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Preface

Regulation of gene expression at the transcriptional and posttranscriptional level is essential
tor all eukaryotic cells for maintaining their survival and cell identity. Eukaryotic cells have
developed intricate and complex control mechanisms that allow them to determine which
genes to express and to what extent in a given cell type. Therefore, a comprehensive study
of the transcriptional and posttranscriptional mechanisms of gene regulation is expected to
provide key insights into almost all of the important biological processes.

This new edition of Methods in Molecular Biology on Eukaryotic Transcriptional and
Posttranscriptional Gene Expression Regulation compiles a variety of very useful protocols
that will allow the reader to study different aspects of transcriptional and posttranscriptional
gene expression regulation in eukaryotic cells. These protocols are written in a comprehen-
sive manner to serve as stand-alone protocols, allowing the reader to perform the described
method with ease. I anticipate that the researchers in the field of eukaryotic gene expression
regulation will find this volume useful.

New Haven, CT Navendra Wajapeyee
Romi Gupta
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Chapter 1

Fluorescence Reporter-Based Genome-Wide RNA
Interference Screening to Identify Alternative Splicing
Regulators

Ashish Misra and Michael R. Green

Abstract

Alternative splicing is a regulated process that leads to inclusion or exclusion of particular exons in a
pre-mRNA transcript, resulting in multiple protein isoforms being encoded by a single gene. With more
than 90 % of human genes known to undergo alternative splicing, it represents a major source for biologi-
cal diversity inside cells. Although in vitro splicing assays have revealed insights into the mechanisms regu-
lating individual alternative splicing events, our global understanding of alternative splicing regulation is
still evolving. In recent years, genome-wide RNA interference (RNAi) screening has transformed biologi-
cal research by enabling genome-scale loss-of-function screens in cultured cells and model organisms. In
addition to resulting in the identification of new cellular pathways and potential drug targets, these
screens have also uncovered many previously unknown mechanisms regulating alternative splicing. Here,
we describe a method for the identification of alternative splicing regulators using genome-wide RNAi
screening, as well as assays for further validation of the identified candidates. With modifications, this
method can also be adapted to study the splicing regulation of pre-mRNAs that contain two or more
splice isoforms.

Key words Alternative splicing, Genome-wide, RNA interference, Flow cytometry, RBFOX2,
Pre-mRNA

1 Introduction

RNA interference (RNAi) has allowed researchers to overcome
challenges associated with classical genetic approaches and
enabled them to perform high-throughput gene silencing
(knockdown) experiments in cells and organisms. Combining
the power of genetic screens with phenotypic assays, RNAi
screening has made it possible for researchers to identify new
genes and/or gene networks involved in regulating critical cel-
lular processes. RNAI is now widely used in high-throughput
screens in both basic and applied biology and has allowed
researchers to address key questions underlying a wide variety of

Narendra Wajapeyee and Romi Gupta (eds.), Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation,
Methods in Molecular Biology, vol. 1507, DOI 10.1007/978-1-4939-6518-2_1, © Springer Science+Business Media New York 2017
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biological processes, including signal transduction, cell viability,
cell or organelle morphology, protein localization and/or func-
tion, drug resistance, and alternative splicing [1-6].

A number of genome-wide RNAI libraries have been devel-
oped by academic and commercial entities, with newer libraries
emerging as our understanding of eftective strategies to design and
deliver RNAi reagents improves [7]. Readers unfamiliar with RNAi
screening strategies are referred to past reviews on assay develop-
ment and optimization, high-throughput cell-based pooled format
RNAI screens [1, 2, 8], arrayed format RNAI screens [1, 9], and
in vivo screening [10]. So far, hundreds of large-scale, cell-based,
and in vivo RNAI screens have been carried out in Drosophila mela-
nogaster, mouse, and human cells. Furthermore, numerous data-
bases are available that support the browsing and analysis of results
from these large-scale RNAI screens [11].

The RNAI screen described below is based on a previous pub-
lication from our group in which we sought to gain insights into
the mechanism of action of the splicing regulator RBFOX2 by per-
forming a genome-wide loss-of-function short hairpin RNA
(shRNA) screen to identify factors that, in addition to the RBFOX2
itself, are required for splicing repression [6]. Our screening strat-
egy (Fig. 1) was based upon an experimental system developed by
Wang et al. [12] for the identification of exonic splicing silencers
(ESSs) from a random sequence pool. This system uses a three-
exon mini-gene construct that serves as a reporter for exon silenc-
ing (see inset to Fig. 1). Exons 1 and 3 of this construct form a
complete mRNA encoding green fluorescent protein (GFP), and
exon 2 contains a cloning site into which an oligonucleotide can be

Flp-In-293 cells

= .

(RBFOX2-
blndlng site)

[EEH HEE Exon inclusion: GFP—

II
R -[I]- Exon exclusion: GFP+
[HygR] Exon:

Y FACS sort for GFP+ cells
GFP/Flp-In-293 cells

==

Transduce with human shRNA library pools
Puromycin select for 10 days

==
FACS sort (2 times) for GFP- cells
Expand GFP- population
Isolate genomic DNA
PCR, clone, sequence to identify shRNA

Validate candidates
Rule out off-target effects

Fig. 1 Schematic of the genome-wide RNAi screening strategy
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inserted. Exon 2 is normally included to form an mRNA that does
not encode functional GFP. However, insertion of an ESS sequence
(in our case, the binding site for RBFOX2) into exon 2 can cause
skipping of this exon, producing an mRNA encoding functional
GFP. The mini-gene is constructed in an expression vector designed
for use with Flp-In™-293 cells, which contain a single Flp recom-
bination target (FRT) integration site. Integration of the mini-
gene at a single genomic site is mediated by the Flp recombinase,
which is encoded by a plasmid. The cell line containing the stably
integrated splicing reporter is first sorted by fluorescence-activated
cell sorting (FACS) to obtain a population of cells that is 100 %
GFP-positive (GFP /Flp-In-293 cells). These cells are then used to
perform a genome-wide shRNA screen. Briefly, the GFP/
Flip-In-293 cells are stably transduced with an shRNA library; we
used The RNAi Consortium (TRC)-Hsl.0 Lentiviral Human
Genome shRNA Library comprising ~85,000 shRNAs, which we
divided into 22 pools (~5000 shRNAs/pool) to facilitate high-
throughput screening. The stably transduced cells from each pool
are then FACS sorted to isolate the population of cells in which
GFP expression has been significantly diminished and/or lost
(GFP-negative), which is the expected result for the loss of splicing
repressor function. For each pool, the GFP-negative population of
cells is expanded, and the FACS sorting is repeated in order to
minimize the number of false positives. The shRNAs in the puri-
fied GFP-negative population of cells are identified by sequence
analysis. Positive candidates are validated by stably transducing the
GFP/Flp-In-293 cells with an individual shRNA directed against
the candidate gene and performing FACS analysis as well as other
assays using reporter and endogenous target genes.

The method described here is a general screening approach
that can be used to identify splicing repressors and/or corepres-
sors. In principle, this screening strategy could also be applied to
identify alternative splicing regulators regulating complex alterna-
tive splicing events such as the splicing regulation of pre-mRNAs
that contain two or more splice isoforms with appropriate modifi-
cations to the reporter construct such as the one described by
Moore et al. (see ref. 5).

2 Materials

2.1 CGell Lines
and Culture Gonditions

Prepare all solutions using ultrapure double-distilled water
(ddH,O). Store all commercially obtained reagents according to
the manufacturer’s instructions.

1. Cell lines: Flp-In™-293 cells (Thermo Fisher Scientific) and
293T cells (American Tissue Culture Collection) (se¢ Note 1).
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2.2 Lentivirus
Preparation,
Transduction, and
Determination

of Multiplicity

of Infection

2.3 Preparation
of Stable Gell Lines
Carrying the GFP
Reporter Construct

2.4 Flow Cytometry
Sorting and Analysis

2.5 Genomic DNA
Isolation and
Identification of
Candidate shRNAs
by DNA Sequencing

2.

Cell culture medium: DMEM high glucose medium
(Invitrogen) containing 10% fetal bovine serum (FBS)
(Invitrogen)/Penicillin-Streptomycin (Invitrogen). Mix well
and store at 4 °C. Prior to starting the cell culture experiment,
warm the media in a 37 °C water bath for about 15 min.

. 10 cm tissue culture plates.

2. TRC Lentiviral Human Genome shRNA Library (GE

® N O U

Dharmacon) divided into 22 pools, and corresponding posi-
tive (RBFOX2) and negative (non-silencing, also called non-
targeting) control shRNAs.

. Lentiviral packaging plasmids pMD2.G (Addgene plasmid

#12259) and psPAX2 (Addgene plasmid #12260).

. Effectene Transfection Reagent kit (QIAGEN), which includes

Effectene reagent, Enhancer, and EC buffer.

. 0.45 pM filters (Millipore).

. Polybrene (100 pg/uL) (see Note 2).

. Puromycin (5 mg/mL).

. Phosphate-buffered saline (PBS; 10x): 25.6 g Na,HPO,-7H, 0,

80 g NaCl, 2 g KCl, 2 g KH,PO,, ddH,O to 1 L. Autoclave
prior to use. Store at room temperature.

. Crystal violet staining solution: 40% methanol, 10% acetic

acid, 0.01% (w/v) crystal violet in ddH,O. Store at room
temperature.

. pcDNAS5 /FRT vector (Thermo Fisher Scientific) containing

the GFP reporter with an RBFOX2-binding site inserted into
exon 2 (see ref. 12).

. pOG44 Flp-recombinase expression vector (Thermo Fisher

Scientific).

. Hygromycin B (50 mg/mL) (AG Scientific Incorporation).
. Cloning cylinders.

. Flow cytometer and analyzer, such as a BD FACSCalibur flow

cytometer (BD Biosciences).

2. FACS tubes.

w

. Collection media: DMEM +20% FBS /Penicillin-Streptomycin.

4. Trypsin-EDTA (0.25 %, Invitrogen).

. Cell lysis buffer: 0.5% (w/v) SDS, 200 pg/mL of protease K,

10 mM Tris—HCI, pH 8.0, 100 mM NaCl, 10 mM EDTA,
pH 8.0. Store at room temperature.

. Phenol /chloroform /isoamyl alcohol 25:24:1 saturated with

10 mM Tris—HCI, pH 8.0, 1 mM EDTA. Store at 4 °C.



Genome-wide RNAi Screening for Alternative Splicing Regulators 5

3.

Chloroform. Store at room temperature.

4. Sodiumacetate (3 M): Dissolve 408.1 gofsodium acetate-3H,O

11.
12.
13.
14.

15.
16.

17.

18.
19.

(MW 136) in 800 mL of ddH,0O. Adjust the pH to 5.2 with
glacial acetic acid. Store at room temperature.

. Ethanol (100% and 70%).
. TE buffer (1x): 10 mM Tris-HCI, 1 mM EDTA, pH 8.0.
. Taq PCR butffer (10x): 100 mM KCI, 100 mM (NH,),SO,,

200 mM Tris-HCL, pH 8.75, 20 mM MgSOy, 1% Triton
X-100, 0.1% BSA. Store at -20 °C. Alternatively, it can be
purchased.

. Taq DNA polymerase.
. dNTPs (final concentration 10 mM each A, C, G, T).
10.

Primers: Primerl For-TRC (10 pM), TACGATACAAGGC
TGTTAGAGAG; Rev-TRC (10 pM), CGAACCGCAAGGA
ACCTTC, sequencing  primer (MF22; 5 uM),
AAACCCAGGGCTGCCTTGGAAAAG.

Dimethyl sulfoxide (DMSO).
DNase- and RNase-free agarose for gel electrophoresis.
QIAquick Gel Extraction Kit (QIAGEN).

pGEME®-T Easy Vector Systems kit (Promega), which contains
the pGEM®-T Easy Vector, control insert DNA, 2x Rapid
Ligation Buffer, and T4 DNA Ligase.

DH5a competent cells. Store at -80 °C.

2x LB broth: Dissolve 20 g of peptone, 10 g of yeast extract,
and 5 g of NaClin 1 L of ddH,O. Autoclave prior to use. Store
at room temperature.

LB Amp plates: Add 15 g of agar to 1 L of 2x LB broth and
autoclave for 25 min. Cool down and add ampicillin (100 pg/
mL). Pour into 10 cm dishes, let solidify and store at 4 °C.
Isopropyl-8-p-thiogalactopyranoside (IPTG; 1 M).

5-bromo-4-chloro-3-indolyl-f-p-galactopyranoside (BCIG or
X-gal; 50 mg/mL).

3 Methods

3.1 shRNA Lentivirus
Preparation

Carry out all cell culture experiments in an ultraviolet-sterilized
vacuum hood at room temperature unless otherwise specified.
Incubate cells in a 5% CO, incubator at 37 °C.

1.

On day 1, plate 2x10° 293T cells in each of 24 individual
10 c¢m tissue culture plates; use one plate for each of the 22
shRNA pools, one plate for the positive (RBFOX2) shRNA
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3.2 Determining the
Multiplicity of
Infection for Lentiviral
shRNA Pools

control, and one plate for the negative (non-silencing) control
shRNA. Shake the plates well to make sure the cells are evenly
spread. Incubate at 37 °C for 16 h.

. On day 2, aspirate old medium and add 10 mL of pre-warmed

fresh medium onto the cells. Incubate the cells at 37 °C until
the transfection mixture is added. Prepare the transfection
mixture by mixing 5 pg of pooled shRNA plasmids (or positive
and negative control shRNA plasmids), 2.5 pg of pMD2.G
(VSV-G envelope expressing plasmid), and 5 pg of psPAX2
(lentiviral packaging plasmid) in 300 pL of EC buffer. Add
32 pL of Enhancer, mix well by brief vortexing, and let it sit at
room temperature for 5 min. Add 80 pL of Effectene, vortex,
and let it sit at room temperature for another 20 min. Dispense
0.5 mL of fresh medium to the transfection mixture and, while
holding the plate still, gently dispense the entire mixture evenly
on top of the cells.

. On day 3, aspirate all of the medium and add 10 mL of pre-

warmed fresh medium. Incubate at 37 °C for 48 h.

. On day 5, collect the supernatant with a syringe and dispense

it through a 0.45 pm filter to remove cell debris. Aliquot the
supernatant (1 mL aliquots) into microcentrifuge tubes and
store at —80 °C (see Note 3).

. Plate 1x10* 293T cells in each well of a 6-well plate and incu-

bate at 37 °C for ~16 h. Use one plate for each of the 22 pools,
plus two more for the positive and negative control shRNAs.

. Thaw the virus supernatant, and make a series of six tenfold

serial dilutions in DMEM media containing 10% FBS/
Penicillin-Streptomycin. Mix 100 pL of diluted virus with
900 pL of fresh medium. Add polybrene to a final concentra-
tion of 10 pg/mL. Gently dispense the virus mixture on top of
the 293T cells and incubate at 37 °C for 24 h.

. Aspirate the media containing virus and add 10 mL of fresh

medium. Incubate at 37 °C for 24 h.

. Add 1.5 pg/mL of puromycin to each plate and incubate at

37 °C until colonies begin to form (usually about 7-10 days).
Change the media containing puromycin every 2 days.

. Wash colonies with 1x PBS and stain with crystal violet stain-

ing solution at room temperature for 20 min. Wash the colo-
nies multiple times with ddH,O until the water runs colorless.
Air-dry the plate and count the colonies. Calculate the multi-
plicity of infection for the lentiviral supernatants using the fol-
lowing formula:

MOI (particle forming units(pfi) / mL) = colony number x dilution factor x 10.
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1.

Plate 2 x 10% Flp-In™-293 cells in a 10 cm plate. Incubate the
cells at 37 °C for 16 h.

. Transfect the cells with 2 pg of pcDNAS5 /FRT-based reporter

plasmid and 1 pg of pOG44 plasmid using the Effectene
Transfection Reagent kit. Incubate at 37 °C for 24 h.

. Aspirate all of the medium and add 10 mL of pre-warmed fresh

medium.

. Add hygromycin B (150 pg/mL) (se¢ Note 4) to enrich cells

containing the stably integrated reporter construct. Incubate
the cells at 37 °C for ~2 weeks to allow for individual colonies
to form. Change the medium containing hygromycin every 4
days. It takes about 8-10 days to wipe out cells that do not
carry a stable integration of the construct.

. Isolate individual colonies (eight to ten) into 6-well plates using

cloning cylinders according to manufacturer’s instructions.

. Expand the colonies for 6-8 days in order to obtain enough

cells for FACS sorting.

. Sort the cells using a flow cytometer. Use the parental

Flp-In™-293 cells and GFP reporter plasmid-transtected cells
as controls to set the gates for the analysis. First, gate for the
live cell population in the forward versus side-scatter plot.
Next, gate for the GFP-positive cells in the GFP channel: set
the gate so that >90 % of the cells appear to be GFP-positive in
the GFP reporter plasmid-transfected cells and 100% cells
appear GFP-negative in the parental Flp-In™-293 cells. Sort
all the colonies based on these gates and collect the GFP-
positive cells in collection media containing DMEM and 20 %
EBS /Penicillin-Streptomycin.

. Plate these cells in 10 cm plates containing DMEM and 10%

FBS /Penicillin-Streptomycin. Select the colony that shows
maximum mean fluorescence intensity of GFP signal for fur-
ther experiments.

. Plate 2x10° GFP/Flp-In-293 cells in 24 individual 10 cm

plates, one for each shRNA pool and two for the positive
(RBFOX2) and negative (non-silencing) control shRNAs.
Incubate at 37 °C for 12-16 h.

. Transduce the cells with the lentiviral shRNA pools and control

shRNAs in a total volume of 10 mL DMEM media containing
10% FBS /Penicillin-Streptomycin and polybrene (10 pg/mL)
to achieve a multiplicity of infection (MOI) of 0.2.

. Change media after 24 h and add puromycin (1.5 pg/mL) to

select the cells carrying shRNA. Change media containing
puromycin after every 2 days. Usually it takes about 3—4 days
to completely wipe out cells that do not contain an integrated
shRNA.
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3.5 FACGS Sorting

3.6 Genomic DNA
Isolation and shRNA
Identification

P

. On day 10 post-infection, aspirate the media from the plates.
. Rinse the cells with 1x PBS. Add 1 mL 0.25% trypsin to each

plate and incubate at room temperature for ~2 min with occa-
sional agitation. Visually inspect the plates to ensure complete
detachment of the cells.

. Add 1 mL of 1x PBS with 10% FBS to neutralize the trypsin

and dissociate the cells into a single-cell suspension by repeated
pipetting. Collect the cells in FACS tubes and store at 4 °C.

. Sort the cells using a FACS sorter and analyzer. Use the paren-

tal Flp-In™-293 cells and non-silencing shRNA-infected GFP/
Flp-In-293 cells as controls to set the gates for FACS sorting.
First, gate for the live cell population in the forward versus
side-scatter plot. Next, gate for the GFP-positive cells in the
GEFP channel: set the gate so that >90% of the cells appear to
be GFP-positive in the non-silencing shRNA control and
100% cells appear GFP-negative in the parental Flp-In™-293
cells. Sort all the 22 pools based on these gates and collect the
GFP-negative cells in collection media containing DMEM and
20% FBS /Penicillin-Streptomycin.

. Collect the sorted GFP-negative cells from individual pools

separately and plate them on a 10 cm dish in media containing
DMEM with 10% FBS/Penicillin-Streptomycin and puromy-
cin (1.5 pg/mL). Incubate at 37 °C for 4 days, changing the
media containing puromycin every 2 days.

. On day 17 post-infection, repeat steps 1-5 and proceed to the

next section with the collected GFP-negative cells.

. Pellet down the cells at 2655 x4 for 5 min, collect the GFP-

negative cells, and resuspend them in 500 pL of cell lysis buf-
fer. Incubate the cell lysate at 55 °C overnight.

. Add an equal volume of phenol/chloroform/isoamyl alcohol.

Mix and centrifuge at 10,621 x4 for 15 min. Transfer the
aqueous phase into a new 1.5 mL microcentrifuge tube and
extract again with an equal volume of chloroform.

. Precipitate the DNA by adding 0.1 volume of 3 M sodium ace-

tate and 2 volumes of 100 % ethanol. Mix well by vortexing and
leave at —80 °C for at least 1 h. Spin in a tabletop centrifuge at
top speed at 4 °C for 30 min, and wash the pellet with 1 mL of
70% ethanol. Pour off the ethanol and invert the microfuge
tube onto paper towel to drain the residual ethanol. Air-dry the
pellet at room temperature overnight, dissolve it in 100 pL of
TE buffer, and measure the DNA concentration (se¢ Note 5).

. To amplity the lentiviral shRNA, set up a PCR reaction con-

taining the following components: ~100 ng genomic DNA,
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10.

11.

12.

2.5 pL. 10x Taq buffer, 1 pL. 10 mM dNTPs, 1 pL For-TRC
primer, 1 pLL Rev-TRC primer, 1 pL. DMSO, 0.5 pL. Tag DNA
polymerase, 18 pl. ddH,O.

. Program a PCR machine with the following cycling program

and run the samples:

Step 1 94 °C for 2 min
Step 2 94 °C for 30 s
Step 3 55 °C for 45 s
Step 4 72 °C for 1 min

Step 5 Go to Step 2 for 34
additional cycles

Step 6 72 °C for 5 min
Step 7 4 °C indefinitely

. Run the PCR product on a 1% agarose gel containing 10 pl

ethidium bromide (10 mg/mL stock). A ~700 bp PCR prod-
uct should be observed. Elute the product from the gel using
a QIAquick Gel Extraction Kit.

. Ligate the eluted PCR product into the TA cloning vector

(pGEMP®-T) by setting up a ligation reaction as follows: 3 pL
of PCR product, 1 pL of vector, 5 pL of 2x Rapid Ligation
bufter, and 1 pL of T4 DNA ligase. Incubate the ligation reac-
tion at 16 °C overnight.

. The next day, transform the ligation reaction into DH5a com-

petent cells. Plate the transformation mix onto LB Amp plates
onto which 10 pL of IPTG and 50 pL of X-gal have been
spread evenly.

. Incubate the plates at 37 °C for ~16 h until the blue and white

colonies can be clearly distinguished (see Note 6).

Aliquot 25 pL. of ddH,O into a series of PCR tubes, one for
each colony to be picked (see Note 7). Pick a single white col-
ony from the LB Amp plate using a pipette tip, place the tip in
the PCR tube, and mix well by pipetting. Remove 5 pL from
each tube, dispense into a fresh PCR tube, and store the
remaining 20 pL at 4 °C.

Prepare a PCR master mix (by multiplying the following recipe
by the number of colonies to be screened) and add 15 pL to
each tube prepared for PCR in step 10: 2 pl. of 10x Taq
Buffer, 1 pLL ANTDPs, 0.5 pL. For-TRC primer, 0.5 pLL Rev-
TRC primer, 0.25 pL. Taqg DNA polymerase, 10.75 pL ddH,O.

Program a PCR machine with the following cycling program
and run the samples:
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3.7 Validation
of Candidate Genes

13.

14.

15.

Step 1 95 °C for 2 min
Step 2 94 °C for 1 min
Step 3 55 °C for 1 min
Step 4 72 °C for 3 min
Step 5 Go to Step 2 for 34 cycles
Step 6 72 °C for 5 min
Step 7 4 °C indefinitely

To make sure the PCR reaction worked, load 5 pLL of the reac-
tion mixture on a 1 % agarose gel. Again, a ~700 bp PCR prod-
uct should be observed.

Dilute the PCR product by adding 80 pL of ddH,O to each
tube and mix well by pipetting. Mix 2 pL of the diluted PCR
product with 2 pL of 5 pM MF22 sequencing primer and send
for sequencing.

To identify shRNAs from the sequencing results, search for the
sequence TTCAAAAA to find the beginning of the shRNA,
TCTGAG to define the loop, and CCGGTG to define the end
within the sequencing reads. Then map the shRNA sequence
onto the TRC shRNA library database (https://www.broadin-
stitute.org,/rnai/trc/lib) to find the corresponding gene.

. Prepare individual virus supernatants for each shRNA clone

identified from the screen, as described above in Subheading 3.1.

. Infect 2 x 10° Flp-In™-293 cells with 0.5 mL of virus superna-

tant mixed with 10 mL of fresh medium and 10 pg/mL of
polybrene. Change media after 16 h and then add media con-
taining 1.5 pg/mL of puromycin. Select for 3—4 days.

. After 10 days, perform FACS analysis in the candidate knock-

down cells as described in Subheading 3.5. The analysis should
be performed on 1 x 10° cells or more in order to obtain statis-
tically significant results. FACS results obtained for candidate
knockdowns should be compared against the control non-
silencing shRNA knockdown cells from the same batch.
Analyze the flow cytometry data using a software package such
as FlowJo software (sec Note 8).

. Candidates should be validated using other assays, including

PCR, to assess changes in isoform abundance of the reporter
construct and of known endogenous target genes [6, 12].

. It is critical to verify that the obtained results are not due to an

off-target effect of the shRNA. To do this, select two to three
unrelated shRNAs against the same target gene and test
whether they confer similar loss of fluorescence signal by FACS
and changes in isoform abundance of the reporter gene by
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PCR. Candidates that validate with multiple shRNAs can be
considered true candidates for follow-up studies. In addition,
verify that the candidate shRNAs knock down their target
genes with >60-70% knockdown efficiency using quantitative
real-time RT-PCR (qRT-PCR) and/or immunoblot analyses
(see Note 9).

4 Notes

. 293T cells are the preferred cell line for virus preparation due

to their high transfection efficiency and their ability to support
high expression of virally encoded proteins. The use of early
passage 293T cells will ensure high titer virus is obtained.

. Polybrene improves overall transduction efficiency by enhanc-

ing receptor-independent virus absorption through the cell
membrane. Pilot experiments should be done to determine the
optimum concentration of polybrene required by cells for
maximum transduction efficiency. The use of a higher than
optimum concentration of polybrene will result in unwanted
toxicity to the cells.

. It is important to note that freeze-thawing will lead to drop in

virus titer. Therefore, we recommend avoiding multiple freeze-
thaw cycles.

. It is essential to empirically determine the concentration of

hygromycin required for killing the Flp-In™-293 cells. The use
of' suboptimal concentrations of hygromycin will result in colo-
nies growing on the plate that do not contain stably integrated
reporter construct.

. We use a NanoDrop spectrophotometer (Thermo Scientific)

to accurately measure DNA concentrations in solutions of pre-
cipitated DNA and PCR reactions.

. Occasionally, there may be too many colonies growing on the

plate due to high competency of DH5a cells. To avoid over-
crowding, plate 2 or 3 tenfold serial dilutions of the bacteria on
different LB Amp plates containing X-gal and IPTG.

. The number of colonies to be picked for Sanger sequencing

should be estimated based on the percentage of sorted cells col-
lected after FACS. As a starting point, pick 10-20 colonies per
pool. Sequencing of colonies from a plate should be stopped
when the same shRNA is identified more than 3—4 times.

. Always use the parental Flp-In™-293 cells and non-silencing

shRNA-infected GFP/Flp-In-293 cells as controls when per-
forming FACS sorting and /or analysis with the candidate shR-
NAs in order to avoid technical variations due to sorting on
different days.
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9. There are several anticipated classes of “false positives” that
one should attempt to eliminate prior to further analysis. For
example, shRNAs that result in a decreased level of the splicing
repressor or lead to a general reduction of splicing would result
in loss of GFP expression and thus score positively in the pri-
mary screen. To eliminate such candidates, analyze splicing
repressor levels by immunoblotting and qRT-PCR analysis and
eliminate those candidates that significantly decrease splicing
repressor levels from further experiments.
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Chapter 2

Tandem Affinity Purification Approach Coupled to Mass
Spectrometry to Identify Post-translational Modifications
of Histones Associated with Chromatin-Binding Proteins

Sophie Beyer*, Philippe Robin*, and Slimane Ait-Si-Ali

Abstract

Protein purification by tandem affinity purification (TAP)-tag coupled to mass spectrometry analysis is usually
used to reveal protein complex composition. Here we describe a TAP-tag purification of chromatin-bound
proteins along with associated nucleosomes, which allow exhaustive identification of protein partners.
Moreover, this method allows exhaustive identification of the post-translational modifications (PTMs) of the
associated histones. Thus, in addition to partner characterization, this approach reveals the associated epigen-
etic landscape that can shed light on the function and properties of the studied chromatin-bound protein.

Key words Histones, Epigenetics, Chromatin, Post-translational modifications, TAP-tag, Mass
spectrometry

1 Introduction

Tandem affinity purification (TAP)-tag approach and subsequent
mass spectrometry analysis allow the specific purification of a protein
and its interaction partners. It is thus is a useful method to reveal
entire protein complexes [1]. Additionally, the purification method
described in this chapter allows the separation of cytoplasmic, nuclear
soluble, and chromatin-enriched subcellular fractions. The protein
of interest, containing a FLAG and HA tags, is either stably overex-
pressed in a cell line or, alternatively, the endogenous allele(s) can be
tagged, thanks to the recent genome editing based [2] to avoid non-
specific interactions due to the overexpression conditions.

The TAP-tag approach permits a quantitative and qualitative effi-
cient purification, which is sufficient to detect the interaction partners
of the protein of interest. Thus, this purification procedure was
extensively used in the past to identify protein-protein interactions
and to reveal protein complexes [1].

*Author contributed equally with all other contributors.

Narendra Wajapeyee and Romi Gupta (eds.), Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation,
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The preparation of the cellular extracts for TAP-tag consists of
two main steps: the separation of cytoplasmic and nuclear fractions
and, second, dividing the nuclear fraction into soluble and
chromatin-enriched subfractions. This separation additionally
enables to identify unexpected interaction partners dependent on
the subnuclear compartment [3]. With the focus on chromatin-
bound or chromatin-modifying proteins, the complexes recovered
from the chromatin-rich fraction could be of main interest. One of
main interests here is the identification of the posttranslational
modifications (PTMs) of the co-purified histones and of the copre-
cipitated nucleic acids [4, 5] (Fig. 1).

Thus, the added value of the TAP-tag approach is the possibil-
ity to identify PTMs of the purified protein itself and abundant
identified interaction partners (originally described in [5]).
Thereby, with this feature, the TAP-tag purification is suitable to
identify not only new interaction partners but also new enzymatic
functions associated with the protein of interest and /or its partners.

'

Chromatin extracts preparation (MNase)

WOWO

Bait-histones complex purifcation: Crude hlstones preparation:
Purification on Flag resin POROS anion exchange
column

Elution against Flag peptide *

Purification on HA resin Elution with a salt gradient

\% V- °.%

Elution against HA peptlde

N /

- SDS-PAGE resolution,
mass spec analysis of histone post-translational modifcations
- Deep-sequencing of co-puified nucleic acids

Fig. 1 Post-translational modifications of histones associated with a chromatin-
binding protein. Schematic representation of the purification protocol used to
purify a bait-histone complexes and crude histones. The latest being used to
determine the enrichment compared to the level of a given histone PTM in the
input material
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In the case of a chromatin-binding protein, this method is thus
adapted for identification of the associated “histone code.” Indeed,
the amino-terminal histone tails, which are exposed on the nucleo-
some surface, are subject to multiple covalent PTMs. These his-
tone PTMs include lysine and arginine methylation, lysine
acetylation, serine and threonine phosphorylation, ADP-
ribosylation, ubiquitination, and sumoylation [6]. Histone PTMs
confer a unique signature to the nucleosomes involved.
Combination of the different modifications on histone N-terminal
tails can thus alter chromatin structure to allow gene expression or
to repress it, either reversibly or stably. The combinatory pattern of
histone PTMs influences the binding and activities of other
chromatin-associated proteins that regulate gene expression.
Indeed, initial modifications of histones at a specific nucleosome
could influence subsequent modifications. Thus, characterizing
such modifications associated with a given protein could provide
insights into the roles and mechanisms of action of the studied
chromatin-binding proteins.

2 Material
2.1 Cells
2.2 Buffers

Cell lines stably expressing FLAG-HA-tagged proteins transduced
could be either established using protocol described in [1] or pro-
vided by any other mean. Alternatively, the endogenous allele(s)
can be tagged using genome editing-based methods [2].

All buffers are used cold if not indicated otherwise and must be
supplied with protease inhibitors prior using (se¢ Note 1).

1. Hypotonic buffer: 10 mM Tris-HCI, pH 7.65, 1.5 mM
MgCl,, 10 mM KCIL.

2. Low salt buffer: 20 mM Tris—=HCI pH 7.65, 25% glycerol,
1.5 mM MgCl,, 0.2 mM EDTA, 20 mM NaCl.

3. High salt buffer: 20 mM Tris—-HCI pH 7.65, 25% glycerol
(12.5 ml), 1.5 mM MgCl, (75 pl from 1 M), 0.2 mM EDTA,
900 mM NaCl.

4. TEGN: Tris—-HCI 20 mM, EDTA 0.1 mM, Glycerol 10%,
NaCl 150 mM, NP40 0.01 %.

5. Sucrose buffer: 20 mM Tris-HCI, pH 7.65, 15 mM KCl,

60 mM NaCl, 0.34 M sucrose, 0.15 mM spermine, 0.5 mM
spermidine.
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3 Methods

3.1 Preparation
of Cytoplasmic,
Nuclear Soluble,
and Chromatin-
Enriched Fractions

3.1.1  Separating Nuclei
and Cytoplasm

3.2 Preparation

of Nuclear Soluble
Fraction (NSF)
Containing Proteins,
Which Weakly Interact
with Chromatin

3.3 Preparation

of Nuclear Chromatin-
Enriched Fraction
(NCF), Containing
Proteins Which
Strongly Associate
with Nucleosomes

. When working with frozen cell pellets, briefly defrost 20 g cell

pellet in a water bath at 37 °C and resuspend first in 10 ml
hypotonic buffer. Then add twice 5 ml of fresh hypotonic buf-
fer and hereby wash the pipettes well to obtain the maximum
amount of cells. The final volume of the lysate is approximately
40 ml.

. Use a pre-chilled Dounce homogenizer (40 ml volume) with a

tight pestle, and homogenize 20 ml of the lysate with 20 strokes
(20 times in and out). Transfer the lysate to a 50 ml tube.

. Use the second 20 ml lysate and proceed as described in

Subheading 3.2.

. To analyze the efficiency of the lysis, use 30 pl of lysate, mix it

with 30 pl of 0.4 % trypan blue, and analyze under the micro-
scope. If lysis was efficient, all nuclei are blue. In case of inef-
ficient lysis repeat steps 2 and 3 above.

. Add 7 ml sucrose bufter (1/3 of the hypotonic buffer volume)

supplemented with 0.15 mM spermine and 0.15 mM spermi-
dine. Sucrose buffer preserves the nuclei. Spermine and sper-
midine avoid leakage by blocking the nuclear pore.

. Centrifuge the lysate 7 min at 10,000 x g to get the nuclei, which

are in the pellet. The supernatant is the cytoplasmic fraction.

. In case of interest in the cytoplasmic fraction (CF), transfer the

supernatant as mentioned in above step to a new tube and cen-
trifuge again 7 min at 10,000 x 4. The supernatant is the CF.

. Resuspend the nuclei pellet from 1.6 in 10 ml of low salt buffer

(one volume equal to the pellet size).

. Add 10 ml high salt buffer drop by drop while mixing system-

atically on a vortex. The final concentration of NaCl will be
300 mM.

. Incubate for 30 min on ice and mix every 5 min.
4. Add 10 ml (1 nuclei pellet volume) of the sucrose bufter.
. Centrifuge 10 min at 13,000 xg. The supernatant is the NSF

(see Note 2).

. Resuspend thoroughly the nuclear pellet from 2.5 in 7 ml of

sucrose buffer (1 nuclei pellet volume).

. Add CaCl, to a final concentration of 1 mM and mix. Starting

from a 0.5 M CaCl, solution, take 28 pl for 14 ml of
suspension.

. Preheat the suspension for 1 min at 37 °C.



3.4 Protein Complex
Purification

3.4.1 Protein Affinity
Pulldown by FLAG-Tag
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4.

10.

Add micrococcal nuclease (MNase) to get final concentration
ot 0.0025 U /pl and mix. Starting from a from 0.5 U /ul stock
solution, take 70 pl.

. Incubate precisely 12 min at 37 °C and mix every 4 min.
. Immediately place the reaction on ice to stop MNase activity.
. Add EDTA pH 8.0 to reach 4 mM as final concentration.

Starting from a 0.5 M stock solution, take 112 pul EDTA.

. Perform five cycles of sonication on high amplitude with 1 min

each cycle. Between each cycle do 1 min break. The total soni-
cation time will be 10 min.

. Ultracentrifuge for 30 min at 85,000x4. The supernatant is

the NCF.

Take 50 pl aliquot of NCF and 100 pl of NSF, which is used as
input later, and freeze in liquid nitrogen.

. Use 600 pl of FLAG affinity resin from the commercial 50 %

stock for each experimental point (300 pl of pure FLAG resin).
Transfer into 15 ml tube, wash with 13 ml of cold TEGN buf-
fer (invert the tube 5 times), centrifuge for 2 min at 1000 x g,
and remove supernatant. Repeat washing 5 times.

. Resuspend total amount of FLAG resin in equal volume TEGN

buffer, and distribute 600 pl to each experimental point in a
1.5 ml tube (see Note 3).

. Incubate over night at 4 °C.
. Centrifuge 2 min at 1000 x g at 4 °C. Keep the supernatant on

ice for efficiency check. The FLAG-tagged proteins are in the
pellet, bound to the FLAG resin.

. Resuspend the FLAG resin in 1 ml TEGN butffer and transfer

to a 15 ml tube. Repeat this step 5 times. Use hereby always
the same pipette tip for transfer to ensure efficient transter of

all beads.

. Wash FLAG resin 7 times in the 15 ml tube by adding 13 ml

TEGN buffer and inverting the tube 5 times. Do not resuspend
the beads with the pipette to avoid losing material. Centrifuge
after each washing step for 2 min at 1000 x4 at 4 °C.

. Resuspend FLAG resin of each experimental point in 1 ml

TEGN buffer and transfer to 1.5 ml tube but keep the 15 ml
tube. Centrifuge the 1.5 ml tube (2 min, 1000x 4, 4 °C) and
remove supernatant.

. To ensure complete carryover of all beads, rinse the 15 ml tube

with 1 ml TEGN buffer, and transfer to the 1.5 ml tube from
the previous step. Centrifuge and remove supernatant.

. Add 200 pl of 4 mg/ml FLAG peptide solution (pH 7.5-8) to

the FLAG resin of each experimental point. Add 200 pl TEGN
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3.5 Efficiency Test
After FLAG Purification

3.6 Protein Affinity
Pulldown by HA-Tag

10.

11.

12.

13.

1.

buffer. Mix by tipping the tube. To avoid losing FLAG resin,
do not touch with the pipette tip. Incubate on a rotating wheel
overnight (or at least 4 h) at 4 °C.

Spin tubes 2 min at 1000 x g at 4 °C. Use a flat-narrow pipette
tip to transfer the supernatant (FLAG eluate). Do not carry
over beads.

Centrifuge the FLAG resin again to recover leftover superna-
tant. Use flat-narrow pipette tips to avoid carryover of beads.

To ensure efficient elution from the FLAG resin, take the
FLAG beads from step 11 and repeat steps 9 and 10.

Combine supernatants from first and second elution.

Take 15 pl eluate obtained from previous step, add 5 pl of 4x
loading buftfer and 2 pl 10x reducing agent, and mix (if load-
ing buffer has a different concentration, adjust volumes of but-
fer and reducing agent).

. Boil samples 5 min at 95 °C, quick spin samples, and run on a

SDS-PAGE.

. For silver staining use a commercially available silver staining

kit and follow the manufacturer’s protocol (se¢ Note 4).

. Use 300 pl of HA affinity gel from the commercial 50 % stock

for each experimental point (150 pl of pure HA resin). Transfer
into 15 ml tube, wash with 13 ml of cold TEGN butffer (invert
the tube 5 times), centrifuge for 2 min at 1000 x g, and remove
supernatant. Repeat washing 5 times.

. Resuspend total amount of HA resin in equal volume TEGN

bufter and distribute 300 pl to each experimental point in a
1.5 ml tube. Centrifuge 2 min at 1000 x g and 4 °C. Eliminate
the maximum of the washing buffer by using the flat-narrow
pipette tips.

. Add the eluates from FLLAG-based purification (from 3.4.1.13)

to the HA resin.

4. Incubate overnight at 4 °C on a rotating wheel.

. Centrifuge 2 min at 1000 x g at 4 °C. Keep the supernatant on

ice for efficiency check. The HA-tagged proteins are in the pel-
let, bound to the HA resin.

. Resuspend the HA resin in 0.5 ml TEGN buffer and transter

to a new 1.5 ml tube. Repeat this step once and transfer to the
same tube. Use hereby always the same pipette tip for transfer
to avoid losing beads.

. Wash HA resin 8 times in the 1.5 ml tube by adding 1 ml

TEGN buffer and inverting the tube 5 times. Do not touch
the beads with the pipette to avoid losing material. Centrifuge
after each washing step for 2 min at 1000 x4 at 4 °C.



3.7 Efficiency Test
After HA Purification

3.8 CGConcentration
of Eluates

3.9 Nucleosomal
Histone Preparation
for Mass Spectrometry
Analysis (See Note 5)
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8.

10.

11.

12.

13.

Transfer HA resin of each experimental point to a new 0.5 ml
tube with the last washing step. Rinse the pipette tip, used for
transfer with TEGN buffer, and collect as many beads as pos-
sible into the same 0.5 ml tube. Centrifuge the tube (2 min,
1000 x g, 4 °C) and remove as much supernatant as possible.

. Add 100 pl of 4 mg/ml HA peptide solution to the HA resin

of each experimental point. To avoid losing HA resin, do not
touch with the pipette tip. Incubate on a rotating wheel over-
night (or at least 4 h) at 4 °C.

Spin tubes 2 min at 1000 x g at 4 °C. Use a flat-narrow pipette tip
to transfer the supernatant (HA eluate). Do not carry over beads.

Centrifuge the HA resin again to recover leftover supernatant.
Use flat-narrow pipette tips to avoid carryover of beads.

To ensure efficient elution from the HA resin, take the HA
beads from step 11 and perform a second elution. Repeat
steps 9-11.

Combine supernatants from first and second elution.

. Repeat steps as described in Subheading 3.5.

. Use centrifugal filter units with 10 kDA cutoft.
. Concentrate the eluate to 30 pl by using the filter unit accord-

ing to manufacturer’s instructions.

. Take V4 of the eluate (7.5 pl), snap freeze in liquid nitrogen,

and store at =80 °C. It will be used for western blot analysis to
confirm the results obtained by mass spectrometry.

. Take the remaining % (22.5 pl) and prepare samples for mass

spectrometry analysis (as in [5, 7]).

. Run the purified protein complex from the chromatin-enriched

nuclear fraction on a 4-12 % acrylamide gradient SDS-PAGE gel.

. Stain SDS-PAGE gel with Colloidal blue.

. Cut gel bands corresponding to each histone and destain over-

night in 50 % acetonitrile, 50 mM NH,HCO:;.

. Subject histones to a propionylation-based modification

method to study lysine modifications [7]. Propionic anhydride
makes covalent bonds with non-modified or monomethylated
lysines and with the N-termini of proteins.

. Treat gel slices for 1 h at 37 °C with 100 ml of 30 % propionic

anhydride in methanol and 40 ml of 50 mM NH,HCO; [7],
followed by two 10-min washes in 100 mM NH,HCO3;, one
wash in 50% acetonitrile, 100 mM NH,HCOj;, and one wash
in acetonitrile.
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6.

Dry gel slices and digest at 37 °C overnight using 0.4 mg of
sequencing grade trypsin.

. Acidify the digests in 0.5 % TFA, lyophilize, resuspend in 40 ml

of 50 mM NHHCO3;, and propionylate again in 100 ml of
30 % propionic anhydride in methanol for 1 h at 37 °C, lyophi-
lized and resuspended in 20 ml of 0.1% of formic acid. The
second propionylation modifies the newly created N-terminal
ends after trypsin digestion. These conditions give complete
lysine and N-terminal propionylation, but also chemical meth-
ylations that can be detected using deuterated methanol
(methanol-d4) for the propionic anhydride dilution.

. Run the obtained peptide mixtures on a Nano C18 PepMap

100 pre-column (5 mm, 100 A, 300 mm I.D.x1 mm), cou-
pled with a column of 75 mm [.D.x 15 ¢cm with the same resin
(LC Packings). The Nano-flow-High Pressure Liquid
Chromatography LC (LC Packings) is directly coupled to an
electrospray ionization system on an ion-trap mass spectrome-
ter (ESI/MS-MS) (Thermo Finnigan LCQ Deca XP).

. Proceed with mass spectrometry analysis to identity complex

composition and PTM of histones (see Note 6).

4 Notes

. All steps must be performed on ice if not indicated otherwise.

Keep all buffers at 4 °C and perform all centrifugation steps at
4 °C throughout the entire procedure. FLAG and HA resins
are centrifuged 2 min at 1000 x 4. Use low binding tubes dur-
ing all steps.

. If the NSF will be analyzed, leave the supernatant from step in

Subheading 3.2.5 on ice during preparation of chromatin-
bound fraction and then treat both fractions simultaneously.

. Take the NCF (Subheading 3.3) and add 600 pl washed FLAG

resin to each experimental point. Do equally for NSF
(Subheading 3.2) and CF (Subheading 3.2) if interested.

. If the signal difference is clear between the cell line specifically

overexpressing a FLAG-HA-tagged protein and the control
cell line, proceed to step in Subheading 3.6.

. Products and materials used to optimize mass spec analyses:

ddH,O or Milli-Q; change gloves very often; wear a lab coat
all the time, use exclusively pre-cat 4-12% SDS-PAGE gels to
avoid extra-contamination of samples, especially the gradient
gels and their buffers; use tubes with low adherence if possible
to minimize the loss of material. Other precautions to avoid
contamination of mass spec samples are the following: clean
the bench, clean the pipettes with alcohol, use new pipette tip
boxes, wash the gloves just after wearing them, and wash all
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materials to be used (SDS-PAGE system, dounces, boxes, etc.)
with detergents (e.g., cleaning solution 7x, ICN- Cat No
76-670-95) in distilled water (more than 10 times).

6. For mass spectrometry, the five most intense ions of the MS
scan are subjected to fragmentation (MS-MS) without any
data-dependent scan. The interpretation of the mass spectrom-
etry data can be performed with the BioWorks software version
3.2 (Thermo Scientific). For example, for lysine methylation, a
bank of peptides from the histones cut at arginine residues can
be indexed with permanent add mass for the N-terminus and
lysine of 56.025 Da and three modifications: K- 14.015 for
acetylation or trimethylation, K+14.015 Da for a monomethyl-
ation, and K- 27.995 Da for a dimethylation. This set-up allows
automation of analysis of the MS raw data. Each raw dataset can
then be analyzed to check for combinations of modifications
that might have been missed by the automated method.
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Chapter 3

Efficient Preparation of High-Complexity ChiP-Seq Profiles
from Early Xenopus Embryos

George E. Gentsch and James C. Smith

Abstract

Chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq) has become a
powertful tool to acquire a precise and genome-wide snapshot of many chromatin features in vivo. These
chromatin profiles are obtained by immunoprecipitation of cross-linked chromatin fragments to enrich the
feature of interest. Sequencing and aligning the underlying DNA sequences to the genome make it possible
to virtually reconstruct the global distribution of most chromatin features. We present here recent
improvements to the ChIP-seq protocol by means of Xenopus embryos to prepare high-complexity DNA
libraries from small amounts of biological material. This approach allows rescarchers to explore the
landscape of chromatin regulators and states in early vertebrate embryos or in any biological entity with
small numbers of cells.

Key words Chromatin immunoprecipitation, Next-generation sequencing, ChIP-seq, Library com-
plexity, Post-sequencing analysis, Xenopus embryo

1 Introduction

Chromatin—a dynamic and complex assembly of protein, RNA,
and DNA—regulates the transcriptional output of the genome in
all living organisms. Embryonic development, for example, involv-
ing cell differentiation, cell movement, and pattern formation, is
regulated by when, where, and how proteins interact with chroma-
tin. The interaction of a specific protein with a single genomic
locus in vivo was first revealed in the early 1980s by antibody-
mediated enrichment of chromatin (ChIP) followed by diagnostic
PCR [1, 2]. Microarray (chip) and next-generation sequencing
technologies in the twenty-first century have now replaced PCR,
and combined with ChIP these approaches have led to the simul-
taneous discovery of thousands of genomic loci with specific chro-
matin features, such as transcription factor binding events or
posttranslational histone modifications [3-5]. The most popular
approach to create these chromatin profiles is ChIP followed by

Narendra Wajapeyee and Romi Gupta (eds.), Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation,
Methods in Molecular Biology, vol. 1507, DOI 10.1007/978-1-4939-6518-2_3, © Springer Science+Business Media New York 2017
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next-generation sequencing (ChIP-seq). This technique provides
considerable advantages over ChIP-PCR and ChIP-chip with
respect to comprehensive coverage and positional resolution.
Prerequisites for this method are a ChIP-grade antibody, a proto-
col to efficiently extract and shear chromatin, and a sequenced
genome.

This protocol describes a modified ChIP-seq approach for use
with early Xenopus embryos. It introduces considerable improve-
ments to previously published protocols [6, 7] to allow the
genome-wide reconstruction of high-complexity chromatin pro-
files from as few as 10,000 cells. The same steps are required for
profiling the chromatin of any other organism. However, it is likely
that the first steps of fixation and chromatin extraction will need
some modification due to differences in tissue texture and size.

Briefly, Xenopus tropicalis embryos are treated with formalde-
hyde to cross-link chromatin proteins to nearby genomic
DNA. Postfixation embryos can be dissected to select specific ana-
tomical regions if required. Chromatin is extracted, solubilized,
and fragmented by sonication. Because fragmentation reduces the
amount of DNA associated with any chromatin feature of interest,
it introduces the positional resolution required to allocate these
features to their genomic loci. Next, ChIP-grade antibodies are
used to recognize specific chromatin features and to enrich these
by coupling the antibody-chromatin complex to magnetic beads
followed by extensive washing. Upon reversal of cross-linking and
purification, the co-immunoprecipitated DNA fragments become
part of an indexed paired-end ChIP-seq library for next-generation
sequencing. This is achieved with a minimal number of PCR cycles
to maintain the biological complexity of DNA fragments.
Complexity is an estimate of information redundancy as judged by
the duplication levels of sequencing reads potentially representing
the same ChIP fragment. We consider more than 75 % of unique
single-end reads from a standard sequencing run yielding around
30 to 40 million reads as high complexity. Post-sequencing con-
sists of aligning the DNA fragments to the reference genome and
finding sites of enriched alignment pinpointing the positions of
chromatin features in vivo. In doing so, a high complexity is desir-
able to accurately demarcate chromatin features by correctly dis-
criminating signal from noise.

2 Materials

2.1 Xenopus Embryo
Manipulation

and Chromatin
Cross-Linking

1. 10x MMR: 1 M NaCl, 20 mM KCI, 20 mM CaCl,, 10 mM
MgSO,, 50 mM HEPES. Adjust pH to 7.5 and sterilize by
autoclaving.

2. 0.01x MMR.



2.2 Preparation
of Embryo Extracts

2.3 Chromatin
Solubilization
and Fragmentation

2.4 Chromatin
Immunoprecipitation

2.5 Chromatin
Reverse Cross-Linking
and DNA Purification
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3.

36-38% formaldehyde (stabilized with maximal 15%
methanol).

4. Capped glass vial with capacity of 5-10 ml.
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. HEG: 1 mM HEPES, pH 7.5, 1 mM EDTA, 20% glycerol.

Store at 4 °C.

. Chromatin extraction and washing buffer 1 (CEWB1): 10 mM

Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Igepal
CA-630, 0.25% sodium deoxycholate, 0.1% SDS. Store at
4 °C.

.1 mM DTT.

. Protease inhibitor tablets.
. 100 mM orthovanadate.
. 500 mM NaF.

. Ultra-sonicator with sound enclosure. If a probe is required,

use a tapered microtip (approximately 1,/16 in.).

. Score and clip a 15 mL conical polystyrene tube at the 7 mL

mark. Use this tube to contain and sonicate embryo extracts
with a microtip.

. Siliconized (non-stick) low-retention 1.5 mL microcentrifuge

tubes.

. ChIP-grade antibody.

. Protein G magnetic beads.

. Magnetic rack to collect magnetic beads.

. Washing buffer 2 (WB2): 10 mM Tris—HCI, pH 8.0, 500 mM

NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.25 % sodium deoxy-
cholate, 0.1 % SDS. Store at 4 °C.

. Washing bufter 3 (WB3): 10 mM Tris—-HCIL, pH 8.0, 250 mM

LiCl, 1 mM EDTA, 1% Igepal CA-630, 1% sodium deoxycho-
late. Store at 4 °C.

. TEN: 10 mM Tris-HCI pH, 8.0, 150 mM NaCl, 1 mM

EDTA. Store at 4 °C.

. SDS elution bufter: 50 mM Tris—-HCI, pH 8.0, 1 mM EDTA,

1% SDS.

. 5 M NaCl.

. Hybridization oven.

. TE pH 8.0.

. RNase A (20 pg/pL).

. Proteinase K (20 pg/pL).
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2.6 Preparation
of Indexed Paired-End
ChIP-Seq Library

7.

3.

PCR purification kit with 1% SDS tolerance (e.g., QIAquick
from Qiagen).

. 5x DNA loading buffer: 0.2 % Orange G, 30 % glycerol, 60 mM

EDTA, pH 8.0.

. 100 bp and 1 kb DNA ladder.
10.
11.
12.
13.
14.
15.

1.5 mL phase-lock gel heavy tubes.

Phenol /chloroform /isoamyl alcohol (25:24:1) pH 7.9.
80% and 100 % ethanol.

GlycoBlue (15 pg/pL).

DNA clution buffer: 10 mM Tris—-HCI, pH 8.5.

Fluorometer and high sensitivity reagents for detecting dou-
ble-stranded DNA.

. ChIP-seq library preparation kit includes end repair, A-tailing,

DNA ligation, and PCR reagents (KAPA Hyper Prep Kit).

. Y-adapter (TruSeq) oligonucleotides for Illumina sequencing

platforms (HPLC quality):

*, phosphorothioate bond

(P), phosphate group

italics, region that hybridizes to form the Y-adapter

(a) Universal (5" Illumina P5 — read 1 sequencing primer):
5'AATGATACGGCGACCACCGAGATCT -ACACTCT
TTCCCTACACGACGCTCTTCCGATC*T.

(b) Indexed (5’ read 2/index sequencing primer — index —
Ilumina P7): 5'(P)GATCGGAAGAGCACACGTCTGA
ACTCCAGTCAC - NNNNNN -
ATCTCGTATGCCGTCTTCTGCTT*G.

(c) Index 1: ATCACG,index 2: CGATGT, index 3: TTAGGC,
index 4: TGACCA, index 5: ACAGTG, index 6: GCCAAT,
index 7: CAGATC, index 8: ACTTGA, index 9: GATCAG,
index 10: TAGCTT, index 11: GGCTAC, index 12:
CTTGTA, index 13: AGTCAA, index 14: AGTTCC,
index 15: ATGTCA, index 16: CCGTCC, index 18:
GTCCGC, index 19: GTGAAA, index 20: GTGGCC,
index 21: GTTTCG, index 22: CGTACG, index 23:
GAGTGG, index 25: ACTGAT, index 27: ATTCCT.

(d) Make Y-adapters by annealing universal and indexed oligo-
nucleotides at 50 pM in 10 mM Tris-HCI, pH 8.0,
0.1 mM EDTA, and 50 mM NaCl. Incubate equimolar
mix at 95 °C for 1 min before cooling it down to 4 °C over
a period of 30 min. Store Y-adapters as 10 pM stock solu-
tion at -20 °C.

Paired-end PCR primers (desalted).



2.7 Post-sequencing
Analysis
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

(a) Forward (Illumina P5): 5° AATGATACGGCGACCA
CCGA*G.

(b) Reverse (Illumina P7): 5° CAAGCAGAAGACGGCATA
CGA*G.

(c) Make PCR primer mix with both forward and reverse
primer at 5 pM.

. Solid-phase reversible immobilization (SPRI) beads (Agencourt
AMPure XP).

. 96-well low-volume (about 300—400 pL) microplate with
V-shaped bases.

. Adhesive PCR film for microplates.

. Magnetic stand for 96-well microplates.

. Plate centrifuge equipped with swing-out microplate buckets.

. E-gel EX agarose gel, 2%, SYBR Gold, 11 wells (Life
Technologies).
Gel electrophoresis system for E-gel (Life Technologies).

TrackIt 100 bp DNA Iladder (Life Technologies).

Safe imager viewing glasses (Life Technologies).

Gel knife (Life Technologies).

Disposable scalpels.

QG buffer (Qiagen).

Isopropanol.

PE wash buffer (Qiagen).

MinElute column (Qiagen).

Chip-based capillary electrophoresis system (e.g., Bioanalyzer).

. Multicore Unix-style computer (at least 8 GB RAM and

500 GB free disk space).

. Install FastQC (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc) command-line tool to check the quality and
complexity of the sequencing reads.

. Install samtools [8] to manipulate sequencing files. Create

indexed FASTA file (genome.fin.foi) from the FASTA genome
sequence file at the command line (>):
> samtools faidx /path/to/genome.fa.

. Install short-read alignment tool Bowtie [9] for mapping reads

to the reference genome. Create Bowtie index from the FASTA
genome sequence file:

> bowtie-build /path/to/bowtie/index/
genome.fa xenopus.
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5.

Install HOMER [10] to manipulate reads and call regions of
enriched alignment and normalize alignment files for visualiza-
tion. Customize HOMER using FASTA genome sequence file
and GTF gene annotation file:

> loadGenome.pl —-name xenopus -org null
-fasta /path/to/genome.fa -gtf path/to/
genes.gtf.

. Install Integrative Genome Viewer [11, 12] to visualize chro-

matin profiles. Upload indexed FASTA file (genome.fa and
genome.fu.foi file in the same folder) and GTF gene annotation
file to create a reference track for the genome viewer.

3 Methods

3.1 Xenopus Embryo
Manipulation and
Chromatin Cross-
Linking

3.2 Preparation
of Embryo Extracts

All Xenopus work complies fully with the UK Animals (Scientific
Procedures) Act 1986 as implemented by the Francis Crick
Institute.

1.

Follow standard protocols [13] to fertilize Xenopus eggs
in vitro and to de-jelly and culture embryos.

. Transfer de-jellied embryos at the desired developmental stage

to a capped glass vial (see Note 1).

. Wash the embryos briefly once with 0.01x MMR.

4. Refill vial with 0.01x MMR. Move vial to the fume hood and

add formaldehyde to a final concentration of 1%. Fix embryos
for 15—45 min at room temperature (see Note 2).

. Terminate the fixation reaction by briefly rinsing the embryos

three times with ice-cold 0.01x MMR (se¢ Note 3).

. Optional: Dissect embryos in cold 0.01x MMR to isolate the

anatomical region of interest.

. Aliquot embryos into 2 ml microcentrifuge tubes on ice in

batches of approximately 250 embryos per tube (see Note 4).

. Remove as much 0.01x MMR as possible. Skip the next step if

you continue the same day with Subheading 3.2.

. Equilibrate embryos in 250 pL cold HEG bufter (see Note 5).

Once the embryos have settled to the bottom of the tube,
remove as much liquid as possible and snap-freeze in liquid
nitrogen. Store at -80 °C.

. Supplement CEWBI1 with protease inhibitor tablet and

0.5 mM DTT. If using phospho-specific antibodies for ChIP,
further add orthovanadate and NaF to 0.5 mM and 2.5 mM,
respectively (see Note 6).

. Keep samples and buffers on ice during the preparation of

embryo extracts.



3.3 Chromatin
Solubilization
and Fragmentation

3.4 Chromatin
Immunoprecipitation
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3.

Homogenize fixed embryos in ice-cold CEWBI1 by pipetting
up and down. For upscaling, transfer homogenates to 50 mL
centrifuge tubes.

4. Keep on ice for 5 min.

. Spin homogenates in a refrigerated centrifuge (4 °C) at

1000 x g for 5 min. Aspirate the supernatant and any biological
material stuck to the wall.

. Repeat steps 3-5.
. Resuspend pellet in 1-3 mL CEWBI (see Note 7).
. Keep on ice or at 4 °C to proceed with Subheading 3.3 on the

same or following day. For later use, snap-freeze in liquid
nitrogen and store at -80 °C.

. If using a probe-equipped sonicator for chromatin shearing,

attach an empty custom-built sonication tube (see
Subheading 2) to a plastic beaker filled with ice water via a
short thermometer clamp.

. Transfer the embryo extract to the chilled sonication tube (see

Note 8).

. If necessary place the beaker on a laboratory jack and adjust

the height so that the sonicator microtip is submersed in the
extract to about two-thirds of the volume depth and centered
without touching the tube wall.

. Sonicate sample at 6-18 W for 4-10 min in total. Microtip-

mediated sonication requires breaks of 1 min every 30 s to
keep temperature low. Isothermal focused ultra-sonication can
be run continuously (se¢ Note 9).

. Transfer the extract into prechilled 1.5 mL nonstick tubes and

spin at 16,000 x g for 5 min at 4 °C.

. Transfer the supernatant containing solubilized and sheared

chromatin to prechilled 1.5 mL nonstick tubes.

. Collect 50 pL of the supernatant to check whether the chro-

matin was sheared successfully (see Note 10 and Fig. 1).

. Use the rest of the supernatant for the input sample and chro-

matin immunoprecipitation. Samples can be stored at 4 °C for
up to 2 days. Snap-freeze samples as aliquots in liquid nitrogen
for long-term storage at -80 °C.

. Transfer approximately 1% of the chromatin to a new 1.5 mL

nonstick tube. This sample will be used later as ChIP input.
Keep it at 4 °C until the ChIP samples are due for reverse
cross-linking (see Subheading 3.5, step 1).

. Add the ChIP-grade antibody to an appropriate amount of

chromatin (see Notes 1 and 11).
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Fig. 1 Validation of sonication-mediated fragmentation of cross-linked chromatin
from early gastrula embryos. The image shows the results of size-separating
sheared genomic DNA (lane 2) on a 1.8% agarose gel by electrophoresis.
Successful sonication results in an asymmetric distribution of DNA fragments
ranging from 100 to 1000 bp and peaking between 300 and 500 bp. Here
embryos were fixed for 25 min with 1% formaldehyde at room temperature. The
chromatin was sheared through 18 cycles (30 s) of sonication with a microtip
(12 W) in a volume of 3 ml

. Incubate overnight on a vertical rotator at 4 °C.

. Wash an appropriate amount of antibody-compatible magnetic

beads once with CEWBI for 5 min at 4 °C. Use a minimum of
30 pL per ChIP (see Note 12).

. Add washed beads to the ChIP sample and incubate for another

4 h on the rotator at 4 °C.

. Wash beads twice with each washing bufter (CEWB1, WB2

and WB3) for 5 min at 4 °C (se¢ Note 13).

7. Rinse beads once with TEN buffer.

10.

11.

12.

. Resuspend beads in 50 pL TEN buffer per tube and transfer

them into a new 1.5 mL nonstick tube. Pool here if several
tubes for a single ChIP experiment are in use.

. Collect beads at the bottom of tube by means of the magnetic

rack and centrifugation at 1000x 4 (4 °C).
Discard as much liquid as possible without disturbing the pel-
let of beads.

Elute the immunoprecipitated chromatin by resuspending the
beads in 100 pL. SDS elution buffer. Vortex and incubate for
15 min at 65 °C before spinning the beads at 16,000 x4 for
30 s. Transfer the ChIP eluate to a new 1.5 mL nonstick tube.

Repeat the last step and combine ChIP eluates.



3.5 Chromatin
Reverse Cross-Linking
and DNA Purification

3.6 Preparation
of Indexed Paired-End
ChIP-Seq Library
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12.

13.
14.

15.

16.
17.
18.

19.

. Adjust input sample with SDS elution buffer to 200 pL.
. Add 10 pL. 5 M NaCl to both ChIP and input samples.

. Reverse cross-link chromatin by incubating samples for 6-15 h

(overnight) at 65 °C in a hybridization oven.

. Add 200 pL TE bufter and 40 pg RNase A. Incubate for 1 h at

37 °C.

. Add 40 pg proteinase K. Incubate for 3 h at 55 °C.
. Pre-spin 1.5 mL phase-lock gel heavy tubes at 16,000 x4 for

30 s at room temperature.

. Transfer samples to pre-spun phase-lock tubes.
. Add 400 pL phenol/chloroform/isoamyl alcohol (25:24:1)

with pH 7.9.

. Spin tubes at 16,000 x4 for 5 min at room temperature.
10.
11.

Transfer upper phase to a new 1.5 mL nonstick tube.

Add 16 pL 5 M NaCl, 800 pL. 100% ethanol, and 15 pg
GlycoBlue.

Mix by inverting tube four to six times before storing samples
overnight at -20 °C.

Spin tubes at more than 16,000 x4 for 1 h at 4 °C.

Carefully discard supernatant without disturbing the blue
DNA pellet.

Add 500 pL 80% ethanol and spin at more than 16,000 x 4 for
2 min at 4 °C.

Air-dry DNA pellet for 10 min at room temperature.

Add 11 pL DNA elution buffer to dry DNA pellet.

Leave samples on ice for 30 min to ensure that the DNA is
completely dissolved.

Determine the concentration of 1 pL. ChIP sample using a
fluorometer and high sensitivity reagents to detect double-
stranded DNA. Dilute the input sample so it falls within the
detection range of the fluorometer (sec Notes 1 and 14).

. Set up DNA end repair and A-tailing for both ChIP and input

DNA in separate PCR tubes as follows: 10 pL. DNA (500 pg to
5 ng), 40 pL. molecular-grade water, 7 pL. end repair and
A-tailing buffer, and 3 pL end repair and A-tailing enzyme mix.

. Use PCR machine with a heated lid (98-105 °C) to run reac-

tion for 30 min at 20 °C, followed by 30 min at 65 °C before
cooling to 4 °C.

. Transfer 190 pL. SPRI beads per library to 1.5 mL tube for

equilibration to room temperature.
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4.

Set up adapter ligation by adding the following reagents to the
previous reactions: 5 plL molecular-grade water, 30 pL ligation
buffer, 10 pL DNA ligase, and 5 pL Y-adapters (se¢ Note 15
for Y-adapter concentrations). Mix well as the ligation buffer is
quite viscous.

. Incubate for 20 min at 20 °C.

6. Add 88 pL SPRI beads, mix well, and transfer the bead suspen-

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.
23.
24.

25.

sion to a 96-well microplate.

. Wait 5 min before transferring the plate to the magnetic stand.

. Wait 3-5 min until the beads have separated from the

supcernatant.

. Discard the supernatant. Add 180 pL 80% ethanol without

disturbing the beads.
Wait 1 min before repeating step 9.

Discard the supernatant and seal the plate with an adhesive
PCR film.

Remove the plate from the magnetic stand and spin it at 200 x g
for 1 min.

Put the plate back onto the magnetic stand and remove the
remaining supernatant with a 20 pL pipette tip.

Air-dry until the bead pellets show multiple cracks. Avoid any
draft as the dry beads dislodge easily.

Add 21.5 pl. DNA elution buffer to the dried bead pellets.
Remove the plate from the magnetic stand and resuspend the

beads well.

Wait 5 min before putting the plate back onto the magnetic
stand.

After 30 s transfer 20 pL eluate to a new PCR tube.

Set up PCR to make adapter-ligated DNA fragments double
stranded (see Note 16). Add 5 pL paired-end primer mix and
25 pL. KAPA high-fidelity polymerase master mix.

Run PCR with a heated lid (98-105 °C) as follows: 45 s at 98 °C
followed by 5 cycles of 15 s at 98 °C, 30 s at 60 °C and 30 s at
72 °C, followed by 1 min at 72 °C before cooling to 4 °C.

Add 50 pL SPRI beads to each PCR reaction, mix well, and
transfer the bead suspension to a 96-well microplate.

Repeat steps 7-14.
Add 20 pL. DNA elution butffer to the dried bead pellets.

Remove the plate from the magnetic stand and resuspend the
beads well.

Wait 5 min before putting the plate back onto the magnetic
stand.
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26.

27.

28.

29.
30.
31.

32.

33.

34.
35.

36.
37.
38.

39.
40.

4].

42.
43.

44.
45.

46.
47.
48.

49.

50.

Load a 2% E-gel EX agarose gel onto the E-gel electrophoresis
system.

Load the DNA eluates into separate wells of the E-gel with at

least one empty lane between each sample and the DNA
ladder.

Use 20 pL 1:10 dilution of TrackIt 100 bp DNA ladder and fill
all remaining wells with 20 pL. DNA elution buffer.

Run the gel for 10 min.
Open the gel cassette with a gel knife.

Place the open gel «cassette onto the blue light
transilluminator.

Wear safe imager viewing glasses to cut gel slices for each
library containing DNA ranging from 250 to 450 bp in size
with a new disposable scalpel.

Transfer the gel slices to new 1.5 mL nonstick tubes.
Add 350 pL. QG butffer to each tube (se¢ Note 17).

Shake the tubes at room temperature until the gel has com-
pletely dissolved.

Add 70 pL isopropanol and mix.
Apply mix to MinElute columns and spin at 9000 x g for 30 s.

Collect the flow-through and apply it again to the same
column.

Spin at 9000 x g for 30 s. Discard the flow-through.

Add 500 pL. QG bufter to the column. Spin at 16,000 x g for
30 s.

Discard the flow-through. Add 750 pL. PE wash bufter to the

column.
Wait 2 min before spinning the column at 16,000 x g for 30 s.

Discard the flow-through and dry the column by spinning it at
16,000 x g for 2 min.

Place the column into a new 1.5 mL nonstick tube.

Add 11 pL. DNA eclution buffer to the column. Wait 2 min
before spinning the column at 16,000 x 4 for 30 s.

Repeat the last step.
Transfer 20 pL eluate to a new PCR tubes.

Set up PCR by adding 5 pL paired-end primer mix and 25 pL
KAPA high-fidelity polymerase master mix.

Run PCR with a heated lid (98-105 °C) as follows: 45 s at
98 °C followed by 3—-13 cycles (see Note 18 for the approximate
number of PCR cycles) of 15 s at 98 °C, 30 s at 60 °C, and 30 s
at 72 °C, followed by 1 min at 72 °C before cooling to 4 °C.

Repeat step 21 followed by steps 7-14.
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3.7 Post-sequencing
Analysis

[FU]

50

T T 1 1 1 1 T LI

I
15 100 200 300 500 1,500  [bp]

Fig. 2 Preparation of an indexed paired-end ChiIP-seq library containing size-
selected DNA fragments. The electropherogram shows the DNA fragment distri-
butionofaqualitycontrolapprovedlibrarycreatedfrom 1 ngco-immunoprecipitated
DNA (12 PCR cycles). It shows the expected range of DNA templates of 250-
450 bp and no adapter dimers, which would be detected at 120 bp. These tem-
plates contain the DNA fragment of interest (about 130-320 bp), which is flanked
by the universal (58 bp) and the indexed adapter (64 bp)

51.
52.

53.

54.
55.

56.

57.

58.

1.

Add 14 pL. DNA elution butffer to the dried bead pellets.

Remove the plate from the magnetic stand and resuspend the
beads well.

Wait 5 min before putting the plate back onto the magnetic
stand.

Transfer 12 pL eluate to a new 1.5 mL nonstick tube.
Determine the concentration of 1 pL library using a fluorometer
and high sensitivity reagents to detect double-stranded DNA.
Determine library integrity with a chip-based capillary electro-
phoresis system (see Note 19 and Fig. 2).

If multiplexing is desired, mix quality control approved librar-
ies at equimolar ratios (se¢ Note 20).

Run libraries on an Illumina sequencing platform.

Concatenate the gzip-compressed FASTQ files if the sequenc-
ing results of a single library are split into smaller data packages
(see Note 21).
> cat /path/to/*.fastq.gz>ChIP.fastqg.gz.

. Check the quality of the sequencing data with FastQC

(see Note 22 and Fig. 3).
> fastgc ChIP.fastqg.gz.

. Decompress the FASTQ file and trim reads to remove any poten-

tial adapter contamination with homerTools trim. Allow one mis-
match and discard any processed reads shorter than 28 bases.

> gzip -cd ChIP.fastq.gz>ChIP.fastqg

> homerTools trim -3 GATCGGAAGAGCACACGTCT
-mis 1 -min 28 ChIP.fastqg.
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Fig. 3 Library complexity based on the counts of nonredundant reads from
single-end sequencing. (a) This boxplot shows the percentage of nonredundant
reads calculated from 62 ChIP-seq libraries (40 ChIPs and 22 inputs). (b) This
plot shows the direct correlation of duplication levels of four selected ChIP-seq
libraries and library complexity (78, 81, 86, and 89 %). All these libraries are of
high complexity (more than 75%). They are made from 0.5 to 15 ng of co-
immunoprecipitated DNA with 7-13 PCR cycles in total

4. Align processed single-end reads to the reference genome
using Bowtie for which an index (xenopus) has been generated
(see Subheading 2). Only keep uniquely mapped reads (- 1)
and limit the number of mismatches within the first 28 bases
(seed) to 1 (-z 1). Only report best alignments (--fest) in terms
of number of mismatches in the seed (--strata) and quality val-
ues at the mismatched position. Save alignment in SAM format
(-S). Set the number of threads to the number of available
computer cores and increase the amount of chunk memory per
thread to 256 megabytes (see Note 23).
> export BOWTIE INDEXES=/path/to/bowtie/index
> bowtie -m 1 -n 1 --best --strata -p [#
threads] -S --chunkmbs 256 xenopus ChIP.
fastqg.trimmed>ChIP.sam.

5. Use two HOMER commands to convert the SAM file into a
virtual chromatin profile in indexed binary format (-bigWig)
normalized to ten million mapped reads (-norm 1e7). Remove
any redundant reads by reducing the number of tags per base
pair to one (-tbp 1, see Note 24). The conversion also requires
an indexed FASTA file (genome.fa.fui) created from the refer-
ence genome (see Subheading 2).
> makeTagDirectory ChIP/ -single -tbp 1 ChIP.
sam
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> makeUCSCfile ChIP/ -bigWig /path/to/genome.
fa.fai -fsize 1e20 -norm le7 -o ChIP.bw.

6. Use HOMER findpeaks to find sites of enriched read alignment
when comparing the ChIP and input tag directories created by
makeTngDirectory (see previous step). Below an example is
shown for finding peaks (-szyle factor, see Note 25) that are at a
minimal distance of 250 bp from each other (-minDist 250).
Autocorrelation (calculating the distance between 5’ positions
of plus and minus strand alignment at peaks) is used to estimate
the fragment size of the ChIP library, while reads of the input
library are extended to an average fragment length of 175 bp.
The false discovery rate (FDR) of peak detection is set to 0.1 %
(-fdr 0.001). In addition, peaks need a minimal threefold read
enrichment (ChIP versus input, -F 3) and a lower clonality
value than 0.97 (expected number of unique positions versus
the total number of reads within peak, -C 0.97). The local den-
sity filter is disabled (-L 0). The mappable genome size of X.
tropicalis is about 1.43 billion bp (gsize 1.43¢9). Subsequently,
the Perl script pos2bed.pl converts the format of the peak file to
BED, which can be displayed together with the bigWig file in
the Integrative Genome Viewer.
> findPeaks ChIP/ -style factor -i Input/
-inputFragLength 175 -minDist 250 -fdr 0.001
-F 3 -C 0.97 -L 0 -gsize 1.43e9>ChIP peaks.
txt
> posZbed.pl ChIP peaks.txt -float ChIP_
peaks.bed.

7. Explore the chromatin profile and the peak calling by loading
the bigWig ( ChLP.bw, Input.bw) and the BED file (ChIP_peaks.
bed) to the Integrative Genome Viewer (see Fig. 4).

—1kb

15 [ Smad2/3 I
1 1 1 I 1 1 peaks
15 { Input

goosecoid L—-

Fig. 4 An excerpt of the genome-wide Smad2/3 chromatin profile around the
homeobox gene goosecoid from X. tropicalis embryos at early gastrula stage.
Both profiles, Smad2/3 ChIP and input, are normalized to ten million uniquely
mapped and nonredundant reads. The peaks of the Smad2/3 ChlP are called by
HOMER findpeaks with a false discovery rate (FDR) of 0.1 % as outlined in step
6 of Subheading 3.7. The profiles are normalized pileups of reads extended to an
average DNA fragment length. The peaks represent the genomic positions of
Smad2/3 occupancy in vivo
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Use programming platforms R /Bioconductor or MATLAB to
further manipulate and visualize ChIP-seq data.

4 Notes

. The number of X. tropicalis embryos required for a single

ChIP-seq experiment depends on the chosen developmental
stage and several properties of the protein of interest, in par-
ticular, its expression pattern, its nuclear concentration, and its
chromatin distribution. In addition, its cross-linking propen-
sity and its epitope accessibility may play a role, but these
characteristics are difficult to predict, let alone change in vivo.
The numbers are best determined empirically to achieve yields
of 500 pg or more of co-immunoprecipitated DNA. Libraries
can be generated from far less than 500 pg, albeit at the expense
of complexity (see Note 14). We have successfully created
high-complexity libraries from as few as 10,000 cells.

. Approach the optimal fixation time empirically for each epit-

ope by ChIP followed by quantitative PCR (qPCR) aiming for
a high signal-to-noise ratio (yield ratio of positive versus nega-
tive control loci). As an antibody control, use normal serum of
the same isotype and host animal species as the ChIP-grade
antibody. Consider longer fixation times if the protein of inter-
est is expected to have weak (or indirect) DNA binding prop-
erties. In addition, early embryos with bigger cells and higher
levels of yolk require longer fixation times than those of later
stages. However, refrain from fixing X. tropicalis embryos for
longer than 45 min, as efficient chromatin shearing becomes

difficult (see Note 9).

. Do not quench formaldehyde with glycine because the adduct

(Schift base) may further react with N-terminal amino-groups
or arginine residues [ 14 ], rendering chromatin extraction from
yolk-rich embryos challenging. Prevent the fixed embryos
from making contact with the liquid surface as its tension
causes them to burst.

. Batches of 250 embryos before hatching occupy approximately

250 pL (X. tropicalis) or 600 pL (X. laevis) in a 2 mL micro-
centrifuge tube with round bottom.

. Glycerol of the HEG buffer stabilizes proteins and facilitates

both quick thawing on ice and homogenization to make
embryo extract.

. Approximately 8 mL ice-cold CEWBI in total (4 mL per

homogenization, step 3) is required for preparing extracts
from 250 X. tropicalis or 100 X. laevis embryos. Keep aside an
additional 1-3 mL ice-cold CEWBI for resuspending final
extracts for sonication.
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7.

10.

11.

The extracts from embryos, especially those of later stages with
less yolk, can become fairly transparent. Extracts from early
embryos may still contain a substantial amount of yolk; however
this does not impede efficient chromatin shearing. If the embryo
extract is very viscous, dilute it with CEWB1 to 2 or 3 ml.

. If using isothermal focused ultra-sonication (Covaris) for chro-

matin shearing, transfer embryo extracts to the designated
container (e.g., 1 mL miliTUBE) and place the container into
the appropriate holder.

. Cross-linked chromatin is solubilized and sheared by sonica-

tion, whose settings need to be optimized empirically. The
power and time required to efficiently shear chromatin depends
on the volume and concentration of the embryo extract as well
as the degree of chromatin cross-linking. The following Covaris
settings achieve about 11 W and are a good starting point for
shearing chromatin in a volume of 1 mL: duty cycle, 5 %; inten-
sity, 4; cycles per burst, 200; processing time, 240 s. Pause
immediately if the sample begins to froth. Wait until the froth
has completely disappeared. If necessary, reposition tube and
reduce power before resuming sonication.

To visualize the degree of chromatin fragmentation as outlined
here and shown in Fig. 1, the sample should contain chromatin
derived from more than 100,000 nuclei. Use more sensitive
equipment such as E-gel or chip-based capillary electrophoresis
to detect lower amounts of DNA. Add 50 pL SDS eclution buf-
fer, 4 pL 5 M NaCl, and 20 pg proteinase K to the sample.
Incubate for 6-15 h (overnight) at 65 °C preferentially in a
hybridization oven to avoid condensation at the bottom of the
lid. Purify DNA using a PCR purification kit that tolerates 1%
SDS (e.g., QIAquick from Qiagen). If necessary, use 3 M
sodium acetate (pH 5.2) to adjust the pH as recommended by
the manufacturer. Elute the DNA twice with 11 pLL. DNA elu-
tion buffer. Spike DNA with 8 pg RNase A before adding 5 pL.
5x DNA loading buffer. Run entire sample alongside a 100 bp
and a 1 kb DNA ladder on a 1.4 % agarose gel by electrophore-
sis. For optimal results, stain gel with a safe nucleic acid staining
solution after electrophoresis. Sheared chromatin should show
an asymmetric distribution of DNA fragments mainly ranging
from 100 to 1000 bp and peaking between 300 and 500 bp.

The success of a ChIP experiment depends largely on the qual-
ity of the antibody. It is paramount that appropriate controls
are conducted to prove its specificity for the epitope of interest
[15]. Consider introducing epitope-tagged fusion proteins if
ChIP-grade antibodies are not available or if the protein of
interest is expressed at very low levels. Such experiments can be
informative, because these proteins can be recruited to endog-
enous binding sites in the right developmental context [16].
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12.

13.

14.

15.

16.

17.

18.

19.

The amount of antibody required per ChIP can vary consider-
ably. Normally, 1 pg antibody per million cells expressing the
epitope of interest should yield enough co-immunoprecipi-
tated DNA. To more accurately estimate the amount of anti-
body, run the same ChIP with various amounts of antibody
(e.g., 0.2, 1 and 2.5 pg) by ChIP-qPCR (se¢ Note 2).

Read the manufacturer’s specification for the antibody binding
capacity of the magnetic beads. Usually 5-20 pL. beads bind
about 1 pg IgG antibody. Protein G magnetic beads are versa-
tile in that they are compatible with many IgG antibodies of
different host species.

Leave the tubes for at least 30 s in the magnetic rack to avoid
any bead loss before discarding the supernatant.

ChIP-seq libraries can be created from as little as 10 pg
DNA. This corresponds to about 30 million DNA fragments
(300 bp on average), of which probably only 10% will be
incorporated into a library. The main sources of loss originate
from failing adapter ligation and size selection. That means a
sequencing run yielding 30 million reads will have a high inci-
dence of the same fragment being sequenced twice or more.
This results in a low-complexity profile with poor coverage and
depth of sequencing reads, which causes problems in correctly
distinguishing signal from noise.

To avoid the generation of dimers, adjust the Y-adapter con-
centrations to the amount of DNA in the reaction as follows:
5 uM Y-adapter (15 ng DNA), 1.5 pM (5 ng), 300 nM (1 ng),
60 nM (200 pg), 12 nM (40 pg).

Y-adapters have floppy single-stranded ends, which can cause
successfully ligated DNA fragments to migrate inappropriately
in gel electrophoresis. Thus, making these DNA fragments
completely double-stranded is important to obtain compact
libraries of the expected size range.

Use 5 volumes (w/v) QG buffer per gel slice. The weight of
the gel slice is usually between 50 and 70 mg, which requires
the use of 250-350 pLL QG bufter to dissolve the agarose. Do
not heat chaotropic QG butffer to 50 °C, which can denature
A/T rich DNA fragments. Subsequently, spin columns can
introduce a considerable GC bias by not absorbing single-
stranded DNA very efficiently [17].

Minimize the cycle number of the second PCR to maintain the
biological complexity of DNA fragments as follows: 3—4 cycles
(15 ng DNA), 5-6 (5 ng), 7-8 (1 ng), 9-10 (200 pg), 11-12
(40 pg).

Successtul ChIP-seq library preparation yields 20400 ng of
double-stranded DNA of the expected size range (250-
450 bp) without any adapter dimer contamination (band
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20.

21.

22.

23.

24.

25.

around 120 bp) as shown in Fig. 2. Accurate quantification
and estimation of the DNA size distribution are important to
calculate the correct molarities and to achieve optimal next-
generation sequencing (clustering) results. Expect poor library
complexities if the amount of starting material is low (se¢ Note
14) or if the expected yield has not been reached even after 18
PCR cycles in total.

Multiplex so that the sequencing of each library yields about
20-30 million single-end reads of at least 36 bp, which is enough
to cover the X. tropicalis genome with sufficient depth. Consider
increasing the number of reads if the chromatin feature of inter-
est is expected to show broad distributions. If high mappability
within repetitive regions is desired, increase read length and
sequence both ends (paired-end) of the DNA template.

The standard format of next-generation sequencing is
FASTQ. FASTQ files contain the reads from a single library
(de-multiplexed) and the corresponding quality scores for each
base call.

The successful sequencing of a high-complexity ChIP-seq
library should pass all tests. Failures originate mainly from
poor sequencing runs, low library complexity, or adapter con-
tamination. Some level of duplication is expected due to the
presence of bona fide biological duplicates. In addition, because
sequencing at one end of the DNA fragment (single-end) pro-
vides enough information for most ChIP-seq experiments, it
leaves open the possibility that identical reads originate from
DNA fragments with a different opposite end.

Expect about 50-70% of single-end reads of 36 bp to map
uniquely to the X. tropicalis genome assembly of version 7.1
with a maximum of one mismatch within the first 28 bp.

The removal of redundant reads eliminates any potential PCR
amplification bias. This measure of precaution hardly aftects
the sensitivity of detecting enriched read alignments [18].
Consider replacing the adapter index with a random bar code
to distinguish technical from biological duplicates. However,
the gain of random bar coding is often marginal as we routinely
reach an average of 87 % nonredundant reads from sequencing
ChIP-seq libraries (see Fig. 3).

Consider generating a blacklist of false-positive peaks caused
by the incorrect genome assembly collapsing repetitive
sequences into a single copy [19]. Screen the input for peaks
and remove these and poorly annotated scaffolds from the list
of ChIP peaks with bedtools intersect [20].
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Chapter 4

Systematic Discovery of Chromatin-Bound Protein
Complexes from ChiP-seq Datasets

Eugenia Giannopoulou and Olivier Elemento

Abstract

Chromatin immunoprecipitation followed by sequencing is an invaluable assay for identifying the genomic
binding sites of transcription factors. However, transcription factors rarely bind chromatin alone but often
bind together with other cofactors, forming protein complexes. Here, we describe a computational method
that integrates multiple ChIP-seq and RNA-seq datasets to discover protein complexes and determine
their role as activators or repressors. This chapter outlines a detailed computational pipeline for discovering
and predicting binding partners from ChIP-seq data and inferring their role in regulating gene expression.
This work aims at developing hypotheses about gene regulation via binding partners and deciphering the
combinatorial nature of DNA-binding proteins.

Key words Combinatorial transcription factor binding, Protein complexes, ENCODE datasets,
Protein-protein interactions, ChIP-seq, RNA-seq

1 Introduction

Cis-regulatory elements (CREs), also known as cis-regulatory
regions or modules [1, 2], are genomic regions where transcrip-
tion factors (TFs) bind and affect transcription regulation of nearby
genes. Frequently, TFs bind chromatin synergistically, as sets of
co-associated transcription factors, and form protein complexes,
such as the already known and well-studied AP-1 complex and the
Polycomb Repressive Complex 2 (PRC2). The systematic discov-
ery of protein complexes from experimental TF binding data is a
computational challenge and has been addressed by several studies
published in the past few years [3—-13]. These studies focus on the
combinatorial TF binding on CREs across different cellular condi-
tions, using datasets from chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) experiments; ChIP-seq is a
genome-wide binding assay that has been invaluable for the iden-
tification of TF binding sites and histone modifications (HMs).

Narendra Wajapeyee and Romi Gupta (eds.), Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation,
Methods in Molecular Biology, vol. 1507, DOI 10.1007/978-1-4939-6518-2_4, © Springer Science+Business Media New York 2017
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In this chapter, we describe a computational methodology
based on nonnegative matrix factorization (NMF) and regression
analysis that: (1) integrates ENCODE ChIP-seq datasets and iden-
tifies CREs, (2) discovers potential protein complexes, and (3) pre-
dicts their regulatory role and impact on gene expression (Fig. 1).
We present the application of this method to a large collection of
TF binding data in the H1 human embryonic stem cells (H1 Esc)
from the Encyclopedia of DNA elements (ENCODE) project, as
shown in our previously published work [5].

NMEF is a powerful matrix decomposition and dimensionality
reduction technique used to discover patterns and relevant correla-
tions in multidimensional data [14]. Unlike other clustering algo-
rithms (e.g., hierarchical /k-means clustering), NMF provides soft
clustering (also known as fuzzy clustering), in which individual data
points can belong to several clusters with varying degrees. In the
context of transcriptional regulation, NMF’s soft clustering is essen-
tial because it allows for a TF to belong to multiple complexes and a
CRE to be binding site for multiple TFs. NMF has also been used in
several biological applications because of its nonnegativity constraint.
This provides an intuitive and biologically interpretable decomposi-
tion of a multivariate dataset and a natural way to cluster biological
data. This is unlike principal components analysis, where eigenvectors
with negative sign loadings can be hard to interpret in the context of
positively valued variables, such as ChIP-seq read counts.

In the methodology described here, each NMF cluster repre-
sents a positive linear combination of the original ChIP-seq read
count variables. Consequently, every cluster reveals a binding pat-
tern that represents a set of TFs concurrently found by ChIP-seq
at the same CRE. Thus, NMF clusters provide evidence for the
existence of potential complexes with one or more TFs. Importantly,
protein complex scores, which quantify the presence of each com-
plex in the CRE, characterize each CRE.

To model the effect of each protein complex on a gene, CREs
are first associated with the closest transcription start sites ('TSS).
For each TSS, the weighted complex scores for all associated CREs
are summed up to define a Binding Influence Score (BIS) between
a complex and a gene. These BIS values are then used as explana-
tory variables (predictors) in a linear regression model to assess the
contribution of a detected protein complex to the absolute mRNA
expression value of'a gene (response). Finally, the regression model
coefficients are used to explain the role of the protein complexes in
gene expression. For example, a significant and positive coefficient
indicates that the corresponding protein complex positively con-
tributes to mRINA expression values, while a negative coefficient
indicates negative (i.e., repressive) contribution.

Overall, this methodology serves as a valuable resource for
understanding the collective function and role of cis-regulatory
elements and the potential chromatin-bound protein complexes
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Fig. 1 Modeling gene expression from combinatorial binding. Overview of the methodological workflow.
Collection (a) and integration of ENCODE ChIP-seq datasets (b) into CREs. Quantification of normalized ChIP-
seq reads on the CREs (RC matrix) (c). NMF analysis applied on the normalized ChIP-seq reads matrix (d). NMF
decomposes the RC matrix into the basis matrix and the mixture coefficient matrix. Estimation of the CREs that
occur within a fixed-range window around a TSS (e). Complex scores and the proximity of the CREs to the TSS
of a gene are integrated into a Binding Influence Score (BIS) between a protein complex and a gene. These BIS
values are used as predictors to assess the contribution of protein complexes to gene expression in the linear
regression model
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that bind them. The proposed computational approach can also
generate hypotheses involving chromatin organization and gene
regulation via co-regulators and binding partners.

2 Materials

2.1 Computational
Tools

2.2 ENCODE
Datasets

It is recommended the described analysis be performed in a Unix-
based operating system (OS), such as Linux, Mac OS X, and more.

1. ChIPseeqer version 2.2 [15].
Available at: https://gitlab.com /egiannopoulou,/ChIPsee
qer-2.2/

2. Rversion 2.15.2 (or later).
Available at: https://www.r-project.org/

3. NMEF version 0.20.6 (R package).
Available at:  https://cran.r-project.org/web/packages/
NME /index.html

Although the methodology described here is applicable to any set
of ChIP-seq datasets (coming from the same cell type), we use a
collection of 31 TFs and 10 HMs ChIP-seq experiments, all in the
HI1 Esc human cell type, produced under the ENCODE project.
Table 1 lists these datasets, their corresponding ENCODE aligned
reads files, and URL addresses where the files are available for the
reader to download.

1. Cell line: H1 human embryonic stem cells (H1 Esc).

2. ChIP-seq files: hgl9 aligned read files (bam format) for each
ChIP-seq dataset (Table 1).

3. RNA-seq file: Available in GEO repository, under accession
number GSM758566
ftp:/ /ftp.ncbi.nlm.nih.gov/geo/samples/GSM758nnn/
GSM758566/suppl/GSM758566_hgl9_wgEncodeCshl-
LongRnaSeqH1hescCellPapTranscriptGencV7.gtf.gz

3 Methods

3.1 Preparation
of ChiP-seq Datasets

1. Download the aligned reads files (bam format) for each ChIP-
seq dataset from the ENCODE Data Coordination Center
links in Table 1. There are two replicates for each experiment,
corresponding to two bam files per TF/HM dataset.

2. Save both bam files in a separate directory for each ChIP-seq
dataset (Fig. 2a). Each TF/HM directory should contain the
two bam files; for example, directory ATF should contain


https://gitlab.com/egiannopoulou/ChIPseeqer-2.2/
https://gitlab.com/egiannopoulou/ChIPseeqer-2.2/
https://www.r-project.org/
https://cran.r-project.org/web/packages/NMF/index.html
https://cran.r-project.org/web/packages/NMF/index.html
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Table 1
List of ENCODE H1 Esc ChiP-seq datasets

ChiP-seq

experiment

name Download aligned reads file from ENCODE

ATF2 wgEncodeHaibTfbsH1hescAtf2sc81188V0422111AlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescAtf2sc81188V0422111AlnRep2.bam

ATF3 wgEncodeHaibTfbsH1hescAtf3V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescAtf3V0416102AlnRep2.bam

BCLI11A wgEncodeHaibTfbsH1hescBclllaPcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescBcll11aV0416102AlnRep2.bam

CHDI1 wgEncodeBroadHistoneH1hescChd1a301218aStdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescChd1a301218aStdAlnRep2.bam

CTCF wgEncodeHaibTfbsH1hescCtcfsc5916V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescCtcfsc5916V0416102AlnRep2.bam Link 2
wgEncodeBroadHistoneH1hescCtctfStdAlnRepl.bam
wgEncodeBroadHistoneH1hescCtcfStdAlnRep2.bam

EGRI1 wgEncodeHaibTtbsH1hescEgr1V0416102AlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescEgrlV0416102AInRep2.bam

EP300 wgEncodeHaibTfbsH1hescP300V0416102AInRepl.bam Link 1
wgEncodeHaibTtbsH1hescP300V0416102AInRep2.bam

FOSL1 wgEncodeHaibTfbsH1hescFosl1sc183V0416102AlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescFosl1sc183V0416102AlnRep2.bam

GABP wgEncodeHaibTfbsH1hescGabpPcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescGabpPcrlxAlnRep2.bam

HDAC2 wgEncodeHaibTfbsH1hescHdac2sc6296V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescHdac2sc6296V0416102AInRep2.bam

H2AZ wgEncodeBroadHistoneH1hescH2azStdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH2azStdAlnRep2.bam

JUND wgEncodeHaibTfbsH1hescJundV0416102AlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescJundV0416102AlnRep2.bam

KDMS5A wgEncodeBroadHistoneH1hescJarid1aab26049StdAlnRepl.bam Link 2

(JARID1A) wgEncodeBroadHistoneH1hescJaridlaab26049StdAlnRep2.bam

MYC wgEncodeOpenChromChipH1hescCmycAlnRepl.bam Link 3
wgEncodeOpenChromChipHlhescCmycAlnRep2.bam

NANOG wgEncodeHaibTtbsH1hescNanogsc33759V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescNanogsc33759V0416102AInRep2.bam

POUS5F1 wgEncodeHaibTtbsH1hescPou5f1sc9081V0416102AlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescPou5£f1sc¢9081V0416102AlnRep2.bam

RAD21 wgEncodeHaibTfbsH1hescRad21V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescRad21V0416102AlnRep2.bam

RBBP5 wgEncodeBroadHistoneH1hescRbbp5a300109aStdAlnRepl.bam Link 2

wgEncodeBroadHistoneH1hescRbbp5a300109aStdAlnRep2.bam

(continued)
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Table 1
(continued)

ChiP-seq

experiment

name Download aligned reads file from ENCODE

REST (NRSF) wgEncodeHaibTtbsH1hescNrsfV0416102AInRepl.bam Link 1
wgEncodeHaibTtbsH1hescNrstV0416102AInRep2.bam

RXRA wgEncodeHaibTtbsH1hescRxraV0416102AlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescRxraV0416102AlnRep2.bam

SIN3A wgEncodeHaibTfbsH1hescSin3ak20PcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescSin3ak20PcrlxAlnRep2.bam

SIX5 wgEncodeHaibTfbsH1hescSix5PcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescSix5PcrlxAlnRep2.bam

SP1 wgEncodeHaibTfbsH1hescSplPcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescSp1PcrlxAlnRep2.bam

SpP2 wgEncodeHaibTfbsH1hescSp2V0422111AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescSp2V0422111AInRep2.bam

SP4 wgEncodeHaibTfbsH1hescSp4v20V0422111AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescSp4v20V0422111AlnRep2.bam

SRF wgEncodeHaibTfbsH1hescSrfPcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescSrfPcrlxAlnRep2.bam

TAF1 wgEncodeHaibTfbsH1hescTat1V0416102AlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescTaf1V0416102AInRep2.bam

TAF7 wgEncodeHaibTtbsH1hescTaf7sc101167V0416102AInRepl.bam Link 1
wgEncodeHaibTfbsH1hescTaf7sc101167V0416102AInRep2.bam

TCF12 wgEncodeHaibTtbsH1hescTcfl2PerlxAlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescTcfl2PcrlxAlnRep2.bam

USF1 wgEncodeHaibTfbsH1hescUsflPcrlxAlnRepl.bam Link 1
wgEncodeHaibTfbsH1hescUsflPerlxAlnRep2.bam

YY1 wgEncodeHaibTfbsH1hescYylsc281V0416102AlnRepl.bam Link 1
wgEncodeHaibTtbsH1hescYylsc281V0416102AlnRep2.bam

H3K27ac wgEncodeBroadHistoneH1hescH3k27acStdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k27acStdAlnRep2.bam

H3K27me3 wgEncodeBroadHistoneH1hescH3k27me3StdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k27me3StdAlnRep2.bam

H3K36me3 wgEncodeBroadHistoneH1hescH3k36me3StdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k36me3StdAlnRep2.bam

H3K4mel wgEncodeBroadHistoneH1hescH3k4melStdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k4melStdAlnRep2.bam

H3K4me2 wgEncodeBroadHistoneH1hescH3k4me2StdAlnRepl.bam Link 2

wgEncodeBroadHistoneH1hescH3k4me2StdAlnRep2.bam

(continued)



Discovery of Chromatin-Bound Protein Complexes 49

Table 1
(continued)
ChiP-seq
experiment
name Download aligned reads file from ENCODE
H3K4me3 wgEncodeBroadHistoneH1hescH3k4me3StdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k4me3StdAlnRep2.bam
H3K79me2 wgEncodeBroadHistoneH1hescH3k79me2StdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k79me2StdAlnRep2.bam
H3K9ac wgEncodeBroadHistoneH1hescH3k9acStdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k9acStdAlnRep2.bam
H3K9me3 wgEncodeBroadHistoneH1hescH3k09me3StdAlnRepl.bam Link 2
wgEncodeBroadHistoneH1hescH3k09me3StdAlnRep2.bam
H4K20mel wgEncodeBroadHistoneH1hescH4k20melStdAlnRepl.bam Link 2

wgEncodeBroadHistoneH1hescH4k20melStdAlnRep2.bam

A collection of 31 TF and 10 HM ChIP-seq datasets (H1 Esc) from the ENCODE production phase is used for the
analysis. The hgl9 aligned bam files are downloaded from the following ENCODE Data Coordination Center links
Link 1: http://hgdownload.cse.ucsc.edu/goldenPath /hgl9 /encode DCC /wgEncodeHaibTtbs /

Link 2: http://hgdownload.cse.ucsc.edu/goldenPath /hgl9 /encode DCC /wgEncodeBroadHistone /

Link 3: http://hgdownload.cse.ucsc.edu/goldenPath /hgl9 /encode DCC /wgEncodeOpenChromChip /

3.2 Preparation
of RNA-seq Dataset

wgEncodeHaibTtbsH1hescAtf2sc81188V0422111AlnRepl.
bam and wgEncodeHaibTtbsH1hescAtf2sc81188V0422111
AlnRep2.bam.

. At the end of this step, you must have 41 directories (31 TFs

and 10 HMs) with two bam files each (with the exception of
CTCEF, where we have four bam files—see Table 1).

. Use the ChIPseeqerSplitReadFiles script of the ChIPseeqer

software [15] for cach of the ChIP-seq datasets/directories
independently to split both bam files into one reads file per
chromosome (http://icb.med.cornell.edu/wiki/index.php/
Elementolab/Split_raw_data). This step not only facilitates
the analysis by transforming the sequence alignment reads into
a platform independent data structure representing the ChIP-
seq experiment but also combines multiple replicates of each
experiment.

. Unzip the gtt.gz file.
. Extract the columns “Gene id,” “RPKMI1,” and “RPKM2,”

which correspond to the normalized RNA-seq expression val-
ues from replicate 1 and replicate 2, respectively. Estimate the
average RPKM for each gene.

. At the end of this step, you should have a text file with two

columns, separated by the TAB delimiter: the first column is
the gene id, and the second column the average RPKM value
from the two replicates (see Note 1).


http://icb.med.cornell.edu/wiki/index.php/Elementolab/Split_raw_data
http://icb.med.cornell.edu/wiki/index.php/Elementolab/Split_raw_data
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeHaibTfbs/
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeBroadHistone/
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeOpenChromChip/
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Fig. 2 Data file flow and description. (a) Collect aligned reads (bam files) for each ChIP-seq dataset. (b) Perform
peak detection and collect all peak files in one directory. (c) Integrate all peaks into CREs. (d) Expand the CRE
file by adding the normalized read counts for each ChlP-seq dataset (RC matrix). (e) Integrate the NMF basis
file with the expression file to perform regression analysis

3.3 ChIP-seq Peak The process of identifying enriched TF binding sites, or locations
Calling of HMs, is known as ChIP-seq peak detection or peak calling
(Fig. 1a).
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of Multi-binding CREs

3.5 Building
the Read Count Matrix

3.6 Perform NMF
on Read Counts
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. In the described methodology, peak detection for each TE/

HM dataset obtained previously from ENCODE is performed
using the ChIPseeqer.bin program of the ChIPseeqer package
[15] (http://icb.med.cornell.edu /wiki/index.php /Elemento
lab/ChIPseeqer_use).

. Run the program using the same parameters for all datasets

(i.e., £=10°, mindist=100 bp), except for broad domain mod-
ifications (e.g., H3K36me3, H4K20mel), where one param-
eter needs to be adjusted (mindist=1000 bp) in order to
capture wide peaks not as sharp as TF peaks (see Note 2).

. At the end of this step, you should have one peak file for each

TF/HM dataset.

. Save all peak files into a new directory to prepare for the next

step (Fig. 2b).

At this step, we merge the detected peaks from all experiments into
CREs: regions with enrichment in at least one ChIP-seq dataset
(Fig. 1b).

1. Use the ComparelntervalsMergedMultiEncode script avail-

able in ChIPseeqer [15] (http://icb.med.cornell.edu/wiki/
index.php/Elementolab/ComparelntervalsMergedMulti) to
integrate the ChIP-seq peak files identified earlier into multi-
binding CREs (see Note 3).

2. At the end of this step, you obtain a peak file containing one

CRE per line and the CRE’s chromosome and start and end
positions as three columns separated by the TAB delimiter
(Fig. 2c¢).

For each CRE, we quantify the normalized ChIP-seq reads density
in every experiment in order to build a read count matrix (RC
matrix), whose rows correspond to CREs and columns to ChIP-
seq experiments (Fig. 2d).

1. Use the ChIPseeqgerReadCountMatrix tool available in

ChIPseeqer [15] (http://icb.med.cornell.edu/wiki/index.
php/Elementolab/ChIPseeqerGetReadCount
InPeaksMatrix). This program performs RPKM-style read
count normalization, so that multiple experiments with differ-

ent numbers of reads are comparable, and quantifies the nor-
malized reads for the CREs.

2. At the end of this step, you obtain the read count (RC) matrix,

representing for every CRE (N rows) the reads density profiles
of different ChIP-seq experiments (M columns) (Fig. 2d).

The objective of NMF is to explain the observed data using a lim-
ited number of components, which when combined approximate
the original data as accurately as possible. In particular, NMF
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decomposes the RC matrix (N x M) into a basis matrix (N xk) and
a mixture coefficient matrix (kx M) (Fig. 1¢). The basis matrix has
size N xk (each of the k columns defines a predicted complex) and
contains the coefficient of each CRE in each complex [14]. In the
coefficient matrix, the M columns represent the complex-binding
pattern of the corresponding experiment [ 14].

Here we provide the steps for performing NMF analysis on the
RC matrix and indicative R commands to assist the readers who
want to replicate the NMF run.

1. Perform NMF on the RC matrix to group the CREs into clus-
ters. Use the different built-in algorithms of the NMF package
(e.g., brunet, nsNME, offset), as well as the different seeding
methods (e.g., random, ica) [16]. Note that when using a ran-
dom seeding method, multiple runs are generally required to
achieve stability and avoid bad local minima (see Note 4). In
the example shown below, NMF runs with the “brunet” algo-
rithm and the “random” seed method.

Hl.table <- read.table("Hl reads matrix.
txt", header=TRUE, row.names=1)

Hl.mat <- data.matrix(Hl.table)
Hl.res.2.brunet.random <- nmf (Hl.mat,
method="brunet", seed="random", 2)

2. Save the coefficients matrix as a heatmap.
pdf (file="Hl reads matrix.txt.
Hl.res.2.brunet.random.heatmap.pdf")
coefmap (Hl.res.2.brunet.random)
dev.off ()

3. Save the basis matrix as a text file. The coefficients in the basis
matrix are protein complex scores that characterize each CRE.
We use these scores at the next step, to model the regulatory
effect of a complex on each TSS (i.e., gene).
Hl.res.2.brunet.random.basis  <-  basis(H1.res.2.brunet.
random)
write.table(H1.res.2.brunet.random.basis,"H1_reads_matrix.
txt.H1.res.2.brunet.random.basis.txt", row.names=T, sep =

" |I)

A critical parameter in this workflow is the factorization rank 7
tor NMF, which defines the number of clusters used to approxi-
mate the original matrix and, therefore, the number of predicted
complexes. In the example above, NMF is performed with »=2.
Given the NMF algorithm and the target matrix, a common way to
estimate whether a given rank decomposes the original matrix into
meaningful clusters is to try different values (e.g., » ranging from 2
to 20), compute some quality measures of the results that have
been previously proposed for this type of approach [14], and
choose the best value according to the quality criteria (see Note 5).
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To model the effect that each protein complex has on a gene, we
use the method described in [13] (implemented in the
CalcExtendedPeakScores tool of ChIPseeqer) (see Note 6).

1. Identify all CREs that are within 50 kb of each TSS. Each CRE

has one score per complex (stored in the basis matrix output of
NMF) that quantifies the presence of each complex in a CRE.

. For each CRE, estimate a new weighted score per complex by

taking into account the genomic distance of a CRE to the cor-
responding TSS: the impact of a CRE to a TSS decreases expo-
nentially with its genomic distance to the TSS (Fig. 1d) [13].

. Sum the weighted scores per complex for all CREs that overlap

with the 50 kb window of a TSS. The result is the Binding
Influence Score (BIS) between a complex and a gene. Formally,
this is modeled as follows:

~a /iy
BIS, ; = > e
k

In this formula, BIS quantifies the interaction between gene j
and protein complex 7. /; is the complex score of CRE % and 4,
is the distance between the TSS and the CRE. 4, is a constant
used in the ratio 4,/4, to specify the shape of the exponential
function [13]. The larger the 4, the more distal complexes will
influence the TSS and its BIS score. Here, we set 4, to 5000 bp
(see Note 7).

4. At the end of this step, you obtain a text file, representing for

every transcript (rows) the BIS scores of each complex
(Fig. 2e). The first six lines of the new file should look like this:

Gene Vi V2

NM_001015 19.83 240.46
NM_052854 20.53 40.57
NM_004530 524 0.25
NM_001127891 3.25 0.16
NM_001173990 32.20 72.29

. Merge the file you created from the previous step, with the

RNA-seq expression file that contains the RPKM values for
each transcript (see Note 8).

2. At the end of this step you obtain a text file with transcript

names as rows, the BIS scores of each complex as columns, and
a new column that corresponds to the RPKM value of the tran-
script (Fig. 2e). The first six lines of the new file should look
like this:
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3.9 Application
of Regression Model

Gene Vi V2 RPKM
NM_001015 19.83 240.46 3100.41
NM_052854 20.53 40.57 7.64223
NM_004530 5.24 0.25 69.4659
NM_001127891  3.25 0.16 40.7286
NM_001173990 32.20 72.29 62.449

The BIS values (columns V1 and V2 in the file example above) are
then used as explanatory variables, or predictors, to assess the con-
tribution of a detected protein complex to gene expression or
response (column RPKM in the file example above).

Here we provide the steps for performing linear regression
analysis in R (function Im) and indicative R commands to assist the
readers who want to replicate the steps.

1. Perform linear regression using the model:
mRNA; = B, + > B BIS, +¢,

In this formula, mRNA; is the absolute mRNA expression
value of gene 7, and BIS;; is the score of gene jin complex 2. The
B, coefficients are estimated using ordinary least square fitting,
and their statistical significance is determined using the #-test.
m <- read.csv("Hl reads matrix broadHM.txt.

Hl.res.2.brunet.random.basis.txt. Hl1 RPKM.
txt",header=T, row.names=1, sep="\t", check.
names=T)

attach (data.frame (m))

fit <= Im(log (RPKM+1) ~ V1 + V2)

summary (fit)

Importantly, using the log-transformed response variable
(RPKM) makes it easier to interpret the exponentiated regres-
sion coefficients.

2. The R output at the end of this step contains the [g’i coefficients
of the complexes, as well as the coefficient of determination
(R?). A significant and positive f§; coefficient indicates that the
corresponding protein complex contributes positively to the
mRNA expression values. On the other hand, a negative coef-
ficient indicates negative (i.c., repressive) contribution. The
coeflicient of determination R? measures the quality of the
overall fit of the model and indicates the proportion of the
gene expression variation explained by the model.
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3. Evaluate the performance of the regression model by estimat-

ing the prediction accuracy using Spearman correlation
between actual and predicted gene expression values.

cor.test(predict(fit, m), log(RPKM+1), method="spearman")

4 Notes

. Although there are numerous ways to extract the required col-

umns from a text file in a Unix-based OS, we provide the fol-
lowing command to assist the readers who want to replicate
the method:

cat GSM758566 hgl9 wgEncodeCshlLongRnaSegH-
lhescCellPapGeneGencV7.gtf | cut -f9 | cut

-d ";" -£f 1,3,4 | cut -d "\"" -f 2,4,6 | sed
's/\"/<TAB>/g' | awk -F"\t" '{print $1"\t"
($2+$3)/2}' > GSM758566 hgl9 HlEsc RNAseq.txt
This command outputs the “Gene id” columns, as well as the
average of columns “RPKM1” and “RPKM2,” into a new file
named “GSM758566_hgl9_H1Esc_RNAseq.txt.” The first
six lines of the new file should look like this:

ENSG00000174177.7  6.01899
ENSG00000225538.1 0O
ENSG00000237851.1 0O
ENSG00000243765.1 0
ENSG00000203388.2  0.0109565
ENSG00000151503.7  9.16775

In order to be consistent with the RefSeq annotation used in
the pipeline (see Note 6), we suggest converting the Gencode
IDs to RefSeq NMs: first trim the ending of the Gencode IDs
to get Ensembl IDs (e.g., ENSG00000174177.7 - ENSG000
00174177), and then use the BiomaRt package in R to con-
vert the Ensembl IDs to the corresponding RefSeq ones.
Indicatively, provide the following R commands to perform
the Ensembl to RefSeq annotation conversion:

RPKM<- read.table (file="GSM758566 hgl9 wgEnco-
deCshlLongRnaSegHlhescCellPapGeneGencV7

.gtf", header=F)

ensembl<- useMart ("ensembl",
dataset="hsapiens gene ensembl")

values <- RPKM ESV10

getBM (attributes=c ("refseq mrna", "ensembl
gene_1id", "hgnc symbol"), filters = "ensembl
gene 1id", values = values, mart= ensembl)
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2. In order to capture peaks of broad domain histone modifica-

tions (e.g., H3K36me3, H3K79me2), we suggest tuning the
following ChIPseeqer.bin parameters:

(a) # significance negative log p-value threshold for peaks. For
example, =15 indicates 10715,

(b) mindist: minimum distance between peaks (merge sub-
peaks otherwise).

Using lower ¢ threshold (such as #=5) allows including peaks
that are not very “sharp”, while increasing mindist value (such
as 1000, 10,000) allows merging continuous enriched regions
into a large peak.

. Alternatively, the identification of CREs can be performed by

using the intersect or intersectBed tools from the BEDTools
suite [17].

. The stochastic nature of the seeding method used to compute

the starting point of the chosen algorithm requires multiple
NMEF runs to achieve stability. The NMF R package gives the
option to perform multiple runs with random initializations
tor the basis and coefficient matrices and keep the factorization
that achieves the lowest approximation error across the multi-
ple runs [16] (option nrun). We recommend the default 30
runs for a faster NMF analysis and 100 runs for better results.

. The selection of rank r is of great importance when applying

NME. We recommend using the function nmfEstimateRank
from the NMF package to estimate the quality measures for
each rank 7. nmfEstimateRank performs multiple NMF runs
for a range of rank of factorization and, for each, returns a set
of quality measures together with the associated consensus
matrix. For example, the dispersion and the cophenetic corre-
lation coefficients are both based on the consensus matrix (i.c.,
the average of connectivity matrices) and measure the stability
and reproducibility of the clusters obtained from NMF for a
certain value of %, respectively [14]. The explained variance
measure evaluates how well the NMF model reconstructs the
original data, while the sparseness measure, for both the basis
and mixture coefficient matrices, shows whether an NMF rep-
resentation encodes much of the data using only few compo-
nents [5, 18]. We highly recommend using nmfEstimateRank
to identify local maxima in these coefficients at high rank fac-
torization, in order to find complexes with high granularity (see
Supplementary Material in [5]).

. The steps described in Subheadings 3.6, 3.7, 3.8 and 3.9 are

included in the ChIPseeqer script NMFCall_Split.pl. It requires
an RC matrix (Fig. 2d) and a transcript-based expression file
(Fig. 2¢). We provide the following command to assist the
readers who want to replicate the method:
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NMFCall Split.pl --matrix=Hl1 reads matrix
broadHM. txt --expfile=H1 RPKM.txt
—-—-response=log" (RPKM+1)" --label=H1

Note that the RefSeq annotation is used in this pipeline.

. The d, parameter choice leads to a rapidly decreasing exponen-

tial function, which strongly penalizes distal regulatory ele-
ments (see Supplementary Material in [5]). We recommend
increasing the value if interested to give higher BIS scores to
complexes that we expect to bind to CREs far away from the
TSS (e.g., the “enhanceosome” complex).

. This step is included in the NMFCall_Split.pl script (see Note

6). Alternatively, to merge the two files on a specified field, you
can use the online tool “Join two Datasets” available in Galaxy

(https://usegalaxy.org/).
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Chapter 5

Assay for Transposase-Accessible Chromatin
with High-Throughput Sequencing (ATAC-Seq)
Protocol for Zebrafish Embryos

Canan Doganli, Melissa Sandoval, Sean Thomas, and Daniel Hart

Abstract

Assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) is a useful
method to map genome-wide chromatin accessibility and nucleosome positioning. Genome-wide sequenc-
ing is performed utilizing adapter sequences inserted by a prokaryotic transposase, Tn5, into the accessible
regions of chromatin. Here we describe the use of ATAC-seq in the zebrafish embryo and thereby the
applicability of this approach in whole vertebrate embryos.

Key words ATAC-seq, Chromatin accessibility, Genome wide, Zebrafish

1 Introduction

Eukaryotic cells package DNA by wrapping it around histones to
make nucleosomes connected by DNA linker regions, which are
further condensed to form chromatin [1]. Histones are subject to
various posttranslational modifications that contribute to different
chromatin states (i.e., euchromatin or heterochromatin), which in
turn influence gene expression [2, 3]. Different chromatin states
are correlated with differential gene expression. Heterochromatin,
described as closed or inaccessible, is associated with negative regu-
lation of gene expression. By contrast, euchromatin (open or acces-
sible) is associated with positive gene expression.

Chromatin accessibility has been previously studied by probing
DNA with enzymes (DNase I hypersensitivity mapping), mechani-
cally shearing after cross-linking (chromatin immunoprecipitation,
ChIP), and more recently by genome-wide integration of trans-
posase. Genome-wide mapping of the regulatory landscape will
significantly contribute to the understanding of transcriptional
gene regulation.

Narendra Wajapeyee and Romi Gupta (eds.), Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation,
Methods in Molecular Biology, vol. 1507, DOI 10.1007/978-1-4939-6518-2_5, © Springer Science+Business Media New York 2017
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Assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) is a method developed by Greenleaf and
colleagues used to map genome-wide chromatin accessibility and
nucleosome positioning [4]. They adopted the use of a hyperactive
prokaryotic transposase, Tn5, which has been previously mutated to
significantly increase transposase [5]. Tnb inserts a 19 base pair
paired-end sequence (5-CTGACTCTTATACACAAGT-3’) into
accessible DNA. By taking advantage of Tn5 transposition into open
regions of the genome together with the use of barcode sequences
inserted into these regions, we can use the accessibility of DNA and
nucleosome positioning as a new way to perform genome-wide
chromatin accessibility assays.

The use of ATAC-seq has advantages over other methods
because of the significantly reduced number of cells required as
input, time savings of the assay, high-resolution mapping of chro-
matin accessibility, DNA footprinting, and nucleosome position-
ing. The use of zebrafish as a model organism coupled with
ATAC-seq is a powerful combination to study chromatin dynamics
in the context of the developing vertebrate embryo. Here we detail
the ATAC-seq protocol performed on zebrafish embryos adapted
from the report of Greenleaf and colleagues [6].

2 Materials

2.1 Embryo
Dissociation and Cell
Preparation
Gomponents

All solutions should be prepared using autoclaved ultrapure water
(resistivity levels of 18.2 MQ.cm at 25 °C).

. Tweezers.

. 100-mm petri dish.
Incubator (28.5 °C).
. 1.5-ml microfuges.

. 15-ml falcon tubes.

. Micro pestle.

. Ix E3 embryonic medium: 5 mM NaCl, 0.17 mM KCI,
0.33 mM CaCl, 0.33 mM MgSO, in H,0O. Make 60x E3 but-
fer by dissolving 34.8 g NaCl, 1.6 g KCl, 5.8 g CaCl,-2H,0
and 9.78 g MgCl,-6H,0 in 2 L of H,O. Make 1:60 dilution of
60x stock by mixing 16.7 ml 60x E3 and 983.3 ml H,O. Add
100 pl of 1% methylene blue as a fungicide to 1 L of medium.

8. 1x phosphate-buffered saline (PBS).

9. Lysis bufter: 10 mM Tris—=HCI, pH 7.4, 10 mM NaCl, 3 mM
MgCl,, 0.1% NP-40. Prepare 1 M stock solution of Tris—HCI
by dissolving 121.1 g of Tris base in 800 ml H,O. Adjust pH
to 7.4 by adding concentrated HCl. Adjust the volume of the
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solution to 1 L with H,O. Make 1 M NaCl and 1 M MgCl, by
dissolving 5.8 g NaCl and 20.33 g MgCl,, respectively, in
100 ml H,O. Make a 1:10 dilution of NP-40 by mixing 1 ml
of NP-40 and 9 ml H,O (10% NP-40). Combine 100 pl of
1 M Tris—HCI, pH 7.4, 100 pl of 1 M NaCl, 30 pl of 1 M
MgCl,, and 100 pl of 10% NP-40 in a 15 ml falcon tube, and
fill with H,O up to a total volume of 10 ml.

. Heating block.

. Thermocycler.

. Microcentrifuge.

. 0.2-ml PCR tubes.

. MicroAmp fast 96-well reaction plate (0.1 ml).

. MicroAmp optical adhesive.

. Real-Time PCR System.

. Illumina Nextera DNA Sample Prep Kit (FC-121-1030).

. Qiagen MinElute Reaction Cleanup Kit (28204).

. SYBR Green I nucleic acid gel stain (Life Technologies,

§7563): Prepare 100x SYBR Green I solution by mixing 1 pl
of 10,000x SYBR Green I with 99 pl DMSO.

NEBNext High-Fidelity 2x PCR Master Mix (New England
Labs, M0541).

3 Methods

3.1 Embryo
Dissociation and Cell
Preparation

. Collect zebrafish embryos in a 100-mm petri dish, and raise in

1x E3 embryo medium in an incubator set to 28.5 °C until
desired stage.

. Take a number of embryos with an approximate total cell num-

ber of 50,000 (see Note 1). For example, 50 embryos at 3 hpf
(1000-cell stage), remove the chorions manually using tweezers
(see Note 2). Deyolking is not necessary in our experience.

. Collect dechorionated embryos in a 1.5-ml microcentrifuge tube

and dissociate using a micro pestle and follow by mixing using a
200-pl pipette (see Note 3). Wash the pestle into the tube with
1x E3 embryo medium to collect all the cells on the pestle.

4. Centrifuge immediately at 500x g, 4 °C for 5-10 min.

. Remove supernatant without disturbing the cell pellet. Add

50 pl of cold 1x PBS and centrifuge at 500 x4, 4 °C for 5 min.

. Remove supernatant and add 50 pl of cold lysis buffer. Gently

flick the tube and then centrifuge immediately at 500 x g, 4 °C
for 10 min. Place the tube on ice.
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3.2 Transposition

3.3 PCR
Amplification

1
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. Prepare 50 pl of transposition mix per reaction combining
25 pl Tagment DNA buffer, 2.5 pl Tagment DNA enzyme 1,
and 22.5 pl nuclease-free H,O. Add this to the lysed cells and
gently mix by pipetting.

. Incubate at 37 °C for 30 min on a heating block.

. Clean reaction using Qiagen MinElute Reaction Cleanup Kit.
Perform centrifugations at room temperature and at 12,000 x g.

. Add 300 pl Buffer ERC to the reaction and mix. Place a MinElute
column in a 2-ml collection tube, load the sample to the column,
and centrifuge for 1 min. Empty the collection tube.

. Add 750 pl Bufter PE to the MinElute column and centrifuge
for 1 min. Empty the collection tube.

. Centrifuge for 2 min to remove residual ethanol from the PE
bufter.

. Place the MinElute column in a clean 1.5-ml microcentrifuge
tube. Add 10 pl of elution buftfer to the column, incubate for

1 min at room temperature, and centrifuge for 1 min to elute
DNA. Purified DNA sample can be stored at -20 °C at this point.

. For PCR amplification, mix the reagents below in a PCR tube:
10 pl of nuclease-free H,O.
10 pl of transposed DNA.
2.5 pl of Nextera PCR Primer 1.
2.5 pl of Nextera PCR Primer 2 (barcode).
25 pl of NEBNext High-Fidelity 2x PCR Master Mix.

*For sequences of the primers, please see Goryshin et al.,

1998 [5].
Run the PCR reaction:
72 °C, 5 min

98 °C, 30s
5 cycles:

98 °C, 10's.
63 °C, 30 s.

72 °C, 1 min.
Hold at 4 °C.

. Determine cycle number using qPCR. Prepare 15 pl of qPCR
master mix:

5 pl of 5 cycle PCR-amplified DNA.
3.9 pl of nuclease-free H2O.

0.25 pl of Nextera PCR Primer 1.
0.25 pl of Nextera PCR Primer 2.
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0.6 pl of 100x SYBR Green 1.
5 pl of NEBNext High-Fidelity 2x PCR Master Mix.

3. Add reaction mix to a 96-well reaction plate and seal with opti-
cal adhesive film.

4. Run the qPCR reaction:
98 °C, 30 s.
20 cycles.
98 °C, 10 s.
63 °C, 30 s.
72 °C, 1 min.
Hold at 4 °C.

5. Determine the number of cycles to run for the remaining PCR
reaction. For this, plot linear fluorescence vs. cycle in the
StepOne software (Applied Biosystems), and make note of the
cell-cycle number at which SYBR fluorescence intensity is half
of the maximum fluorescence (see Fig. 1).

6. Return the rest of the PCR reaction back to the qQPCR machine
and run PCR reaction with the determined cycle number.

98 °C, 30s.

Use number of cycles as determined in step 6.
98 °C, 10 s.

63 °C, 30 s.

72 °C, 1 min.

7. Clean reaction using Qiagen MinElute Reaction Cleanup Kit
as described in steps 3—6 in Subheading 3.2.

30,000
25,000
20,000
15,000

10,000

Relative fluorescence

5,000
01 :
0 2 4 6 8 10 12 14
Cycle

Fig. 1 A schematic RT-PCR amplification plot illustrating how to determine the
number of cycles to add to the PCR amplification of the ATAC-seq libraries (step 6)
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3.4 Sequencing
and Analysis
Considerations

8.

Place the MinElute column in a clean 1.5-ml microcentrifuge
tube. Add 25 pl of elution buffer to the column, incubate for
5 min at room temperature, and centrifuge for 1 min to elute
DNA. Purified DNA sample can be stored at -20 °C.

. You can check sample quality using Bioanalyzer DNA 1000.

. Sequencing depth. Low-depth sequencing consistently reveals

the most accessible genomic regions but leaves weakly accessi-
ble regions undiscovered. However, it is currently impractical
to generate enough sequence depth to fully saturate the entire
dynamic range of genome-wide accessibility. Therefore, great
care should be put into determining the depth of sequencing
to be used for each replicate based on the goals of the particu-
lar experiment.

. Replicates. Often the most difficult choice to make concerns

the balance between number of biological replicates and
sequencing depth. Many of the most accessible sites will be
found in any cell line consistently. It is especially important for
lower-accessible sites to have both enhanced coverage and
enough replicates to assess biological variability.

. Pasred-end vs. single-end reads. While paired-end sequencing is

not necessary for establishing the locations of accessible chro-
matin and single-end sequencing will yield more coverage for
the same cost, paired-end sequencing is helpful for identitying
regions with more precisely positioned nucleosomes. The
choice of whether to use single- or paired-end sequencing
should be made accordingly.

. Read length. 50 bp reads map uniquely to the vast majority of

the genome. Given the limitations of most sequencing bud-
gets, it often makes more sense to increase depth of coverage
than to increase sequence length, as mappability does not
increase dramatically as reads get longer than 50 bp.

. Quality control. Once reads have been mapped to the genome

of choice, for most projects, only fragments that map uniquely
to the genome (mapq > 30) should be used. To track quality, it
is often useful to take note of the percent of tags that map
uniquely to the genome in addition to the fraction of reads
that represent mitochondrial “contamination.”

. Integration location. The exact integration location repre-

sented by each read can be identified as the 5’-most position of
reads that map to the reference strand+4 bp. For reads that
map to the non-reference strand, the location is the 3’-most
position of the read -5 bp.

For an example of successtful ATAC-seq in zebrafish embryos,
see Fig. 2.
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48 hpf H3k4me3 - L -
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Fig. 2 ATAC-seq in whole zebrafish embryos and isolated neurons. Strong agree-
ment between ATAC-seq peaks and histone modification data from Gomez-
Skarmeta lab. The data reveal distinct ATAC peaks in the HuC neurons sorted
from Tg(HuC:GFP) zebrafish line, compared to rest of the embryo, at 48 hpf

4 Notes

1. When working with embryonic stages with unknown cell num-
ber, trypan blue staining can be used to get an estimate of the
total viable cell number. Place a known number of embryos in
a 1.5-ml microcentrifuge tube. Remove embryo medium and
add 1 ml deyolking buffer (55 mM NaCl, 1.8 mM KCI,
1.25 mM NaHCO;). Pipette up and down to dissolve yolk.
Centrifuge at 500 x g for 2 min, and discard supernatant. Wash
the pellet in 200 pl of 1x E3 embryo medium, centrifuge at
500 x g for 2 min, and discard the supernatant. Resuspend pel-
let in 200 pl of 1x E3 embryo medium and dissociate cells
using micro pestle and pipetting. If not fully dissociated, per-
form trypsin dissociation as following. Centrifuge cells at
500 x4 for 2 min and discard supernatant. Resuspend the pel-
let in trypsin—EDTA solution (0.5 mg/ml trypsin and
0.22 mg/ml EDTA, Ca?*- and Mg*-free) and incubate for
5-7 min. Stop the dissociation by adding Hi-FBS to a final
concentration of 5%. Microcentrifuge at 500xg for 5 min.
Discard the supernatant and add 200 pl of FACSMax cell dis-
sociation solution (Genlantis, T200100) or 1x PBS. Mix 5 pl
of the cell mix with 5 pl of 4% trypan blue solution. Incubate
at room temperature for 5 min, load mix to a Countess Cell
Counting Chamber Slide (Invitrogen), and get cell count
using Countess automated cell counter (Invitrogen). Counting
cells can also be done manually using hemocytometer. Perform
cell counts three times and use the average number to get a
total cell number estimate.

2. If using a large number of embryos, dechorionating can be
performed enzymatically using pronase treatment. Prepare 1%
(w/v) pronase (protease from Streptomyces griseus) solution:



Dissolve 1 g of pronase in 100 ml of 1x E3 embryo medium,
incubate for 2 h at 37 °C, aliquot, and store at =20 °C. To
remove chorions, place embryos in a 100-ml beaker. Add pro-
nase (1% w/v) to a dilution of 1:10 depending on the medium
volume in the beaker. Incubate for 5-10 min at 28.5 °C swirl-
ing occasionally. Incubation time will vary depending on the
developmental stage of the embryos, shorter times for young
embryos, determined empirically. When chorions are mostly
removed, fill the beaker with 1x E3 embryo medium. Discard
medium and wash with 1x E3 several times until all traces of
pronase have been removed.

3. ATAC-seq can be performed similarly on sorted cells. Cell dis-

sociation for sorting can be performed by trypsin digestion as in
Note 1. Cell sorting steps are adapted from Manoli and Driever
(2012) [6]. Briefly, after stopping trypsin dissociation by adding
Hi-FBS to a final concentration of 5%, microcentrifuge at
500xg for 5 min. Discard the supernatant and add 500 pl of
FACSMax cell dissociation solution. Moisten a cell strainer (with
40-pm mesh) with FACSMax solution, and place it on a 100-
mm petri dish on ice. Add the cell and mix into the cell strainer.
Use the plunger from a 1-ml syringe and carefully pass the cells
through the strainer by pressing the plunger over the cells.
Collect the cell suspension from petri dish into a 5-ml round
bottom polystyrene test tube (Corning, 352058). Try to get all
the cells from the petri dish by adding extra FACSMax cell dis-
sociation solution. Place the cell suspensions on ice and take to
the flow cytometry facility. Upon sorting perform ATAC-seq
from lysis step (see Subheading 3.1, steps 4-6) and onwards.
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Chapter 6

Establishment of Time- and Cell-Specific RNAI
in Caenorhabditis elegans

Masayuki Hamakawa and Takaaki Hirotsu

Abstract

The nematode worm Caenorbabditis elegans, in which loss-of-function mutants and RNA interference
(RNAi) models are available, is a model organism useful for analyzing effects of genes on various life phe-
nomena. In particular, RNAi is a powerful tool that enables time- or cell-specific knockdown via heat
shock-inducible RNAI or cell-specific RNAi. However, the conventional RNAi methods are insufficient for
investigating pleiotropic genes with various sites of action and life stage-dependent functions. To investi-
gate the temporal- and cell-specific profiles of multifunctional genes, we established a new RNAi method
that enables simultaneous time- and cell-specific knockdown (T.C.RNAIi) in C. elegans. In this method,
one RNA strand is expressed by a cell-specific promoter and the other by a heat shock promoter, resulting
in only expression of double-stranded RNA in the target cell when heat shock is induced. We confirmed
the effect of T.C.RNAIi by the knockdown of GFP and the 0d7-3 gene which encodes Ga and is essential
for olfaction. Further, this technique revealed that the control of glutamate receptors GLR-1 localization
in RMD motor neurons requires Ras at the adult stage to regulate locomotion behavior.

Key words RNAi, Conditional knockdown, Time and cell specific, Heat shock, C. elegans

1 Introduction

The nematode Caenorbabditis elegans is usetul for studying the
functions of genes through facilitated analyses. In this organism,
various cell-specific promoters can be utilized for cell-specific
expression to determine the function of a gene in a specific cell.
Recently, temporal control of cell-specific expression using heat
shock factor-1 (/ssf-1) mutants has been reported [1]. In addition,
the effects of gene knockdown can be assessed using various loss-
of-function mutants, and researchers recently developed a new
method of generating loss-of-function mutants in targeted genes
in C. elegans [2].

RNAI is one of the most powerful tools for gene knockdown.
RNAi-mediated cell-specific knockdown in C. elegans is a currently
available technique based on driving the expression of double-stranded
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