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22  SUMMARY:
23  This method is designed to follow formation of PRC2-mediated chromatin domains in cell lines,
24 and the method can be adapted to many other systems.
25
26  ABSTRACT:
27  The organization and structure of chromatin domains are unique to individual cell lineages. Their
28  misregulation might lead to a loss in cellular identity and/or disease. Despite tremendous efforts,
29  our understanding of the formation and propagation of chromatin domains is still limited.
30  Chromatin domains have been studied under steady-state conditions, which are not conducive
31 tofollowing the initial events during their establishment. Here, we present a method to inducibly
32  reconstruct chromatin domains and follow their re-formation as a function of time. Although,
33  first applied to the case of PRC2-mediated repressive chromatin domain formation, it could be
34  easily adapted to other chromatin domains. The modification of and/or the combination of this
35 method with genomics and imaging technologies will provide invaluable tools to study the
36  establishment of chromatin domains in great detail. We believe that this method will
37  revolutionize our understanding of how chromatin domains form and interact with each other.
38
39 INTRODUCTION:
40  Eukaryotic genomes are highly organized and changes in the chromatin accessibility directly
41  controls gene transcription®. The genome contains distinct types of chromatin domains, which
42  correlate with transcriptional activity and replication timing?3. These chromatin domains range
43  insize from a few kilobases (kb) to more than 100 kb and are characterized by an enrichment in
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distinct histone modifications*. The central questions are: how are these domains formed and
how are they propagated?

One of the most well-characterized chromatin domains is fostered through the activity of the
Polycomb repressive complex 2 (PRC2). PRC2 is a multi-subunit complex composed of a subset
of the Polycomb Group (PcG) of proteins>®, and catalyzes the mono-, di- and trimethylation of
lysine 27 of histone H3 (H3K27mel/me2/me3)’ . H3K27me2/me3 are associated with a
repressive chromatin state, but the function of H3K27me1l is unclear®!l, One of the core
components of PRC2, embryonic ectoderm development (EED), binds to the end product of PRC2
catalysis, H3K27me3, through its aromatic cage and this feature results in the allosteric
stimulation of PRC2%%13, The PRC2 enzymatic activity is crucial for preserving cellular identity
during development as the inappropriate expression of certain developmental genes that are
contraindicated for a specific lineage, would be detrimental>®. Hence, unraveling the
mechanisms by which PRC2 fosters the formation of repressive chromatin domains in mammals
is of fundamental importance to understanding cellular identity.

All of the past experimental systems designed to investigate chromatin domain formation
including PRC2-mediated chromatin domains, were performed under steady-state conditions,
which are unable to track the unfolding events of chromatin domain formation in cells. Here, we
present a detailed protocol to generate an inducible cellular system which monitors the initial
recruitment and propagation of chromatin domains. Specifically, we focus on tracking the
formation of PRC2-mediated repressive chromatin domains that comprise H3K27me2/3. This
system that can capture the mechanistic details of chromatin domain formation, could be
adapted to incorporate other chromatin domains, such as the widely studied domains comprising
either H2AK119ub or H3K9me. In combination with genomics and imaging technologies, this
approach has the potential to successfully address various, key questions in chromatin biology.

PROTOCOL:

Generation of inducible EED rescue mESCs

1. Cell culture

1.1. Use feeder-free C57BL/6 mouse embryonic stem cells (mESCs) possessing a stably
integrated CreERT2 transgene, which can translocate to the nucleus upon administration of 4-
Hydroxytamoxifen (4-OHT)*3.

1.2.  Grow mESCs in conventional ESC medium?*!>, supplemented with 1000 U/mL LIF, 1 uM
ERK inhibitor PD0325901 and 3 uM GSK3 inhibitor CHIR99021. For conventional ESC medium, use
knockout DMEM containing 15% fetal bovine serum (FBS), 2 mM L-glutamine, 1X

penicillin/streptomycin and 0.1 mM 2-mercaptoethanol.

1.3.  Use plates coated with 0.1% gelatin solution for culturing mESCs.
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2. Generation of clonal EED knockout (KO) mESCs

2.1. Design guide RNAs (gRNAs) to delete Exon 10 and Exon 11 of endogenous copy of EED in
mESCs using the CRISPR design tool in Benchling®. EED-KO-gRNA-1 targets the intron
immediately upstream of exon 10 and EED-KO-gRNA-2 targets the intron immediately
downstream of Exon 11. The simultaneous application of these gRNAs deletes both Exon 10 and
Exon 11 by non-homologous end joining (NHEJ).

2.2.  Clone gRNAs into pSpCas9(BB)-2A-GFP (PX458) using instructions in Ran et al., 2013Y7,

2.3. In a 6-well plate format, transfect 2 x 10°> mESCs with 1 ug of each EED-KO-gRNA-1 and
EED-KO-gRNA-2 (see Table of Materials) using transfection reagent by following the
manufacturer’s instructions. Change the media 24 h after transfection.

2.4. Two days after the transfection, isolate GFP positive cells using Fluorescence-activated
cell sorting (FACS). Expect the transfection efficiency to vary around 10-30 %. Sort around 5 x 10°
cells to capture sufficient GFP positive cells for plating.

2.5. Plate the isolated GFP positive mESCs into 15 cm plates pre-coated with 0.1% gelatin (10-
20 x103 cells per plate) for colony picking.

2.6. Grow the cells in ESC medium for about one week until single colonies are visible. Change
the media every 2 days.

2.7.  Pick a minimum of 48 colonies using 20 uL micropipette tip. Scrape over the colony while
aspirating into the micropipette tip. Do not break up the colony into single cells. Transfer the
colony into an

2.8.  Pick a minimum of 48 colonies using 20 uL micropipette tip. Scrape over the colony while
aspirating into the micropipette tip. Do not break up the colony into single cells. Transfer the
colony into an accutase-containing (20 pL) 96 well plate.

2.9. Incubate the colonies for 10 min at 37 °C until all cells are dissociated.

2.10. Add 200 pL of ESC media into each well using multichannel pipette.

2.11. Mix well and plate the cells into two separate 96 well plates using multichannel pipette.
2.12. Use one of the 96 well plates for genotyping and keep the other growing until genotyping
is concluded. Use DNA extraction solution to extract DNA from the 96 well plate by following the

manufacturer’s instructions.

2.13. Use genotyping primers Gnt_EED-KO-up and Gnt_EED-KO_down, which span the deleted
site and perform genotyping PCR with Tag DNA polymerase following the manufacturer’s
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instructions.

NOTE: Other types of DNA polymerases can also be used for genotyping, however, Taqg DNA
polymerase offers convenience as the PCR reaction can directly be loaded on a gel when its
colored reaction buffer is used.

2.12.1) Observe a DNA product of lower molecular weight in cells with a homozygous deletion
relative to the wild-type (WT) case.

NOTE: To generate PRC2 null cells, homozygous deletion of exons 10 and 11 is necessary to
destabilize and degrade EED, an essential subunit of core PRC2*3. The CRISPR targeting efficiency
is around 10 %.

2.14. Validate the deletion of EED exon 10 and 11 and the loss of EED protein by Sanger
sequencing and Western blotting, respectively.

2.15. Confirm the depletion of EED and H3K27me2/me3 from chromatin in EED KO cells by
ChIP-seq using antibodies against H3K27me2/me3 and EED. Use the protocol given in Oksuz et
al., 2017% for ChIP-seq experiments.

3. Engineering the EED knockout mESCs to harbor Cre-ERT2 based inducible EED
expression

3.1. Design gRNA (EED-gRNA-inducible) to introduce a cut within the intron following exon 9
of EED using the CRISPR design tool in Benchling'® (see Table of Materials).

3.2. Clone gRNAs into pSpCas9(BB)-2A-GFP (PX458) using instructions in Ran et al., 2013,

3.3. Design a donor template DNA that comprises EED cDNA sequence after exon 9 and a C-
terminal Flag-HA tag upstream of a T2A-GFP sequence, all in reverse orientation with respect to
the endogenous gene sequence.

3.3.1. Flankthe cassette with a splice-acceptor and a polyadenylation sequence nested between
heterologous inverted loxP sites (lox66 and lox71)%8.

3.3.2. Include at least 500 bp of homology arms from each end. Split the donor template into 2
segments of gBlocks gene fragments (see gBlock-1, gBlock-2-WT “https://benchling.com/s/seq-
[2LLIWNENLrfGXcbdCxI” and gBlock-2-cage-mutant “https://benchling.com/s/seq-
n8eiZCB2XAkOuzzpv6qM”) and assemble them into PCR Blunt vector using Gibson cloning
following the manufacturer’s instructions.

NOTE: gblock-2 contains an aromatic residue (Y365) within the cage of EED that is important for
interaction with H3K27me3*2. gBlock-2-Wt contains wild type residue, whereas gblock-2-cage-
mutant contains the cage-mutant of EED (Y365A), incapable of binding to H3K27me3. Inducible
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WT EED rescue is denoted as i-WT-r and inducible cage-mutant EED rescue is denoted as i-MT-r
for convenience.

3.4. In a 6-well plate format, transfect 2 x 10° mESCs with 1 ug of the gRNA (EED-gRNA-
inducible) and 1 pg of the Donor templates (i-WT-r or i-MT-r) using transfection reagent and
isolate GFP positive cells using FACS.

3.5. Follow steps 2.3-2.11 to isolate individual colonies ready for genotyping for successful
targeting.

3.6. Use genotyping primers Inducible_Genotype-FW-1 and Inducible_Genotype-REV-1,
which span the inserted cassette and perform genotyping PCR using Tag DNA polymerase.

NOTE: The targeting efficiency for CRISPR is around 10 %.

3.6.1. Confirm correct integration of the cassette by PCR using Inducible_Genotype-FW-2 and
Inducible_Genotype-REV-2 primers, which are outside of the homology arms.

NOTE: Homozygous integration of the cassette is necessary to accomplish efficient rescue of EED.
Note that cells with homozygous integration will produce a single large DNA product as compared
to WT EED, which will produce a short product.

3.7.  Confirm the integration of the cassette by Sanger sequencing.

3.8. Confirm flipping of the cassette and the expression of EED and other PRC2 core
components (e.g., EZH2 and SUZ12) upon 4-OHT administration by Western blotting.

3.9. Confirm the expression of T2A-GFP and percentage of flip by flow cytometry. Note that
expression of GFP is indicative of flipping of the cassette and the expression of EED.

4, Following nucleation and spreading of PRC2 activity on chromatin

4.1. Confirm that i-WT-r and i-MT-r mESCs do not have leaky expression of GFP by flow
cytometry. In the case of leaky expression of GFP, isolate GFP-negative cells by FACS before
starting the experiment.

4.2. Expand the i-WT-r and i-MT-r mESCs into five 15 cm plates (5x 10° cells per plate).

4.3. Induce expression of WT or cage-mutant EED by administration of 0.5 uM 4-OHT for O h,
12 h, 24 h, 36 h and 8 days (one 15 cm plate per condition). Change the media after 12 h for
treatments longer than 12 h. Isolate the successfully recombined cells by FACS using GFP. Adjust
the time of the treatments such that all of the conditions are collected at once.

4.4. Perform ChIP-seq for H3K27me2, H3K27me3 to investigate their temporal deposition to
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chromatin in response to re-expression of WT or cage-mutant EED. Use ChlP-seq protocol
including library preparation detailed in Oksuz et al., 2017%°.

4.5.  Use spike-in control in each sample to allow for quantitative comparison among different
time points?®.

4.5.1) For spike-in control, use chromatin from Drosophila melanogaster (in a 1:50 ratio to the
mESC-derived chromatin) as well as Drosophila specific H2Av antibody (1 uL of H2Av antibody
per 4 ug of Drosophila chromatin according to manufacturer’s instructions) in each sample.

4.5.2) Prepare the chromatin from Drosophila in a manner similar to that from mESCs using the
protocol detailed in Oksuz et al., 2017%°.

4.6. Map the sequence reads for ChlP-seq to mm10 genome with Bowtie 2 using default
parameters®.

4.7. Normalize the mouse ChIP-seq reads to spike-in Drosophila read counts?!. Calculate the
spike-in normalization factor using the following formula: 1 x 108/unique Drosophila read counts.
Expect to get around 1 x 10% Drosophila read counts and 20 x 10° mouse read counts per
experiment.

4.7.2) Do not include the Drosophila chromatin when sequencing the input samples.

4.8. Use genomecov tool from bedtools to convert bam file into bedgraph?2. Next, convert the
bedgraph into bigwig file using bedGraphToBigWig tool from USCS?3%4, See the following script:
gen="path to mm10 genome"

chr="path to mm10 chromosome sizes"

inp_bam="path to input bam file "

multiply="calculate the spike-in normalization factor”

bedtools genomecov -bg -scale Smultiply -ibam Sinp_bam -g Sgen > output.bedGraph

sort -k1,1 -k2,2n output.bedGraph > output_sorted.bedGraph

bedGraphToBigWig output_sorted.bedGraph $chr output.bw

4.9. Visualize the ChlIP-seq read densities by uploading the bigwig files on the USCS genome
browser?4,

5. Monitoring emergence and growth of the H3K27me3 foci in the mESCs nuclei
5.1.  Plate 1x 10* mESCs into 8-well chamber slides pre-coated with 0.1% gelatin.
5.2.  Next day, start performing consecutive 4-OHT (0.5 uM) inductions to collect the cells

expressing EED for indicated time points (0 h, 12 h, 24 h and 36 h). Change the media after 12 h
for treatments longer than 12 h.
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5.3. Fix the mESCs with 4% paraformaldehyde in phosphate-buffered saline (PBS) at room
temperature (RT) for 10 min.

5.4. Permeabilize the cells with PBS/0.25% Triton X-100 at RT for 30 min.

5.5.  Block the cells with PBS/5% donkey serum/0.1% Triton X-100 (blocking buffer) at RT for
30 min.

5.6.  Dilute H3K27me3 primary antibody 1:500 in the blocking buffer and add onto the cells.
5.7. Incubate the cells with primary antibody overnight at 4 °C.
5.8.  Next day, perform 3 washes with PBS/0.1% Triton X-100.

5.9. Dilute secondary antibody (Alexa fluor 595) 1:1000 in the blocking buffer and add onto
cells.

5.9.1) Perform all incubations in dark in the following steps as secondary antibodies conjugated
with Alexa Fluor are light sensitive.

5.10. Incubate the secondary antibody for 2 h at RT.

5.11. Perform 3 washes with PBS/0.1% Triton X-100.

5.12. Dilute DAPI (1 mg/mL) 1:4000 with PBS/0.1% Triton X-100 and add onto cells.

5.13. Incubate the cells with DAPI for 10 min at RT.

5.14. Mount the cells with Aqua mount.

5.15. Image the cells with confocal microscopy at 63X magnification.

5.16. Process and pseudo-color the images using a distribution of Imagel, Fiji®°.
REPRESENTATIVE RESULTS:

A general scheme of the conditional rescue system

Figure 1 shows the targeting scheme to conditionally rescue EED KO cells with either WT or cage-
mutant (Y365A) EED that is expressed from the endogenous EED locus. After knocking out EED,
a core subunit of PRC2 that is essential for its stability and enzymatic activity, a cassette within
the intron following exon 9 of EED is introduced (Figure 1). The cassette consists of the remaining
3’ cDNA sequence of EED, in reverse orientation with respect to the endogenous gene sequence.

The cassette is flanked by heterologous inverted loxP sites (lox66 and lox71). The cells are
propagated until the complete loss of H3K27me2/3 is observed. Upon activation of Cre
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recombinase expression by the addition of 4-OHT, the cassette is inverted such that exon 9 is
spliced into the cassette using the splice acceptor sequence (Figure 1). With this system, EED KO
cells can now be rescued by either WT or cage-mutant versions of EED both of which have a C-
terminal Flag-HA tag. The downstream T2A-GFP provides a marker to select for cells that undergo
a successful inversion event. The polyA signal prevents transcription of downstream sequences.
With this system, the kinetics of PRC2 recruitment and the formation of H3K27me domains can
now be followed.

Tracking the temporal deposition of PRC2-mediated H3K27me2/3

To follow the temporal dynamics of PRC2-mediated chromatin domain establishment, the WT or
cage-mutant version of EED is re-expressed in the background of EED KO cells, upon 4-OHT
treatment (Figure 2A,B). To follow deposition of H3K27me2/3 marks, ChlP-seq of
H3K27me2/me3 are performed after re-expression of WT or cage-mutant EED for the indicated
time points. The emergence of H3K27me3 is observed at 12 h after WT EED expression at discrete
regions that are denoted as “nucleation sites” (Figure 2C), and then at regions distant from the
initial nucleation sites by 24 h'3, Eventually, the distribution of H3K27me3 nearly approximates
that of the levels seen in WT parental cells at 36 h after WT EED expression. The temporally
established downstream sites of H3K27me3 are termed “spreading sites”*3. This system can also
track the temporal deposition of H3K27me2, which appears to precede H3K27me3 deposition
(Figure 2C,D). Lastly, re-expression of cage-mutant EED exhibits different dynamics relative to
WT EED (Figure 2C,D). In this case, deposition of H3K27me3 is very inefficient and instead,
H3K27me2 becomes apparent and more concentrated at the nucleation sites, indicating that the
cage-mutant EED is unable to spread the modification to neighboring regions.

The emergence of H3K27me3 foci and their growth can also be visualized by microscopy (Figure
2E)®3. Before the induction of WT EED expression, H3K27me3 staining is not apparent. However,
12 h of WT EED expression shows evidence of H3K27me3 foci formation. These foci increase in
number and size by 24 h, and eventually spread to large regions of the nucleus by 36 h of WT EED
expression. This system gives evidence of the de novo formation of PRC2-mediated chromatin
domains as monitored by ChIP-seq and immunofluorescence (Figure 2C-E)*3.

FIGURE LEGENDS:

Figure 1: Targeting scheme to conditionally rescue EED KO mESCs either with WT or cage-mt
EED (Y365A). Deletion of exon 10 and 11 causes destabilization and degradation of EED and
global loss of H3K27me2/me3. A cassette in the intron between exon 9 and 10 is inserted in the
reverse direction as indicated. Addition of 4-OHT inverts the cassette such that endogenous exon
9 splices into the cage-mutant or wild type cDNA of the cassette allowing inducible re-expression
of WT or cage-mutant EED.This figure has been modified from Oksuz et al., 2018%3.

Figure 2: Validations and representative applications of inducible EED rescue systems (i-WT-r
and i-MT-r). (A). i-WT-r and i-MT-r systems are validated by Western blot using indicated
antibodies on whole extracts after 4-OHT treatment to induce expression of WT (i-WT-r) or cage-
mutant (i-MT-r) EED, at the time point indicated. (B). Flow cytometry analysis of GFP in i-WT-r
cells before (0 h) and after (36 h) 4-OHT treatment for confirming the efficiency of the expression
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of T2A-GFP, which is indicative of successful flip of the inverted cassette. (C, D). ChIP-seq tracks
for H3K27me3 (C) and H3K27me2 (D) near the Emx1 gene in the WT, or in i-WT-r or in i-MT-r
cells, for the indicated times of 4-OHT treatment. Early and delayed sites for deposition of the
histone marks are indicated. (E). Immunofluorescence using H3K27me3 antibody at 0, 12, 24 and
36 h after rescue of WT EED expression in i-WT-r mESCs. Staining at 36 h is shown at lower
exposures. The rightmost panel is a zoomed-in image of the cell labeled with a red arrow. This
figure has been modified from Oksuz et al., 20183,

DISCUSSION:

A powerful approach towards understanding the mechanistic details during the formation of a
given chromatin domain, is to first disrupt the domain and then track its reconstruction in
progress within cells. The process can be paused at any time during the reconstruction to analyze
in detail the events in progress. Previous studies on chromatin domains were unable to resolve
such events as they were performed under steady-state conditions (e.g., comparing wild-type
and gene knockout). Here, we outline a system to assess the dynamic formation of chromatin
domains, as highlighted by the recruitment and spreading of PRC2-mediated repressive domains
in cells.

The most critical step for this inducible system is the accurate design of DNA constructs to re-
express the desired proteins (or RNA) after their respective deletion from the cells. Various
mutations, tags, and fluorescent markers could be introduced within these constructs, depending
on the downstream applications. For example, instead of using self-cleaving T2A peptide
immediately before GFP to disconnect it from the protein of interest, various fluorescent fusion
proteins could be generated for high resolution imaging and/or single-particle tracking
experiments to monitor the initial events of chromatin domain formation in living cells.

Although this method could be modified in many ways to provide insights into the formation of
chromatin domains, it does have some limitations. First, it requires a cell line that harbors the
Cre-ERT2 gene. Second, optimizations are necessary to determine the time points after 4-OHT
treatment. Third, this system is not reversible so as to monitor the events during deconstruction
of a chromatin domain. Degron-based methods could be used as an alternative to the method
described here?®?’. These systems enable reversible and rapid degradation of proteins, but
usually require costly molecules for protein destabilization, such as auxin or shield?®?’.
Furthermore, these degron-based methods have limitations. They could only be used to re-
express the WT version of the protein after its degradation. In contrast, the system described
herein allow conditional expression of the mutant version of the protein of interest in addition
to its WT counterpart. Combining such a degron system with the method described here would
be a powerful means to reversibly modulate formation of chromatin domains. An alternative
method for following the formation of chromatin domains entails the use of specific inhibitors to
deplete a defined chromatin modification from the chromatin and then washout the inhibitor to
follow de novo deposition of the modification. For example, treatment with EZH2 inhibitor and
subsequent washout is used for tracking the re-formation of H3K27me domains?®. However,
EZH2 inhibitor is not effective in completely depleting H3K27me, even 7 days after treatment. In
this case, the presence of pre-existing H3K27me might recruit and activate PRC2%2, thereby
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complicating interpretation of the results. As well, the use of the inhibitor and washout strategy
is limited due to the absence of specific and potent inhibitors for many chromatin domains.

In addition to the applicability of this method to cellular systems, it can be used to generate
inducible mutations/tagging on desired proteins in animals. In some cases, mutating a protein or
inserting a tag could be lethal during development. This method bypasses this lethality and
provides a temporal and spatial control of the mutation/tagging of proteins by coupling with
tissue specific Cre-ERT2 mouse strains. These types of experiments would be valuable to
determine the effect of a mutation in a specific tissue and/or at a specific stage of development.
Importantly, it allows for the isolation of cells that undergo a successful recombination via the
reporter within the cassette. This facilitates biochemical analyses, such as affinity purification
from specific tissues, to isolate the tissue-specific interactome for a given protein. This system
could be geared to monitor dynamic changes in any given cellular process, and hence is not
limited to tracking chromatin domain formation.
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
Standard Access
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D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
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Editorial comments:

The manuscript has been modified and the updated manuscript, 60039_R1.docx,

is attached and located in your Editorial Manager account. Please use the updated
version to make your revisions.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure
that there are no spelling or grammar issues.

We have read the manuscript carefully and corrected spelling or grammar issues
that we could identify.

2. The highlighted protocol steps are over the 2.75 page limit (including headings
and spacing). Please highlight fewer steps for filming.

We have now highlighted fewer steps for filming.

3. Please use h, min, s for time units.

We have modified the time units as requested.
4. Please define all abbreviations before use.

We have defined all abbreviations before use.

5.]JoVE cannot publish manuscripts containing commercial language. This
includes company names of an instrument or reagent. Please remove all
commercial language from your manuscript and use generic terms instead. All
commercial products should be sufficiently referenced in the Table of Materials
and Reagents. Examples of commercial language in your manuscript include
quickextract, Lipofectamine 2000, MangoTaq, Zeiss Airyscan 880, etc.

We have now removed the commercial language from the text.

6.Step 2.12.1, 2.12.3,2.12.4,3.3.3, 3.3.4,3.6.1, 3.7.1, 3.7.2: Each of these steps
should be added as a NOTE instead of a protocol step.

We have now included these steps as a note.

7. Please include the volume and issue number for each reference.

L]
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We have now included the volume and issue number for each reference. Note
that some references are websites and do not contain these details.

8. Please sort the items in alphabetical order according to the name of
material/equipment. Please use a single space between numerical values and
their units.

We have now incorporated the requested changes to the materials file.
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