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1 Introduction

Molecular complexes of interacting proteins govern virtually all biological processes such as metabolism, cell signaling, DNA repair and gene expression. Macromolecular assemblies are also of great biomedical relevance as their dysfunctions underlie a number of diseases and deliberate inhibition of protein-protein interactions is an increasingly common strategy in drug discovery [1][2][3]. To fully understand their biological roles, it is essential to study the structure and function of intact protein assemblies. Although advanced recombinant protein technologies are available to reconstitute multiprotein complexes composed of 10 or more subunits, many protein complexes are difficult to obtain using recombinant methods. An additional hurdle is that the subunit composition of complexes is not always known well enough to proceed to reconstitution of functional entities and therefore to structure determination.

The CRISPR/Cas9 system has revolutionized many fields of life sciences by making it possible to modify the genome sequence with unprecedented efficiency and precision [4,5]. For example, it is now possible to insert fusion tags at endogenous loci of mammalian cells, providing an efficient way to undertake affinity purification of macromolecular complexes and/or visualize their distribution and dynamics in a cellular context [6,7]. We have recently detailed a simplified protocol for CRISPR/Cas9-mediated gene tagging in human cell lines using chemically-modified single-stranded oligonucleotides encoding a small affinity tag as donor template and a co-selection strategy targeting the ATP1A1 gene [8] (To be published in MiB, Editor R Owens). Here we describe a procedure based on the use of the CRISPR/Cas9 system and double-stranded DNA donors for tagging the protein of interest with a fluorescent reporter and detail the generation of an U2-OS ::XPB-GFP knocked-in cell line expressing a XPB-GFP fusion protein. XPB is a subunit of the TFIIH complex essential in initiation of DNA transcription by RNA polymerase II and DNA repair by Nucleotide Excision Repair [9,10]. This XPB-GFP tagged U2-OS cell line was instrumental to establish a partnership between TFIIH and the histone acetyl transferase GCN5 and the impact of TFIIH on GCN5 activity with important consequences on gene expression and chromatin structure [11].

2 Materials

Procedures described here need access to standard equipment for molecular biology (PCR amplification, agarose gel analysis, bacteria transformation, access to a DNA sequencing/synthesis service,…), cell culture (cryo-container and liquid nitrogen source, temperature and CO2-controled incubator, laminar flow hood, centrifuge with adaptor for 15 and 50 ml tubes, cell counter), cell microscopy (fluorescence microscope with 63x or higher magnification objectives…) and protein analysis (refrigerated micro-centrifuge, a small scale ultrasonic homogenizer, Nano-UV spectrometer, protein gel electrophoresis and Western Blotting transfer system…). Basic knowledge in these fields is expected.

Experiments detailed below were performed in U2-OS cells (ATCC HTB-96). These adherent cells are grown at 37°C, 5% CO2 in McCoy′s 5a or DMEM-based culture medium (see Note 1).

For experiments in Sections 3.2, 3.3, 3.4 and 3.5, in addition to specific materials, you will need 

2.1

Reagents for the preparations of sgRNA expression plasmids

1.

Oligonucleotides for preparing (sgRNA-FW, sgRNA-RV) and sequencing (U6-seq) the single guide RNA expression plasmids (sgRNA) (Table 1).

2.

Guide RNA expression plasmid: MLM3636 (Addgene plasmid #43860) Targeted gene knock-in is achieved through the following steps. First, the Cas9 endonuclease is directed by a guide RNA to a specific target site in the genome to generate a double-strand break (DSB). The DSB is then repaired with a donor template through a homology-directed repair (HDR) pathway [12]. Below, we first describe the design of the single-guide RNAs and donor plasmid template to edit the genome (Section 3.1-3.3) and the clonal isolation of CRISPR/Cas9-modified cells (Section 3.4). Selected clones are finally characterized at the genomic and protein levels (Section 3.5) (Fig. 1).

To facilitate the generation of homozygous knock-in cells, we favored a tagging strategy based on the use of a donor plasmid containing 300-1000 bp homology arms flanking the eGFP-2A-PURO coding sequence [13] (Fig. 2). This strategy allows to combine transient antibiotic selection with fluorescence-assisted cell sorting (FACS) to isolate CRISPR/Cas9-modified cells [14].

Design of the sgRNAs

The design of the sgRNA and HDR donor depends on the nature and position of the tag (see

Note 2).

As the efficiency of HDR insertion varies with the distance from the DSB, the DSB (generated 3 bp upstream of the PAM sequence corresponding to the sgRNA) should be as close as possible to the insertion site of tag. For example, to tag a protein at its C-terminal end, the DSB should be as close as possible to the stop codon of the gene of interest.

1.

Retrieve the nucleotide sequence of the gene of interest (GOI) and focus on the site of tag insertion. The UCSC genome browser is a convenient source for this step (genome.ucsc.edu).

2.

Screen the genomic regions of interest using an online CRISPR design tool such as CRISPOR (http://crispor.tefor.net/) to identify and rank the guide sequences (Table 1). We recommend testing several sgRNAs with cut sites less than 20 bp away from the insertion site to find an optimal sgRNA. Guide RNAs for the human genome can also be visualized directly in the UCSC genome browser with pre-calculated data from CRISPOR (select "Full" display mode of the "CRISPR targets" in the "Genes and Gene Predictions" list of features). 

Delivery of CRISPR reagents and assessment of gene editing

As knock-in using double-stranded donor template has relatively low efficiency, successful HDR-mediated experiments require experimental optimization. In particular, it is recommended to control and optimize delivery of CRISPR reagents by evaluating levels of gene editing in absence of donor template. In some cases, GFP fluorescence can be used to directly characterize and optimize HDR events, but low to very low levels of fluorescent tagged proteins driven by endogenous promoters can be challenging to detect. An attractive alternative consists in delivering the nuclease with a single strand donor designed to fuse a HiBit peptide to the target protein. The abundance of HiBiT-tagged proteins in transfected cells is proportional to the proportion of edited gene copies and is readily detected using the Nano-Glo HiBit luciferase based detection system (see [8]).

In this section we detail the delivery of CRISPR/Cas9 reagents by nucleofection (see Note 3)

and PCR-based analysis of the cleavage efficiency of guide RNAs.

3.2.1 Nucleofection.

1.

Thaw and maintain U2-OS cells using your favorite protocol (see Note 1).

We usually split cells 1:5 every 3-4 days, verify that the viability is always higher than 95% and limit the number of passages to 20.

2.

Two or three days before nucleofection, seed two 75 cm 2 flasks and incubate at 37°C, 5% CO2.

3.

When 50-70% confluence is reached, detach the cells with trypsin, spin-down in a 15 ml tube at 90 g at room temperature for 10 minutes, remove the supernatant and re-suspend the cells in PBS to a concentration of 1-3 x10 6 cells/ml.

4.

Aliquot 10 6 cells into 1.5 ml micro-centrifuge tubes (one tube per guide RNA to be tested plus an additional tube for a negative control), pellet the cells, discard supernatant completely and re-suspend cells in Nucleofector® solution (100 µl per sample).

5.

Prepare the DNA mixes containing 2 µg of guide sgRNA plasmid (sgXPB) and 2 µg of plasmid expressing the SpCas9 protein (JDS246) in a total volume less than 10 µL.

6.

Mix the DNA solution with 100 µL of cell suspension and transfer to a cuvette. Process the samples quickly to avoid storing the cells longer than 10 min in Nucleofector® Solution V.

7.

Insert the cuvette into the Nucleofector®, select the cell-type specific program X-001 and press the start button. Using the provided pipette, immediately remove the sample from the cuvette and transfer into the 6-well plate containing 2 mL of culture medium.

8.

Incubate the 6-well plates at 37°C, 5% CO2 and proceed to analysis or collect the cells and store the cell pellet at -20 °C. 

4.

Purify the PCR products using an appropriate PCR purification kit and measure its concentration.

A wide panel of assays can be used to analyze PCR products and verify the efficacy of programmable nucleases. The enzymatic Surveyor and T7 endonuclease I cleavage assays [19,20] are commonly used but these approaches are semi-quantitative and their sensitivity is limited [15]. We favor the TIDE assay that accurately quantifies editing efficacy and simultaneously identifies the predominant types of insertions and deletions (indels) in the pool of treated cells [21].

5.

Send the PCR products (control and experimental samples) for Sanger sequencing and retrieve the sequence trace files in .ab1 or .scf format.

6.

Upload the trace files and the guide RNA sequence (20 nt) into the TIDE web tool (available at http://tide.nki.nl and https://deskgen.com) and perform the analysis with default parameters.

Use the TIDE assay to compare the efficiency of the different guides and select the best experimental conditions for further experiments. An example of TIDE analysis is provided on the TIDE website.

Design of plasmid donor

Several types of DNA repair template can be utilized in HDR-mediated CRISPR/Cas9 gene editing. Donor plasmids, with homology arms of a 300-1000 bps allow for large insertions in the 1-2 kbp range. Other types of DNA repair templates such as linear DNAs with short homology arms obtained by PCR or gene synthesis can also be used for inserting fluorescent labels or other protein tags such as the Halo or Snap tags [22,23]. Linear DNA, however, may concatemerize before insertion [24], which may perturb gene expression or make the modification unstable during cell replication. Different types of donor DNA will give similar or different KI efficiencies depending on the gene targeted and cell line used and may be tested if needed.

This section details the design and preparation of the donor plasmid which requires the introduction of the coding sequence for the insertion flanked by two homology arms of a few hundred bases (typically between 0.3 and 1.0 kbp).

1.

Define the DNA fragment that you wish to introduce, which in this example case consists in the eGFP-P2A-PURO coding sequence where eGFP, the 2A self-cleaving peptide (P2A) and the puromycin N-acetyl transferase coding sequence are separated by flexible glycine/serine-rich linkers (Fig. 4). References [25] and [26] provide useful information on the use of 2A peptides in a polycistronic vector and the design of protein linkers, respectively. Note that when using 2A self-cleaving peptide, antibiotic resistance is expressed from the target gene, which minimizes selection of clones with non-targeted integration. However, in some cases, expression levels of the target gene may be insufficient to provide antibiotic resistance and it may be necessary to provide antibiotic resistance from a constitutive promoter; higher numbers of clones with random integration of the donor plasmid into the cell genome may be isolated [START_REF] Koch | Generation and validation of homozygous fluorescent knock-in cells using CRISPR-Cas9 genome editing[END_REF].

2.

Retrieve the sequence of a fragment encompassing upstream and downstream homology arms of approximatively 700 bp and replace the STOP codon of the GOI by the eGFP-P2A-PURO coding sequence. Carefully verify that the eGFP-P2A-PURO coding sequence is in frame with the last exon of the target protein and that the guide RNA or PAM sequence have been modified to prevent cleavage by Cas9. If that is not the case, introduce point mutations to avoid unwanted mutations being introduced after integration.

Having precisely defined the donor sequence, different options can be considered to prepare the donor plasmid.

3.

Purchasing the designed sequence from your preferred supplier is the easiest approach. Alternatively, you can amplify the eGFP-P2A-PURO coding sequence from an existing plasmid, the homology arms from genomic DNA and assemble the three fragments into your preferred cloning vector using restriction enzyme-free technologies (see Note 4). 

Gene targeting and Isolation of gene edited cells by FACS sorting

Isolation of gene edited cells by FACS sorting

Proceed to FACS sorting seven days after the beginning of the puromycin treatment (or three days after nucleofection in absence of antibiotic selection). Use non-transfected cells as negative control for gating.

1.

Prepare 96-well plates containing 100 µl of growth medium in each well.

2.

Wash cells with PBS, add 1 ml of trypsin and transfer the re-suspended cells in a 1.5 ml micro-centrifuge tube containing 0.5 ml of medium.

3.

Centrifuge the cell suspension for 5 minutes at 90g at room temperature, remove the supernatant and re-suspend the cells in 1 ml PBS containing 2%

FBS and filter the cells through a 50-μm cell strainer into a sterile flow cytometry tube.

4.

Turn on the cytometer, run the cleaning/calibration procedures and load settings to detect GFP. Refer to the user manual of your instrument for detailed procedures.

5.

Run the non-transfected cells to check the cell sorter parameters and establish gates to select single live cells (Fig. 5). For single cells, plot forward scatter linear (FCS) on the y axis and the fluorescent channel (GFP-FL) on the x axis.

Ideally, set a background threshold where less than 0.1% of the non-transfected control cells are counted as GFP positive.

6.

Repeat with the cell population to be sorted and verify that the CRISPR/Cas9-modified cells can be differentiated from parental cells. Run the transfected cells to quantify the amount of fluorescently labeled cells and define the collection gate. The fluorescent signal depends on expression levels of the target gene and can be relatively dim (Fig. 6B).

7.

Sort the positive cells into the 96 wells plates and incubate at 37°C, 5% CO 2.

8.

After ~5 days, identify 24 single cell clones for validation and keep them growing. Maintain the cells in 96-well plates until you can proceed to validation. Split cells by trypsinization when required.

Validation of selected clones

This section details: (i) genotyping of the knock-in cell clones by PCR to verify that the fluorescent marker was correctly inserted at the target locus and to test for homozygosity, (ii)

Western Blot analysis to verify that the GFP fusion protein is effectively expressed and (iii) fluorescence microscopy to validate expression and localization of the tagged protein.

Validation at the genomic level

1.

Split cells from each positive well into two 96-wells plates. The day after, spin down and wash with PBS the cells in one of the plates.

2.

Extract genomic DNA directly in the wells using 25 µl of commercially available DNA lysis buffer.

3.

Proceed to PCR amplification from genomic DNA of each clone with the primer pairs XPB-FW/XPB-RV or XPB-FW/GFP-RV following the conditions used for PCR analysis of the pool of transfected cells. Run 2 μL of the PCR on 1% agarose TBE 1x gel at 100 volts for 1 hour. Visualize the PCR products using a UV transilluminator (see Note 5).

4.

Sequence the PCR fragments of clones to ensure correct tag sequence insertion.

Western blot analysis

1.

Seed 5 150 mm Petri dishes containing 25 ml of growth medium and incubate at 37°C, 5% CO2 until a confluency of 80% is reached.

2.

Wash the plate with PBS containing 30% w/v glycerol, detach the cells with a scraper and after centrifugation at 1000 g for 10 minutes at 4°C, snap freeze the pellet in liquid nitrogen and store at -80°C. We usually prepare batches of 15 10 6 and 25 10 6 cells.

3.

Resuspend 15 10 6 cells in 150 µl of RIPA buffer and incubate for 10 minutes by pipetting up and down.

4.

Sonicate two times 30s on ice. We use a Bioruptor TM sonication system (amplitude 30 and 0.5 seconds pulse on ice). (Optional)

5.

Centrifuge 15 minutes at 14 000 g at 4°C, collect the supernatant and estimate the total protein concentration using a Bradford assay. A concentration of 3-4 mg/mL is expected.

6.

Heat 20 µg of total proteins from the soluble extract mixed with 2xLaemmli buffer at 95°C for 5 minutes and centrifuge samples at 10 000 g for 30 seconds to bring down the condensate and remove insoluble debris.

7.

Load the centrifuged sample on a SDS polyacrylamide gel, electrophorese and transfer proteins from the gel matrix to a nitrocellulose or PVDF membrane using your favorite device.

8.

Block the membrane for 1 hour at room temperature or overnight at 4°C using 3 % w/v dry skimmed milk or BSA solution in PBS, incubate the membrane with an appropriate dilution of a primary antibody directed against the affinity-tag or the tagged subunit in the same buffer for 1h at room temperature or overnight at 4°C.

9.

Wash the membrane three times in TBST 5 minutes each, incubate with the recommended dilution of conjugated secondary antibody in TBST at room temperature for 1 hour and develop the western blot.

The western blot analysis of protein lysates from the parental and from a modified cell line where XPB and XPB-GFP are detected with an anti-XPB antibody is shown in Fig. 6A. As expected in the case of a homozygous modification, the 90 kDa wild-type XPB protein (lane 1) is replaced by the 130 kDa XPB-GFP fusion (lane 2). A heterozygous modification would result in detection of both a 90 kDa and a 130 kDa protein.

Fluorescence microscopy

We typically select 4 positive clones and include the non-modified cell line as control. The target protein being fused to GFP, expression of a fluorescent fusion protein can be checked using an epifluorescence inverted microscope. Live or fixed cell imaging can be performed.

1.

Seed glass-bottom dishes/plates with clones that have been tested positive until 70-80% confluency is reached.

2.

For live cell imaging, change the medium to a phenol red-free medium and observe cells using an inverted epifluorescence microscope with adapted filters (i.e. an FITC filter for GFP detection). Maintain cells at 37°C in the incubation chamber of the microscope. Record images with a 63x/1.4 NA immersion objective. Cells can be counter-stained with Hoechst (0.1 µg/ml) to observe subcellular localization of the fusion protein.

3.

For imaging of fixed cells, wash the cells with PBS, fix them with 4% PFA in PBS and again twice with PBS. Record images with a 63x/1.4 NA immersion objective.

Although fixed cells can be stored for a few weeks at 4°C, try to observe them 1-2 days after fixation. Cells can be counter-stained with antibodies to confirm expression of the target protein or for co-localization experiments.

A live cell image of U2-OS ::XPB-GFP cells in which the XPB gene is fused to eGFP is shown in Detailed information is available on the ATCC web site (https://www.lgcstandards-atcc.org/. A guide containing general technical information for working with animal cells in culture, including media, sub-culturing, cryopreservation and thawing is also accessible.

2.

Affinity tags can be introduced at the N-or C-end of the target protein or inserted into internal loops. It is wise to perform extensive literature search for functionality studies and expression data in human cells as well as in other species such as mouse, C. elegans or yeast to avoid trying to tag an extremity that would compromise protein function. In absence of information on the accessibility of the extremities of the target protein, a C-terminal tag is generally preferred [START_REF] Kimple | Overview of affinity tags for protein purification[END_REF].

3.

Nucleofection relies on permeabilization of the cellular membranes by electroporation. Although, Amaxa nucleofection is often superior to other widely used transfection approaches, lipid-based transfection with reagents such as Lipofectamine 3000™ or jet-CRISPR™ can also be used.

Homology-based cloning techniques including Sequence and Ligation

Independent cloning (SLIC) and commercially available technologies such as

In-Fusion, Gibson assembly are perfectly adapted to assemble 3-4 DNA fragments in a single step reaction. These technologies are now routinely used in many laboratories (see [START_REF] Rossolillo | Production of multiprotein complexes using the Baculovirus expression system: Homology based and Restriction Free cloning strategies for construct design[END_REF] in this issue) and can be used to rapidly generate the donor plasmid. The homology arms can be amplified from genomic DNA and the insert from plasmids which can be obtained from non-profit organizations (for example, see Addgene plasmids #112848, #52379). Note that a growing number of companies also offer donor plasmid design and preparation as a service.

5.

With the XPB-FW2/XPB-RV2 primers which hybridize on either side of the insertion site, both knock-in and non-modified alleles should be amplified: A 2800 bp PCR product is expected if the eGFP-P2A-PURO was successfully inserted while a 1300 bp fragment should be observed for a non-modified allele, allowing to discriminate between homozygous, heterozygous and non-modified clones. With the XPB-FW/GFP-RV and Puro-FW/XPB-RV2 pairs which amplify 540 bp and 1000 bp fragments only modified alleles will be detected as the GFP-RV and Puro-RV2 oligonucleotides are complementary to the eGFP-P2A-PURO cDNA from the inserted sequence. 

Figures and Tables
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 3 Order the sense and antisense oligonucleotides for cloning the sgRNA sequences into a sgRNA expression plasmid such as MLM3636. Note that the oligonucleotides contain overhangs for ligation into the pair of BsmBI sites with the sense and antisense sequences matching the genomic target. The oligonucleotide sequences can be accessed by clicking on the "PCR/cloning primers" button in CRISPOR. If you have used the UCSC genome browser for sgRNA selection, you can directly transfer the sgRNA sequence to CRISPOR by a hyperlink feature or simply by copy-pasting to the CRISPOR input page. 4. Generate the oligo duplex, clone into the BsmBI pre-digested plasmid MLM3636, sequence the resulting plasmid. Transform and amplify the guide expression plasmid in DH5 competent cells using a Midi or Maxi Prep kit depending on the amount of plasmid required.

  When the CRISPR/Cas9 reagents are ready, you can proceed to genome editing with CRISPR/Cas9 to generate cell lines that express an endogenously tagged protein. The strategy detailed below relies on antibiotic selection combined with fluorescence-activated cell sorting (FACS) for enrichment in HDR during genome editing. FACS is an efficient technology which allows to simultaneously measure the knock-in efficiency by counting fluorescently positive cells and sort isolated cells into 96-well plates. As cell sorting relies on the expression levels of the fluorescent tagged proteins driven by endogenous promoters, isolation of positive clones can be challenging for proteins expressed at low levels.3.4.1 Nucleofection and antibiotic selection 1.Proceed as detailed in Section 3.2.1 with a master mix containing 2 µg of the selected guide sgRNA plasmid (sgXPB), 2 µg of plasmid expressing the SpCas9 protein (JDS246) and 6 µg of donor plasmid in a total volume lower than 10 µL.2.Three days after transfection, replace the culture medium and add puromycin to a concentration of 5 µg/ml and further incubate for an additional week. The use of puromycin selection can be avoided if the signal of the fluorescently tagged protein is sufficiently strong and the proportion of fluorescent cells is sufficient for FACS sorting.
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 615 Figure 6. Validation of engineered cell lines. (A) Western Blot analysis of engineered U2-OS cells in which wild-type XPB was replaced by C-terminal GFP-tagged version (U2-OS XPB::GFP ,
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 2 , run 2 μL of PCR products on 1% agarose gel TBE 0.5x at 100 Volts for 90 minutes and visualize DNA using a UV trans-illuminator. A sharp single band of the expected size should be visible in control samples. Additional bands may be detected in test samples corresponding to insertion and/or deletion.

	1.	Three days after transfection, wash cells with PBS, extract genomic DNA
		(typically from 1. 10 5 cells) using QuickExtract DNA extraction kit or similar
		according to the manufacturer's recommendations. Dilute genomic DNA at a
		final concentration around 50 ng/μL.

3.2.2 PCR based analysis of the cleavage efficiency for the sgRNA

CRISPR/Cas9 cleavage is usually assessed by amplifying the target region by PCR and analyzing the mutation rate in the resulting product. This can be performed using various assays such as the polymerase chain reaction (PCR)/restriction enzyme (RE) assay, T7 endonuclease I (T7EI) assay, Surveyor nuclease assay or with TIDE

[15][16][17][18]

.
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