
RESEARCH ARTICLE

PAN-INTACT enables direct isolation of

lineage-specific nuclei from fibrous tissues

Samadrita BhattacharyyaID
1, Adwait A. Sathe2, Minoti Bhakta1, Chao Xing2, Nikhil

V. MunshiID
1,2,3,4*

1 Department of Internal Medicine, Division of Cardiology, UT Southwestern Medical Center, Dallas, Texas,

United States of America, 2 McDermott Center for Human Growth and Development, UT Southwestern

Medical Center, Dallas, Texas, United States of America, 3 Department of Molecular Biology, UT

Southwestern Medical Center, Dallas, Texas, United States of America, 4 Hamon Center for Regenerative

Science and Medicine, Dallas, Texas, United States of America

* Nikhil.Munshi@UTSouthwestern.edu

Abstract

Recent studies have highlighted the extraordinary cell type diversity that exists within mam-

malian organs, yet the molecular drivers of such heterogeneity remain elusive. To address

this issue, much attention has been focused on profiling the transcriptome and epigenome

of individual cell types. However, standard cell type isolation methods based on surface or

fluorescent markers remain problematic for cells residing within organs with significant con-

nective tissue. Since the nucleus contains both genomic and transcriptomic information, the

isolation of nuclei tagged in specific cell types (INTACT) method provides an attractive solu-

tion. Although INTACT has been successfully applied to plants, flies, zebrafish, frogs, and

mouse brain and adipose tissue, broad use across mammalian organs remains challenging.

Here we describe the PAN-INTACT method, which can be used to isolate cell type specific

nuclei from fibrous mouse organs, which are particularly problematic. As a proof-of-concept,

we demonstrate successful isolation of cell type-specific nuclei from the mouse heart, which

contains substantial connective tissue and harbors multiple cell types, including cardiomyo-

cytes, fibroblasts, endothelial cells, and epicardial cells. Compared to established tech-

niques, PAN-INTACT allows more rapid isolation of cardiac nuclei to facilitate downstream

applications. We show cell type-specific isolation of nuclei from the hearts of Nkx2-5Cre/+;

R26Sun1-2xsf-GFP-6xmyc/+ mice, which we confirm by expression of lineage markers. Further-

more, we perform Assay for Transposase Accessible Chromatin (ATAC)-Seq to provide

high-fidelity chromatin accessibility maps of Nkx2-5+ nuclei. To extend the applicability of

PAN-INTACT, we also demonstrate successful isolation of Wt1+ podocytes from adult kid-

ney. Taken together, our data suggest that PAN-INTACT is broadly applicable for profiling

the transcriptional and epigenetic landscape of specific cell types. Thus, we envision that

our method can be used to systematically probe mechanistic details of cell type-specific

functions within individual organs of intact mice.
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Introduction

Multicellular organisms harbor a single genome, yet exhibit a high degree of cell-type diversity

specified by deployment of unique transcriptional networks. Identifying the mechanistic basis

for such exquisite cell type specification is a fundamental question in biology and will help

illuminate disease pathogenesis. In order to address these questions, many investigators study

specific cell-types using artificial systems, such as cell lines [1, 2] and in vitro stem cell differen-

tiation [3, 4]. Alternatively, individual regions within a native organ can be studied using laser

capture microdissection (LCM) [5, 6], although specific cell types cannot be examined using

LCM. In contrast, fluorescence-activated cell sorting (FACS) does allow purification of spe-

cific, fluorescently tagged cells or nuclei [7–10]. However, FACS is particularly suited for cells

in suspension (e.g. cells obtained from whole blood) or soft tissues that are easily digested (e.g.

brain and fetal heart). In contrast, many fibrous tissues and most adult organs require harsh

digestion conditions to generate a single-cell suspension, which can adversely affect the result-

ing transcriptional and/or epigenetic profiles.

To overcome the need for harsh cellular digestion, a number of genetic methods have been

developed. The Bacterial Artificial Chromosome (BAC) transgenic translating ribosome affin-

ity purification (BAC-TRAP) approach is one popular tool for obtaining gene-expression

signatures of individual cell-types within a tissue [11–13]. Although BAC-TRAP provides

transcriptional profiles at high-resolution and the potential to obtain ribosome footprints,

this technique cannot provide any genomic information. Alternatively, the bio Chromatin

Immuno-Precipitation (ChIP)-seq method carries great potential for establishing p300 ChIP-

Seq profiles in a cell type specific manner, but it remains limited by the availability of specific

bio-tagged alleles and does not provide transcriptional information [14]. In contrast, the

INTACT (Isolation of Nuclei TAgged in specific Cell Types) method [15–18] uses affinity puri-

fication of tagged nuclei to provide both genomic and transcriptomic information. INTACT

was originally developed in plants [15, 16], but it has been rapidly adapted in worms, flies, fish,

frogs, and mice [17–20]. In a recent study, a nuclear tag was knocked into the Rosa26 locus,

and this mouse line was crossed with specific Cre driver lines to isolate rare neuronal subtypes

for transcriptional and epigenetic profiling [17].

In addition to the mammalian brain, many other organ systems harbor a diverse array of

unique cell types. For example, recent single-cell atlas data has highlighted the cell type hetero-

geneity within the embryonic heart in mice [21, 22]. Nevertheless, little is known about the

mechanisms underlying such cell-type diversity. To profile bulk cardiomyocytes (CMs) from

fibrous adult hearts, mouse and human CM nuclei have been isolated by FACS and magnetic-

assisted sorting based on affinity purification using a Pericentriolar Material 1 (PCM1) anti-

body [9,10, 23–26]. Consequently, transcriptomic and epigenomic analyses of adult CMs from

normal and diseased hearts have been described [10, 25–26]. However, existing methodologies

cannot isolate lineage-specific nuclei from fibrous adult heart tissue for downstream transcrip-

tional and epigenetic analysis.

Here, we present a highly versatile method (PAN-INTACT) that allows facile isolation of

cell-type specific nuclei for downstream analysis from fibrous, problematic tissues such as

heart and kidney. First, we establish and optimize parameters for extracting intact nuclei from

adult heart tissue at various ages. Then, we provide sucrose gradient conditions that can be

tuned to either preserve cell-type heterogeneity or isolate bulk CM nuclei without an antibody

or genetic manipulation. Importantly, we establish and rigorously optimize a version of

PAN-INTACT for use in mouse heart tissue, which we validate using parallel immunoaffinity

purification of CM nuclei. Furthermore, we demonstrate that lineage-specific cardiac nuclei

purified by PAN-INTACT can be used to generate high-quality chromatin accessibility maps.
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Finally, we display the versatility of PAN-INTACT by its application to a cell type in adult kid-

ney—podocytes. Taken together, our study describes a sensitive, robust, and straightforward

method for cell type specific transcriptional and epigenetic analysis in lineage-specific cell

types. We anticipate that this versatile method can be used to study the mechanistic underpin-

nings of lineage specification, even when cell number is limiting and the presence of connec-

tive tissue is substantial.

Materials and methods

Commercial mouse strains

All animal experiments were approved by the Institutional Animal Care and Use Committee

(IACUC) at UT Southwestern Medical Center and conformed to the National Institutes of

Health (NIH) mandate for the care and use of laboratory animals. The R26RtdTomato/tdTomato

reporter (Strain number 007914), Wt1GFPCre (stock number 010911), Nkx2-5IRES-Cre (stock

number 024637), C57BL/6J (in the study referred to as Wild type or WT) (stock number

000664), and B6;129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J (in the study referred to as

Rosa26-Sun1-sfGFP-myc-Tag) (stock number 021039) mice were obtained from the Jackson

Laboratory (Bar Harbor, ME).

Antibodies

Anti-pericentriolar material 1 (PCM1) antibody (rabbit polyclonal, Atlas Antibodies,

#HPA023370, dilution 1:200), anti-Myc antibody (rabbit polyclonal, Invitrogen, #PA1-981,

dilution 2μg), and anti-phospholamban (PLN) antibody [2D12] (mouse monoclonal, Abcam,

#ab2865, dilution 1:100) were used. The following fluorophore-conjugated secondary antibod-

ies were used: Alexa Fluor 488 Goat Anti-Rabbit IgG (H+L) Antibody, 1:400 (Invitrogen),

Alexa Fluor 555 Goat Anti-Mouse IgG (H+L) Antibody, 1:400 (Invitrogen), Alexa Fluor 647

Donkey Anti-Mouse IgG (H+L) Antibody, 1:400 (Invitrogen), and Alexa Fluor 647 Donkey

Anti-Rabbit IgG (H+L) Antibody, 1:400 (Invitrogen).

Nuclei isolation

Whole hearts were harvested and placed in cold 1X phosphate buffered saline (PBS) to remove

excess blood. In a clean petri dish, tissue was added to freshly prepared ice-cold lysis buffer

(0.32 M sucrose, 5 mM CaCl2, 3mM magnesium acetate, 2.0 mM EDTA, 0.5 mM EGTA, 10

mM Tris-HCl (pH 8.0), 1 mM DDT, 0.2% Triton-X-100) supplemented with protease inhibi-

tor cocktail (Sigma). All subsequent steps were performed on ice. The tissue was minced thor-

oughly into tiny pieces. Next, the mixture was dounced with a type A pestle (Specification:

0.0035–0.0055 inches (0.089–0.14 mm), Kimble Chase, #885301–0002) exactly 18 strokes for

adult P28 hearts and 5 strokes for P1 hearts in a glass douncer (2ml glass tissue grind tube,

Kimble Chase, #885303–0002) followed by 2–3 strokes with type B pestle (Specification:

0.0010–0.0030 inches (0.025–0.076 mm), Kimble Chase, #885302–0002) to make a uniform

suspension. The douncing step was optimized for heart tissue at all stages of postnatal develop-

ment. The solution was put through two layers of cotton gauze and consecutively filtered

with 100 and 70 μm nylon cell strainers (Falcon). The tubes were centrifuged for 8 minutes at

1000g at 4 ˚C, and the supernatant was carefully removed with a pipette from each tube and

discarded.

Next, a density-gradient based ultracentrifugation was applied for separation of pure nuclei

from other undesired cellular organelles. The crude nuclear pellets were resuspended in 4 ml

of 2.1 M sucrose buffer (for CM nuclei) or 1.7 M sucrose buffer (for mixed nuclei) (Buffer
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composition for resuspension of crude nuclear pellet: 2.1 M/1.7 M sucrose, 3 mM magnesium

acetate, 1 mM DTT, 10 mM Tris-HCl, pH 8.0, dissolved in nuclease free water). This was then

layered onto 8 ml 2.2 M sucrose cushion (for CM nuclei) or 1.8 M sucrose cushion (for mixed

nuclei) (Buffer composition for the bed/cushion onto which the resuspended crude pellet is

loaded onto: 2.2 M/1.8 M sucrose, 3 mM magnesium acetate, 1 mM DTT, 10 mM Tris-HCl,

pH 8.0, dissolved in nuclease free water), and centrifuged at 30,000g for one hour at 4˚C.

The supernatant was carefully discarded without disturbing the pure nuclei pellet to avoid

contamination.

The pellet from each tube was then resuspended with 1 ml of nuclei resuspension buffer

(NRB) (0.43 M sucrose, 70 mM KCl, 2 mM MgCl2, 10 mM Tris-HCl (pH 7.2), 5 mM EGTA).

RNasin Plus RNase Inhibitor (Promega) at 80 U/ml was added to every buffer including the

sucrose solutions for ultracentrifugation to minimize RNA degradation. Both spermine and

spermidine (0.1M final concentration) were added to every buffer including the sucrose solu-

tions for ultracentrifugation as DNA stabilizers. The NRB was supplemented with 10% glycerol

to avoid clumping of nuclei. Precise yield of nuclei was measured using DAPI staining, fol-

lowed by counting in chamber slide using Countess II FL (using DAPI light cube) Automated

Cell Counter (Invitrogen). The 1.8 M sucrose cushion protocol that was optimized for heart

nuclei isolation was implemented on the adult mouse kidney samples. The detailed buffer

compositions are listed in S2–S4 Tables.

Before proceeding with any downstream applications, the quantity of the nuclear RNA that

were extracted from input or pure nuclei (both 1.8M and 2.2M cushion purified nuclei) was

measured by Qubit (Thermo Fisher Scientific) and genomic DNA quality and quantity was

assessed by Agilent 4200 TapeStation system and Qubit (Thermo Fisher Scientific), respec-

tively. These quality control steps indirectly provide information on the integrity of the nuclei

content for use in downstream experiments and analyses.

Immunostaining of nuclei

The pure nuclei pellet obtained at the end of ultracentrifugation was incubated with primary

antibodies (1˚Ab) at their respective dilutions in NRB + 10% Glycerol + DNA stabilizers

+ RNase Inhibitor for 30 minutes and very gently rocked on a Nutator. This was followed by

centrifugation at 700g for 10 minutes. Next, the supernatant was carefully decanted, and the

pellet was resuspended in NRB + 10% Glycerol + DNA stabilizers + RNase Inhibitor and incu-

bated with appropriate fluorophore-conjugated secondary antibodies (2˚Ab) for 45 minutes in

the dark with gentle agitation on a Nutator. The nuclei suspension was washed for 10 minutes

by centrifuging at 700g. Without disturbing the pellet, the supernatant was cautiously dis-

carded. For confocal imaging of the immunolabeled nuclei, a small volume from the nuclei

+ 1˚Ab + 2˚Ab complex was mounted with Vectashield containing DAPI (Vector Labs). All

steps were performed in a cold room.

Cell line for bead validation for magnet-assisted nuclear

immunoprecipitation (MAN-IP)

COS7 (Catalog #ATCC CRL-1651, African green monkey kidney fibroblast-like cell line) was

used for performing experiments to validate and use the optimally performing beads. Protein

G Dynabeads (ThermoFisher Scientific, #10003D) did not perform with high specificity and

sensitivity as previously reported17 when used with tagged cardiac nuclei. Therefore, Anti-Rab-

bit IgG Microbeads (Miltenyi) were used for all experiments due to its superior performance.

Isolation and profiling of lineage-specific nuclei
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MAN-IP

Following 30 minute incubation with primary antibody and centrifugation at 700g spin for 10

minutes, the nuclei + 1˚Ab complex in the pellet was resuspended in 80μl of MACS Buffer

composed of 1X PBS (Tissue Culture grade; Ca2+, Mg2+ free), 0.5% Nuclease free Bovine

Serum Albumin (BSA), and 2mM EDTA. Next, 20 μl of Anti-Rabbit IgG Microbeads (Milte-

nyi) was added with fluorophore-conjugated 2˚Ab (dilution 1:400), mixed, and incubated for

20 minutes in the refrigerator in the dark. This was followed by a wash with 1ml of MACS

buffer at 300g for 10 minutes at 4˚C. Subsequently, the recommended protocol for Anti-Rabbit

IgG Microbeads-mediated magnetic separation/enrichment of immunolabeled nuclei was per-

formed with MACS MS columns (Miltenyi). Both the flow through (FT) and eluate fractions

were collected and mounted with Vectashield + DAPI (Vector Labs) on glass slides to visualize

with a confocal microscope for evaluating sensitivity, specificity, and fold enrichment of the

MAN-IP assay.

Confocal microscopy

Confocal images of immunostained nuclei were acquired with a Nikon A1R+ scanning confo-

cal system. Objectives used were 10X and 20X (dry). Excitation laser filters used were 488 nm

line, green fluorescence; 555 nm line, red fluorescence; and 647 nm line, far-red fluorescence.

Images were analyzed using NIS Elements Viewer v4.2 software, ImageJ, and Adobe Photo-

shop CS6 Extended software.

RNA extraction and real-time quantitative Polymerase Chain Reaction

(qPCR)

The nuclei suspension (input, eluate/enriched fraction, etc.) was mixed with equal volume

of DNA/RNA Shield (2X concentrate provided in ZR-Duet DNA/RNA MiniPrep Plus kit,

#D7003), and RNA was extracted using the same kit following the instruction manual. Qubit

quantification was used to estimate RNA concentration. Next, RNA was concentrated to 10μl

volume using the RNA Clean and Concentrator-5 Kit (Zymo Research, #R1015). The RNA

was converted to cDNA using SuperScript III Reverse Transcriptase (Invitrogen) with random

priming. The synthesized cDNA was diluted 1:10 and used as template for the subsequent

qPCR. Real time qRT-PCR assay was carried out in ABI PRISM 7000 Sequence Detection Sys-

tem (Applied Biosystems) using Azura Quant Green Fast qPCR Mix HiRox recommended

protocol. qPCR primer sequences are provided in S1 Table.

Statistical analysis

Statistical calculations were performed using GraphPad Prism 7 software. Details related to

statistical testing are described in each figure legend. Graphs were also made using GraphPad

Prism 7 software.

ATAC-Seq library preparation and sequencing

Two independent biological replicates per experimental sample were generated for library con-

struction. To generate ATAC-Seq libraries, the improved Omni-ATAC-Seq protocol, which is

detailed in study referred to in [27] was used. Briefly, 50,000 nuclei were pelleted in ATAC-

Resuspension Buffer (recipe published in the same study) containing 0.1% Tween-20 after

counting nuclei with a Countess II FL (using DAPI light cube) Automated Cell Counter. The

supernatant was carefully discarded, and the nuclei pellet was incubated with transposase.

Transposed DNA was cleaned with Zymo DNA Clean and Concentrator-5 Kit (#D4014). This
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was followed by pre-amplification of transposed fragments, qPCR amplification, and KAPA

library quantification to determine additional cycles for the final PCR amplification (none to

very few additional cycles were required with the Omni-ATAC-Seq protocol). After final ampli-

fication, the ATAC-Seq library was cleaned with Zymo DNA Clean and Concentrator-5 Kit

(#D4014) and submitted for Tape Station and Qubit analysis. 4nM of each ATAC-Seq library

was used for paired-end sequencing on an Illumina NextSeq 500 Mid Output (130 M) flow cell.

Image analysis and base calling were performed with the Sanger/Illumina 1.9 pipeline.

Bioinformatic analysis for ATAC-Seq datasets

Raw FASTQ files were analyzed using FastQC v0.11.5 [28] and FastQ Screen v0.11.4 [29], and

reads were quality-trimmed using fastq-mcf (ea-utils/1.1.2–806) [30]. The trimmed reads were

mapped to the mm10 assembly of the mouse genome (the University of California, Santa Cruz,

version from igenomes) with Bowtie2 (version 2.3.3.1) [31]. The duplicates were marked using

picard-tools (v2.2.1) and blacklist regions were removed using bedtools (v2.7.1) [32]. Tn5 shift-

ing of bam files was performed using the open-source Perl script "ATAC_BAM_shiftrt_gappe-

dAlign.pl" [33]. The ATAC-Seq peaks were called using MACS2 (version 2.1.0.20160309) [34]

with a q-value threshold of 0.05 and using random background. Furthermore, we divided the

fragments into nucleosome free (sub-nucleosomal, <100 bp) and nucleosome occupied or

bound fragments (>100 bp). After peak calling, we merged overlapping peaks from replicates

(bedtools [32] merge) to yield a peak set for each sample. We used bedtools intersect to get

common regions between peak files of replicates of the same experimental group. The annota-

tion of peaks was done using ChIPseeker [35]. The genome-wide distribution of ATAC-Seq

regions on promoters, exons, introns, and intergenic regions in each of the samples was also

done using ChIPseeker [35]. For ATAC-Seq in model organisms, the peak file (NAME_peaks.

narrowPeak) can be uploaded directly to the UCSC genome browser for generating the

browser tracks and ENCyclopedia of DNA Elements (ENCODE) peaks were added by config-

uring the UCSC Genome Browser Track to import public track hubs, in this case ENCODE

DHS-Seq dataset [36] from P1 mouse heart (University of Washington, (Replicate 1 file name:

GSM2195800_ENCFF539AJY_signal_of_unique_reads_mm10.bigWig and Replicate 2 file

name: GSM2195801_ENCFF032ZEL_signal_of_unique_reads_mm10.bigWig)). Web-based

PANTHER Gene Ontology (GO) tool was used for generating GO terms for nearest neighbor

genes for peaks that were common to two replicates of each ATAC-Seq sample. We generated

Pearson correlation graphs as well as Principle Component Analysis (PCA) plots, heatmaps,

and profile plots for the ATAC-Seq and DHS-Seq samples using deepTools2 [37].

Results

Overview of PAN-INTACT protocol development

PAN-INTACT is a versatile method for isolating cell type specific nuclei from complex, fibrous

tissues, such as the adult heart. A key advantage of our method is the wide applicability to

study both abundant and rare cell types at the transcriptomic and epigenomic level with high

resolution. Following organ removal (Fig 1), the tissue is extensively minced with scissors and

dounced with a pestle. Sequential filtering of ruptured cellular contents is followed by centrifu-

gation to pellet released nuclei. The crude nuclear pellet is then resuspended in sucrose and

layered on a sucrose cushion. Following ultracentrifugation, the pure nuclear pellet is resus-

pended in a stabilizing buffer supplemented with 10% glycerol to prevent clumping of nuclei.

The resuspended nuclei are then incubated with the appropriate antibody and subjected to

magnet assisted nuclei immunoprecipitation (MAN-IP) to isolate cell type specific nuclei for

downstream analysis. To develop PAN-INTACT, we sought to identify the most efficient,
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cost-effective, and versatile method for cell type specific isolation of nuclei from intact mouse

organs. Individual components of the overall PAN-INTACT protocol are boxed and discussed

in subsequent sections (Fig 1).

Optimization of cardiomyocyte (CM) nuclei extraction

Isolation of intact nuclei from mouse tissue requires organ dissection, tissue homogenization,

and release of nuclei (Fig 2A). Although dissection tecniques are well-established for each

organ system, many alternative methods for tissue homogenization and nuclei release exist.

Thus, we sought to optimize these methods for fibrous adult heart tissue as a proof-of-

Fig 1. PAN-INTACT overview. Schematic showing the overall PAN-INTACT workflow. Mouse hearts (or other tissues) are harvested and minced

extensively before douncing. Homogenized tissue is passed over sequential filters, and a crude nuclear pellet is obtained following centrifugation. The

crude pellet is layered on a sucrose cushion, and ultracentrifugation yields a pure nuclear pellet, which is resuspended in buffer supplemented with 10%

glycerol to avoid clumping. Pure nuclei are incubated with an appropriate antibody and purified further by magnet-assisted nuclei

immunoprecipitation (MAN-IP) using anti-rabbit IgG Microbeads. The protocol is broadly split into nuclei isolation and MAN-IP segments, and the

dashed boxes designate optimization steps that are shown in the indicated figures.

https://doi.org/10.1371/journal.pone.0214677.g001
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principle. For fixed heart tissue, efficient homogenization can be accomplished using a blender

and hand-held homogenizer. Although effective, this strategy necessitates the purchase of

expensive equipment. Mo and collegues utilized inexpensive razor blade mincing for homoge-

nization [22], but brain tissue is much softer than adult heart tissue. In preliminary studies, we

evaluted the use of a hand-held homogenizer for adult heart tissue, but excessive frothing of

the solution occurred if the tissue was not extensively minced beforehand. Based on this obser-

vation, we instead minced the heart tissue extensively with fine-tipped scissors and observed

Fig 2. Optimization of nuclei extraction from mouse hearts by dounce homogenization. A) Diagram detailing the PAN-INTACT steps involved in

nuclei extraction from heart tissue with the dashed box highlighting the douncing step that underwent optimization. B) Hearts derived from mice of

varying postnatal age were systematically assessed for the ideal number of douncing strokes to release nuclei (stained with DAPI). For P28 hearts, 18

dounces were optimal. Under-douncing (8 strokes) led to incomplete nuclei release, while over-douncing (28 strokes) led to nuclei fragmentation. Scale

bar: 200 μm. C) The optimal range of douncing strokes required to release nuclei at various postnatal ages is shown as a table (i) and graph (ii) with

Standard Deviation (S.D.).

https://doi.org/10.1371/journal.pone.0214677.g002
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uniform tissue homogenization without the use of a motorized device. Thus, we concluded

from these preliminary studies that extensive mincing was sufficient to homogenize fibrous

adult heart tissue without costly additional equipment.

Douncing with a pestle is a well-established method for releasing nuclei from a cell suspen-

sion in hypotonic solution [38]. This approach obtains a high percentage of cell nuclei and

mitochondria from tissues, while minimizing heat produced by friction since the pestle is sub-

merged in buffer. Finely minced tissue pieces undergo initial grinding using the "loose" (Type

A) pestle. Pestle A is a large clearance pestle that is required for initial sample reduction and

disruption of connective tissue. Then, a “tight” (Type B) pestle is used to ensure complete dis-

ruption of extracellular connective tissue. Fundamentally, Pestle B is the small clearance pestle

that forms the final homogenate. For more fibrous tissues like the heart, douncing with Pestle

A (large clearance) is crucial to reduce the fibrous tissue pieces into a smooth suspension. The

last 2–3 dounces with Pestle B release the crude nuclei. To apply this technique to fresh tissue,

douncing parameters must be individually optimized for each homogenized tissue. This is a

key challenge for fibrous tissues and particularly for those whose mechanical properties change

with development and/or maturation, such as the heart. In contrast, the stiffness of the brain

does not change significantly after birth. To isolate intact nuclei from mouse hearts across all

stages of development, therefore, we carefully optimized and modified existing protocols.

We initially focused on the number of strokes with the type A pestle, noting the number of

douncing strokes used in previous studies for extracting nuclei from heart (8) and brain (5) as

a starting point. We dissected and homogenized hearts from P28 mice and subjected them to

variable douncing strokes with a type A pestle. For each sample, the quality of the nuclei was

assessed by DAPI staining and confocal microscopy to carefully examine nuclear morphology.

Whereas under-douncing (8 strokes) resulted in poor yield due to aggregation of nuclei, over-

douncing (28 strokes) led to low yield due to nuclei rupture (Fig 2B). In contrast, optimal

douncing (18 strokes) led to well-dispersed nuclei with preserved morphology (Fig 2B). To

quantitatively evaluate the relationship between douncing and ages of mouse hearts, the num-

ber of morphologically intact nuclei was estimated using a Countess II FL (using DAPI light

cube) Automated Cell Counter. We assigned optimal douncing strokes at each sample age (Fig

2Ci and 2Cii) when we observed more than 90% of the nuclei were well-dispersed and intact

by DAPI visualization using confocal microscopy (Fig 2B). Using this approach, we experi-

mentally established the range of the number of douncing strokes required for efficient nuclei

release at postnatal ages P0 to P42 (Fig 2C). For the type B pestle, we found that 2–3 strokes

worked best, as described by Bergmann and colleagues, regardless of age.

Collectively, these data establish optimal parameters for extraction of nuclei from cardiac

tissue of varying age. Interestingly, we observe a direct relationship between the number of

douncing steps required for efficient release of nuclei and age, which is consisent with the

known age-dependent increase in heart stiffness [39]. Based on our experience optimizing

nuclei release from cardiac tissue, we noted that the resistance encountered by the pestle dra-

matically decreased at the point of maximal nuclei extraction. In turn, this knowledge was

applied to quickly determine the ideal parameters for extracting nuclei from kidney, another

fibrous organ (see below). Importantly, proper extraction of nuclei is a crucial step to maintain

RNA and DNA integrity for downstream analysis.

Evaluation of magnetic bead source for CM nuclei immunoaffinity

purification

Nuclei can be isolated by flow cytometry or bead-based immunoaffinity purification [7, 9, 10,

17, 23–26]. For our protocol development, we decided to pursue bead-based purification to
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avoid the need for a dedicated flow cytometry facility. Purification of nuclei from CMs and

neurons has been performed with anti-IgG Microbeads and Protein G Dynabeads, respectively

[10, 17, 25, 26]. Therefore, to determine whether Protein G Dynabeads could provide a favor-

able alternative for purification of CM nuclei, we initially performed nuclei mixing experi-

ments to test the specificity of capture. Given that PCM1 can label CMs, we asked whether

Protein G Dynabeads could successfully purify CMs away from a contaminating cell type, a

task that resembles our overall goal. Therefore, we mixed CM nuclei with COS7 nuclei, which

are easy to identify based on their larger size (S1Ai and S1Aii Fig), at a ratio of 1:100 (S1Aiv

Fig) and performed PCM1-based immunoaffinity purification. As a control, we applied the

same purification scheme to CM nuclei alone. Although Protein G Dynabeads were capable of

attaching to PCM1-labeled CM nuclei (S1Aiii Fig), they also non-specifically interacted with

COS7 nuclei in the mixed population (S1Aiv Fig). Based on this observation, we decided to

develop our protocol with anti-IgG Microbeads, which have been used to successfully isolate

CM nuclei [10, 25, 26].

PCM1 labels CM nuclei from mouse and human hearts, and this unique labeling character-

istic has allowed investigators to profile epigenetic marks and nuclear RNA in a cardiomyo-

cyte-specific manner [10, 25, 26]. To test whether the anti-IgG Microbeads were compatible

with our nuclei extraction method, we performed immunoaffinity purification by overnight

incubation with PCM1 antibody as described previously9 (S1B Fig). When applied to nuclei

from P28 mouse hearts, this protocol successfully isolated PCM1+ nuclei and left behind

PCM1- nuclei in the flow through (FT) (S1C Fig). We used two parameters to evaluate the

efficiency of the MAN-IP method throughout our study. Specificity is defined here as the per-

centage of Label+ nuclei over total nuclei in the eluate. In contrast, sensitivity represents the

percentage of Label+ nuclei in the eluate over the total Label+ nuclei in the original sample. In

other words, sensitivity describes how well the assay captures all Label+ nuclei, while specificity

describes how accurate the assay performs to only capture Label+ nuclei. Quantification of

these observations determined that our nuclei extraction method in combination with anti-

body-based purification of PCM1+ nuclei achieves a specificity of� 97% (S.D. = ±0.707)

(nearly all nuclei in eluate were GFP+) and a sensitivity of�95% (S.D. = ±0.5) (very few GFP+

nuclei were detected in the FT) (S1D Fig). These observations were confirmed in four inde-

pendent experiments (S1D Fig with Range in percentage ± S.D.) by analyzing at least 100

nuclei per experiment, and they compare favorably with previous studies [9, 10, 25, 26].

Modulating the sucrose cushion enables rapid, label-free nuclei

purification and preserves nuclei heterogeneity

Purification of nuclei by gradient centrifugation eliminates unwanted cellular debris from the

preparation. To apply INTACT to neuronal subtypes, Mo and colleagues purified nuclei over

an iodixanol gradient [17], but iodixanol is relatively expensive. Alternatively, Bergmann and

colleagues purified nuclei over a 2.2M sucrose cushion prior to immunoaffinity isolation of

CM nuclei with a PCM1 antibody [9, 23, 24]. For our PAN-INTACT protocol, we used a 2.2M

sucrose gradient as a starting point to optimize nuclei purification from adult mouse hearts

(Fig 3A).

The adult heart is composed of multiple cell types, including CMs, endothelial cells, epicar-

dial cells, endocardial cells, fibroblasts, and other cell types. Therefore, we presumed that

nuclei purification over a 2.2M sucrose gradient should yield approximately ~30–40% CM

nuclei based on current estimates of mammalian heart cellular composition [40, 41]. To

directly test this assumption, we purified nuclei from P28 mouse hearts over a 2.2M sucrose

cushion by ultracentrugation. RNA was then isolated from the purified nuclei and converted
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Fig 3. Altering the density of the sucrose cushion enriches for CM or heterogenous cardiac nuclei. A) Diagram detailing the PAN-INTACT steps

involved in nuclei purification using two alternative sucrose cushions. B) Following nuclei purification over a 2.2M sucrose cushion, qRT-PCR was

performed. Enrichment of CM nuclei was demonstrated by increased Troponin T (Tnnt2) expression in purified versus input (crude nuclear pellet). In

contrast, epicardial (Wt1/Upk1b), fibroblast (Col1a1), and endothelial (Pecam1) markers were not enriched. � indicates p-value< 0.05 compared with

input (crude nuclear pellet). C) Nuclei purified over a 2.2M sucrose cushion were immunolabeled with PCM1 (green) and Phospholamban (PLN; red)

antibodies with DAPI counterstaining (blue). Nearly every DAPI+ nucleus is PLN+, while PCM1 labels only a subset of purified nuclei. Zoomed images

are provided for detailed visualization (solid arrow, PCM1+/PLN+ nuclei; dashed arrow, PCM1-/PLN+ nuclei). Scale bar: 100μm. D) Cardiac nuclei

were isolated over a 2.2M sucrose cushion. Half of the purified nuclei were then subjected to PCM1-based immunoaffinity purification for 30 minutes.
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into cDNA for qRT-PCR anlaysis. Surprisingly, we found that RNA isolated from these nuclei

was enriched for genes expressed in cardiomyocytes (Tnnt2) but not epicardial cells (Wt1/

Upk1b), fibroblasts (Col1a1), or endothelial cells (Pecam1) (Fig 3B). The input used for calcu-

lating enrichment of gene expression in Fig 3B was crude nuclear pellet that was not yet puri-

fied over sucrose cushion. To confirm these observations, nuclei were labeled for 30 minutes

with PCM1 and Phospholamban [26] (PLN) antibodies and counter-stained with DAPI. The

stained nuclei were placed on a coverslip and visualized by confocal microscopy (Fig 3C). We

observed that only a fraction of the nuclei stained for PCM1, while, remarkably, nearly all the

nuclei stained for PLN. Taken together, these results demonstrate that 2.2M sucrose gradient

purification results in a nearly uniform population of CM nuclei based on PLN staining. Inter-

estingly, our findings also show incomplete CM nuclei staining by PCM1, suggesting that

PCM1 does not efficiently label all CM nuclei under our assay conditions.

Although PCM1 has been widely used to stain and isolate CM nuclei [9, 10, 24–26], certain

disadvantages of this approach deserve mention. First, PCM1 antibody staining of nuclei is

typically performed overnight, which necessitates prolonged handling times for immunoaffi-

nity purification. Second, although PCM1 is distributed uniformly around the nucleus in post-

mitotic cells [26], it is particularly enriched at centrioles in proliferating cells [42]. Third, we

repeatedly observed that short incubation times with PCM1 antibody resulted in sub-optimal

labeling, which suggests that the PCM1 antibody has a particularly low avidity for its cognate

epitope (Fig 3C). Based on these considerations, a method for isolating CM nuclei that requires

shorter handling times and ensures isolation of both dividing and non-dividing CMs would be

particularly attractive.

Since our results suggested that 2.2M sucrose gradient purification yielded a nearly pure

population of CM nuclei (Fig 3B), we wondered whether this step alone was sufficient to iso-

late CM nuclei for downstream analysis. Therefore, we performed a side-by-side comparison

between nuclei isolated over a 2.2M sucrose cushion alone or followed by rapid (30 minutes)

PCM1 antibody-based immunoaffinity purification. To estimate the efficiency of CM nuclei

isolation, we performed qRT-PCR for marker genes of specific cell types. From this experi-

ment, we found that CM transcripts were highly enriched in nuclei isolated over the 2.2M

sucrose cushion and compared favorably with nuclei isolated by PCM1-based immunoaffinity

purification (Fig 3D). Additionally, we note a minor contamination of the Wt1 epicardial

marker in the 2.2M sucrose gradient sample with a nearly complete absence of epicardial,

fibroblast, and endothelial markers (Fig 3D). Taken together, we conclude that, for most appli-

cations, nuclei purification over a 2.2M sucrose cushion is sufficient to yield a nearly homoge-

nous population of CM nuclei. In particular, this CM nuclei purification method has the

added advantage of minimal handling time, thereby improving nuclear RNA and DNA quality

for downstream analyses. Finally, since neither antibody purification nor a genetic tag are

required, this strategy for nuclei isolation is ideally suited for human heart tissue.

Since our overall study objective was to develop a versatile method for isolation of cell type

specific nuclei, we next sought to modify the sucrose gradient step in order to preserve as

much nuclear diversity as possible. Based on a previous report demonstrating that a 1.8M

sucrose cushion results in better yields and morphological preservation of nuclei [43], we

PCM1+ nuclei were directly compared to input nuclei to determine cardiac enrichment by performing qRT-PCR with lineage-specific markers: Tnnt2

(CM), Wt1/Upk1b (epicardial cell), Col1a1 (fibroblast), and Pecam1 (endothelial cell). � and # indicate p-value< 0.05 for Pure CM nuclei 2.2M and

PCM1+ CM nuclei, respectively, compared with input. E) Following nuclei purification over a 1.8M sucrose cushion, qRT-PCR was performed.

Enrichment of cardiomyocyte, epicardial, fibroblast, and endothelial markers was observed. � indicates p-value< 0.05 compared with input (crude

nuclear pellet). (B, D, and E) Y-axis scale: Log2; Gapdh was used as a reference gene to normalize qRT-PCR data, which is represented as average fold

enrichment ± S.D. for reactions done in triplicate.

https://doi.org/10.1371/journal.pone.0214677.g003
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decided to apply this modification to the isolation of nuclei from heart tissue (Fig 3A). Since

nuclear markers for non-CMs are not known, we used qRT-PCR for specific marker genes to

assess the cell type heterogeneity of the purified nuclei. We isolated RNA from the purified

nuclei and performed qRT-PCR using primers for specific marker genes. We found that nuclei

purified over a 1.8M sucrose cushion yielded RNA enriched for marker genes of CMs (Tnnt2),

epicardial cells (Wt1/Upk1b), fibroblasts (Col1a1), and endothelial cells (Pecam1) (Fig 3E).

This is in stark contrast to our results with the 2.2M sucrose cushion (Fig 3B). The input used

for calculating enrichment of gene expression in Fig 3E was the crude nuclear pellet prior to

purification over sucrose cushion (Fig 3A). To directly compare the cell type distribution of

nuclei obtained from isolation over 1.8M and 2.2M sucrose cushions, we performed qRT-PCR

for specific marker genes (S2 Fig). In these experiments, we used either whole heart cDNA

(S2A Fig) or crude nuclear pellet (S2B Fig) as the reference group. Although the absolute levels

of enrichment differ slightly, these data demonstrate representation of heterogeneous nuclei

in the 1.8M sample and relatively homogeneous CM nuclei in the 2.2M sample. Collectively,

these data demonstrate successful preservation of nuclei heterogeneity following centrifuga-

tion over a 1.8M sucrose cushion as opposed to nearly uniform isolation of CM nuclei after

2.2M sucrose gradient purification.

To rule out any effect of sucrose-gradient modulation on nuclei yield, the quantity of pure

nuclei obtained after 2.2M sucrose-gradient and 1.8M sucrose-gradient purification was tabu-

lated from multiple experiments across different stages of mouse development (S5 Table). We

observed a trend towards of higher yields of nuclei for 1.8M sucrose gradient purification (het-

erogenous nuclei from major cardiac cell-types) relative to a 2.2M sucrose cushion (primarily

CM nuclei only).

PAN-INTACT successfully isolates Nkx2-5 lineage positive cardiac nuclei

Having established a protocol for extracting cardiac nuclei, we next sought to apply the

INTACT method to a specifically labeled lineage in the mouse heart. Mouse INTACT utilizes

the R26Sun1-2xsf-GFP-6xmyc/+ line, which harbors a floxed-stop cassette followed by a Myc-tagged

GFP-fusion protein that localizes to the nuclear membrane [17]. Following Cre recombina-

tion, the fusion protein is expressed, and the nuclei of Cre+ cells can be isolated by immunoaf-

finity purification using a Myc or GFP antibody. To demonstrate application of INTACT to

heart tissue, we bred R26Sun1-2xsf-GFP-6xmyc/+ mice with the Nkx2-5Cre/+ driver line [44] (Fig

4A). The Nkx2-5Cre/+ line labels multipotent cardiac progenitor cells that give rise to CMs,

smooth muscle cells, and endothelial cells [45,46]. Following Cre-mediated recombination,

expression of the SUN1-sfGFP-myc fusion protein in Nkx2-5 lineage positive nuclei facilitates

their isolation using Myc antibody precipitation (Fig 4B).

We initially chose to utilize Nkx2-5Cre/+ mice to mark the first heart field (Nkx2-5 lineage-

positive) lineage within the heart. In this way, we could profile descendants of Nkx2-5 lineage-

positive progenitors. Given that Nkx2-5 lineage-positive cells consist of multiple cell types

(CMs, smooth muscle cells, and endothelial cells) [45,46], we used the 1.8M sucrose cushion

protocol to purify mixed cardiac nuclei from Nkx2-5Cre/+; R26Sun1-2xsf-GFP-6xmyc/+ mice at P1.

Then, immunoaffinity purification with a Myc antibody could be used to separate Nkx2-5 line-

age-positive CM, smooth muscle cells, and endothelial cell nuclei away from the nuclei of

other non-CMs within the heart, such as fibroblasts and immune cells. Nuclei were stained

with DAPI for visualization by fluorescence confocal microscopy (Fig 4C–4E). We observed

that nearly all nuclei in the eluate were GFP+ (Fig 4D), thus demonstrating successful immu-

noaffinity purification. In contrast, the FT contained very few GFP+ nuclei (Fig 4E) compared

with either the eluate (Fig 4D) or the input fraction (Fig 4C). Based on quantification of

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 13 / 25

https://doi.org/10.1371/journal.pone.0214677


confocal images from four independent experiments (n = 100 nuclei per experiment), we

calculated a specificity of�98% (with S.D. = ±0.414) and a sensitivity�88% (with S.D. =

±0.7395) for Myc-antibody MAN-IP for isolation of Nkx2-5 lineage positive cardiac nuclei

(Fig 4F).

To directly assess the cell type identity of purified nuclei, we performed qRT-PCR analysis

for specific marker genes. We confirmed that Nkx2-5 lineage positive nuclei express markers

of CMs (Tnnt2), smooth muscle cells (Acta2), and endothelial cells (Pecam1) with a minor

Fig 4. Efficient isolation of Nkx2-5 lineage positive cardiac nuclei using PAN-INTACT. A) Schematic of the breeding strategy used for these

experiments. Crossing of R26Sun1-2xsf-GFP-6xmyc/+ and Nkx2-5Cre/+ mice led to Nkx2-5Cre/+; R26Sun1-2xsf-GFP-6xmyc/+ offspring that drive expression of the

SUN1 fusion protein in the nuclear membrane of Nkx2-5 lineage positive cells. The major Nkx2-5 positive lineages in the heart include CMs, smooth

muscle cells (SMCs), and endocardial cells (ECs). B) Experimental workflow for magnet-assisted nuclear immunoprecipitation (MAN-IP). C-E)

Heterogeneous cardiac nuclei were purified from P1 mouse hearts using a 1.8M sucrose cushion followed by Myc MAN-IP. Confocal images of DAPI-

stained nuclei showing native sfGFP expression in input nuclei (C), MAN-IP eluate (D), and MAN-IP flow-through (E). Magnification 100μm. F)

Quantification of labeled nuclei from four independent experiments (n = 100 nuclei per experiment) for Myc MAN-IP of Nkx2-5 lineage positive

cardiac nuclei was used to calculate specificity and sensitivity (range in percentage with S.D. in parentheses). G) qRT-PCR was performed on purified

Nkx2-5 lineage positive nuclei and pure mixed nuclei compared with input. Gapdh served as an internal standard for qPCR, and the data are

represented as average fold enrichment ± S.D. of triplicate reactions for each marker gene over input. � and # indicate p-value< 0.05 compared with

input. Y-axis scale: Log2.

https://doi.org/10.1371/journal.pone.0214677.g004
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contamination from fibroblasts (Col1a1) (Fig 4G). In addition, we stained and imaged input

nuclei with Myc, PCM1, and PLN antibodies (S3A–S3C Table). As expected, all GFP+ nuclei

were also Myc+ (S3A Fig). However, only a subset of GFP+ nuclei were PCM1+ (S3B Fig) or

PLN+ (S3C Fig), which is consistent with the fact that PCM1 and PLN only stain CMs, whereas

Nkx2-5 marks additional cells types. To confirm this conclusion, we performed the same stain-

ing experiments on input nuclei derived from a 2.2M sucrose cushion (S3D–S3F Fig), which

consists of nearly pure CM nuclei. We found that Myc (S3D Fig) and PLN (S3F Fig) antibodies

stained all nuclei, thus confirming that the Nkx2-5 lineage efficiently marks CM nuclei. In con-

trast, PCM1 stained only a fraction of the total CM nuclei (S3E Fig), which is consistent with

our prior observations (Fig 3C). Altogether, these data demonstrate successful application of

INTACT to heart tissue for the isolation of Nkx2-5 lineage positive cardiac nuclei.

Nuclei obtained by PAN-INTACT generate high-quality chromatin

accessibility maps

Given that PAN-INTACT successfully isolates cell type specific nuclei from cardiac tissue at

different developmental ages for gene expression analysis, we next focused on coupling nuclei

isolation with assays of genomic architecture. Thus, we evaluated whether OMNI-ATAC-Seq

could be applied to purified Nkx2-5+, PCM1+, and 2.2M sucrose cushion isolated input nuclei

from postnatal day 1 mouse hearts (Fig 5A). We chose to use the 2.2M sucrose cushion in

these studies for two reasons. First, since we showed that the 2.2M sucrose cushion successfully

isolates CM nuclei, this would allow us to directly compare ATAC-Seq maps generated by

PCM1 MAN-IP and sucrose cushion purification alone. Second, we did not want to contami-

nate the ATAC-Seq maps for Nkx2-5+ nuclei with non-CM accessibility peaks, since it is well-

established that the Nkx2.5 lineage also gives rise to cardiac smooth muscle and endothelial

cells. Inclusion of these additional cells would minimize our ability to directly compare the

three independent samples.

ATAC-Seq was performed under each condition in duplicate, and next generation sequenc-

ing (NGS) of the resulting libraries yielded a range of 12–55 million mapped reads per library

(S6 Table). Using the collective sequencing data, we performed unsupervised hierarchical clus-

tering to derive a Pearson correlation matrix (Fig 5B). In addition to replication across biologi-

cal samples, we observed a strong correlation between different samples. Principle component

analysis (PCA) also demonstrated a strong correlation amongst replicates (S4A Fig). Interest-

ingly, the PCA results suggest that the Nkx2-5+ and PCM1+ datasets cluster more closely

together than the input dataset, hinting at a common biological property of Nkx2-5+ and

PCM+ nuclei that are distinct from the overall CM population. Nevertheless, these data collec-

tively demonstrate high correlation amongst and between all samples analyzed, which is con-

sistent with their origin from a common cell type (CMs).

As demonstrated previously, high-quality ATAC-Seq datasets generate accessibility profiles

with a reproducible size distribution and nucleosome association [47]. We plotted signal inten-

sity as a function of read length for each sample (S4B Fig) and observed a characteristic profile

with a strong peak at<100 bp (nucleosome-free regions) and a long tail of>100 bp fragments

(nucleosome-bound regions). Typically, there exist smaller peaks with a periodicity of ~200

bp, corresponding to mononucleosomes, dinucleosomes, etc. In our samples, we observed the

initial 200 bp peak but not subsequent peaks, which is likely due to the shallow sequencing

depth of our datasets. Moreover, a smaller periodicity of ~10.5 bp was observed (S4B Fig),

indicating the helical pitch of DNA as seen in other ATAC-Seq datasets [47]. When reads

were partitioned by nucleosome association, we observed a consistent 2:1 (bound:free) ratio

amongst all the samples (S4C Fig). Furthermore, the peak read intensity for the nucleosome-
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free reads in each sample coincided with the transcriptional start site (TSS), which is another

characteristic of ATAC-Seq datasets (S4D Fig). Peaks were distributed across the genome for

each dataset with promoters and intergenic regions comprising the vast majority of mapped

locations (S4E Fig).

Aside from strong correlations amongst samples, we observed similar TSS accessibility pro-

files for input CM nuclei, Myc- and PCM1-purified CM nuclei, and ENCODE mouse heart

Fig 5. PAN-INTACT enables generation of high-resolution chromatin accessibility maps. A) Schematic diagram of experimental setup. CM nuclei

were isolated from WT and Nkx2-5Cre/+; R26Sun1-2xsf-GFP-6xmyc/+ P1 mouse hearts using 2.2M sucrose-cushion, an aliquot of which was used as the input

sample. Remaining nuclei were subjected to MAN-IP using a Myc or PCM1 antibody. Chromatin accessibility maps were generated for each sample

individually using the OMNI-ATAC-Seq protocol. B) Similarity matrix demonstrating high pairwise Pearson correlations for ATAC-Seq biological

replicates and amongst different samples. C) Heatmap showing a high degree of overlap for accessible sites within input, PCM1, and Myc samples. As

an additional comparison, DHS-seq data is shown for P1 mouse heart from the ENCODE dataset. Kb (Kilobases) D) Genome browser tracks for

canonical markers of CMs (i, Myh6) and fibroblasts (ii, Col3a1) with ATAC-seq peaks for each sample and DHS-seq peaks for comparison. E) Gene

Ontology (GO) analyses for annotated nearest neighboring genes surrounding ATAC-seq peaks from all 3 samples (i-iii) display terms related to

cardiac growth and function. Displayed results represent GO terms only with False Discovery Rate (FDR)< 0.05.

https://doi.org/10.1371/journal.pone.0214677.g005
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DHS-Seq [36] datasets (Fig 5C). While whole-genome analysis established the quality of our

ATAC-Seq datasets, we also wished to evaluate their cell type specificity. Therefore, we exam-

ined the chromatin accessibility for a marker gene of CMs (Myh6) and fibroblasts (Col3a1).

We observed that all three samples showed a high degree of chromatin accessibility at the

Myh6 locus, which is consistent with the results of DHS-seq data generated by the ENCODE

consortium36 for whole heart tissue (Fig 5Di). Cell type specificity of the chromatin accessibil-

ity maps was revealed at the Col3a1 locus, which showed relatively little accessibility in all

three samples derived from CM nuclei (Fig 5Dii). In contrast, the DHS-seq dataset showed

substantial Col3a1 accessibility, which is consistent with the mixed cellularity of the ENCODE

tissue samples.

To further assess the biological relevance of the identified ATAC-seq chromatin accessibil-

ity peaks for each sample, we performed PANTHER Gene Ontology (GO) analyses for nearest

neighbor genes. Consistent with a common cell of origin, all three datasets returned terms

containing “cardiac”, “heart”, or “muscle” (Fig 5Ei–5Eiii). Each dataset also returned unique

GO terms. Whereas the Nkx2-5 dataset returned terms reflective of active cellular proliferation

(Fig 5Eii), the PCM1 dataset returned terms more consistent with cell-cycle exit and terminal

differentiation, such as “negative regulation of cell cycle G1/S phase transition” (Fig 5Eiii).

Interestingly, the associated GO terms are consistent with prior data showing that PCM1 labels

post-mitotic CMs [26] and that a subset of Nkx2-5+ CMs retain proliferative activity [48].

Taken together, these studies highlight characteristic features of our ATAC-seq datasets and

reveal a remarkable degree of consistency between samples.

Isolation of podocyte nuclei from adult kidney by PAN-INTACT

We have so far established that PAN-INTACT successfully purifies lineage-positive nuclei

from the heart. However, to increase the generalizability of our approach, we next sought to

apply PAN-INTACT for the isolation of cell type specific nuclei from adult kidney, another

fibrous tissue source from a highly heterogenous and diverse cellular pool. Therefore, we

took advantage of an independent and well-established Cre line (Wt1GFPCre) [49] that is

known to specifically label podocytes within the kidney. This Cre allele expresses an enhanced

green fluorescent protein-Cre recombinase fusion protein (EGFP-Cre) under the control of

endogenous Wt1 promoter/enhancer elements. Wt1 is also a key regulator of podocyte func-

tion, and reduced Wt1 expression can cause crescentic glomerulonephritis or mesangial

sclerosis depending on gene dosage [50]. We bred Wt1eGFPCre/+ and R26Sun1-2xsf-GFP-6xmyc/+

mice (containing loxP-flanked sequences), such that the resulting offspring (Wt1GFPCre/+;

R26RSun1-2XsfGFP-6-myc/+) undergo Cre-mediated deletion of the floxed sequences and drive

expression of the Sun1-sfGFP-myc-Tag in nuclei of Wt1 lineage positive cells (Wt1myc+ nuclei)

(Fig 6A).

Although extraction of cardiac nuclei at various ages required extensive optimization (Fig

2C), we were able to rapidly determine the optimal douncing parameters for recovery of nuclei

from kidney tissue based on prior observations. While optimizing cardiac nuclei isolation, we

noted that the resistance encountered by douncing heart tissue undergoes a rapid decline at

the point at which nuclei are optimally isolated. This transition point occurs earlier in younger

tissues (less connective tissue). Using this guiding principle, we quickly optimized the number

of strokes required for nuclei preparation from P28 kidney by douncing until the resistance

dropped, and a smooth suspension was formed. Additional details of the modification used for

nuclei isolation from kidney are provided in the Materials and Methods section. To isolate het-

erogeneous kidney nuclei, we processed P28 kidney tissue and purified the nuclei over a 1.8M
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sucrose cushion as described earlier (Fig 3) to maintain the cell type heterogeneity of purified

kidney nuclei.

Next, we carried out immunoaffinity purification of Wt1+ podocyte nuclei using a Myc

antibody (Fig 6B). Following elution from the beads, we treated the nuclei with appropriate

secondary antibodies and performed confocal microscopy (S5 Fig). This analysis confirmed

complete overlap between Myc labeling and sfGFP expression as expected for efficient isola-

tion of podocytes from adult mouse kidney (S5 Fig). Additionally, the calculated sensitivity,

specificity, and fold enrichment associated with purification of Wt1+ nuclei from multiple

independent experiments were highly correlated. To confirm the identity of purified Wt1+

nuclei, we isolated nuclear RNA for cDNA synthesis. Then, we performed qRT-PCR analysis

using primer sets for specific marker genes. Pure nuclei isolated from the 1.8M sucrose cush-

ion served as the input sample for each enrichment. Wt1+ nuclei from the kidney showed

increased expression of podocyte markers Wt1, Actn4, Synpo, Nphs2, and Nphs1 (Fig 6C).

Consistent with the specificity of the enrichment process, we found that a CM marker was

Fig 6. PAN-INTACT enriches for rare cell type specific nuclei from adult mouse kidney. A) R26Sun1-2xsf-GFP-6xmyc/+ female mice were bred with

Wt1eGFPCre/+ males. Upon Cre-mediated recombination of the floxed STOP cassette, the SUN1 fusion protein is expressed on the nuclear membrane in

Wt1 lineage positive cells. At P28, Wt1eGFPCre/+;R26RSun1-2XsfGFP-6-myc/+ mouse kidneys were harvested. B) Mixed kidney nuclei were purified using a

1.8M sucrose cushion followed by immuno-purification with Myc MAN-IP to isolate podocyte nuclei. C) qRT-PCR analysis demonstrates enrichment

of podocyte markers Actn4, Synpo, Nphs2, and Nphs1. The CM marker Tnnt2 was not enriched. 1.8M sucrose-cushion purified nuclei was used as the

input for qRT-PCR to calculate fold enrichment, and Gapdh served as an internal standard. Data is represented as average fold enrichment ± S.D. of

triplicate reactions for each marker gene over input. Y-axis scale: Linear. � indicates p-value< 0.05 compared with input. Acronyms: Proximal

Convoluted Tubule (PCT), Glomerulus (G), Bowman’s Capsule (BC), Renal podocytes (P).

https://doi.org/10.1371/journal.pone.0214677.g006
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absent from Wt1+ podocytes (Fig 6C). Collectively, these data demonstrate successful isolation

of cell type specific nuclei from adult kidney tissue.

Discussion

Here we describe PAN-INTACT, a versatile protocol for isolating cell type specific nuclei from

particularly challenging tissues, including the heart and kidneys. We systematically identified

favorable douncing parameters to release nuclei from fibrous cardiac tissue. By manipulating

the sucrose cushion, we also found that cell type heterogeneity could be preserved. In contrast,

we also identified sucrose cushion parameters that enable label-free isolation of cardiac nuclei,

which should be particularly useful for application to human tissues. Building on successful

extraction of cardiac nuclei, we adapted the mammalian INTACT method to purify cardiac

Nkx2-5+ nuclei, which express specific markers for CMs, smooth muscle cells, and endothelial

cells. Furthermore, we demonstrate that Nkx2-5+ nuclei can be used to generate high-resolu-

tion chromatin accessibility maps by applying the OMNI-ATAC-Seq protocol. Finally, we

show that PAN-INTACT can be adapted to isolate Wt1+ podocytes from the kidney of adult

mice. PAN-INTACT is an easy, inexpensive, and flexible method for isolating both rare and

abundant cell type specific nuclei for a wide variety of transcriptomic and genomic analyses.

The central dogma recognizes the nucleus as a major hub of information transfer within

the cell by housing the machinery for DNA replication and RNA transcription. Although

translation, which is carried out by ribosomes, represents the final step in the flow of cellular

information, the nucleus contains two-thirds of the cell’s information content (i.e. DNA and

RNA). Thus, the nucleus can provide a wealth of information about the defining features of a

particular cell type. Consequently, cell type specific nuclei isolation by INTACT has been

adapted to many model systems, including mammalian brain tissue [22]. Interestingly,

isolated mouse and human neuronal nuclei have also been used for single nuclear sequencing

(snRNA-seq) [51], which provides the additional advantages afforded by single cell RNA

sequencing (scRNA-seq) [52] capabilities. In turn, the insights obtained by performing such

detailed transcriptomic and genomic analyses on bulk and single neuronal nuclei have revolu-

tionized our understanding of their lineage specification and function. However, INTACT

and snRNA-seq have not been adapted to all tissue types, and a major impediment to broad

applicability has been the difficulty of isolating nuclei from fibrous tissues and organs.

In order to enable the utilization of INTACT to isolate adult cardiac nuclei, we used previ-

ous protocols as a starting point [22, 25, 28] and systematically optimized each step (Table 1).

The ability to easily purify nuclei from a wide variety of tissues paves the way for future studies

using the many existing Cre driver lines with exquisite cell type specificity. For example, atrial

and ventricular Cre driver lines could be used to profile the transcriptome and chromatin

accessibility of individual CM subtypes. Similarly, individual kidney cell types can be examined

based on available Cre lines. In addition, since DNA and RNA are collected simultaneously

from purified nuclei, numerous additional profiling assays can be performed. ChIP-seq using

antibodies for histone marks or transcription factors could provide complementary informa-

tion in specific cell types, as has been described previously for CMs [25] and neurons [22].

Alternatively, whole genome methyl-cytosine and hydroxymethyl-cytosine sequencing could

provide cell type specific epigenetic signatures. Ultimately, further technical improvements

could enable snRNA-seq from rare cell types, which would provide nuanced information

regarding cell type heterogeneity. To enable such in-depth transcriptional analysis in human

tissue, however, newer methods will need to be developed such that genetic tagging of cell

type specific nuclei is not required. In this regard, perhaps variable centrifugation or the

identification of new cell type specific nuclear markers could make this future goal a reality.
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Summary of individual INTACT parameters that were optimized and/or modified in this

manuscript. Each PAN-INTACT step is shown alongside the corresponding step from previ-

ously described protocols for adult heart [25,28] and neurons [22]. The numbers for each

parameter in the table correspond to labeled steps in Fig 1.

Conclusions

Taken together, our data suggest that PAN-INTACT is broadly applicable for profiling the

transcriptional and epigenetic landscape of specific cell types. Thus, we envision that our

method can be used to systematically probe mechanistic details of cell type-specific functions

within individual organs of intact mice.

Supporting information

S1 Table. qRT-PCR primer sequences.

(TIF)

S2 Table. Buffer composition for lysis buffer.

(TIF)

S3 Table. Buffer composition for sucrose cushions.

(TIF)

S4 Table. Buffer composition for nuclei resuspension buffer.

(TIF)

S5 Table. Nuclei yield for different sucrose gradients across postnatal murine ages.

(TIF)

S6 Table. Numbers of mapped library reads for each ATAC-Seq sample.

(TIF)

Table 1. Systematic optimization of PAN-INTACT.

Parameter Protocols used in studies referred to in

[23] and [25]

Protocol used in study referred to in

[17]

This study

1. Tissue

homogenization

Bosch 300W Blender followed by

Ultra-Turrax mediated

homogenization

Razor blade mincing Fine-scissor mediated mincing

2. Nuclei Extraction 8 strokes of dounce with Type A pestle Dounce with Type A pestle followed

by 5 strokes of the Type B pestle

Variable strokes with Type A pestle (age-dependent

optimization as shown in Fig 2) followed by 2–3 strokes

of Type B pestle

3. Nuclei purification 2.1 M Sucrose Solution Iodixanol density medium 1.8M Sucrose Cushion for purifying mixed nuclei; 2.2M

Sucrose Cushion for CM nuclei

4. Anti-clumping

Reagent

None None 10% Glycerol

5. Antibody for IP αPCM1 (post-mitotic CM only) αGFP (any Cre-recombined Sun-

tagged nuclei)

αMyc (any Cre-recombined Sun-tagged nuclei)

6. Magnetic beads for

IP

Anti-rabbit IgG Microbeads Protein G Dynabeads Anti-rabbit IgG Microbeads

7. Assessing sorting

efficiency

Flow Cytometry Fluorescence Microscopy and

hemocytometer

Countess II FL Automated Cell Counter (DAPI light

cube); confocal microscopy

8. RNA/DNA

Purification

AllPrep DNA/RNA Mini Kit, Qiagen RNeasy Micro kit (Qiagen), Dneasy

Blood and Tissue kit (Qiagen)

ZR-Duet DNA/RNA MiniPrep Plus

https://doi.org/10.1371/journal.pone.0214677.t001

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s006
https://doi.org/10.1371/journal.pone.0214677.t001
https://doi.org/10.1371/journal.pone.0214677


S1 Fig. Evaluation of beads for antibody-mediated CM nuclei enrichment. A) Fluorescent

images showing DAPI staining for (i) CM nuclei and (ii) COS7 nuclei purified from 2.2M

sucrose-cushion demonstrating the size difference. (iii) Dynabeads (brown circles) bind to

nuclei labeled with PCM1 antibody for 30 minutes. (iv) Upon mixing COS7 nuclei and

PCM1-labeled nuclei, Dynabeads M-280 Sheep anti-rabbit IgG beads were unable to specifi-

cally bind to immunolabeled nuclei. Red arrow shows a PCM1-labeled nucleus, while green

arrows show COS7 nuclei. B) Schematic representation of the MAN-IP steps performed after

nuclei purification over a 2.2M sucrose cushion. Nuclei were labeled with an antibody against

cardiac nuclear membrane antigen Pericentriolar Material 1 (PCM1) followed by precipitation

with anti-Rabbit IgG microbeads. C) Immunofluorescence images showing robust and effi-

cient PCM1 labeling of CM nuclei in the eluate following overnight incubation with PCM1

antibody. The flow through (FT) contains only unlabeled nuclei. Nuclei were counter-stained

with DAPI. D) Quantification of four independent experiments yielded estimates of PCM1

MAN-IP of specificity and sensitivity (range in percentage with S.D.) in parentheses. Magnifi-

cation: 100μm.

(TIF)

S2 Fig. Sucrose cushion parameters alter the distribution of heart cell nuclei. qRT-PCR

demonstrates heterogeneous cell type nuclei for 1.8M cushion and homogeneous CM nuclei

for 2.2M cushion. Specific marker genes, such as Tnnt2 (CM), Wt1 and Upk1b (epicardial),

Col1a1 (cardiac fibroblast), and Pecam1 (endothelial) were used in qRT-PCR experiments.

Fold enrichment was calculated using cDNA from A) whole heart tissue or B) crude nuclear

pellet (not yet purified over sucrose gradient) as a reference. Gapdh served as an internal stan-

dard for qPCR. Data is represented as average fold enrichment ± S.D. of triplicate reactions for

each marker gene. Y-axis scale: Log2.

(TIF)

S3 Fig. Validation of Myc MAN-IP for purifying Nkx2-5 lineage positive nuclei from P1

murine heart. A-C) Confocal images of nuclei in the eluate following Myc MAN-IP on mixed

nuclei (1.8M sucrose cushion) extracted from P1 Nkx2-5Cre/+; R26Sun1-2xsf-GFP-6xmyc/+ mouse

hearts. The purified nuclei were stained with antibodies for Myc (A), PCM1 (B), or PLN (C).

D-F) Confocal images of nuclei in the eluate following Myc MAN-IP on cardiac nuclei (2.2M

sucrose cushion) extracted from P1 Nkx2-5Cre/+; R26Sun1-2xsf-GFP-6xmyc/+ mouse hearts. The

purified nuclei were stained with antibodies for Myc (D), PCM1 (E), or PLN (F).

(TIF)

S4 Fig. Comparison of ATAC-seq datasets generated by PAN-INTACT. A) Principle com-

ponent analysis (PCA) was performed using each biological replicate for the input, PCM1

MAN-IP, and Myc MAN-IP samples. This analysis shows high overall concordance amongst

biological replicates and between MAN-IP samples. B) Histograms representing the insert size

distribution of sequenced fragments from input, Nkx2-5+, and PCM1+ ATAC-seq libraries.

The average periodicity of insert size distribution from all reads was approximately 200 bp

with additional periodicity corresponding to the helical pitch of DNA (~10.5 bp). X-axis repre-

sents fragment length in base pairs (bp), and Y-axis represents normalized read density. C)

Pie-chart showing genome-wide distribution of nucleosome-bound and nucleosome-free

ATAC-Seq peaks. D) Nucleosome-free peaks were plotted for each sample centered on the

transcriptional start site (TSS). Peak read density was observed overlying the TSS in each sam-

ple. RPKM, Reads Per Kilobase Million. E) The genomic distribution of ATAC-seq reads are

depicted as a pie chart for each sample.

(TIF)
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S5 Fig. Validation of Myc MAN-IP for purification of Wt1 lineage positive nuclei from

kidney. At P28, Wt1eGFPCre/+; R26RSun1-2XsfGFP-6-myc/+ mouse kidneys were harvested, and

mixed nuclei were purified over a 1.8M sucrose cushion. Tagged nuclei were isolated by

immunoaffinity purification with a Myc antibody, and the nuclei in the eluate were counter-

stained with DAPI and visualized by fluorescence confocal microscopy. As expected, all

sfGFP+ nuclei (green) were also Myc+ (red), and the majority of DAPI+ nuclei from the 1.8M

cushion were both sfGFP+ (green) and Myc+ (red). Magnification: 100μm.

(TIF)

Acknowledgments

We thank all members of the Munshi and Hon Labs for insightful discussions. We acknowl-

edge the McDermott Center for next-generation sequencing and the BioHPC computational

infrastructure for providing HPC and storage resources. This work was supported by the AHA

(17PRE33670730 to S.B.), NIH (HL136604, HL133642, and HL135217 to N.V.M), the Bur-

roughs Wellcome Fund (1009838 to N.V.M.), the March of Dimes Foundation (#5-FY13-203

to N.V.M.), and the Department of Defense (PR172060 to N.V.M.). The datasets used and/or

analyzed during the current study are available at the NCBI Sequence Read Archive under the

accession number GSE119792.

Author Contributions

Conceptualization: Nikhil V. Munshi.

Formal analysis: Samadrita Bhattacharyya, Adwait A. Sathe.

Funding acquisition: Nikhil V. Munshi.

Investigation: Samadrita Bhattacharyya, Minoti Bhakta.

Methodology: Samadrita Bhattacharyya.

Project administration: Chao Xing, Nikhil V. Munshi.

Resources: Chao Xing, Nikhil V. Munshi.

Supervision: Chao Xing, Nikhil V. Munshi.

Writing – original draft: Samadrita Bhattacharyya.

Writing – review & editing: Samadrita Bhattacharyya, Nikhil V. Munshi.

References
1. Claycomb WC, Lanson NA Jr., Stallworth BS, Egeland DB, Delcarpio JB, Bahinski A, et al. Hl-1 cells: A

cardiac muscle cell line that contracts and retains phenotypic characteristics of the adult cardiomyocyte.

Proceedings of the National Academy of Sciences of the United States of America. 1998; 95:2979–

2984 PMID: 9501201

2. He A, Kong SW, Ma Q, Pu WT. Co-occupancy by multiple cardiac transcription factors identifies tran-

scriptional enhancers active in heart. Proceedings of the National Academy of Sciences of the United

States of America. 2011; 108:5632–5637 https://doi.org/10.1073/pnas.1016959108 PMID: 21415370

3. Wamstad JA, Alexander JM, Truty RM, Shrikumar A, Li F, Eilertson KE, et al. Dynamic and coordinated

epigenetic regulation of developmental transitions in the cardiac lineage. Cell. 2012; 151:206–220

https://doi.org/10.1016/j.cell.2012.07.035 PMID: 22981692

4. Paige SL, Thomas S, Stoick-Cooper CL, Wang H, Maves L, Sandstrom R, et al. A temporal chromatin

signature in human embryonic stem cells identifies regulators of cardiac development. Cell. 2012;

151:221–232 PMID: 22981225

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214677.s011
http://www.ncbi.nlm.nih.gov/pubmed/9501201
https://doi.org/10.1073/pnas.1016959108
http://www.ncbi.nlm.nih.gov/pubmed/21415370
https://doi.org/10.1016/j.cell.2012.07.035
http://www.ncbi.nlm.nih.gov/pubmed/22981692
http://www.ncbi.nlm.nih.gov/pubmed/22981225
https://doi.org/10.1371/journal.pone.0214677


5. Vedantham V, Galang G, Evangelista M, Deo RC, Srivastava D. Rna sequencing of mouse sinoatrial

node reveals an upstream regulatory role for islet-1 in cardiac pacemaker cells. Circ Res. 2015;

116:797–803 https://doi.org/10.1161/CIRCRESAHA.116.305913 PMID: 25623957

6. Brunskill EW, Aronow BJ, Georgas K, Rumballe B, Valerius MT, Aronow J, et al. Atlas of gene expres-

sion in the developing kidney at microanatomic resolution. Developmental cell. 2008; 15:781–791

PMID: 19000842

7. Quillien A, Abdalla M, Yu J, Ou J, Zhu LJ, Lawson ND. Robust identification of developmentally active

endothelial enhancers in zebrafish using fans-assisted atac-seq. Cell reports. 2017; 20:709–720 https://

doi.org/10.1016/j.celrep.2017.06.070 PMID: 28723572

8. Horsthuis T, Buermans HP, Brons JF, Verkerk AO, Bakker ML, Wakker V, et al. Gene expression profil-

ing of the forming atrioventricular node using a novel tbx3-based node-specific transgenic reporter. Circ

Res. 2009; 105:61–69 https://doi.org/10.1161/CIRCRESAHA.108.192443 PMID: 19498200

9. Bergmann O, Jovinge S. Isolation of cardiomyocyte nuclei from post-mortem tissue. Journal of visual-

ized experiments: JoVE. 2012

10. Preissl S, Schwaderer M, Raulf A, Hesse M, Gruning BA, Kobele C, et al. Deciphering the epigenetic

code of cardiac myocyte transcription. Circ Res. 2015; 117:413–423 https://doi.org/10.1161/

CIRCRESAHA.115.306337 PMID: 26105955

11. Heiman M, Schaefer A, Gong S, Peterson JD, Day M, Ramsey KE, et al. A translational profiling

approach for the molecular characterization of cns cell types. Cell. 2008; 135:738–748 https://doi.org/

10.1016/j.cell.2008.10.028 PMID: 19013281

12. Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, et al. Application of a translational

profiling approach for the comparative analysis of cns cell types. Cell. 2008; 135:749–762 https://doi.

org/10.1016/j.cell.2008.10.029 PMID: 19013282

13. Tryon RC, Pisat N, Johnson SL, Dougherty JD. Development of translating ribosome affinity purification

for zebrafish. Genesis. 2013; 51:187–192 https://doi.org/10.1002/dvg.22363 PMID: 23281262

14. Zhou P, Gu F, Zhang L, Akerberg BN, Ma Q, Li K, et al. Mapping cell type-specific transcriptional

enhancers using high affinity, lineage-specific ep300 biochip-seq. eLife. 2017; 6

15. Deal RB, Henikoff S. The intact method for cell type-specific gene expression and chromatin profiling in

arabidopsis thaliana. Nature protocols. 2011; 6:56–68 https://doi.org/10.1038/nprot.2010.175 PMID:

21212783

16. Deal RB, Henikoff S. A simple method for gene expression and chromatin profiling of individual cell

types within a tissue. Developmental cell. 2010; 18:1030–1040 https://doi.org/10.1016/j.devcel.2010.

05.013 PMID: 20627084

17. Mo A, Mukamel EA, Davis FP, Luo C, Henry GL, Picard S, et al. Epigenomic signatures of neuronal

diversity in the mammalian brain. Neuron. 2015; 86:1369–1384 https://doi.org/10.1016/j.neuron.2015.

05.018 PMID: 26087164

18. Amin NM, Greco TM, Kuchenbrod LM, Rigney MM, Chung MI, Wallingford JB, et al. Proteomic profiling

of cardiac tissue by isolation of nuclei tagged in specific cell types (intact). Development. 2014;

141:962–973 https://doi.org/10.1242/dev.098327 PMID: 24496632

19. Henry GL, Davis FP, Picard S, Eddy SR. Cell type-specific genomics of drosophila neurons. Nucleic

acids research. 2012; 40:9691–9704 https://doi.org/10.1093/nar/gks671 PMID: 22855560

20. Steiner FA, Talbert PB, Kasinathan S, Deal RB, Henikoff S. Cell-type-specific nuclei purification from

whole animals for genome-wide expression and chromatin profiling. Genome research. 2012; 22:766–

777 https://doi.org/10.1101/gr.131748.111 PMID: 22219512

21. DeLaughter DM, Bick AG, Wakimoto H, McKean D, Gorham JM, Kathiriya IS, et al. Single-cell resolu-

tion of temporal gene expression during heart development. Developmental cell. 2016; 39:480–490

https://doi.org/10.1016/j.devcel.2016.10.001 PMID: 27840107

22. Li G, Xu A, Sim S, Priest JR, Tian X, Khan T, et al. Transcriptomic profiling maps anatomically patterned

subpopulations among single embryonic cardiac cells. Developmental cell. 2016; 39:491–507 https://

doi.org/10.1016/j.devcel.2016.10.014 PMID: 27840109

23. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, Walsh S, et al. Evidence for car-

diomyocyte renewal in humans. Science. 2009; 324:98–102 https://doi.org/10.1126/science.1164680

PMID: 19342590

24. Bergmann O, Zdunek S, Alkass K, Druid H, Bernard S, Frisen J. Identification of cardiomyocyte nuclei

and assessment of ploidy for the analysis of cell turnover. Experimental cell research. 2011; 317:188–

194 https://doi.org/10.1016/j.yexcr.2010.08.017 PMID: 20828558

25. Gilsbach R, Preissl S, Gruning BA, Schnick T, Burger L, Benes V, et al. Dynamic DNA methylation

orchestrates cardiomyocyte development, maturation and disease. Nature communications. 2014;

5:5288 https://doi.org/10.1038/ncomms6288 PMID: 25335909

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 23 / 25

https://doi.org/10.1161/CIRCRESAHA.116.305913
http://www.ncbi.nlm.nih.gov/pubmed/25623957
http://www.ncbi.nlm.nih.gov/pubmed/19000842
https://doi.org/10.1016/j.celrep.2017.06.070
https://doi.org/10.1016/j.celrep.2017.06.070
http://www.ncbi.nlm.nih.gov/pubmed/28723572
https://doi.org/10.1161/CIRCRESAHA.108.192443
http://www.ncbi.nlm.nih.gov/pubmed/19498200
https://doi.org/10.1161/CIRCRESAHA.115.306337
https://doi.org/10.1161/CIRCRESAHA.115.306337
http://www.ncbi.nlm.nih.gov/pubmed/26105955
https://doi.org/10.1016/j.cell.2008.10.028
https://doi.org/10.1016/j.cell.2008.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19013281
https://doi.org/10.1016/j.cell.2008.10.029
https://doi.org/10.1016/j.cell.2008.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19013282
https://doi.org/10.1002/dvg.22363
http://www.ncbi.nlm.nih.gov/pubmed/23281262
https://doi.org/10.1038/nprot.2010.175
http://www.ncbi.nlm.nih.gov/pubmed/21212783
https://doi.org/10.1016/j.devcel.2010.05.013
https://doi.org/10.1016/j.devcel.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20627084
https://doi.org/10.1016/j.neuron.2015.05.018
https://doi.org/10.1016/j.neuron.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26087164
https://doi.org/10.1242/dev.098327
http://www.ncbi.nlm.nih.gov/pubmed/24496632
https://doi.org/10.1093/nar/gks671
http://www.ncbi.nlm.nih.gov/pubmed/22855560
https://doi.org/10.1101/gr.131748.111
http://www.ncbi.nlm.nih.gov/pubmed/22219512
https://doi.org/10.1016/j.devcel.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27840107
https://doi.org/10.1016/j.devcel.2016.10.014
https://doi.org/10.1016/j.devcel.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27840109
https://doi.org/10.1126/science.1164680
http://www.ncbi.nlm.nih.gov/pubmed/19342590
https://doi.org/10.1016/j.yexcr.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20828558
https://doi.org/10.1038/ncomms6288
http://www.ncbi.nlm.nih.gov/pubmed/25335909
https://doi.org/10.1371/journal.pone.0214677


26. Gilsbach R, Schwaderer M, Preissl S, Gruning BA, Kranzhofer D, Schneider P, et al. Distinct epigenetic

programs regulate cardiac myocyte development and disease in the human heart in vivo. Nature com-

munications. 2018; 9:391 https://doi.org/10.1038/s41467-017-02762-z PMID: 29374152

27. Corces MR, Trevino AE, Hamilton EG, Greenside PG, Sinnott-Armstrong NA, Vesuna S, et al. An

improved atac-seq protocol reduces background and enables interrogation of frozen tissues. Nature

methods. 2017; 14:959–962 https://doi.org/10.1038/nmeth.4396 PMID: 28846090

28. Andrews S. FastQC: A quality control tool for high throughput sequence data. 2010; http://www.

bioinformatics.babraham.ac.uk/projects/fastqc

29. Wingett S. FastQ Screen: A quality control tool to screen a library of sequences in FastQ format against

a set of sequence databases. 2011.

30. Aronesty E. Comparison of sequencing utility programs. Open Bioinf. J. 2013; 7:1–8

31. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nature methods. 2012; 9:357–

359 https://doi.org/10.1038/nmeth.1923 PMID: 22388286

32. Quinlan AR. Bedtools: The swiss-army tool for genome feature analysis. Current protocols in bioinfor-

matics. 2014; 47:11 12 11–34 https://doi.org/10.1002/0471250953.bi1112s47 PMID: 25199790

33. Ahmed Z, Ucar D. I-ATAC: Interactive pipeline for the management and pre-processing of ATAC-seq

samples. PeerJ. 2017; 5:e4040 https://doi.org/10.7717/peerj.4040 PMID: 29181276

34. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-based analysis of

ChIP-seq (MACS). Genome biology. 2008; 9:R137 https://doi.org/10.1186/gb-2008-9-9-r137 PMID:

18798982

35. Yu G, Wang LG, He QY. Chipseeker: An r/bioconductor package for chip peak annotation, comparison

and visualization. Bioinformatics. 2015; 31:2382–2383 https://doi.org/10.1093/bioinformatics/btv145

PMID: 25765347

36. Yue F, Cheng Y, Breschi A, et al. The Mouse EC. A comparative encyclopedia of DNA elements in the

mouse genome. Nature. 2014; 515:355 https://doi.org/10.1038/nature13992 PMID: 25409824

37. Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, et al. Deeptools2: A next generation

web server for deep-sequencing data analysis. Nucleic acids research. 2016; 44:W160–165 https://doi.

org/10.1093/nar/gkw257 PMID: 27079975

38. Dignam JD, Lebovitz RM, Roeder RG. Accurate transcription initiation by rna polymerase ii in a soluble

extract from isolated mammalian nuclei. Nucleic acids research. 1983; 11:1475–1489 PMID: 6828386

39. Sessions AO, Engler AJ. Mechanical regulation of cardiac aging in model systems. Circ Res. 2016;

118:1553–1562 https://doi.org/10.1161/CIRCRESAHA.116.307472 PMID: 27174949

40. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D’Antoni ML, Debuque R, et al. Revisiting cardiac cellular

composition. Circ Res. 2016; 118:400–409 https://doi.org/10.1161/CIRCRESAHA.115.307778 PMID:

26635390

41. Zhou P, Pu WT. Recounting cardiac cellular composition. Circ Res. 2016; 118:368–370 https://doi.org/

10.1161/CIRCRESAHA.116.308139 PMID: 26846633

42. Zebrowski DC, Vergarajauregui S, Wu CC, Piatkowski T, Becker R, Leone M, et al. Developmental

alterations in centrosome integrity contribute to the post-mitotic state of mammalian cardiomyocytes.

eLife. 2015; 4

43. Watson N. Isolation and Use of Mammalian Cell Nuclei. Sigma-Aldrich Corporation, St. Louis, MO, USA

44. Moses KA, DeMayo F, Braun RM, Reecy JL, Schwartz RJ. Embryonic expression of an Nkx2-5/cre

gene using rosa26 reporter mice. Genesis. 2001; 31:176–180 PMID: 11783008

45. Wu SM, Fujiwara Y, Cibulsky SM, Clapham DE, Lien CL, Schultheiss TM, et al. Developmental origin of

a bipotential myocardial and smooth muscle cell precursor in the mammalian heart. Cell. 2006;

127:1137–1150 https://doi.org/10.1016/j.cell.2006.10.028 PMID: 17123591

46. Nakano A, Nakano H, Smith KA, Palpant NJ. The developmental origins and lineage contributions of

endocardial endothelium. Biochimica et biophysica acta. 2016; 1863:1937–1947 https://doi.org/10.

1016/j.bbamcr.2016.01.022 PMID: 26828773

47. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition of native chromatin for

fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome posi-

tion. Nature methods. 2013; 10:1213–1218 https://doi.org/10.1038/nmeth.2688 PMID: 24097267

48. Serpooshan V, Liu YH, Buikema JW, Galdos FX, Chirikian O, Paige S, et al. Nkx2.5+ cardiomyoblasts

contribute to cardiomyogenesis in the neonatal heart. Scientific reports. 2017; 7:12590 https://doi.org/

10.1038/s41598-017-12869-4 PMID: 28974782

49. Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, Rivera-Feliciano J, et al. Epicardial progenitors contrib-

ute to the cardiomyocyte lineage in the developing heart. Nature. 2008; 454:109–113 https://doi.org/10.

1038/nature07060 PMID: 18568026

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 24 / 25

https://doi.org/10.1038/s41467-017-02762-z
http://www.ncbi.nlm.nih.gov/pubmed/29374152
https://doi.org/10.1038/nmeth.4396
http://www.ncbi.nlm.nih.gov/pubmed/28846090
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1002/0471250953.bi1112s47
http://www.ncbi.nlm.nih.gov/pubmed/25199790
https://doi.org/10.7717/peerj.4040
http://www.ncbi.nlm.nih.gov/pubmed/29181276
https://doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982
https://doi.org/10.1093/bioinformatics/btv145
http://www.ncbi.nlm.nih.gov/pubmed/25765347
https://doi.org/10.1038/nature13992
http://www.ncbi.nlm.nih.gov/pubmed/25409824
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/nar/gkw257
http://www.ncbi.nlm.nih.gov/pubmed/27079975
http://www.ncbi.nlm.nih.gov/pubmed/6828386
https://doi.org/10.1161/CIRCRESAHA.116.307472
http://www.ncbi.nlm.nih.gov/pubmed/27174949
https://doi.org/10.1161/CIRCRESAHA.115.307778
http://www.ncbi.nlm.nih.gov/pubmed/26635390
https://doi.org/10.1161/CIRCRESAHA.116.308139
https://doi.org/10.1161/CIRCRESAHA.116.308139
http://www.ncbi.nlm.nih.gov/pubmed/26846633
http://www.ncbi.nlm.nih.gov/pubmed/11783008
https://doi.org/10.1016/j.cell.2006.10.028
http://www.ncbi.nlm.nih.gov/pubmed/17123591
https://doi.org/10.1016/j.bbamcr.2016.01.022
https://doi.org/10.1016/j.bbamcr.2016.01.022
http://www.ncbi.nlm.nih.gov/pubmed/26828773
https://doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/24097267
https://doi.org/10.1038/s41598-017-12869-4
https://doi.org/10.1038/s41598-017-12869-4
http://www.ncbi.nlm.nih.gov/pubmed/28974782
https://doi.org/10.1038/nature07060
https://doi.org/10.1038/nature07060
http://www.ncbi.nlm.nih.gov/pubmed/18568026
https://doi.org/10.1371/journal.pone.0214677


50. Guo JK, Menke AL, Gubler MC, Clarke AR, Harrison D, Hammes A, et al. Wt1 is a key regulator of

podocyte function: Reduced expression levels cause crescentic glomerulonephritis and mesangial scle-

rosis. Human molecular genetics. 2002; 11:651–659 PMID: 11912180

51. Lake BB, Ai R, Kaeser GE, Salathia NS, Yung YC, Liu R, et al. Neuronal subtypes and diversity

revealed by single-nucleus rna sequencing of the human brain. Science. 2016; 352:1586–1590 https://

doi.org/10.1126/science.aaf1204 PMID: 27339989

52. Wagner A, Regev A, Yosef N. Revealing the vectors of cellular identity with single-cell genomics. Nature

biotechnology. 2016; 34:1145–1160 https://doi.org/10.1038/nbt.3711 PMID: 27824854

Isolation and profiling of lineage-specific nuclei

PLOS ONE | https://doi.org/10.1371/journal.pone.0214677 April 2, 2019 25 / 25

http://www.ncbi.nlm.nih.gov/pubmed/11912180
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1126/science.aaf1204
http://www.ncbi.nlm.nih.gov/pubmed/27339989
https://doi.org/10.1038/nbt.3711
http://www.ncbi.nlm.nih.gov/pubmed/27824854
https://doi.org/10.1371/journal.pone.0214677

