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Abstract

Cis -regulatory elements (CRES) play a pivotal role in spatiotemporal control of tissue-specific
gene expression, yet the molecular composition of the vast majority of CRES in native chromatin
remains unknown. In this unit, we describe the CRISPR affinity purification /n situ of regulatory
elements (CAPTURE) approach to simultaneously identify locus-specific chromatin-regulating
protein complexes and long-range DNA interactions. Using an /7 vivo biotinylated nuclease-
deficient Cas9 (dCas9) protein and programmable single guide RNAs (sgRNAS), this approach
allows for high-resolution and locus-specific isolation of protein complexes and long-range
chromatin looping associated with single copy CREs in mammalian cells. Unbiased analysis of the
compositional structure of developmentally regulated or disease-associated CREs identifies new
features of transcriptional regulation. Hence, CAPTURE provides a versatile platform to study
genomic locus-regulating chromatin composition in a mammalian genome.
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INTRODUCTION

CREs such as transcriptional enhancers regulate tissue-specific gene expression by
recruiting transcription factors and chromatin complexes, and interact with target genes by
long-range DNA looping. Dysregulation of CREs underlies the development of a variety of
human disorders including cancer. Identifying the molecular composition of a specific CRE
/n situ can provide unprecedented insight into the mechanisms regulating its activity in
physiological or pathological conditions. However, purifying a small chromatin segment
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from nucleus remains a significant challenge. Various affinity purification strategies have
been developed to study the localization of trans-regulatory factors, including chromatin
immunoprecipitation (ChlP) (Dedon et al., 1991; Mogtaderi and Struhl, 2004; Ren et al.,
2000), affinity purification using integrated epitope tags (Agelopoulos et al., 2012; Fujita
and Fujii, 2011; Griesenbeck et al., 2003), or sequence-specific molecules (Dejardin and
Kingston, 2009; Fujita et al., 2013; Fujita and Fujii, 2013, 2014; Waldrip et al., 2014), but
major technical difficulties limit the application of existing approaches in purifying
macromolecules at a single copy genomic locus.

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 is a prokaryotic
immune system that confers resistance to viruses by Cas9 nuclease-mediated cleavage of
foreign genetic elements (Barrangou et al., 2007; Bhaya et al., 2011). Cas9 can assemble
with a chimeric sgRNA to recognize and cleave DNA in a mammalian genome. The first 20
nucleotides of sgRNA guide Cas9 to recognize complementary genomic sequence and
introduce double-strand breaks (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013).
Sequence-specific sgRNASs can be easily constructed and multiplexed, thus Cas9 has been
widely adapted as a tool for genome editing in mammalian cells (Doudna and Charpentier,
2014; Hsu et al., 2014). Mutations in the nuclease domains of Cas9 deactivate its
exonuclease activity without affecting the sequence-specific DNA binding ability of the
nuclease-deficient Cas9 (dCas9) protein (Gilbert et al., 2013; Qi et al., 2013). dCas9 has
soon been adapted as a DNA-binding protein for a wide range of applications including
transcriptional modulation, epigenome editing, and genome imaging (Chen et al., 2013;
Dominguez et al., 2016; Gilbert et al., 2013; Qi et al., 2013; Thakore et al., 2016).

In this unit, we describe the CAPTURE approach utilizing sequence-specific binding of /n
vivo biotinylated dCas9 to simultaneously identify genomic locus-associated protein
complexes and long-range DNA interactions in mammalian cells (Fig. 1) (Liu et al., 2017).
The CAPTURE system consists of three core components: a dCas9 fused with an N-terminal
FLAG and biotin acceptor tandem peptide (FB-dCas9), an £. coli. biotin holoenzyme
synthetase (BirA) (Schatz, 1993), and a structure-optimized sgRNA (Fig. 1). The biotin
acceptor peptide serves as an /n vivo substrate mimic for BirA biotin ligase. Stably
expressed FB-dCas9 proteins are biotinylated /7 vivo by BirA and guided to the genomic
locus-of-interest by sequence-specific sgRNAs. By high affinity streptavidin-biotin-
mediated purification, the dCas9-tethered chromatin segments together with associated
protein and DNA complexes are isolated. The purified protein and DNA molecules are
identified and analyzed by mass spectrometry (MS)-based quantitative proteomics and high-
throughput sequencing for study of native genomic locus-regulating proteins and long-range
DNA interactions, respectively.

CAPTURE offers several advantages in isolating chromatin associated complexes compared
to conventional antibody-based affinity purification approaches. First, due to extremely high
affinity between biotin and streptavidin with K;= 1014 mol/L (Schatz, 1993), CAPTURE
allows for more efficient and stable capture of protein-DNA complexes. Second, the high
affinity between biotin and streptavidin also allows for stringent purification procedures to
reduce co-purified protein contamination. Third, few naturally biotinylated proteins are
localized in nucleus, thus streptavidin affinity purification helps reduce non-specific binding
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associated with antibody-based approaches. Fourth, the dCas9/sgRNA system can be easily
modified by altering sgRNA sequences or using SgRNA combinations, thus allowing for
high-throughput multiplexed analysis of chromatin-associated interactions. Moreover, an
optimized sgRNA design (Chen et al., 2013) with increased stability and enhanced dCas9/
sgRNA assembly is adapted to maximize on-target enrichment and eliminate non-specific
binding.

The following protocols outline an easy-to-follow and scalable procedure for establishing
the CAPTURE system in mammalian cell lines and applying the system to study chromatin
composition associated with single copy genomic loci. The procedure can be divided into
three parts: CAPTURE setup and sgRNA validation (see Basic Protocol 1), identification of
chromatin-regulating protein complexes by CAPTURE-Proteomics (see Basic Protocol 2),
and analysis of locus-specific long-range DNA interactions by CAPTURE-3C-seq (see
Basic Protocol 3).

BASIC PROTOCOL 1. Establishment of FB-dCas9/BirA Stable Cell Lines
and sgRNA Validation

Materials

The protocol is used to generate cell lines that stably express both BirA and FB-dCas9, and
to validate the specificity of SgRNASs (Fig. 2) (Liu et al., 2017). Stable cells are established
by transfecting cells with pEF1a-FB-dCas9-puro and pEF1a-BirA-V5-neo constructs,
followed by selection with G418 and puromycin. After establishing single cell-derived
stable clones expressing high level of BirA and /n vivo biotinylated dCas9, sequence-
specific or non-targeting control sgRNAs are introduced by lentiviral infection to direct
biotinylated dCas9 proteins to sgRNA-targeted genomic loci. Using a common reverse
primer and unique forward primers containing the protospacer sequences, any sgRNA
sequence can be incorporated into PCR amplicons and subcloned into the lentiviral U6
promoter-driven expression vector. To evaluate the specificity and on-target enrichment of
SgRNAs, FB-dCas9/BirA stable cells transduced with sequence-specific or control SgRNAS
are cross-linked by formaldehyde, followed by nuclei extraction. Nuclei are then sonicated
to solubilize chromatin and biotinylated dCas9-tethered chromatin is purified by streptavidin
immunoprecipitation. dCas9 affinity purified DNA are recovered and analyzed by gPCR and
high-throughput sequencing.

PEFla-BirA-V5-neo (Addgene plasmid 100548)
pEFla-FB-Cas9-puro (Addgene plasmid 100547)

pSLQ1651-sgRNA(F+E)-sgGal4 (non-targeting control sgRNA, Addgene plasmid
100549)

VSV-G (Addgene plasmid 8454)
psPAX2 (Addgene plasmid 12260)

LB liquid medium and agar plates with 100 pg/ml ampicillin
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QIAprep Spin Miniprep Kit (Qiagen)

QIlAquick Gel Extraction Kit (Qiagen)

MinElute PCR Purification Kit (Qiagen)

10 U/ul Bstxl restriction enzyme (New England Biolabs, Cat # R0113L)

10 U/ul BamHI restriction enzyme (New England Biolabs, Cat # RO136L)

10x NEBuffer 3.1 (New England Biolabs, Cat # B7203S)

Phusion® High-Fidelity DNA Polymerase (New England Biolabs, Cat # M0530L)
400 U/ul T4 ligase with 10x T4 ligase buffer (New England Biolabs, Cat # M0202L))
NEBNext ChlP-seq library prep kit (New England Biolabs, Cat # E6240L)
Chemically competent DH5a cells (Home-made)

SOC medium (Thermo-Fisher, Cat # 15544034)

37°C incubator (Thermo-Fisher)

SORVALL ST16R centrifuge (Thermo-Fisher)

Thermomixer (Eppendorf)

Thermocycler (Bio-Rad)

PEI (Sigma-Aldrich, Polyethylenimine, Branched, Cat # 408727)

16,16-dimethyl Prostaglandin E2 (PGE2, 10 mM in DMSQ) (Cayman Chemical
Company, Cat # 14750)

PEG-it Virus Precipitation Solution (System Bioscience, Cat # LV825A-1)
IMDM (Thermo-Fisher, Cat # 12440053)

Opti-MEM (Thermo-Fisher, Cat # 31985062)

Puromycin (Thermo-Fisher, Cat # A1003802)

G418 (Sigma-Aldrich, Cat # G1720)

37% formaldehyde solution (Calbiochem, Cat # 344198)

Protease inhibitor cocktail (Sigma-Aldrich, Cat # P8340)

Dynabeads® MyOne™ Streptavidin T1 (Invitrogen, Cat # 656-01)

RNase A, DNase-free (0.5 mg/ml, Roche, Cat # 11119915001)

Proteinase K (20 mg/ml, Ambion, Cat # AM2546)

Cas9 antibody (Abcam, ab191468, RRID:AB_2692325)

V5-HRP antibody (Thermo-Fisher, Cat # R961-25, RRID:AB_2556565)
Goat anti-mouse 1gG-HRP (Santa Cruz, Cat # sc-2005, and RRID:AB_631736)
ECM 830 Square Wave Electroporation System (BTX)
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2 mm electroporation cuvette (BTX, Cat # 45-0141)

Digital Sonifier (BRANSON, Models S-450)

sgGal4_sgRNA.fwd (non-targeting control sgRNA):

092gaaCCACCTTGTTGGAACGACTAGTTAGGCGTGTAGTTTAAGAGCTATGC
TGGAAACAGCA

(GNy is the spacer sequence which can be changed for targeting any locus)

Universal.rev: ctagtaCTCGAGAAAAAAAGCACCGACTCGGTGCCAC

Primer sequences used to validate sgRNA sequence by sanger DNA sequencing:

U6-Vector_seq.fwd: GAGATCCAGTTTGGTTAGTACCGGG

U6-Vector_seq.rev: ATGCATGGCGGTAATACGGTTAT

Electroporation and Screening for FB-dCas9 and BirA Stable Cell Clones

1

10

Culture human K562 cells in a T-25 flask in IMDM medium containing 10%
FBS and 1% penicillin/streptomycin at 37°C and 5% CO2 until they reach ~0.5
x 106 cells/ml.

If other cell types are to be used in this protocol, growth and
electroporation conditions will need to be adjusted for the specific cell
type.
Harvest 2 x 108 cells per electroporation by centrifuging at 400 x g for 5 min at
4°C. Wash cells once with PBS.

Resuspend cell pellet in 100 pl of IMDM and transfer cells to a 2 mm
electroporation cuvette.

Add 2 pg of pEFla-FB-dCas9 and pEF1a-BirA vectors (prepare 1 pg/pl of
vectors in ddH20) to the cell suspension and mix well by pipetting.

Perform electroporation at 0.25 kV, 15 mSec with the BTX 630 electroporator.

Other electroporation systems can be used; optimize for efficiency with
the cell line of interest.

Add 1 ml of warm IMDM containing 10% FBS to the cuvette and transfer
electroporated cells to 15 ml tube.

Add 30 ml of IMDM medium and transfer cells into 96-well plates (100 pl/well)
immediately.

48 h after transfection, treat cells with 1 pg/ml of puromycin and 600 pg/ml of
G418.

Feed the cells with complete medium containing fresh G418 and puromycin
every two days for 2 weeks until colonies become apparent in wells.

Look thoroughly in each well of 96-well plates to identify wells containing the
single cell-derived colony and transfer the colonies to 12-well plates.
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11 Harvest 1 x 108 cells from each picked clone and confirm dCas9 and BirA
expression by western blot (WB) (Gallagher et al., 2008) using Cas9 and V5
antibody, respectively (Fig. 2A).

To establish FB-dCas9/BirA stable cell clones, we usually screen 24
clones selected by G418 and puromycin. Over half of the clones should
show varying amounts of FB-dCas9 and BirA expression (Fig. 2A). We
have found that high level BirA expression and medium to low level
dCas9 expression clones can generate good signal to noise ratio in
subsequent valigation of dCas9 binding by CAPTURE-ChIP-gPCR and
CAPTURE-ChIP-seq.

sgRNA Cloning and Transduction

12 Dilute forward primers containing non-targeting sgRNA sequence
(sgGal4_sgRNA.fwd) or the specific protospacer sequence targeting the region
of interest to 10 pM.

13 Set up a 50 L PCR reaction in a 0.2 ml PCR tube on ice as the following:

10ul 5 x Phusion HF reaction buffer

2ul 10 uM forward primer

2ul 10 UM universal reverse primer

1ul 10 mM dNTP mix

1ul pSLQ1651-sgRNA(F+E)-sgGal4 (1ng, Addgene: 100549)
0.5l Phusion Polymerase (2 U/ pl)

water to 50 pl

14 Mix components thoroughly by vortexing, then run on a thermocycler with the
following program:

1 cycle: 2 min 98°C (initial denaturation)
30 cycles: 10 sec 95°C (denaturation)

15 sec 60°C (annealing)

30 sec 72°C (extension)
Final cycle: 2 min 72°C (final extension)

Indefinite 4°C (hold)

15 Run 5 pl of PCR product on a 2% TAE-agarose gel to ensure PCR specificity.
The expected product size is about 120 bp.

16 Purify PCR product using Qiagen PCR purification kit and elute DNA in 15 pl
of EB.

17 Set up a 15 pl restriction enzyme digestion reaction in a 0.2 ml PCR tube as the
following:

125yl purified PCR amplicon from step 16 or pSLQ1651-sgRNA(F+E)-sgGal4 vector
(1 Hg)

1.5u 10x NEB buffer 3.1
0.5ul  NEB BstXI
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0.5ul  NEB Xhol
water to 15 pl

Incubate reactions at 37°C overnight.
Purify the digested PCR amplicon by MinElute PCR purification Kit.

Run digested pSLQ1651-sgRNA(F+E)-sgGal4 vector on a 1.2% TAE-agarose
gel and purify the backbone by Qiagen Gel purification kit.

Set up a 10 pl ligation reaction in a 0.2 ml PCR tube as the following:

5ul  digested PCR amplicon (100 ng)

lul digested pSLQ1651 backbone (200 ng)
1yl 10x NEB T4 ligase buffer

1ul NEB T4 ligase

water to 10 pl

Incubate at room temperature for 1 h.

Transform 100 ul of DH5a competent cells with 10 ul of ligation product
(Seidman et al., 2001).

Pick 4 clones of each sgRNA and validate SgRNA sequence by Sanger DNA
sequencing.

Lentiviruses Packaging and Transduction of K562 FB-dCas9/BirA Stable Cell

Lines
23

24
25

26
27
28
29

30

Seed 3 x 106 293T cells in a 6 cm petri-dish in high glucose DMEM medium
containing 10% FBS, and incubate at 37°C overnight.

Change medium (3 ml) 4 h before transfection.

Prepare transfection cocktail as the following:

1ug VSV-G plasmid

2 ug psPAX2 plasmid

3ug pSLQ1651-sgRNA plasmid
18 ug PEI (Plasmid:PElI ratio is 1:3)
300 pl Opti-MEM

Vortex the tubes to mix, incubate at RT for 20 minus.
Add cocktail to 293T cells dropwise and swirl medium to mix.
Change media 10 h after transfection.
Collect virus supernatant at 48 and 72 h post transfection.

Filter lentivirus supernatant through a disposable 0.45 um filter and concentrate
virus using PEG-It Virus Precipitation Solution following manufacturer’s
instruction.

Resuspend 0.5 x 10% K562 FB-dCas9/BirA expressing stable cells in 800 ul of
fresh IMDM medium and plate cells in 12-well plates.
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Add 200 pl of concentrated virus and 5 UM of PGE2 to cell suspension.
Seal the plate with parafilm and spin at 2,500 rpm for 90 min at 30°C.

Gently shake plates to resuspend cells, and incubate cells with virus overnight in
37°C incubator.

Wash infected cells 3 times with pre-warmed PBS 24 h post-infection and
resuspend cells in fresh medium.

48 h post-infection, collect top 5% mCherry-positive (mCherry) cells by flow
cytometry and expand for CAPTURE-ChIP (see Basic Protocol 1, Step 36 — 59),
CAPTURE-Proteomics (see Basic Protocol 2), and CAPTURE-3C-seq (see
Basic Protocol 3).

Quality Control of CAPTURE Specificity and Efficiency

36

37

38

39
40

41

42
43

44

Harvest 1 x 107 mCherry" K562 FB-dCas9/BirA cells from step 35 and
resuspend cells in 5 ml of ice-cold PBS.

Add 135 pl of 37% formaldehyde to the cell suspension to a final concentration
of 1% and incubate for 10 min at RT with rotation.

Quench cross-linking by adding 250 pl of 2M glycine and incubate for 5 min at
RT with rotation.

Wiash cells twice in 10 ml of ice-cold PBS.

Resuspend cells in 1 ml of Nuclear Extraction Buffer and incubate for 30 min at
4°C with rotation.

Centrifuge at 2,500 x g for 5 min at 4°C to collect nuclei.

Nuclei can be snap frozen in liquid nitrogen and stored at —80°C for
several months

Resuspend nuclear pellets in 400 pl of 0.5% Nuclear Lysis Buffer.

Sonicate nuclei in an ice water bath using a Branson Sonifier S-450 at 20%
amplitude for 60 pulses (0.5 sec ON and 1 sec OFF). Shear DNA to a size of
300-500bp.

Sonication condition needs to be optimized to achieve the desired size
range.

Take 5 pl of sheared chromatin, perform a quick reverse-crosslinking
by diluting to 25 pl in TE Buffer with 0.1% SDS, and boil for 10 min.
Purify DNA by phenol-chloroform extraction and run aqueous phase on
a 2% TAE-agarose gel to check the size. There is no need for ethanol
precipitation.

The samples can be frozen at —80°C.

Add 44 ul of 10% Triton X-100 to sonicated nuclei lysate and centrifuge for 10
min at 16,100 x g at 4°C.
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Carefully transfer 400 ul of the supernatant to a new Eppendorf tube and add 24
ul of 5 M NacCl to the supernatant. This is the soluble chromatin.
Save 20 pl of residual supernatant as the input control.

Thoroughly resuspend MyOne™ Streptavidin T1 Dynabeads and transfer 20 pl
of beads to a new Eppendorf tube.

Collect beads on a magnet stand and discard supernatant by pipetting. Wash
beads twice with 1 ml of RIPA 0.3 Buffer.

Separate beads on a magnet and discard supernatant.

Add soluble chromatin from step 45 directly to beads and incubate tubes on
rotator at 4°C for at least 3 h to overnight.

Collect beads on a magnet stand and discard supernatant.

Wash the beads twice by adding 1 ml of 2% SDS, vortex at max speed for 15 sec
and collect beads on a magnet. Transfer beads to a new Eppendorf LoBind
microcentrifuge tube.

Repeat step 51 six times as the following:
Two washes with 1ml of High Salt Wash Buffer
Two washes with 1ml of LiCl Wash Buffer
Two washes with 1ml of TE Buffer

Resuspend beads in 100 pl of SDS Elution Buffer. Incubate tubes at 65°C for at
least 6 h to overnight with shaking.

Briefly spin to collect beads. Separate beads on magnet for 3 min and transfer
the supernatant to a new Eppendorf LoBind microcentrifuge tube.

Rinse beads with 50 pl of SDS Elution Buffer and pool supernatant with eluted
chromatin from step 54.

Add 1 pl of 0.5 pg/ul RNase A and incubate at 37°C for 30 min.
Add 1 pl of 20 mg/ml Protease K. Incubate at 37°C for 2 h.

Recover ChIP DNA using Qiagen PCR Purification Kit and elute DNA in 50 pl
of ddH,0.

To validate on-target enrichment of CAPTURE-ChIP, perform qPCR using DNA
from step 58 as template or proceed for library prep using NEBNext ChlP-seq
library prep kit for next-generation sequencing (NGS).

BASIC PROTOCOL 2. CAPTURE-Proteomics

This protocol is used to isolate protein complexes associated with biotinylated dCas9
captured CREs (Fig. 3A) (Liu et al., 2017). The method consists of chemical cross-linking
by formaldehyde, followed by RNase digestion and extensive chromatin washes to remove
molecules that do not bind to DNA. Chromatin preparation steps were performed as
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previously described with modifications (Kustatscher et al., 2014). The resulting material is
subjected to sonication to solubilize cross-linked chromatin. Streptavidin-mediated affinity
purification is then performed and dCas9-tethered chromatin segments are isolated.
Chromatin-associated protein complexes from dCas9-captured genomic loci are recovered
under denaturing conditions, and analyzed by western blot (WB) or digested to peptides for
identification by liquid chromatography-mass spectrometry (LC-MS/MS). CAPTURE-
Proteomics enable selective isolation of chromatin complexes associated with dCas9-
targeted genomic loci in mammalian cells.

Materials

37% formaldehyde solution (Calbiochem, Cat # 344198)
Protease inhibitor cocktail (Sigma-Aldrich, Cat # P8340)
Urea (Sigma-Aldrich, Cat # U5128-500G)

TCEP (Sigma-Aldrich, Cat # 75259-1G)

MMTS (Sigma-Aldrich, Cat # 64306-1ML)

Trypsin (Promega, Cat # V511C)

Streptavidin agarose beads (Invitrogen, Cat # 15942-050)
Pierce cellulose acetate filter spin cup (Thermo-Fisher, Cat # 69702)
Screw Cap Micro Tube (SARSTEDT, Cat # 72.692.005)
Flat tip (Costar, Cat # 4884)

Thermomixer (Eppendorf)

Digital Sonifier (BRANSON, Models S-450)

Formaldehyde Crosslinking

1

Grow 1 x 108 cells from Basic Protocol 1 step 35 for CAPTURE-WB and 2.5 to
5 x 108 cells for CAPTURE-Proteomics analysis.

Aliquot cells to 15 ml tubes with 5 x 107 cells each tube. Centrifuge at 400 x g
for 5 min at 4°C to collect cells.

Resuspend cell pellets in 5 ml of 2% formaldehyde in PBS, and incubate for 10
min at RT with rotation.

Add 0.5 ml of 2.5 M glycine and incubate at RT for 5 min with rotation to
quench cross-linking.

Centrifuge at 400 x g for 5 min at 4 °C and carefully remove supernatant.

Wash cell pellets twice with 2 ml of ice-cold PBS.

Chromatin Preparation and Sonication

7

Resuspend cells with 2ml of ice-cold Cell Lysis Buffer and transfer cell
suspension to a 2 ml tube. Incubate for 30 min at 4°C with rotation.
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Spin at 2,500 x g for 5 min at 4°C to pellet nuclei.

Resuspend nuclei with 500 pl of Cell Lysis Buffer. Add 1 pl of 0.5 pug/ul RNase
A and incubate at 37°C for 30 min with rotation.

Spin at 2,500 x g for 5 min at 4°C to collect nuclei.

Resuspend nuclear pellets in 0.4 ml of Nuclear Lysis Buffer by slowly pipetting
up and down, and incubate for 10 min at RT.

To avoid damage to the chromatin, DO NOT vortex to mix.
Add 1.2 ml of Urea Buffer and mix by inverting the tube.

Centrifuge the tube at 16,100 x g for 25 min at RT to pellet chromatin. Remove
supernatant completely.

Repeat steps 11 to 13 three more time until the supernatant is clear.

Resuspend the pellets in 0.4 ml of Nuclear Lysis Buffer by slowly pipetting up
and down, and add 1.2 ml of Nuclear Lysis Buffer to wash out urea.

Centrifuge the tube at 16,100 x g for 25 min at RT.
Repeat steps 15 and 16 once.

Resuspend the chromatin in 0.4 ml of Cell Lysis Buffer by slowly pipetting up
and down, and add 1.2 ml of Cell Lysis Buffer to wash out SDS.

Centrifuge the tube at 16,100 x g for 25 min at RT to pellet chromatin.
Repeat steps 18 and 19 once.

Resuspend washed chromatin in 0.4 ml of IP Binding Buffer without NaCl by
pipetting.
Sonicate nuclei in an ice water bath using a Branson Sonifier S-450 at 10%

amplitude for 120 pulses (0.5 sec ON and 1 sec OFF). Shear chromatin to a size
of 300-1000 bp.

Need to optimize the sonication condition for different cell types to
achieve the desired size range.

Centrifuge the tube at 16,100 x g for 5 min at 4°C. Check the size of sonicated
chromatin fragments.

Take 5 pl of supernatant containing soluble chromatin, perform a quick
reverse cross-linking by diluting to 25 pl in TE Buffer with 0.1% SDS,
and boil for 10 min. Purify DNA by phenol-chloroform extraction and

run agqueous phase on a 2% TAE-agarose gel to check the size.

Desired size of chromatin is 300-1000 bp. If size of DNA fragment is
within the range, transfer the supernatant to a new tube and keep
sheared chromatin on ice. Resuspend residual chromatin pellet in 0.4
ml of IP Binding Buffer without NaCl and repeat steps 22 and 23 until
desired size.
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24 Pool the supernatant from step 23 and centrifuge the tube at 16,100 x g for 25
min at 4°C. Carefully transfer supernatant to a new 1.5 ml microtube with screw
cap for affinity purification.

Streptavidin Immunoprecipitation

25 Add 5 M NaCl to sheared chromatin to a final concentration of 150 mM and
immediately invert tubes to mix.

26 Thoroughly mix streptavidin agarose beads slurry (50% beads slurry) by
vortexing, and take 50 pl of slurry per IP.

27 Wash streptavidin agarose beads twice by 1 ml of IP Binding Buffer and
centrifuge at 800 x g for 3 min at 4°C.

28 Resuspend beads in 25 pl of IP Binding Buffer and add to chromatin from step
24,

29 Incubate tubes at 4°C overnight with rotation.
30 Centrifuge at 800 x g for 3 min at 4 °C to collect beads.

31 Resuspend beads in 1 ml of IP binding Buffer and incubate for 10 min at 4°C
with rotation. Spin at 800 x g for 3 min, and completely remove supernatant
using a flat gel loading pipet tip.

32 Repeat steps 31 for 4 times.

After the last wash, resuspend beads in 100 pl of IP Binding Buffer.
Transfer and pool all the beads from multiple tubes to a new Eppendorf
LoBind tube. For WB, proceed to step 33, and for LC-MS, go to step
36.

Recover proteins for WB

33 Spin beads from step 32 at 800 x g for 3 min and remove the supernatant as
much as possible using a flat gel loading pipet tip.

34 Add 30 pl of RIPA buffer and 10 ul of 4x XT loading buffer (Bio-Rad) supplied
with 5% of B-mercaptoethanol to the dry beads. Incubate at 95°C for 20 min.

DO NOT incubate for more than 20 min. Extended heating may result
in protein degradation.

35 Spin at 12,000 x g for 3 min at RT to collect beads. The supernatant is ready to
be loaded to SDS-PAGE gels (Gallagher et al., 2008).

Recover Peptides for LC-MS/MS

36 Resuspend beads from step 32 in 1 ml of IP Binding Buffer without NP-40. Spin
at 800 x g for 3 min, and completely remove supernatant using a flat gel loading

pipet tip.
37 Repeat step 36 twice to wash out detergent.
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38 Resuspend beads in 500 pl of 0.5M Tris (pH 8.5). Add 0.5 M TCEP to
suspension to a final concentration of 20 mM, and rotate tubes at RT for 1 h to
reduce disulfide bonds.

39 Add 4 pl of MMTS and incubate tubes for 20 min with rotation at RT to mask
reduced sulfhydryls.

40 Add 10 pl of 0.5 pg/pl sequencing grade Trypsin, and incubate at 37°C for 6 h
with rotation. Add another 10 pl of Trypsin, and rotate at 37°C overnight.

41 Load all eluates from step 41 into the insert of Pierce cellulose membrane tube
and centrifuge at 12,000 x g for 3 min at RT to remove beads.

42 Add 5M NaCl to flow-through to a final concentration of 3M, seal tubes tightly
and boil samples at 95°C for 1 h to reverse cross-linking.

43 Dry samples on a Speedvac and follow manufacturer’s instructions for peptide
purification using C18 column and iTRAQ labelling (SCIEX).

Salt crystal should become apparent in the tube after Speedvac if
detergent is completely washed out.

BASIC PROTOCOL 3. CAPTURE-3C-seq

Materials

The protocol for CAPTURE-3C-seq is developed to identify long-range chromatin looping
associated with dCas9-captured genomic loci (Fig. 4A) (Liu et al., 2017). In this protocol,
cross-linked nuclei are first digested with a restriction enzyme (Dpnll), followed by /n situ
proximity ligation to create chimeric DNA molecules. The digestion and ligation in fixed
nucleus can generate chimeric molecules between DNA fragments that are far away in
genome, but physically tethered by chromatin complexes. The ligated DNA are then sheared
into smaller fragments by sonication, followed by streptavidin-based affinity purification of
dCas9-targeted genomic regions. The purified chimeric DNA fragments are then paired-end
sequenced to identify DNA interactions associated with dCas9-captured genomic loci.
Biotinylated dCas9-mediated affinity purification can specifically enrich sgRNA-targeted
DNA fragments, thus providing high resolution analysis of locus-specific chromatin
structure. CAPTURE-3C-seq does not require PCR or oligonucleotide-based pre-selection
steps and can be multiplexed using multiple sgRNAs in mammalian cells.

37% formaldehyde solution (Calbiochem, Cat #344198)
Protease inhibitor cocktail (Sigma-Aldrich, Cat #P8340)

Dpnll restriction enzyme with 10x Dpnll Buffer (New England Biolabs, Cat
#R0543M)

10x NEB T4 Ligase Buffer (New England Biolabs, Cat #B7203S)
400 U/ul T4 ligase with 10x T4 ligase buffer (New England Biolabs, Cat #M0202L)
Dynabeads® MyOne™ Streptavidin T1 (Invitrogen, Cat #656-01)
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RNase A, DNase-free (0.5 mg/ml, Roche, Cat #11119915001)

Proteinase K (20 mg/ml, Ambion, Cat #AM2546)

37°C incubator (Thermo-Fisher)

16°C incubator (Thermo-Fisher)

Thermomixer (Eppendorf)

Digital Sonifier (BRANSON, Models S-450)

Formaldehyde Cross-linking and Nuclear Extraction

1

Expend 5 x 107 cells from Basic Protocol 1 step 35, and wash cells twice in ice-
cold PBS.

Resuspend cell pellet in 10 ml PBS and add 37% formaldehyde to cell
suspension to a final concentration of 1% formaldehyde. Incubate at RT for 10
min with rotation.

Transfer the reaction tubes to ice and add 2 M glycine to a final concentration of
0.125M to quench cross-linking. Incubate at RT for 10 min with rotation.

Centrifuge at 400 x g for 5 min at RT and carefully discard supernatant.
Wash cells twice with ice-cold PBS.

Resuspend cells in 1 ml ice-cold Cell Lysis Buffer and incubate 30 min at 4°C
with rotation.

Centrifuge at 2,300 x g for 5 min at 4°C and discard supernatant.

The pelleted nuclei can be frozen in liquid nitrogen and store at —80°C
for several months.

Digestion and In Situ Ligation

8

10

11

Rinse nuclei once in 500 pl of ice-cold 1x NEB Dpnll Buffer and centrifuge at
2,300 x g for 5 min at 4°C to collect nuclei.

Gently resuspend nuclear pellet in 0.1 ml of 0.5% SDS by slowly pipetting, and
incubate tubes at 62°C for 10 min. Immediately place the tube on ice and cool
nuclei for 5 min.

To sequester SDS, add 60 pl of 10% Triton X-100 and ddH,0 to a final volume
of 534 pl. Mix carefully by slowly pipetting, and incubate at 37°C for 30 min.

Save a 2 pl aliquot of samples as undigested genomic DNA control.

Add 60 pl of 10x NEB Dpnll Buffer and 6 ul of Dpnll (50 U/ul) to the sample
and digest chromatin overnight at 37°C with rotation.

Take a 2 ul aliquot of samples, add 7 ul of TE buffer and 1 ul of 0.5
mg/ml RNase A, and incubate at 37°C for 30 min. Then add 20 ul of
Proteinase K buffer and 20 mg/ml of Proteinase K and incubate at 55°C

Curr Protoc Mol Biol. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

12

13

14

15
16
17

18

Page 15

for 2 h. Run on a TAE-agarose gel to check the extent of digestion.
Digested DNA should run as a smear with a size ranging from 400 bp
fo 3 kb (Fig. 4B).

Incubate tubes at 62°C for 20 min to inactivate Dpnll. Place tubes on ice
immediately after incubation.

Transfer the digested nuclei to a 15 ml tube. Add the following ligation mix to
digested nuclei:

300 pl 10x NEB T4 ligase buffer

240 pl 10% Triton X-100

1.845ml  ddH,0

15 pl NEB T4 DNA ligase (400 U/pl).

Aliquot ligation mix into 3 x 1.5 ml microtubes and perform /n situ ligation by
incubating overnight at 16°C followed by 30 min at RT with rotation.

Save a 2 ul aliquot of samples. Purify DNA and run on a TAE-agarose
gel to check ligation efficiency. After ligation, the DNA should shift to
a higher molecular weight than the digested samples (Fig. 4B)

Centrifuge at 2,300 x g for 5 min at 4°C to collect nuclei.
Resuspend nuclei in 500 pl of R/PA 0 buffersupplied with 0.25% Sarkosy!.

Sonicate nuclei in an ice water bath using Branson Sonifier S-450 at 10%
amplitude for 120 pulses (0.5 sec ON and 1 sec OFF).

Need to optimize sonication conditions for different cell types.

Centrifuge sonicated samples at 16,000 x g for 5 min at 4°C. Transfer
supernatant to a new Eppendorf LoBind tube.

Streptavidin Affinity Purification and DNA Isolation

19

20

21

22
23

24
25

26

Add 5 M NaCl to sonicated chromatin from step 18 to a final concentration of
0.3 M for IP.

Thoroughly resuspend MyOne™ Streptavidin T1 Dynabeads and transfer 20 pl
of beads to a new Eppendorf tube.

Collect beads on a magnet stand and discard supernatant by pipetting. Wash
beads twice with 1 ml of RIPA 0.3 Buffer.

Separate beads on a magnet and discard supernatant.

Add soluble chromatin from step 19 directly to beads and incubate tubes on
rotator at 4°C for at least 3 h to overnight.

Collect beads on a magnet stand and discard supernatant.

Wash beads twice by adding 1 ml of 2% SDS, vortex at max speed for 15 sec
and collect beads on a magnet. Transfer beads to a new Eppendorf tube.

Repeat step 18 six times as the following:
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Two washes with 1ml of High Salt Wash Buffer
Two washes with 1ml of LiCl Wash Buffer
Two washes with 1ml of TE Buffer

Resuspend beads in 100 pl of SDS Elution Buffer. Incubate tubes at 65°C for at
least 6 h to overnight with shaking.

Briefly spin to collect beads. Separate beads on magnet for 3 min and transfer
supernatant to a new Eppendorf LoBind tube.

Rinse beads with 50 pl of SDS Elution Buffer and pool supernatant with
previous eluted chromatin from step 28.

Add 1 pl of 0.5 pg/ul RNase A and incubate at 37°C for 30 min.
Add 1 pl of 20 mg/ml Proteinase K. Incubate at 37°C for 2 h.

Recover ChIP DNA using MinElute PCR Purification Kit and elute DNA in 50
ul of ddH»0.

Proceed for library prep using NEBNext ChlIP-seq library prep kit and perform
paired-end sequencing.

REAGENTS AND SOLUTIONS

RIPA Buffer

Cell Lysis Buffer

50 mM Tris-HCI (pH 7.4)

1% NP-40

0.25% Sodium deoxycholate (NaDOC)

150 mM NaCl

0.1% SDS

2mM EDTA

Store at 4°C

Add 1 mM DTT, 1 mM PMSF and Protease Inhibitor Cocktail (1:1000) freshly.

25 mM Tris-HCI (pH 7.4)

85 mM KCI

0.1% Triton X-100

Store at 4°C

Add 1 mM DTT, 1 mM PMSF and Protease Inhibitor Cocktail (1:1000) freshly.
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Nuclear Lysis Buffer

RIPA 0 Buffer

RIPA 0.3 Buffer

2% SDS Buffer

50 mM Tris-HCI (pH 8.1)

1 mM EDTA (pH 8.0)

0.5% SDS

Store at RT

Add 1 mM DTT, 1 mM PMSF and Protease Inhibitor Cocktail (1:1000) freshly.

10 mM Tris-HCI (pH 7.4)

1 mM EDTA (pH 8.0)

0.1% SDS

1% Triton X-100

0.1% NaDOC

Store at 4°C

Add 1 mM DTT, 1 mM PMSF and Protease Inhibitor Cocktail (1:1000) freshly.

10 mM Tris-HCI (pH 7.4)

1 mM EDTA (pH 8.0)

0.3 M NaCl

0.1% SDS

1% Triton X-100

0.1% NaDOC

Store at 4°C

Add 1 mM DTT, 1 mM PMSF and Protease Inhibitor Cocktail (1:1000) freshly.

2% SDS

Store at RT

High Salt Wash Buffer

50 mM HEPES (pH 7.5)
1 mM EDTA (pH 8.0)
0.5 M NaCl

1% Triton X-100
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0.1% NaDOC
Store at 4°C

LiCl Wash Buffer
10 mM Tris-HCI (pH 8.1)

1 mM EDTA (pH 8.0)
250 mM LiCl

0.5% NP-40

0.5% NaDOC

Store at 4°C

TE Buffer
10 mM Tris-HCI (pH 7.5)

1 mM EDTA (pH 8.0)
Store at RT

SDS Elution Buffer
50 mM Tris-HCI (pH 8.1)

10 mM EDTA (pH 8.0)
1% SDS
Store at RT

4% SDS Nuclear Lysis Buffer
50 mM Tris-HCI (pH 7.4)

10 mM EDTA
4% SDS

Store at RT

8M Urea Buffer
10 mM Tris-HCI (pH 7.4)

1 mM EDTA
8M Urea
Store at RT

IP Binding Buffer
20 mM Tris-HCI (pH 7.5)
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150 mM NaCl
1 mM EDTA
0.1% NP-40
10% Glycerol
Store at 4°C

IP Binding Buffer without NacCl

0.5M TCEP

20 mM Tris-HCI (pH 7.5)
1 mM EDTA

0.1% NP-40

10% Glycerol

Store at 4°C

0.287 g TCEP-HCI
Dissolve in 2 ml of 1M NaOH

Aliquot and store at —20°C

0.5 pg/ul Trypsin

100 pg Trypsin
Dissolve in 200 pl of 50mM Acetic Acid

Aliquot and store at —80°C

COMMENTARY

Background Information

CREs such as enhancers regulate temporal and tissue-specific gene expression by recruiting
trans-acting factors and mediating long-range chromatin interactions. Despite recent
advances in genome-scale annotation of CREs (Andersson et al., 2014; Heintzman et al.,
2009; Heintzman et al., 2007; Visel et al., 2009), the biological importance and /n situ
molecular composition of the vast majority of CREs remain unknown. Over the years,
various approaches have been developed to study CRESs and associated trans-acting factors.
ChIP assays can provide crucial insights into the global distribution of chromatin bound
factors and the co-localization of multiple factors, but they rely on a prioriidentification of
molecular targets. By coupling ChIP with MS, ChIP-MS approaches have been applied to
identify chromatin-associated protein complexes (Ji et al., 2015); however, ChIP-MS pulls
down protein complexes from many genomic regions simultaneously thus it does not
provide information about proteins associated with specific genomic loci. To identify locus-
specific chromatin complexes, targeted affinity purification of endogenous genomic loci has
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been developed by genetically engineered binding sites that enable purification of the
targeted genomic regions (Agelopoulos et al., 2012; Byrum et al., 2012; Fujita and Fujii,
2011; Griesenbeck et al., 2003; Pourfarzad et al., 2013); however, these approaches require
knock-in gene targeting which remains inefficient and low throughput. Recently, DNA
sequence-specific binding molecules have been employed to enrich chromatin segments
from specific genomic loci. For example, the proteomics of isolated chromatin segments
(PICh) approach utilizes locked nucleic acids (LNA) to isolate telomere-associated proteins
in human cells (Dejardin and Kingston, 2009). Transcription activator-like (TAL) effector
proteins were also modified to target specific genomic loci for purification and proteomic
analysis (Byrum et al., 2013; Fujita et al., 2013); however the engineering and validation of
TAL proteins for each targeted locus remains inefficient and laborious. The development of
the CRISPR system containing a nuclease-inactive dCas9 protein facilitated isolation of
native genomic loci (Fujita and Fujii, 2013, 2014; Waldrip et al., 2014); however, previous
studies relied on antibody-based affinity purification, and the genome-scale specificity and
the utility in identifying both cis- and trans-acting factors were not fully evaluated.

Besides trans-acting factors, chromatin structure also plays an important role in regulating
gene expression. Various methods have been developed to study long-range DNA
interactions based on nuclear proximity ligation that allows for detection of distant
interacting genomic regions tethered together by high order architectures. The chromatin
interaction analysis by paired-end tag sequencing (ChlA-PET) can detect high resolution
genome-wide chromatin interactions mediated by specific protein factors (Fullwood et al.,
2009; Li et al., 2012), but it relies on a priori identification of the chromatin factors and
existence of ChlIP-quality antibodies. Hi-C was developed to unbiasedly capture genome-
wide chromatin contacts such as the topologically associated domains (TADs) (Dixon et al.,
2012); however, it is limited by the resolution required to analyze locus-specific interactions.
By using additional PCR or oligonucleotide probes to enrich DNA contacts from individual
genomic sites, 4C-based technologies were developed to obtain high resolution locus-
specific chromatin interactions (Hughes et al., 2014; Simonis et al., 2006; Zhao et al., 2006).
However, PCR or oligonucleotide-based pre-selection steps may introduce additional biases
in quantitative analysis of interactions between CREs.

By directing /n vivo biotinylated dCas9/sgRNA complex to specific CREs, CAPTURE
provides an easier and more cost-efficient approach to isolate locus-specific chromatin
interactions (Liu et al., 2017). CAPTURE does not rely on predefined protein factors,
available reagents, or a priori knowledge of target loci. The biotin-streptavidin-mediated
high affinity purification displays higher sensitivity and specificity than antibody-based
strategies. Coupled with chromatin conformation assays, CAPTURE also allows for
unbiased identification and quantitative analysis of long-range DNA interactions associated
with targeted genomic loci. Therefore, CAPTURE provides an integrated platform for
simultaneous analysis of a single copy genomic locus-associated proteins and long-range
DNA interactions, and has the potential to significantly advance our understanding of the
molecular composition of non-coding regulatory genome.
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Critical Parameters and Troubleshooting

sgRNA Design—sgRNA is one of the most important components of the CAPTURE
system. The following parameters need to be taken into consideration for sgRNA design.
First, the SJRNA should target the sequence located in close proximity to the captured CRE
to maximize the capture efficiency, but not overlap with binding sites of trans-acting factors
to avoid potential interference with protein binding. Second, capture of locus-specific
chromatin looping requires restriction enzyme (Dpnll) digestion followed by proximity
ligation. Therefore, the sgRNA target sequence should localize in the same Dpnll digested
fragment as the CRE and in close proximity to Dpnll sites. Third, the on-target enrichment
and genome-wide specificity of individual sgRNAS should be carefully evaluated by
CAPTURE-ChIP-gPCR and/or CAPTURE-ChIP-seq before proceeding to CAPTURE-
Proteomics. Finally, the use of multiplexed sgRNAs targeting the same CRE may increase
the on-target enrichment and help distinguish consistent interactions from rare interactions
of individual sgRNAs. However, the on-target enrichment for each sgRNA should be
comparable to minimize variation in capture efficiency by multiplexed sgRNAs.

In Vivo Biotinylation Efficiency—Affinity purification by CAPTURE relies on a biotin
acceptor peptide fused to dCas9 that is biotinylated by a co-expressed BirA enzyme.
Efficient /n vivo biotinylation of FB-dCas9 requires an appropriate ratio of BirA and FB-
dCas9 proteins. Since streptavidin only recognizes biotinylated FB-dCas9 protein, it is
important to achieve high efficiency of /n vivo biotinylation by adjusting the expression ratio
of stably expressed BirA and FB-dCas9 proteins. Excessive FB-dCas9 protein expression
with insufficient biotinylation may increase non-specific DNA binding and low capture
efficiency. Therefore, it is critical to select single cell-derived stable clones expressing
relatively high level of BirA and to evaluate the biotinylation efficiency of dCas9 by
streptavidin IP-WB.

Proper Controls and Replicates—The inclusion of proper controls is critical for the
identification and quantitative analysis of locus-specific chromatin-regulating proteins by
CAPTURE-Proteomics. Cells expressing non-targeting sgGal4 and no sgRNA parental cells
should always be processed in parallel with cells expressing sequence-specific SgRNAS.
Side-by-side comparison of results in samples with sequence-specific SgRNAs and control
sgRNAs allows for the identification of co-purified contaminating proteins, such as the
endogenous biotinylated proteins and proteins associated with off-target dCas9 binding. The
identification of high-confidence non-specific proteins in control samples is also required for
quantitative and statistical analysis of candidate locus-specific proteins. To minimize
sampling variation from LS-MS/MS, quantitative proteomic methods such as iTRAQ are
preferred to analyze CAPTURE purified protein complexes. Control cells expressing non-
targeting sgGal4 and sequence-specific sgRNAs should always be analyzed by LS-MS/MS
in parallel. Multiple technical replicates of LC-MS/MS may help identify variability of mass
spectrometry runs. Independent biological replicates are required to establish statistical
models for downstream data analysis.

Quality Control of CAPTURE-3C-seg—In the CAPTURE-3C-seq protocol, small
aliquots of chromatin were kept after four key steps: lysis, digestion, ligation, and
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sonication. DNA isolated from these aliquots need to be analyzed on an agarose gel to assess
the intactness of DNA prior to digestion, the efficiency of digestion and subsequent ligation
(Fig. 4B). Undigested genomic DNA should appear as a sharp band of over 12 kb. After
Dpnll digestion, DNA run as a smear with a size ranging from 400 bp to 3 kb. After ligation,
the ligated chimera DNA should shift to a higher molecular weight than the digested
samples. Then the large DNA molecules should be fragmented into smaller sizes ranging
from 300 bp to 500 bp by sonication (Fig. 4B).

Data Processing

CAPTURE-ChIP-seg—Align ChlP-seq raw reads to human genome assembly (hg19)
using Bowtiel (Langmead et al., 2009) with default parameters. Trim the first 10 nucleotides
and last 3 nucleotides from each read before alignment. Use MACS to perform peak calling
using the “--nomodel” parameter (Zhang et al., 2008). Remove peaks that overlap with the
blacklist regions annotated by the ENCODE project (Consortium, 2012). To compare ChlIP-
seq signal intensities in samples from cells expressing target-specific sgRNAS versus non-
targeting sgGal4, apply MAnorm (Shao et al., 2012) to remove systematic bias between
samples and calculate the normalized ChlP-seq read densities of each peak for all samples.
Use 300 bp as the window size which matches the average width of the identified ChIP-seq
peaks.

CAPTURE-3C-seq—Use a customized pipeline as previously described (Liu et al., 2017)
to process pair-end sequencing data. The software package is publically available (https://
github.com/YONGCHENUTD/C3S). Map pair-end sequencing reads individually to human
(hg19) or mouse (mm9) genome assembly using Bowtie2 (Langmead and Salzberg, 2012)
with the default parameters. Since Dpnll digestion followed by proximity ligation generates
chimeric molecules which cannot be mapped, trim the reads with Dpnll digestion position,
collect and remap the longer fragment with length = 20 bp. Combine the mapped reads and
perform quality trimming (MAPQ = 30). Pair mapped reads from pair-end sequencing and
removed PCR duplicates by discarding reads with the same positions at both paired ends.
Use preprocessed read pairs to define the interactions at each sgRNA-targeted (or bait)
region to other chromosomal regions. Define bait region by calling local peak surrounding
the sgRNA target site using MACS2 with default parameters (Zhang et al., 2008). Filter self-
ligated reads if the read pairs locate within the bait region. Only keep the pairs of reads that
locate in two different regions to define interactions. Use Bayes statistical model to call
significant interactions between the captured region and other genomic regions.

CAPTURE-Proteomics—Search raw mass spectrometry data against SwissProt database
with ProteinPilot V4.5 (AB SCIEX, Framingham, MA) with parameter “iTRAQ 4-plex
(peptides labeling) with 5600 TripleTOF” as previously described (Liu et al., 2017). Only
keep peptides that can be assigned to unique genes. To determine the peptide spectra match
(PSM) false discovery rate (FDR), use the statistical model based on the target-decoy search
strategy to evaluate the confidence level of peptide identification (Elias and Gygi, 2007).
Only keep the peptides with scores at or below a PSM FDR threshold of 1% for data
analysis. Sum up the intensities of iTRAQ reporter ions for peptides to generate the ion
intensity of the genes. Only retain genes with total signal intensity of iTRAQ reporter ions
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more than 50 which were considered confidently detected for further analysis. Normalize the
ion intensity of iTRAQ mass spectrometry signal based on the cumulative intensity of the
high-confidence non-specific proteins identified from control samples, including cell lines
expressing BirA alone, BirA with FB-dCas9, BirA with FB-dCas9 and the non-targeting
sgRNAs (sgGal4), and BirA with FB-dCas9 and sequence-specific sgRNAs with deletion of
the sgRNA-targeted genomic region, by principal component analysis (PCA). After the
global normalization of each sample, calculate the ratios of the iTRAQ reporter ion intensity
for each protein in samples with target-specific sgRNA across replicate experiments relative
to the non-targeting sgGal4, and use a paired £test to calculate 2 values to measure the
statistical significance of the log2 iTRAQ ratios of each identified protein. Define a protein
as significantly enriched if the iTRAQ ratio = 1.5 and Pvalue < 0.05 in samples prepared
from cells expressing sequence-specific SgRNAS versus the non-targeting sgGal4 control.

Understanding Results

For CAPTURE-ChIP-seq, we usually purify less than 0.5 ng of ChIP DNA for a single
locus. 10% of the ChIP DNA is used for qPCR analysis to test the quality of samples and
on-target enrichment. Fig. 2B—E shows the results of representative CAPTURE-ChIP-gPCR
and CAPTURE-ChIP-seq at the DNase | hypersensitive site 2 (HS2) region of the human B-
globin locus control region (LCR). Enrichment of the HS2 genomic region was > 1000-fold
compared to other neighboring HS sites (Fig. 2C). In most cases, we observed over 1000-
fold enrichment of the targeted genomic loci compared to surrounding genomic regions. To
evaluate genome-wide dCas9 binding, high-throughput sequencing by CAPTURE-ChIP-seq
should be used. Co-expression of sgHS2 with dCas9 resulted in highly specific enrichment
of HS2 with no or little dCas9 binding in the genome other than the sgRNA target site. None
of the predicted off-target regions were significantly enriched (Fig. 2D,E).

For CAPTURE-Proteomics, we usually detect some background signals from some
endogenous biotinylated proteins in samples with no sgRNA or non-targeting sgGal4
controls. However, samples with locus-specific SgRNAs are significantly enriched with
nuclear proteins. Relative protein abundance levels associated with the captured region
(HS2) versus the non-targeting sgGal4 control are determined by the ratio of the iTRAQ
reporter ion intensity (Fig. 3B).

With a successful CAPTURE-3C-seq library, 20 million of 38 bp pair-end reads should
generate enough information for analysis of locus-specific interactions. Using various CRES
at human B-globin gene cluster as examples, CAPTURE-3C-seq can identify high
resolution, locus-specific long-range DNA interactions at each captured p-globin CRE (Fig.
4C). All tracks were viewed using the WashU Epigenome Browser (https://
epigenomegateway.wustl.edu/).

Time Considerations

CAPTURE approach takes about 4 to 6 weeks for the generation and validation of FB-dCas9
and BirA expressing stable cell lines. Lentiviral infection of sgRNAS, selection and
expansion of transduced cells usually takes about 3 weeks. Once the proper number of cells
is achieved, CAPTURE protocols usually take only 2 to 4 days. The first day consists of
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cross-linking and nuclear extraction. The nuclei can be stored at —80°C at this point. For
CAPTURE-ChIP-seq, nuclei can be sonicated and processed through streptavidin affinity
purification steps in 2 days. For CAPTURE-Proteomics, chromatin preparation takes one
additional day prior to chromatin fragmentation. For CAPTURE-3C-seq, enzyme digestion
and proximity ligation take 2 days before the collection of nuclei for IP. Reverse cross-linked
peptide samples can be stored at —80°C for several weeks. DNA recovered from streptavidin
purification can be stored at —20°C for several months before NGS library prep.
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Figure 1. In Situ Capture of L ocus-Specific Chromatin I nteractions by Biotinylated dCas9
Schematic of dCas9-mediated CAPTURE of c/s-element-associated chromatin interactions.

The three components of the CAPTURE system: a FLAG-biotin acceptor (FB)-tagged
dCas9, a biotin ligase BirA, and a target-specific SgRNA. This figure was reproduced from
(Liu et al., 2017) with permission from Elsevier.
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Figure 2. CAPTURE System Setup and Validation
(A) Representative western blot analysis of dCas9 and BirA expression in G418 and

puromycin selected single cell-derived K562 stable clones.

(B) Schematic of CAPTURE-ChIP-seq to identify dCas9-captured DNA sequences.

(C) CAPTURE-ChIP-gPCR analysis of sgHS2-captured DNA shows significant enrichment
of HS2 compared to other LCR-HS regions and promoters of HBG and HBB. Results are
mean + SD and analyzed by a two-tailed t-test: **P < 0.01. The positions of LCR (HS1 to
HS5), HBG1, HBG2 and HBB are indicated on the top.

(D) ChlP-seq density maps are shown for CAPTURE-ChIP-seq analysis in K562 cells with
SgRNA targeting HS2. Cells expressing dCas9 only (no sgRNA) or dCas9 with non-
targeting sgGal4 were analyzed as controls. DNase | hypersensitivity (DHS) and H3K27ac
ChlIP-seq profiles are shown for comparison.

(E) Genome-wide differential analysis of dCas9 binding in cells expressing sgHS2 versus
the non-targeting sgGal4. Data points for sgRNA target regions and predicted off-targets are
shown as green and red, respectively. Several panels of this figure were reproduced from
(Liu et al., 2017) with permission from Elsevier.

Curr Protoc Mol Biol. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

A CAPTURE-Proteomics

Streptavidin
Beads ?6\

dCas9 Affinity Purification

P

On-Beads Digestion
iTRAQ Labeling
\

| %

Western Blot Proteomics

Page 29

1.5+
1.0+
0.5

0.0+

f._s_g___.____

;
3

SMARCC2
T-HDAC2

4

| | | I
-2 0 2 4 6

log2 (sgHS2/sgGal4)

Figure 3. CAPTURE-Proteomics Analysis of -Globin HS2 Enhancer-Associated Protein

Complexes

(A) Schematic of CAPTURE-Proteomics to identify CRE-associated protein complexes /n

Situ.

(B) CAPTURE-Proteomics identified p-globin HS2-associated proteins. Volcano plots are
shown for the iTRAQ-based quantitative proteomics of purifications in sgHS2 versus
sgGal4-expressing cells. Relative protein levels in sgHS2 versus control (sgGal4) samples
are plotted on the x-axis as mean log2 iTRAQ ratios across replicate experiments. Negative
log10 transformed P values are plotted on the y-axis. Significantly enriched proteins (P & le;
0.05; iTRAQ ratio = 1.5) are denoted by black dots, all others by grey dots. Dotted lines
indicate 1.5-fold ratio (x-axis) and P value of 0.05 (y-axis). Representative locus-specific
chromatin-regulating proteins are denoted by red arrowheads. Representative proteins with
iTRAQ ratio = 1.5 and P > 0.05 are denoted by blue arrowheads. This figure was reproduced

from (Liu et al., 2017) with permission from Elsevier.
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Figure 4. CAPTURE-3C-seq Analysis of L ocus-specific DNA Interactionsat Human p-Globin

Gene Cluster

(A) Schematic of CAPTURE-3C-seq to identify locus-specific long-range DNA interactions.
(B) Representative quality control analysis of CAPTURE-3C digestion and proximity

ligation is shown.

(C) Browser view of the long-range DNA interaction profiles at -Globin CREs
(chrl11:5,222,500-5,323,700; hg19) is shown. Contact profiles including the density map
and interactions (or loops) are shown. The statistical significance of interactions between the
captured region and other genomic regions was determined by the FDR-controlled Bayes
factor (BF), and is indicated by the darkness of the interaction loops according to the color
scale bars. Interactions with BF = 20 were considered high-confidence long-range DNA
interactions. DHS, ChlP-seq (H3K27ac, H3K4mel, H3K4me3, CTCF and RNAPII), RNA-
seq, and chromatin state (ChromHMM) data are shown for comparison. Several panels of
this figure were reproduced from (Liu et al., 2017) with permission from Elsevier.
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