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MATERIALS AND METHODS FOR CHROMATIN IMMUNOPRECIPITATION

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/757,854, filed on November 8, 2018, the entire contents of which are fully incorporated

herein by reference.
FIELD OF THE INVENTION

[0002] The present disclosure is directed to materials and methods for analyzing chromatin

samples.
BACKGROUND

[0003] Chromatin immunoprecipitation (ChIP) is a powerful tool to study protein-DNA
interactions (Dedon et al., 1991). Coupled with next generation sequencing, ChIP-seq has
been widely used to identify genome-wide binding of transcription factors and co-factors as
well as histone modifications at chromatin (Mardis 2007). Normalization in ChIP-seq based
on the total number of mapped reads sometimes does not reflect the signal strength accurately
since only a small portion of mapped reads is derived from specific binding of an antibody
and the IP efficiency can vary significantly. Analogous to RNA-seq analysis for global gene
expression, normalization without a proper spike-in strategy could result in erroneous
conclusions (Loven et al., 2012). A proper normalization strategy for ChIP-seq is required to
make results comparable from different antibodies or different treatment conditions. The
importance for properly normalizing ChIP-seq data was highlighted by the ChIP-seq analyses
of histone marks after drug treatment that caused the global reduction of the modified
histones (Orlando et al., 2014). Some strategies for normalization of the ChIP-seq data have
been developed (Bonhoure et al., 2014; Orlando et al., 2014; Grzybowski et al., 2015; Egan
etal., 2016). The commonly used commercially available strategy from Active Motif is to
add drosophila chromatin and an antibody against drosophila specific H2A.V histone variant
into the ChIP process and to normalize ChIP-Seq data based on the drosophila DNA reads
from each reaction. Recently, a normalization strategy based on a parallel factor ChIP

serving as an internal control is proposed (Guertin et al., 2018).

[0004] Sequential ChIP-seq (re-ChIP-seq) has been employed to investigate genome-wide
co-localization of histone marks or transcription factors (Kinkley et al., 2016; Luna-Zurita et
al., 2016). To overcome some technical challenges, combinatorial indexed ChIP-seq assay

has been developed to investigate combinations of histone marks and co-localization of
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transcription factor and histone marks (Lara-Astiaso et al., 2014; Weiner et al.,2016). But,
applying this method to investigate multiple components in one transcriptional complex at
chromatin remains challenging due to the low yield in library construction and the lack of

proper normalization strategy.

SUMMARY

[0005] In one aspect, described herein is a method of analyzing a chromatin sample, the
method comprising adding a biotin-labeled non-mammalian DNA and an anti-biotin antibody
to a sample comprising chromatin fragments, wherein the biotin-labeled DNA and the anti-
biotin antibody form a complex in the sample; immunoprecipitating a target binding protein
in the sample with an antibody that binds the target binding protein; reverse crosslinking of
DNA bound to the target binding protein and disassociating the non-mammalian DNA bound
to biotin; and purifying the DNA of step (c). In some embodiments, the method further
comprises the step of (e) sequencing the purified DNA in the sample. In some embodiments,
the method further comprises the step of quantifying the amount of the non-mammalian DNA

in the sample. The quantifying step is optionally performed by qPCR.

[0006] In another aspect, described herein is a method of analyzing a chromatin sample,
the method comprising adding a biotin-labeled non-mammalian DNA and an anti-biotin
antibody to a sample comprising chromatin fragments, wherein the biotin-labeled non-
mammalian DNA and the anti-biotin antibody form a complex in the sample; a first step of
immunoprecipitating a target binding protein in the sample with an antibody that binds the
target binding protein; performing chromatin indexing using a substrate; eluting the
immunoprecipitated proteins from the substrate to produce an eluted sample; reverse
crosslinking of DNA bound to the target binding protein and disassociating the non-
mammalian DNA bound to biotin in the eluted sample; a second step of immunoprecipitating
a target binding protein in the eluted sample with an antibody that binds the target binding
protein; reverse crosslinking of DNA bound to the target binding protein; purifying the DNA;
and sequencing the purified DNA of step (h).

[0007] In some embodiments, the non-mammalian DNA is a synthetic nucleic acid
sequence. In other embodiments, the non-mammalian DNA is a fragment of a nucleic acid

sequence derived from firefly luciferase, GFP or CASY.

[0008] In some embodiments, the chromatin fragments are generated by sonication.



WO 2020/097294 PCT/US2019/060212

[0009] In some embodiments, the chromatin indexing comprises incubating beads with the

immunoprecipitated target proteins at 55°C for at least 10 minutes.

[0010] In some embodiments, the method further comprises reserving a sample of the

chromatin indexing substrate as an input sample.

[0011] In some embodiments, the method comprises the step of quantifying the amount of
the non-mammalian DNA in the input sample. In some embodiments, the method comprises
the step of quantifying the amount of the non-mammalian DNA after the second
immunoprecipitating step. In some embodiments, the quantifying step is performed by

qPCR.
BREIF DESCRIPTION OF THE FIGURES

[0012] Figure 1. The schematic diagram for combinatory ChIP-seq assay. A. The first
ChIP is performed with each target antibody in a separate reaction with biotin-labeled spike-
in DNA molecules and an antibody against biotin included (not shown for simplicity). A Y-
adaptor containing an index at P7 side is ligated to ChIP DNA on beads. Each antibody target
is represented by a unique P7 index. 1/5 of each ChIP product is taken out as input control.
The rest is subjected to antibody dissociation and pooling all the samples together (B). C. The
pooled ChIP sample is aliquoted into 4 equal portions with each portion subjected to a second
ChIP with one target antibody. After purification of the ChIP DNA, an index-containing P5
primer is used with P7 primer to amplify ChIP DNA for DNA sequencing using the templates
from the second IP or ChIP input control DNA. The PS5 indices represent ChIP input samples

or the antibodies used in the second IP.

DETAILED DESCRIPTION

[0013] Chromatin immunoprecipitation (ChIP) is an analytical method used to investigate
the interactions between proteins and DNA in vivo. Variations in the efficiency of the
immunoprecipitation and losses of material during the purification of the DNA are sources of
variability that reduce the accuracy of the results and impair the use of ChIP as a quantitative
tool. We have developed a simple method to improve the quantification of ChIP data based
on the use of an external reference. Fixed amounts of biotin-labeled DNA and an anti-biotin
antibody are spiked into the chromatin extract at the beginning of the ChIP assay. The
amounts of biotin-labeled DNA recovered in each tube are measured at the end of the assay
and used to normalize the results obtained with the antibodies of interest. Synthetic DNA or

DNA of bacterial origin (or other origin without homology with eukaryotic sequences) were
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used. Using this biotin-labeled DNA as an external reference, the variability between
individual ChIP samples was strongly reduced, which increased the accuracy and the

statistical resolution of the data.

[0014] The present disclosure provides a spike-in strategy for ChIP-seq that is also
applicable for ChIP-qPCR. The method described herein is simple, cost effective, up scalable
(e.g., multiple spike-ins can be added to avoid any significant deviation caused by one
control), and suitable for complexed assays such as the sequential indexed ChIP analysis.
Unlike the drosophila genomic DNA, the spike-in non-mammalian DNA molecules used
herein have no alignment against the mammalian genomes such as human and mouse. ChIP-

seq 1s routinely performed by single-end DNA sequencing.

[0015] With biotin-labeled non-mammalian DNAs spiked into the ChIP and re-ChIP
process, each step can be monitored by PCR for these spike-in non-mammalian DNA. This
enables quantitative comparisons among ChIP-signals derived from different target
antibodies to normalize different sequencing depth from each sample and different

signal/noise ratios from each antibody used.

[0016] Efficiency to ligate the indexed sequencing adaptor to ChIP DNA on beads is very
low with the protocol provided in the art (Lara-Astiaso et al., 2014; Weiner et al.,2016),
which can be challenging for analyzing transcriptional cofactors due to their low yield in
ChIP. As described in the Examples, a single step with 55°C incubation with the DNA-
bound beads for 10 minutes before adaptor ligation increased the yield for ChIP-seq DNA
library over 25 fold, which made it possible to analyze transcription co-factors. The re-ChIP
process greatly increases the signal/noise ratio compared to the first ChIP, resulting much
larger number of called peak. The spike-in non-mammalian DNA also normalizes the signals
for the ChIP-seq and the re-ChIP-seq which have completely different signal versus noise
ratios. Because the ChIP and re-ChIP have different signal/noise ratios, the spike in counts
are not used to compare the ChIP and re-ChlIP directly. Also, re-ChIP-seq could be an
improved method for ChIP-seq assay for low affinity antibodies and/or high background in
ChIP-seq.

EXAMPLES
[0017] Materials and Methods

[0018] Generating spike-in DNA fragments: DNA fragments derived from GFP, Cas9 or
fire fly luciferase gene were amplified by PCR using a PCR Master Mix (Promega). The
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amplified DNAs were purified with a PCR Purification Kit (Qiagen) and were verified in an
agarose gel. DNA quantification was performed with Qubit dsDNA HS Assay Kit
(Invitrogen). For generating biotin-labeled DNAs, 1:1 ratio of biotin-16-AA-2°-dCTP
(TriLink) to dCTP was used in PCR reaction. The primers used for PCR are listed in the
followings. For GFP DNA fragment (163bp), forward: TATATCATGGCCGACAAGCAG;
reverse: ACTGGGTGCTCAGGTAGTGGT. For luciferase DNA fragment (132 bp),
forward: ATTCTTCGCCAAAAGCACTCT; reverse: CGTATCCCTGGAAGATGGAAG.
For CAS9 DNA fragment (144 bp), forward: GAACCGCCAGAAGAAGATACAC; reverse:
CGTGCTTCTTATCCTCTTCCAC.

[0019] Cell fixation: MCE-7 cells were grown in a 150 mm culture dish to 80-90%
confluency in IMEM (Invitrogen) with 5% FBS (Hyclone). Cells were fixed with 1%
formaldehyde (Sigma) at room temperature for 15 min on a shaker. Glycine (final
concentration of 125mM) was added to quench the reaction for 5 min with rotation. Cells
were washed with cold PBS and collected into a 15 ml conical tube on ice. Collect the cell
pellet after centrifugation the tube at 1000 g for 5 min at 4 °C. The cell pellet was
resuspended in 10 ml of PBS-0.5% NP40 and incubated on ice for 10 min. Collect the cell
pellet as the previous step and resuspend it in 10 ml of PBS-0.5% NP40 with 1mM PMSF
and incubated it on ice for 10 min. Centrifuge again and carefully remove all supernatant.

The pellet was kept at -80 °C for later process.

[0020] ChIP-gPCR and ChIP-Seq: The ChIP was performed using Magna ChIP™ HiSens
Chromatin Immunoprecipitation Kit (Millipore, 17-10460) with some modifications. The cell
pellet was resuspended in 0.5 ml of SCW buffer containing 2.5 pl of 200x Protease Inhibitor
Cocktail III. The cell lysate was sonicated using Bioruptor (Diogenode) for 12 cylces (30 sec
on/off). The sheared chromatin DNA was verified in the range of ~150 to 500 bp. 30 pg of
sheared chromatin DNA was used in each immunoprecipitation and incubated for 4 hr at 4 °C
in 200 pl volume with 2 pug of an indicated antibody. Following the washing steps, beads

were resuspended in 50 pl ChIP Elution Buffer with Proteinase K followed by incubation at
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65 °C for 6 hr or overnight. The supernatant ChIP DNA sample was diluted 10x with H>2O
before qPCR analysis using Perfecta SYBR® Green FastMix (Quantabio) in a real-time PCR
machine (Roche 480). The PCR primers using for one target protein A binding site within
target protein C locus are forward: GAGAGGGTGGTGACACTTGG; reverse:
AGCTGACAGAGGAGACAAAACG. For the ChIP-seq analysis, ChIP DNA was purified
with Ampure XP beads (Beckman Coulter) and quantified with Qubit dsSDNA HS Assay Kit
before the DNA sequencing library construction using NEBNext Ultrall DNA Library Prep
Kit for [llumina (NEB). The ChIP-seq library DNA was analyzed with DNA Screen Tape
(Agilent) on a Tapestation 4200 (Agilent) and was sequenced using Illumina NextSeq 500
with 76 bp cycle. The antibodies to target protein A and target protein B are from Santa Cruz;
to target protein C are from Bethyl , Abcam, and our self-made antibody stocks; to target

protein D is from Millipore (05-389).

[0021] Combinatory indexed ChIP-seq: The protocol of Weiner (Weiner et al., 2016) was

adapted as follows (Fig.1).

[0022]  The first immunoprecipitation: 50 ug of sheared chromatin DNA was used in each
immunoprecipitation as in the ChIP-seq protocol with addition of 5 pg biotin-labeled DNA
and 0.5 pg antibody to biotin (Bethyl, A150-109A-11). For the maximum ChIP DNA
recovery, two or three rounds of IP were performed with 2 pg antibodies against target
protein A, target protein B, target protein C or target protein D with at least 4 hr incubation
for each round. The recovered magnetic beads after each immunoprecipitation were pooled

together and washed 3 times with 200 pl of 10 mM Tris (pH 8.0).

[0023]  Chromatin indexing: NEBNext® ChIP-Seq Library Prep Master Mix Set for
Nlumina® (NEB, E6240) components were used to add sequencing index to ChIP DNA on
beads. To end repair of ChIP DNA, the washed beads were incubated with constant shaking
in 4 ul of End Repair Buffer, 1 ul of End Repair Enzyme Mix and 35 pl of H20 at room
temperature for 30 min. The supernatant was removed and the beads were washed 3 times
with 200 pl of 10 mM Tris (pH 8.0). 4 ul of dA-Tailing Reaction Buffer and 35 pl of H2O
were added to the beads followed by 55 °C incubation for 10 min. After cooling down, 1 ul of
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Klenow Fragement (3°->5" exo’) was added to the mixture and incubated at 37 °C for 30 min.
After removal of the liquid, the beads were washed 3 times with 200 pl of 10 mM Tris (pH
8.0). 6 ul of Quick Ligation Reaction Buffer, 19 ul of H20, 4 ul of Quick T4 DNA Ligase
and 1 pl of Y-adaptor index (1.5 uM) were added to the beads and incubated at room
temperature for 30 min with constant shaking. After removal of the supernatant, the indexed
chromatin on beads was washed with 500 ul of 10 mM Tris (pH 8.0). One fifth of the beads
with indexed chromatin were kept as ChIP input sample and the rest beads were subjected to

chromatin release.

[0024]  Input ChiP-seq: The beads kept as input were subjected to 2 times wash each with
high salt buffer (0.1% SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris pH 8, 500 mM
NaCl) and Li buffer (0.25 M LiCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA, 10
mM Tris pH 8.0) followed by 2 times wash with TE (pH 8.0). The beads were resuspended in
50 pl ChIP Elution Buffer with 1 pl of Proteinase K included. The mixture was incubated at
65 °C for 6 hr. The ChIP DNA in the supernatant was purified with Ampure XP beads
(Beckman Coulter). After quantification with Qubit dsDNA HS Assay Kit, the ChIP DNA
was amplified with primers P7 and an indexed P5 primer in PCR using NEBNext® Q5 Hot
Start HiFi PCR Master Mix (NEB). The PCR product was purified with Ampure XP beads
and analyzed with DNA Analysis Screen Tape before pooling samples for DNA sequencing

using Illumina NextSeq 500.

[0025] Chromatin release and the second immunoprecipitation: After taking 1/5 of the beads
as input, the rest beads were subjected to antibody dissociation. 15 pl of 100 mM DTT
(Invitrogen) was added to the beads and incubated at 37 °C for 15 min with shaking. 15 ul of 2x
chromatin release buffer (1 M NaCl, 4% SDS, 2% sodium deoxycholate) was added to the
mixture. After thorough mixing, the sample was incubated at 42 °C for 15 min with shaking.
Then, the supernatant was collected and the beads were washed twice with 300 ul of TE (pH 8)
which was later combined with the supernatant followed by addition of 200 pl of PBS-0.5%
BSA-0.5% Tween 20. The diluted supernatant was subjected to concentration using Amicon
Ultra Centrigugal Filter with 10-Kda cutoff (Millipore). After the volume of concentrated
chromatin was reduced to about 100 pl, the sample was collected into a new tube. The filter was
washed twice with 50 pl of TE each and combine them with the chromatin sample (~ 200 pl).
Each chromatin sample from 4 different antibodies against target proteins (i.e., target protein A,
target protein B, target protein C or target protein D) was pooled together and then aliquoted

into four equal portions. Each portion was subjected to a second round of immunoprecipitation
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incubated at 4°C overnight with 20 pl of Protein A/G beads pre-coated with 2 pg antibodies
against the target proteins (i.e., target protein A, target protein B, target protein C or target
protein D) and 0.5 pg of anti-biotin antibody. The beads were processed the same way as the
input ChIP-seq procedure. The recovered DNA was usually too low for Qubit assay. A small
portion of sample was used in qPCR to estimate the cycle number needed for DNA sequencing

library prep using PCR.

[0026] Primers for DNA sequencing.

Y primer: ACACTCTTTCCCTACACGACGCTICTTCCGATC*T

*indicates phosphorothioate

Y-index prirocn
PGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTICTT

CTGCTTG

p: 5° phosphorylation

NNNNNN: 17 primer index; represents the antibody used in the first IP.

Y primer and Y-index primer are annealed to form Y-adaptor to ligate ChIP DNA.

})

~}

D CAAGCAGAAGACCGECATACCAGAT

P5-index primer
AATCGATACGLUCGACCACCGAGATUTACACEYEREXKXACACTCTTITCCCTACACGACLECTCT
TCCCZATCY

HEXKKKHK: 15 primer index; represents the antibody used i re-1P or the first 1P inpnt
control,

[0027] ChIP Sequencing data analysis: All ChIP sequencing reads were aligned to the
human reference genome hg19 using Bowtie2 (Langmead et al., 2012) version 2.2.6 with
default parameters. The unmapped sequencing reads were used to count the spike-in DNA
molecules using Bowtie2. The enriched regions for each factor were identified using MACS2
(Zhang et al., 2008) version 2.1.1 with the shifting model and g-value 0.01 followed by the

subtraction of known dark regions. The enriched sequencing motifs were searched in a 100
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bp region centered around the binding peaks using HOMER (Heinz et al., 2010). The
common or differential binding peaks among the four factors were derived through bedtools
(Quinlan et al., 2010) version 2.17.0. The comparisons for genome-wide binding patterns for
these factors were performed using DeepTools (Ramirez et al., 2016) version 3.0.2. For
ChIP-seq signal normalization, the number of mapped reads for each factor was adjusted
according to the spike-in DNA reads. The ChIP-seq signal from target protein A served as a

reference, which was set as 1 billion wigsum in BigWig file transformation.

[0028]  For the re-IP signal normalizations, due to the much increased signal to noise ratio
after the second IP compared to the first IP, a two steps procedure was utilized. First, each
factor after its re-IP was adjusted to the same level as its input control. The top 10,000
binding peaks for ER, 1,000 peaks for target protein B, target protein C or target protein D
was used for these adjustments. Based on these, an adjustment factor for spike-in DNA
counts linked to each factor with its own antibody in re-IP was achieved. Second, for each re-
IP with one target antibody, the signals for three other targets were normalized to the adjusted

target signals using their respective adjusted spike-in DNA counts.

Example 1 — Non-mammalian DNAs as spike-ins in ChIP-seq library prep

[0029] The number of DNA sequencing reads generated in ChIP-seq is arbitrary. ChIP-seq
results are usually analyzed after normalizing the number of the mapped sequencing reads.
Different antibodies have varying affinities towards their epitopes and immunoprecipitate
non-identical amounts of both specific and non-specific cross-linked DNA molecules in
ChIP. In ChIP-qPCR, only the specific target DNA fragments are amplified for quantification
and the efficiencies of IP can be compared using the input materials. In ChIP-seq, all the
immunoprecipated DNA molecules are sequenced including the background noises. Thus, it
is not valid to quantitatively compare the ChIP signal strength from different antibodies

through the regular analysis after ChIP-seq.

[0030] A normalization procedure was tested in ChIP-seq to make the quantitative

comparisons valid. A series of ChIP was performed with a variety of antibodies against
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different target proteins using a sonicated chromatin sample prepared from MCF-7 cells. 1 pg
of each PCR-generated DNA fragment derived from firefly luciferase, GFP or CAS9,
respectively, was added to the purified ChIP DNAs before generating libraries for DNA
sequencing. Since these DNA sequences cannot be aligned to the mammalian genome, the
unmapped sequencing reads against human genome were used to count these spiked-in non-
mammalian DNA molecules. In a smaller scale of sequencing run, the total number of
mapped reads against human genome in the range of 5.4 to 7.3 million reads was achieved.
The spike-in non-mammalian DNA reads were counted from 1.9 to 49 k (~25-fold range after
the adjustment according to the total number of mapped reads against the human genome).
Among the three different spike-in non-mammalian DNAs tested, their counts are highly
correlated to each other (R2 > 0.99), starting from 1,851 within 6.1 million mapped
sequencing reads. The sequencing run was repeated to generate about 20 million reads from
these samples and recounted the spike-in non-mammalian DNA molecules (in the range of 6
to 173 k). The spike-in non-mammalian DNA molecules remained highly correlated to each
other (R2 > 0.99). The counts of these spike-in non-mammalian DNA reads were negatively
correlated to the input ChIP DNA amounts used for the sequencing library construction,

which were small amounts (in ng range) and difficult to quantify with high accuracy.

Example 2 - Evaluating antibodies against target protein C and target protein D for
ChIP-seq

[0031] Several antibodies against protein C were generated and tested with some
commercial antibodies against the same target in ChIP-seq using sonicated chromatin
samples prepared from MCF-7 cells. Luciferase DNA fragment was spiked into the ChIP
DNA samples before the sequencing library construction. The counts of luciferase DNA
molecule were used to normalize the ChIP-seq signals derived from target protein C
antibodies. All these antibodies generated highly similar target protein C binding patterns,
consistent with the previous finding that target protein C binding sites are largely co-localized
to the target protein A binding sites. The signal intensities from the target protein C
antibodies vary in ~20x range after normalization and correlate to their signal intensities in
Western blot analysis (not shown). It was observed that target protein C binding signals
were not as strong as the ones generated from the target protein A antibody, which is likely

due to its indirect binding to DNAs.

[0032] A small portion of target protein D is present in the nucleus in MCF-7 cells. But, its

function at chromatin have not been characterized. To investigate any potential role of target
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protein D in target protein A action at chromatin, we tested in ChIP-seq assay using an
antibody against target protein D, with the luciferase DNA added to the ChIP DNA as a
spike-in control. Surprisingly, chromatin associated target protein D signals in ChIP-seq was
detected. A large amount of target protein D binding sites co-localize to the target protein A
binding sites. The signal intensity for target protein D is not as strong as the one for target
protein A or target protein C, reflecting non-direct target protein D-DNA interaction and/or
lower affinity of the antibody. Target protein D binding in an MCF-7 derivative cell line that
lost target protein A expression was tested. The target protein D binding sites that co-
localized to the target protein A binding sites in MCF-7 cells disappear in target protein A-
negative MCF-7 cells. Thus, data provided herein demonstrates that target protein D is

associated with chromatin in a cell context dependent manner.
Example 3 - Biotin-labeled non-mammalian DNA as spike-in controls for ChIP-seq

[0033] In order to control the whole immunoprecipitation process for ChIP-seq, biotin-
labeled spike-in non-mammalian DNA molecules were generated using PCR. 5 pg of biotin-
labeled DNA was added with an anti-biotin antibody and the target antibody (i.e., antibody
against target protein A, target protein B, target protein C or target protein D) to each ChIP
using 30 ug sonicated chromatin from MCEF-7 cells. After ChIP-seq, the number of biotin-
labeled non-mammalian DNA molecules were found highly correlated to each other (the
correlation coefficient > 0.99). Thus, the biotin-labeled non-mammalian DNA molecules
serve as good controls for ChIP-seq assay and is suitable to track targets in a complexed

assay such as sequential ChIP.
Example 4 - Quantitative combinatory indexed ChIP-seq assay

[0034] Both target protein D and target protein C were detected at the target protein A
binding sites through ChIP-seq. Neither target protein C nor target protein D possessed a
DNA binding domain to bind DNA directly. Therefore, target protein C potentially associated
with chromatin through a protein complex containing target protein A that binds DNA

through its DNA binding domain.

[0035] To address whether both target protein D and target protein C are in the target A
complex at chromatin, the combinatory indexed sequential ChIP assay first developed for
histone marks (Fig. 1) (Lara-Astiaso et al., 2014; Weiner et al., 2016) was modified. In the
first round of ChIP, equal amounts of sonicated chromatin prepared from formaldehyde fixed

MCF-7 cells were immunoprecipitated with antibodies against target protein A, target protein
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B, target protein C or target protein D. The bona fide target protein A coactivator target
protein B, amplified in MCF-7 cell and directly interacts with target protein A, was included
as a positive control. Biotin-labeled non-mammalian DNA molecules and an anti-biotin
antibody were also added to each reaction to track the whole process and serve for
normalizing ChIP-seq signals. When chromatin/antibody complex and biotin-labeled
DNA/biotin antibody complex were immobilized to Protein A/G magnetic beads, DNA
adaptor with a specific index for sequencing was ligated to the chromatin DNA fragments as
well as the biotin-labeled DNA molecules. Thus, the target chromatin DNAs for each
antibody as well as the associated spike-in non-mammalian DNA molecules were given a
unique molecular identifier. Efforts have been taken to achieve the maximum yields from
each antibody in the first round of ChIP. One fifth of the each ChIP products were kept aside
as input controls for each antibody reaction. The rest ChIP products were subjected to the
inactivation of antibody and to the release of the barcoded chromatin and spike-in non-
mammalian DNAs from the beads. All the released products were pooled together and then
split into four equal portions, followed by a second round of ChIP for each portion using one
target antibody and the anti-biotin antibody. After DNA purification, the second round ChIP
DNA products and the first round ChIP control DNA samples were subjected to DNA
sequencing library construction using PCR with one primer containing a second sequencing
index which represents the antibody used in the second ChIP or the input control samples.
After DNA sequencing and mapping analysis, the spike-in non-mammalian DNA counts
were used to normalize the ChIP signals. The signals from the first ChIP were quantitatively

compared to the signals from the re-ChIP assays (Fig.1).
Example S - Input ChIP-seq analysis

[0036] ChIP-seq for the input samples was analyzed using the antibodies against target
protein A, target protein B, target protein C, and target protein D. Peak calling program
MACS?2 was used to find the binding peaks (with q<0.01) for each factor in each reaction.
The common peaks for each factor derived from two independent ChIP-seq assays were kept
for further analyses. Binding sites of 26,776, 11,506, 7,191, and 4,455 for target protein A,
target protein C, target protein B and target protein D, respectively, was achieved. The
binding signals for each factor in two replicates were highly consistent; with Pearson
coefficients as 0.99 for target protein A, target protein C or target protein B; 0.97 for target
protein D.. 7,175 target protein B binding sites (99.8%) are bound by target protein A,

indicating target protein A and target protein B were co-localized at chromatin. The majority
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of target protein C binding sites (10,608, 92.2%) were shared with the target protein A
binding sites. Most target protein D binding sites were bound by target protein A (3,882,
87.1%); 573 target protein D sites (12.9%) are not associated with target protein A binding.
Motif analysis for the DNA sequences at the target protein D binding sites indicates the same
motifs that are found among target protein A binding sites except the REST binding motif.
When the motif analysis was performed on 573 target protein D binding sites with no target
protein A binding, the major enriched motif identified was the REST motif (data not shown).
Interestingly, only the REST motif appeared enriched when motif analysis was performed on
the target protein D binding sites derived in a target protein A-negative MCF-7 derivative cell
line. Target protein A has the strongest signal resulting the highest number of binding sites
identified; target protein C and target protein B showed similar binding intensities overall
from their respective antibodies; target protein D signal was the weakest among these four
factors, resulting the smallest number of binding sites identified. Since a portion of target
protein D binding sites are not shared with target protein A, these sites are not bound with

target protein C or target protein B.

[0037] The ChIP signal intensities between each two-factor pair, respectively, were
compared. Among 7,175 common binding sites for target protein A and target protein B, the
correlation coefficient is 0.98. It is not surprising that target protein A and target protein B
binding are highly correlated since target protein B is a bona fide coactivator of target protein
A and the high correlation reflects direct protein interaction between target protein A and
target protein B. The correlation coefficient between target protein A and target protein D
binding among 3,098 common binding sites for target protein A and target protein D is 0.83,
which was likely contributed at least in part by the overall weaker target protein D ChIP
signals and indirect interaction between target protein A and target protein D since the
correlation between target protein B and target protein D is a little higher (0.87) for the same
binding sites. Nevertheless, target protein D is likely a component within the target protein A
transcriptional complex at chromatin in addition to target protein B. But, the correlation
between target protein A and target protein C binding signals at their common binding sites
are weak (correlation coefficient 0.73); it is even weaker between target protein C and target
protein B (0.65) or between target protein C and target protein D (0.56), despite the fact that
target protein C binding intensities are similar to the ones from target protein B and stronger

than the ones from target protein D.
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[0038] Furthermore, the common binding sites between target protein A and each other
factor were separated into 20% segments ranked by the target protein A binding strength and
compared their correlations within each segment. Among the top 20% target protein A
binding sites shared with target protein B, the correlation between target protein A and target
protein B is close to perfect within one set of samples or across the two different sets of
samples (0.97 to 0.99). With the target protein A binding signals falling, their correlation
coefficients slowly drop to the lowest level at 0.63. The correlations between target protein A
and target protein D are similar except that they start with a little lower values (0.82 to 0.87
for the top 20% binding sites) and their correlation drop a little faster with the decline of
target protein A binding signal, which are consistent to the fact that target protein D has

lower binding signals than target protein B.

[0039] Interestingly, among the top 20% target protein A binding sites shared with target
protein C, their correlation is the lowest (0.67 to 0.70) comparing to the ones between target
protein A and target protein B or between target protein A and target protein D, despite the
fact that target protein C binding intensity is much stronger than target protein D. In addition,
among the remaining 80% target protein A binding sites, their correlations remain stably low
(0.33-0.48). Therefore, there are significant differences between the target protein A/target
protein B/target protein D complexes and the target protein C complexes occupying the same
genomic loci. The target protein A complex might not be the only complex at the target

protein A binding sites.
Example 6 - Increased sensitivity for genomic binding sites detection after re-ChIP

[0040] The consistency between two independent re-ChlP assays was found to be very

high, with correlation coefficients for the sequential target protein A, target protein C, target
protein B or target protein D ChIPs as 0.99, 0.97, 0.98 or 0.94, respectively (Fig. 3A). After
the re-ChlIP, increased numbers of peaks for each antibody were detected, largely due to the

increased signal/noise ratio after the re-ChIP (data not shown).

[0041] Furthermore, most of the peaks identified in the first ChIP-seq (>98.5%) were
recovered. For the binding sites identified only in the re-ChIP-seq assays, the binding sites
share the similar DNA binding motifs as the ones identified in the first ChIP (not shown),
indicating the validity of the additional peaks detected through re-ChIP but were too weak to
be identified through the first ChIP-seq. From the first round of ChIP-seq analyses, 898
(7.80%) target protein C sites, 16 (0.22%) target protein B sites, 573 (12.86%) target protein
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D sites do not overlap with the target protein A binding sites. When the target protein A
binding sites derived from the target protein A re-ChIP-seq were used for comparison, 92
(0.80%) target protein C sites, 15 (0.21%) target protein B sites, 490 (11.00%) target protein
D sites do not overlap the target protein A binding sites. In terms of binding sites per se,

target protein C and target protein D are closer to target protein A than target protein D.

Example 7 - Distinct transcriptional complexes at the ER binding sites at chromatin

[0042] The ChIP-seq signals for the first and re-ChIP-seq samples were normalized and
their quantitative relationships for all four factors were compared. The target protein C
enhancer region has multiple binding sites for target protein A, target protein C, target protein
B or target protein D. For the re-ChIP assay using the anti-target protein A antibody, all the
input amounts for target protein A, target protein B or target protein D could be recovered;
however, less than half of the target protein C inputs could be recaptured. It was similar
when anti-target protein B antibody or anti-target protein D ntibody was used in the re-ChIP.
On the contrary, anti-target protein C antibody in the re-ChIP could recover all the target
protein C inputs, as well as those inputs for target protein A, target protein B or target protein
D. These data suggest that target protein A, target protein C, target protein B and target
protein D are all present in one complex at these sites and a large portion of target protein C
is not associated with the target protein A complex at these loci. In other words, there are
distinct complexes containing target protein C present at these sites.. In general, we could
fully recover the same factor as in the input after the re-ChIP process, as indicated by their
signals accumulated around the equal line (the red line indicates the equal signals between the
first ChIP and the re-ChIP) with high correlations (0.98 for target protein A and target protein
A-target protein A; 0.96 for target protein C and target protein C-target protein C; 0.94 for
target protein B and target protein B-target protein B; 0.89 for target protein D and target
protein D-target protein D; targeting antibodies used are indicated sequentially). The
relatively lower correlation for target protein D ChIP and its re-ChlP is likely due to the
weaker affinity for this antibody. Any target protein A, target protein B or target protein D
antibody used in re-ChIP could recapture all the input signals of target protein A, target
protein B and target protein D, but only partial signals from the target protein C inputs. But
correlations between target protein C input and any re-ChlIP using target protein A, target
protein B or target protein D antibody remain very high (0.95 to 0.96) compared to the
correlation 0.96 between target protein C input and target protein C re-ChIP. Therefore,

genome-wide distributions between the different target protein C-containing complexes at the
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most sites remain relatively constant. At some specific loci, the target protein A/target protein
Cltarget protein B/target protein D complex could be much higher or lower than the average
level compared to the other target protein C-containing complex, indicating the local
chromatin environment could dictate the equilibrium between different target protein C-
containing complexes. To test the noise level in the re-ChIP process, the sites bound only by
target protein D, but not by target protein A, target protein B, or target protein C was
checked. In general, sites bound by target protein D only yield no detective peaks or very low
signals from the re- ChIP using the antibodies against target protein A, target protein C or
target protein B. These validate the sequential ChIP assay. The antibody carryover from the

first ChIP into the re-ChIP is therefore not an issue of concern.
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What is claimed is:
1. A method of analyzing a chromatin sample, the method comprising

(a) adding a biotin-labeled non-mammalian DNA and an anti-biotin antibody to a
sample comprising chromatin fragments, wherein the biotin-labeled DNA and the anti-biotin

antibody form a complex in the sample;

(b) immunoprecipitating a target binding protein in the sample with an antibody

that binds the target binding protein;

(c) reverse crosslinking of DNA bound to the target binding protein and

disassociating the non-mammalian DNA bound to biotin antibody; and
(d) purifying the DNA of step (c).

2. The method of claim 1, further comprising the step of (e) sequencing the

purified DNA in the sample.

3. The method of claim 1, further comprising the step of quantifying the amount

of the non-mammalian DNA in the sample.
4. The method of claim 3, wherein the quantifying step is performed by qPCR.

5. The method of claim 1, wherein the non-mammalian DNA is a synthetic

nucleic acid sequence.

6. The method of claim 1, wherein the non-mammalian DNA is a fragment of a

nucleic acid sequence derived from firefly luciferase, GFP or CAS9.

7. The method of claim 1, wherein the chromatin fragments are generated by

sonication or enzyme digestion.
8. A method of analyzing a chromatin sample, the method comprising

(a) adding a biotin-labeled non-mammalian DNA and an anti-biotin antibody to a
sample comprising chromatin fragments, wherein the biotin-labeled non-mammalian DNA

and the anti-biotin antibody form a complex in the sample;

(b) a first step of immunoprecipitating a target binding protein in the sample with

an antibody that binds the target binding protein;

(©) performing chromatin indexing using a substrate;
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(d) eluting the immunoprecipitated proteins from the substrate to produce an
eluted sample;

(e) reverse crosslinking of DNA bound to the target binding protein and

disassociating the non-mammalian DNA bound to biotin antibody in the eluted sample;

) a second step of immunoprecipitating a target binding protein in the eluted

sample of step (e) with an antibody that binds the target binding protein;
(2) disassociating the DNA bound to the target binding protein of step (f);
(h) purifying the DNA of step (g);
(1) sequencing the purified DNA of step (h).

9. The method of claim 8, wherein the non-mammalian DNA is a synthetic

nucleic acid sequence.

10 The method of claim 8, wherein the non-mammalian DNA is a fragment of a

nucleic acid sequence derived from firefly luciferase, GFP or CAS9.

11. The method of claim 8, wherein the chromatin fragments are generated by

sonication or enzyme digestion.

12. The method of claim 8, wherein the chromatin indexing comprises incubating

beads with the immunoprecipitated target proteins at 55°C for at least 10 minutes.

13. The method of claim 8, further comprising reserving a sample of the

chromatin indexing substrate as an input sample.

14. The method of claim 13, further comprising the step of quantifying the amount

of the non-mammalian DNA in the input sample.

15. The method of claim 8, further comprising the step of quantifying the amount

of the non-mammalian DNA after the second immunoprecipitating step.

16. The method of claim 14 or claim 15, wherein the quantifying step is

performed by qPCR.
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
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a. D forming part of the international application as filed:

D in the form of an Annex C/ST.2S text file.
D on paper or in the form of an image file.

b. EI furnished together with the international application under PCT Rule 13¢er. 1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. D furnished subsequent to the international filing date for the purposes of international search only:
D in the form of an Annex C/ST.25 text file (Rule 13ter.1(a)).
l:] on paper or in the form of an image file (Rule 13fer.1(b) and Administrative Instructions, Section 713).

2. In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
ISA/225 was mailed on 21 November 2019. No approved electronic sequence listing was submitted in response to the 1SA/225.
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A. CLASSIFICATION OF SUBJECT MATTER

CPC -

IPC(8) - C12N 15/10; C12Q 1/68; GO1N 33/536 (2020.01)
C12N 15/10; C12Q 1/6804; C12Q 1/6876; GO1N 33/6875 (2020.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

USPC - 435/6.11; 530/391.3 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

(22.10.2015) entire document

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2013/070167 A1 (VISA et al) 16 May 2013 (16.05.2013) entire document 1,35,7
Y 2,6,8-16
Y US 2016/0341743 A1 (THE UNIVERSITY OF CHICAGO) 24 November 2016 (24.11.2016) 2,8-16
entire document
Y US 2014/0141442 A1 (VERDELHO TRINDADE VAN GERVEN et al) 22 May 2014 (22.05.2014) {6, 10
entire document
P, X US 2018/0335424 A1 (THE TRUSTEES OF PRINCETON UNIVERSITY) 22 November 2018 1-16
(22.11.2018) entire document
A WO 2015/159295 A1 (YEDA RESEARCH AND DEVELOPMENT CO. LTD.) 22 October 2015 | 1-16

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited 1o establish the publication date of another citation or other
special reason (as specified)

“0O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apgllqatnon but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

16 January 2020

Date of mailing of the international search report

20 FEB 2020

Name and mailing address of the [ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 5§71-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774
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