are relevant to next-generation sequencing, remains challenging. In our process (Fig. 1b), a 

genomic DNA sample (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 (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. 2×10−11 m2/s for ~250 bp DNA) differs 

from those of small-molecule reagents (~10−9 m2/s) roughly by 2 orders of magnitude. Thus 

the bulk of the DNA molecules (93% estimated by COMSOL modeling in Fig. 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. 1c). After sulphonation of 1 h at 55 °C 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 DNA purification between bisulfite conversion and 

desulphonation (which may cause loss up to 80–90% of DNA 28). Small-molecule reagents 
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in the reaction chamber were effectively removed by the diffusion step after their reactions 

(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. 1c).

In order to quantify DNA recovery by MID-RRBS technology, we used our device and 

protocol to process a 272-bp DNA template containing adapters attached to the ends 

(Supplementary Fig. 2). We measured the amount of DNA recovery using qPCR after MID-

bisulfite conversion of various durations. The qPCR assay quantified the amount of DNA 

with both adapters intact after bisulfite conversion and the results reflected both DNA 

diffusion out of the reaction chamber during loading and loss in DNA functionality due to 

bisulfite treatment. We recovered 41.9, 34.5%, and 29.6% of the starting DNA template after 

our microfluidic bisulfite conversion for 0.5, 1, and 2 h, respectively (Supplementary Fig. 2).

To benchmark 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 MspI 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 (Supplementary Fig. 3) 30. MID-RRBS was conducted and sequencing 

data were analyzed. We achieved averagely 99.8 ± 0.1% conversion rates using our protocol 

(Supplementary Table 1). The detected unique CpGs ranged from 74.5% of theoretical 

maximum (i.e. 2.07 out of 2.79 million) with 0.3 ng DNA to 92.0% with 10 ng DNA 

whereas CpGs with ≥10× coverage ranged from 49.7% with 0.3 ng to 63.2% with 10 ng 

DNA (Fig. 2a). For comparison, we also used a commercial kit from Zymo that was used in 

a number of recent works 31–33. The Zymo kit utilizes the same conversion reagents as in 

MID-RRBS. We applied the kit to produce data using 1 μg and 1 ng DNA samples 

(Supplementary Table 1). Zymo datasets generated 97.2% and 66.5% unique CpGs using 1 

μg and 1 ng samples, respectively. However, Zymo 1 ng datasets generated very few 10× 

CpGs (averagely 28.9%), compared to MID-RRBS 1 ng and 0.3 ng samples (52.3% and 

49.7%, respectively). The MID-RRBS datasets generated 0.050–0.084 million unique CpGs 

per million trimmed reads with the peak values reached with 1 ng samples (Supplementary 

Fig. 4). MID-RRBS samples of 10, 3, 1, and 0.3 ng had Pearson coefficients of 0.95, 0.98, 

0.96, and 0.84 between replicates, respectively (Fig. 2b). Zymo datasets had Pearson 

correlations of 0.97 and 0.80 between replicates for 1 μg and 1 ng DNA samples, 

respectively. MID-RRBS 10, 3, 1, and 0.3 ng datasets presented average correlations of 0.95, 

0.96, 0.95, 0.88 with Zymo 1 μg datasets, compared to an average correlation of 0.87 

between Zymo 1 ng and 1 μg datasets. We also compared MID-RRBS data to ENCODE 

WGBS data (GSE 86765) of the same cell line. MID-RRBS samples of 10 and 0.3 ng 

recovered 9.5% and 7.7% of the CpGs detected by WGBS, respectively. Pearson coefficients 

between the WGBS and MID-RRBS data ranged from 0.62 to 0.70 (Supplementary Fig. 5). 

We also examined the breath of coverage of various genomic regions by MID-RRBS data 

(Fig. 2c). Although there was gradual decline in the breath of coverage for all genomic 

regions with decreased DNA amount, MID-RRBS samples of 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 ≥1× CpG measurements and 64.5% to 61.1% with ≥5× CpG measurements were 

observed for core promoters when the sample size changed from 10 ng to 0.3 ng. Compared 

to data obtained by Zymo kit, MID-RRBS data covered a particularly large percentage of 
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these genomic regions with ≥100× CpG measurements (Fig. 2c). For example, the 

percentage of core promoters covered by ≥100× CpG measurements was 53.8% at 10 ng, 

48.4% at 1 ng and 47.4% at 0.3 ng using MID-RRBS, compared to 50.4% at 1 μg and 37.6% 

at 1 ng using the Zymo kit. We also compared MID-RRBS data with the Zymo data and 

other published data30,34, in terms of the number of CpGs at various coverages (Fig. 2d) and 

sequencing saturation (Fig. 2e). Our data yielded very high number of CpGs with high 

coverage (especially >50×) compared to the Zymo data (1 μg and 1 ng), mRRBS data (100 

ng using gel-free method)30, and LCM-RRBS (1 ng)34 (Fig. 2d). Saturation analysis 

revealed that our datasets taken with 1–10 ng DNA yielded higher CpG detection efficiency 

at all sequencing depths than competing works with the exception of the Zymo 1 μg samples 

(Fig. 2e). The enrichment of CpGs in various genomic contexts did not present systematic or 

drastic variations as the sample size changed from 10 to 0.3 ng DNA (Supplementary Fig. 

6).

The MID-RRBS system facilitated highly paralleled operations. We designed a MID-RRBS 

system that run 4 parallel units simultaneously (Supplementary Fig. 7a and Supplementary 

Table 2). The inlet at the bottom allowed loading of equal amounts of various reagents into 4 

units during the steps. The 4-unit system produced high-quality data (covering averagely 

97.7% or 2.72 million unique CpGs with 1 ng DNA per unit) and very high reproducibility 

among units (with an average Pearson’s correlation of 0.948, Supplementary Fig. 7b).

Although not specifically designed for single-cell operation, our device allowed studies of 

single cell methylomes when a group of single cell samples (24 including 2 negative 

controls) were indexed and processed in the single-unit device. Among the 22 single-cell 

RRBS datasets produced, we discarded 4 datasets with less than 35% aligned reads (sc4, 

sc5, sc13, and sc14 in Supplementary Table 3). The remaining 18 datasets had 35.1–72.4% 

(averagely 56.0%) aligned reads, in comparison to 23.9% yielded by the two negative 

controls, and covered 35k-231k CpGs in the genome. The number of CpGs covered had the 

potential to increase with high sequencing depth (Supplementary Table 3). Phi correlation 

coefficients among the 18 single-cell methylomes of GM12878 cells were in the range of 

0.63–1.00 (Supplementary Fig. 8a). Three datasets (sc11, sc16 and sc18) appeared to be 

outliers of the group and the average Phi correlation among 15 datasets without the three 

was 0.98. The mCG/CG level in various genomic regions obtained by averaging the single 

cell data (18 sets) was in good agreement with that measured in 1 ng DNA MID-RRBS 

experiments (Supplementary Fig. 8b).

CG methylation features of NeuN+ and NeuN− fractions from mouse cerebellum are cell-
type-specific

We demonstrated the utility of MID-RRBS for studying primary cell samples by examining 

DNA methylomes in NeuN+ and NeuN− fractions isolated from mouse cerebellum. 

Methylomic landscapes are important molecular features for defining cellular identities. 

NeuN+ and NeuN− from human and mouse frontal cortex were previously profiled by 

WGBS (MethylC-seq), revealing significant cell-type specific methylomic features and 

associated gene activities 4,5. In contrast, previous reports on methylomes of mouse 
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cerebellums only included profiles on mixed nuclei population without separate methylomes 

on neurons and glia 35,36.

In these experiments, we isolated nuclei from mouse cerebellum samples, separated NeuN+ 

and NeuN− fractions by fluorescence activated cell sorting (FACS) (Fig. 3a and 

Supplementary Fig. 9), and used MID-RRBS to examine the methylomes. NeuN labeling 

has been widely used to differentiate neuronal and glial fractions37. However, it is worth 

noting that some types of cerebellar neurons including Purkinje and Golgi cells do not 

express NeuN37,38. 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% 

(Supplementary Table 4). Our data on the cerebellum homogenate (i.e. mixed nuclei 

population of neurons and glia) correlated well with the RRBS data in the literature (with an 

average Pearson correlation of 0.90) 35. Pearson correlation coefficients for 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 (Supplementary Fig. 10). 

The numbers of CpGs discovered in these samples were slightly lower than those of 

GM12878 samples of similar quantities (Supplementary Table 1). Our RRBS data revealed 

that DNA methylation was more prevalent in NeuN− than in NeuN+ in CG context (3.9% vs 

2.9% by 10 ng data and 4.1% vs 2.6% by 0.5 ng data for NeuN− and NeuN+, 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 

0.5 ng data for NeuN− and NeuN+, respectively). We examined 100 most variably 

methylated CpG islands across NeuN+ and NeuN− methylomes using unsupervised 

hierarchical clustering (Fig. 3b). There were substantial methylomic differences between the 

two cell types. The methylomes obtained using the homogenate containing mixed neurons 

and glia generally reflected the average over the two cell types (Fig. 3b and Supplementary 

Fig. 11). We show some examples of genes having various methylation and expression levels 

in NeuN+, NeuN− and homogenate (Fig. 3c).

We next examined CG methylation status in several categories of annotated gene features 

(promoters, intergenic regions, CpG islands, and CGI shores). The methylation levels in 

NeuN− were significantly higher than those in NeuN+ in all categories except CpG islands 

(Fig. 4a). Promoters presented the most significant difference (p < 10−15, paired t-test). The 

methylation profiles were highly reproducible between two replicates for all gene features 

(with an average Pearson correlation of 0.98). CpG islands were the most conserved feature 

across NeuN+ and NeuN− (Pearson coefficient up to 0.812, Fig. 4b), followed by CGI 

shores (up to 0.763).

We also examined how the CpG density of 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 = 11410), Intermediate CpG-density Promoters (ICPs, 0.4 ≤ 

CpG Ratio ≤ 0.6, n = 3338), and Low CpG-density Promoters (LCPs, CpG Ratio < 0.4, n = 

3014)39. Previous works revealed that CpGs in LCPs tend to be methylated whereas CpGs in 

HCPs tend to be unmethylated 39–42. HCPs are associated with ubiquitous housekeeping and 

developmental genes whereas LCPs are associated with tissue-specific genes 42. Our data 

strongly supported this notion. Our HCPs and ICPs were largely conserved across cell types 

(e.g. the average Pearson correlation coefficients were 0.83 and 0.81 between NeuN+ and 
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NeuN− for HCPs and ICPs, respectively) and provided only weak cell type classifications 

(Fig. 5). In contrast, LCPs showed strong differential CG methylation with cell-type 

specificity. Pearson correlations between NeuN+ and NeuN− had an average of 0.59 when 

LCPs were examined.

CG-differentially methylated region-associated genes have little overlap with differentially 
expressed genes across the two cell types from mouse cerebellum

We identified 2677 and 1649 differentially CG-methylated regions (DMRs) (p < 0.05), 

corresponding to 2184 and 1393 DMR-associated genes (Supplementary Tables 5 and 6), by 

comparing NeuN+ and NeuN− methylomes established using 10 ng and 0.5 ng samples, 

respectively (Fig. 6a). A large fraction of the two sets of genes (i.e. 60% of the DMR-

associated genes detected using 0.5 ng samples) overlapped. CG-DMRs discovered using 10 

ng or 0.5 ng DNA showed highly consistent distributions in various genomic features 

(annotated by Homer) (Supplementary Fig. 12). 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, 

Supplementary Tables 7 and 8). Some of these genes (e.g. Neurog2, Pax5, Foxn4, Lhx6, 
Wnt11, Ier2, Esr2, Grik3, Cacna1b, 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 (mRNA-seq) on NeuN+ and NeuN− subpopulations of the nuclei 

(Supplementary Table 9 and Supplementary Fig. 13) and identified 2331 differentially 

expressed genes (DE genes) between the two cell types (> 8-fold change, p < 0.05, t-test) 

(Supplementary Table 10). The mRNA-seq data on the homogenate correlated very well 

with the ENCODE data (with an average Pearson correlation of 0.94, GSE93456). Only 299 

(14%) of CG-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. 6a), suggesting that there were mechanisms other than CG methylation that strongly 

affected transcription.

Consistent with previous report 43, CG methylation on both CGI and non-CGI promoters 

were associated with transcriptional repression in both cell types (Fig. 6b). In contrast, CH 

methylation detected by MID-RRBS did not present correlation with the level of 

transcription (Supplementary Fig. 14). Furthermore, the difference in CG methylation 

between NeuN+ and NeuN− fractions was correlated with the ratio between the expression 

levels across the two cell types for CGI promoters, but not for non-CGI promoters 

(Supplementary Fig. 15).

Detection of methylomic variations in NeuN+ fraction of mouse frontal cortex after chronic 
administration of an atypical antipsychotic drug

Atypical antipsychotic drugs such as clozapine are routinely used in the clinic to treat 

schizophrenia and other psychotic disorders 44. Chronic administration of these drugs leads 

to a partial or complete remission of psychotic symptoms, including hallucinations and 
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delusions. Our previous work showed that chronic administration of clozapine led to 

changes in epigenomic features such as histone acetylation via upregulated expression of 

histone deacetylases (HDAC2)45. In here, we applied the MID-RRBS assay to study 

methylomic variations in NeuN+ (neuronal) fraction from frontal cortex of mice that were 

chronically treated with clozapine (10 mg/kg, n = 6) or vehicle (0.9% saline solution, n = 6) 

(Supplementary Table 11). This brain region has been involved in processes related to 

cognition, perception and mood. The data were highly reproducible between technical 

replicates (average r = 0.968, Fig. 7a). In contrast, the cross correlations among individual 

mice in the same group indicated substantial variation (average r = 0.836 and 0.793 for 

clozapine and vehicle groups, respectively). Few reports addressed the variations of 

epigenomic landscapes across individuals of the same species 46–48. Our data, in agreement 

with the previous literature, suggested substantial variations in the NeuN+ methylome across 

individuals of inbred mice 47,48. We identified 520 CG-DMRs between the treated and 

control groups (Fig. 7b and Supplementary Table 12), the majority of which were located 

around genes (79%). A number of these DMR-associated genes (listed in Supplementary 

Table 13) are known to be associated with schizophrenia and other mental disorders, 

including Disc1 49, Grin2c 50, Npas2 51, and Neurod1 52. Interestingly, the significant 

changes in CG methylation level at these genes did not necessarily result in significant 

variation in gene expression (Supplementary Fig. 16), as indicated by mRNA-seq data 

(Supplementary Table 14). These results suggest that chronic administration of the atypical 

antipsychotic clozapine leads to significant measurable changes in the methylome of cortical 

neurons in genes potentially related to the therapeutic action of the drug.

Discussion

Our MID-RRBS technology offers capability for low-input profiling of DNA methylomes, 

taking advantage of a microfluidic system. 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. The microfluidic system and simple device 

design also permit processing of multiple samples simultaneously in parallel. In principle, 

similar approaches can be applied to WGBS. One limitation with the technology in its 

current form is that library preparation is conducted off the microfluidic system.

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 NeuN+ and NeuN− fractions from a mouse cerebellum or frontal cortex. 

The high coverage for CpGs detected by MID-RRBS ensured that various methylomic 

features were sufficiently revealed for comparison and differentiation of the two cell types. 

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 NeuN+ and 

NeuN− methylomes in terms of the CG methylation levels on specific genes and across 

various genomic contexts. We found that LCPs bore high cell-type specificity. In spite of the 

inverse correlation between promoter methylation and transcription within the same cell 
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type, there was fairly little overlap between CG-DMR-associated genes and differentially 

expressed genes (< 13% of DE genes and < 14% of DMR genes) when the two cell types 

were compared. This strongly points to the importance of other epigenetic mechanisms such 

as CH methylation4,5 on shaping brain transcriptomes.

The impact of the input amount on methylomic analysis has not been detailed previously. 

Our 0.5 ng and 10 ng datasets on mouse cerebellum were strongly correlated (averagely r = 

0.90 for NeuN+ and 0.92 for NeuN-). However, DMR-associated genes identified using the 

two sets of data had noticeable difference (with only 60% of DMR-associated genes 

detected using 0.5 ng data overlapping with those by 10 ng data), presumably due to the 

combined effect of imperfect correlation and decrease in the number of CpGs covered from 

10 to 0.5 ng (by 12–13% on 1× CpGs and 9–16% on 10× CpGs). This calls for caution on 

comparing methylomic data obtained with different input amounts.

Finally, the versatility of the MID-RRBS technology also allowed us to characterize 

differential methylomic profiles in response to a chronic pharmacological treatment and 

identify CG-DMRs relevant to the targeted disorder. The characterization of the technology 

herein shown open up an avenue of possibilities in the study of cell-type-specific 

epigenomic drug profiling. The unequivocal characterization of the neuronal epigenetic 

features that are unique to specific disease or treatment condition would require analysis of a 

group of research animals and identification of a panel of relevant DMRs. The MID-RRBS 

technology will be a useful and versatile tool in this endeavor.

Methods

Fabrication of the microfluidic device

The polydimethylsiloxane (PDMS)-glass device was fabricated by multilayer soft 

lithography 22,53. 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 μm 

thickness, University Wafers) at 500 rpm for 10 s followed by at 3000 rpm for 45 s (yielding 

24 μm in SU-8 2025 thickness). The fluidic layer master was fabricated in SU-8 2025 and 

AZ 9260 (Clariant) on another silicon wafer with the thickness being 60 and 13 μm, 

respectively. The fluidic layer master was baked at 130 °C 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 μm 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 °C 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 °C 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 (0.13–0.17 mm thick, 

VWR) that was pre-cleaned in 27% NH4OH: 30% H2O2: H2O=1: 1: 5 (volumetric ratio) at 
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80 °C for 1 h. Both PDMS surface and glass 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 75 °C for 1 h to 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 °C in a humidified 

incubator with 5% CO2. Cells were sub-cultured every 2–3 days to maintain them in 

exponential growth phase, by refeeding with fresh medium and maintaining at no less than 

100,000 cells/ml.

Cerebellum dissection

C57BL/6 male mice were purchased from Jackson Laboratories and allowed a week of 

acclimation in the animal facility before sacrificing. The mice were housed at 12 h light/dark 

cycle at 23°C with food and water ad libitum. 8–10 week old mice were anesthetized with 

isoflurane (3–4%) and decapitated. Cerebellum was rapidly dissected and frozen on dry ice 

and stored at −80 °C until used for nuclei isolation. The Institutional Animal Care and Use 

Committee at Virginia Tech approved this study under animal welfare assurance #A3208-01 

and protocol #16-158.

Clozapine treatment and frontal cortex dissection

Experiments were performed on adult (10–20 weeks old) 129S6/SvEv male mice (Taconic 

Biosciences) housed at 12 h light/dark cycle at 23°C with food and water ad libitum. 

Handling and chronic treatment were done as previously described 45. Briefly, mice were 

injected (i.p.) daily for 21 days with 10 mg/kg of clozapine dissolved in a 0.9% saline 

vehicle (n = 6), or vehicle in the control group (n = 6). Mice were sacrificed without 

anesthesia by cervical dislocation 24 h after the last injection of clozapine, or vehicle. The 

bilateral frontal cortex (bregma 1.90 to 1.40 mm) was dissected and frozen at −80 °C till use. 

Experiments were conducted in accord with the NIH guidelines, and were approved by the 

Virginia Commonwealth University Animal Care and Use Committee under animal welfare 

assurance #A3281-01 and protocol #AD10001212. All efforts were made to minimize 

animal suffering and the number of animals used.

Nuclei isolation from mouse cerebellum

We used a nuclei isolation protocol that was similar to previous report 54. A cerebellum was 

placed in 5 ml ice-cold nuclei extraction buffer (0.32 M sucrose, 5 mM CaCl2, 3 mM 

Mg(Ac)2, 0.1 mM EDTA, 10 mM Tris-HCl and 0.1% Triton X-100) with freshly added 50 

μl protease inhibitor cocktail (P8340, Sigma-Aldrich), 5 μl of 100 mM phenylmethylsulfonyl 

fluoride (PMSF, Sigma-Aldrich) and 5 μl of 1 M 1,4-dithiothreitol (DTT, Sigma-Aldrich). In 

addition, 7.5 μl of 40 U/μl RNase inhibitor (N2611, Promega) was also added when mRNA-

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 was filtered with 40 μm nylon mesh cell strainer 
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(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 nuclei extraction buffer with freshly added 10 μl 

protease inhibitor cocktail, 1 μl of 100 mM PMSF and 1 μl of 1 M DTT. 1.5 μl of 40 U/μl 

RNase inhibitor was mixed with the nuclei extraction buffer when mRNA-seq was 

conducted. The 1 ml sample suspension was split into two 1.5-ml micro-centrifuge tubes 

(500 μl in each tube). Each sample (500 μl) 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 KCl, 30 mM MgCl2, and 120 mM Tris-HCl, 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 (50062Z, Life Technologies). The nuclei were resuspended and then 

pooled together (generating ~1 ml in total). For mRNA-seq, 3 μl of 40 U/μl RNase inhibitor 

was added into the nuclei suspension. The integrity and the number of nuclei were checked 

under the microscope. 32 μl of 2 ng/μl anti-NeuN antibody conjugated with Alexa 488 

(MAB377X, EMD Millipore) was incubated with the nuclei suspension (~1 ml) for 1 h at 

4 °C 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 unstained control. We 

typically isolated 0.5 million NeuN+ nuclei and 0.5 million NeuN− 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 states.

Nuclei isolation from mouse frontal cortex

Mouse frontal cortex (see above) was homogenized in homogenization phosphate buffer 

(8.66 mM K2HPO4, 1.34 mM KH2PO4, 0.1 M KBr and 0.25 M Sucrose). The homogenized 

sample was centrifuged at 1000 g for 5 min. The cell pellet was resuspended in 0.5 ml 

homogenization phosphate buffer and stored at −80 °C until use. For nuclei isolation, the 

sample was thawed and centrifuged again at 1000 g for 5 min. The pellet was resuspended in 

1 ml cold nuclei extraction buffer with freshly added 10 μl protease inhibitor cocktail, 1 μl of 

100 mM PMSF and 1 μl of 1 M DTT. The sample was then processed following the 

cerebellum nuclei exaction procedure as mentioned above.

Genomic DNA extraction

Human genomic DNA was purified from GM 12878 cells using QIAamp DNA Blood Mini 

Kit (Qiagen) following the manufacturer’s protocol and suspended in EB buffer (Qiagen). 

Mouse genomic DNA was purified using QIAamp 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. 11 and 

modified for Illunima Hi-Seq system. 5 μl genomic DNA was digested by adding 1 μl of 20 
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U/μl MspI enzyme (R0106S, NEB), 2 μl NEB buffer2 and 12 μl H2O at 37 °C for 1 h and 

inactivated at 80 °C for 20 min. The fragment size was examined using 2.5% agarose gel 

(16550100, Thermo Fisher) in 0.5× TBE buffer (15581044, Thermo Fisher). The 3′ 
terminal of digested DNA was end-repaired and an extra A (required by adapter ligation) 

was added on both strands in a single reaction. 1 μl of 5 U/μl Klenow exo- enzyme 

(M0212M, NEB) and 1.1 μl dNTP mixture (10 mM dATP, 1 mM dGTP and 1 mM dCTP, 

N0446S, NEB) were added into 20 μl digested sample. Ten-fold excess of dATP was added 

to increase A-tailing efficiency. The sample was incubated at 30 °C for 20 min (end-repair), 

37 °C for 20 min (A-tailing) and 75 °C for 20 min (enzyme inactivation). The DNA (22.1 μl) 

was then purified by ethanol precipitation. DNA pellet was then resuspended in 17 μl EB 

buffer and transferred to a new 200 μl PCR tube. 1 μl of 2000 U/μl T4 ligase (M0202T, 

NEB), 2 μl of supplied 10× T4 ligase buffer, and 0.6 μl NEXTflex bisulfite-seq barcode 

(1.6–6 μM, NOVA-511913, Bioo Scientific) were mixed with the sample for ligation. The 

ligation reaction was carried out at 16 °C for 16 h and followed by 65 °C for 10 min for heat 

inactivation. The heating of the thermal cycler lid was turned off to protect the T4 ligase. 

Gel-free procedure 30,55 instead of gel cutting was used for RRBS library construction. 

Ligated DNA (20 μl) 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 μl EB buffer. The 

eluate was concentrated by ethanol precipitation and then suspended in the EB buffer for 

loading into the microfluidic device.

Single-cell RRBS library construction

Single-cell RRBS library construction was conducted based on the protocol published by 

Guo et al. 13 with minor modifications. 96-well PCR plate was preloaded with 5 μl of lysis 

buffer (20 mM Tris, 2 mM EDTA, 20 mM KCl, 1 mg/ml protease and 0.3% Triton X-100) in 

each well. Single cells were sorted into the 96 well-plate using FACS (BD FACSAria, BD 

Biosciences). Cells were lysed at 50 °C for 3 h and protease was heat inactivated at 75 °C 

for 30 min. The lysate was digested by adding 0.9 μl of 10 U/μl MspI enzyme (ER0541, 

Thermofisher), 1.8 μl of 10× Tango buffer and 10.3 μl H2O into each well and heating at 

37 °C for 3 h followed by inactivating at 80 °C for 20 min. 1 μl of 5 U/μl Klenow exo- 

enzyme (EP0421, Thermofisher), 0.8 μl dNTP mixture (1 mM dATP, 0.1 mM dGTP and 0.1 

mM dCTP, N0446S, NEB) and 0.2 μl of 10× Tango buffer were added into each well of 

digested sample. The samples were incubated at 37 °C for 40 min and 75 °C for 15 min. 1 μl 

of 30 U/μl T4 ligase (EL0013, Thermofisher), 0.5 μl of 10× Tango buffer, 0.25 μl of 100 mM 

ATP (R0441, Thermofisher), 1 μl of NEXTflex bisulfite-seq barcode (250 times diluted by 

EB buffer) and 2.25 μl H2O were mixed with each sample for ligation. The ligation reaction 

was carried out at 16 °C for 30 min, 4 °C for 8 h and followed by 65 °C for 20 min for heat 

inactivation. 24 single-cell samples were pooled, concentrated by ethanol precipitation and 

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

Operation of the microfluidic devices

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).
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Operation of the single-unit device (Fig. 1a and Supplementary Fig. 1)—All 

experimental data were obtained using the single-unit device unless otherwise noted. 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 sample (with concentrations ranging 

roughly from 1 to 36 ng/μl) 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 98°C for 5 min (heat 

denaturation) followed by 55 °C 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 μl Tris-EDTA buffer and then purified 

by ethanol precipitation with the following steps. 60 μl of 5 M ammonia acetate, 4 μl of 5 

μg/μl glycogen and 480 μl of ice-cold 100% ethanol were mixed with the eluate and 

incubated at −80 °C for 1 h. The mixture was then spun at 16,100 g for 15 min. The 

supernatant was discarded without disturbing the precipitated pellet. 500 μl 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 μl 

EB buffer and stored at −80 °C until use.

Operation of the 4-unit device (Supplementary Fig. 7a)—The operation procedure 

was similar to that for the single-unit device with minor modifications. 4 DNA samples were 

loaded into reaction chambers sequentially in the order of unit 1 to 4. After bisulfite 

conversion, the samples were also eluted sequentially to avoid cross contamination. All other 

steps involved were conducted simultaneously for all 4 units.
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PCR amplification and sequencing of RRBS samples

The converted DNA (20 μl) was amplified by PCR (via adding 1 μl of 2.5 U/μl PfuTurbo Cx 

Hotstart DNA Polymerase, 5 μl of 10× PfuTurbo Cx reaction buffer, 1.25 μl of 10 mM dNTP, 

3 μl of 5 μM primers, 2.5 μl of 20× EvaGreen Dye, and 17.25 μl H2O into the DNA sample). 

DNA was denatured at 95 °C for 2 min, amplified in a number of cycles (95 °C for 30 s, 

65 °C for 30 s and 72 °C for 45 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 μl AMPure bead suspension and 

incubating for 5 min. The beads that had large DNA bound were discarded and the 

supernatant was preserved. 30 μl AMPure bead suspension were then added into the 

supernatant and incubated for 5 min. The supernatant was discarded and DNA bound to 

beads was eluted into 7 μl EB buffer. 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 bp read. Typically, 30–40 million 

reads were generated per library.

PCR amplification and sequencing of single-cell RRBS samples

The converted DNA (20 μl) was amplified by two rounds of PCR. 0.4 μl of 2.5 U/μl 

PfuTurbo Cx Hotstart DNA Polymerase, 5 μl of 10× PfuTurbo Cx reaction buffer, 1 μl of 10 

mM dNTP, 3 μl of 5 μM primers, 2.5 μl of 20× EvaGreen Dye, and 18.1 μl H2O were added 

into each DNA sample (containing barcoded DNA from 24 cells). DNA was denatured at 

95 °C for 2 min, amplified for 20 cycles (95 °C for 20 s, 65 °C for 30 s and 72 °C for 1 min 

for each cycle). After PCR amplification, the DNA was purified twice using AMPure XP 

beads with beads to sample volumetric ratio of 1:1. The DNA was eluted by 17.5 μl of H2O. 

The purified DNA was amplified again by adding 25 μl Phusion High-Fidelity PCR Master 

Mix (F531S, Thermofisher), 5 μl of 5 μM primers and 2.5 μl of 20× EvaGreen Dye. DNA 

was denatured at 98 °C for 2 min, amplified for 10 cycles (98 °C for 10 s, 65 °C for 30 s and 

72 °C for 1 min for each cycle). The DNA was purified again by adding 50 μl of AMPure 

XP beads and eluted by 15 μl of EB buffer. The DNA was quantified by KAPA library 

quantification kit and sequenced by Illumina HiSeq 4000 with paired-end 100 bp read.

RRBS samples processed using a Zymo kit

The library preparation procedure was the same as that of RRBS library construction. 

Adapter-ligated DNA was bisulfite-converted using EZ DNA Methylation-Lightning Kit 

(D5030, Zymo) following instruction manual. The process involved a column-based DNA 

purification step. After conversion, the DNA was eluted to 20 μl of EB buffer.

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 56 and bowtie 57 with default settings. The 

bisulfite conversion rate and CpG coverage were calculated by methylKit 58 using aligned 

reads. The called CpGs were visualized in IGV genome browser 59. Regional analysis was 
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performed for mouse data using (http://www.bioinformatics.bbsrc.ac.uk/projects/seqmonk/). 

Features containing at least 10 CpGs with each CpG having 25× 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 downloaded 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 40. DMRs were identified by DSS 60 (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 61 (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 μl) was mixed with 1 μl of 

10× reaction buffer. The sample was mixed with 2 μl of 3′ SMART-seq CDS primer II A 

and incubated at 72 °C for 3 min. The sample was then placed on ice for 2 min. 5.5 μl 

Master Mix and 2 μl SMARTScribe Reverse Transcriptase were added into the sample (20 μl 

in total). The mixture was incubated at 42 °C for 90 min and then 70 °C 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 °C 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 μl AMPure XP beads. The fragment size was determined by a Tapestation and 

quantified by KAPA qPCR library quantification kit. Each library was pooled at 10 nM for 

sequencing by Illumina HiSeq 4000 with single-end 50 nt read. Typically, 20 million reads 

were generated per library.

mRNA-seq data analysis

Sequencing reads were trimmed by trim galore with default settings. The trimmed reads 

were aligned by Tophat 62. The aligned reads were further analyzed by cufflinks 63. The 

gene expression level was plotted by cummerbund (http://compbio.mit.edu/cummeRbund/), 

Seqmonk and custom R scripts. Differentially expressed genes were identified by 

cummerbund.

Mathematical modelling of microfluidic diffusion

The time-lapse diffusion process in the microfluidic device was modelled using COMSOL 

Multiphysics 4.3 as previously described 29. We used 1.3×10−9, 9×10−10 and 2×10−11 m2s−1 

for diffusivities of ions, quinol and 250 bp DNA, respectively 64–66.
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Data availability

The authors declare that all data supporting the findings of this study are available within the 

paper and its Supplementary Information. Gene Expression Omnibus: MID-RRBS and 

mRNA-seq data are deposited under accession number GSE88716 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88716).

Code availability

Custom scripts and functions are available from the authors upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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 (a single-unit device) consisted 

of one reaction chamber at the center and two connected loading chambers. A hydration line 

containing water within the control layer was pressurized during heating to minimize water 

loss from the reaction chamber. (b) Steps involved in MID-RRBS. 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.
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Figure 2. MID-RRBS generated high quality data using sub-1 ng DNA
(a) The percentage of the theoretical maximum of CpGs covered at 1× and 10× coverage 

with starting DNA samples of various amounts. MspI in silico digestion followed by size 

selection of the hg19 genome produces the theoretical maximum of 2,782,793 CpGs. The 

centre represents mean. (b) Pearson’s correlations in the CG methylation level among 

various samples processed by MID-RRBS and Zymo kit. CpGs with ≥25× coverage were 

examined in the calculations. n = 14871. (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 H3K4me1+ H3K27ac based on ENCODE ChIP-seq data of GM12878 

cells, ENCFF001SUE and ENCFF660QDF), and 5 kb tiles (non-overlapping consecutive 5 

kb windows), in comparison to those of 1 μg and 1 ng samples processed by the Zymo kit. 

(d) The number of CpGs with various coverages (0–100×), in comparison to those of data 
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produced using Zymo kit, mRRBS30, and LCM-RRBS 34. (e) Saturation analysis of MID-

RRBS data in comparison with other works. The analysis was conducted by random 

selection of a number of raw reads followed by using the same pipeline to identify unique 

CpGs. Each data point was generated with 4 subsamplings per dataset. The error bars 

represent s.d. The centre represents mean. n = 3 for LCM-RRBS, n = 8 for mRRBS, n = 2 

for the rest.
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Figure 3. Distinct methylomic features in NeuN+ and NeuN− fractions from mouse cerebellum
(a) Separation of NeuN+ and NeuN− fractions from mouse cerebellum using FACS. (b) Heat 

map depicting unsupervised clustering analysis of 100 most variably methylated CpG 

islands (CG methylation) between NeuN+ and NeuN−. CpG islands containing more than 

10 CpGs with each CpG having ≥ 25× coverage are included in the heat map. (c) CG 

methylation at various genes in NeuN+, NeuN− and homogenate (10 ng DNA per sample). 

Their associated expression levels are also shown. * represents p value < 10−4 (two-sided t-

test, n = 2). The centre represents mean.

Ma et al. Page 24

Nat Biomed Eng. Author manuscript; available in PMC 2018 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CG methylation levels across various annotated genomic features for NeuN+ and NeuN
− fractions from mouse cerebellum
(a) Box plots of CG methylation levels in promoters (n = 23525), intergenic regions (n = 

19239), CpG islands (n = 16027), and CpG island shores (n = 30232). The boxes represent 

first quartile, median, and third quartile. Dots represent outliers. P-values are calculated 

using paired two-sided t-test and shown on top of the plots. (b) Scatter plots of CG 

methylation levels in promoters, intergenic regions, CpG islands, and CpG island shores. 

The MID-RRBS data were generated using 0.5 ng NeuN+/NeuN− DNA. r represents 

Pearson coefficient. R1 and R2 are two replicates.
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Figure 5. Pearson’s correlations in CG methylation levels for low, intermediate, and high CpG 
density promoters (LCP, ICP, and HCP) among homogenate, NeuN+, and NeuN− samples
Promoters containing more than 5 CpGs with each CpG having ≥ 5× coverage are included 

in the calculations. n = 3014, 3338, and 11410 for LCP, ICP, and HCP, respectively.
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Figure 6. Interactions between methylomes and transcriptomes for NeuN+ and NeuN− from 
mouse cerebellum
(a) Area-proportional Venn diagram indicating intersections among CG-DMR-associated 

genes discovered by experiments using 10 or 0.5 ng NeuN+/NeuN− 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 in NeuN+ and NeuN−. Grey area 

represents s.e.m. n = 686 and 905 for non-CGI promoters in NeuN+ and NeuN−, 

respectively; 7107 and 7973 for CGI promoters in NeuN+ and NeuN−, respectively.
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Figure 7. Methylomic changes in NeuN+ fraction from mouse frontal cortex associated with 
chronic clozapine treatment
(a) Pearson’s correlations among various datasets. Each group of mice has 6 biological 

replicates (C1–6 for clozapine-treated mice and V1–6 for control mice injected with vehicle) 

and each sample had 2 technical replicates (R1 and R2, each obtained with 10 ng DNA). (b) 

The distribution of CG-DMRs (identified by comparing RRBS data take with C1–6 and V1–

6) in various genomic features.
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