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Summary  

Here we describe a detailed protocol for arrayed cloning and production of lentiviral vector-based 
CRISPR libraries. This protocol will enable users to generate 100s of CRISPR vectors to make 
focused libraries targeting selected genes. The libraries can, in turn, be used for pooled or arrayed 
CRISPR screens. We provide specific details on cloning CRISPR guide RNA-encoding 
oligonucleotides (gRNA) in to protein barcoded (Pro-Code) vectors and methods for 6-well 
arrayed production of Pro-Code/CRISPR libraries.  Using this approach, issues of barcode 
swapping and uneven library distribution can be minimized. Importantly, the oligo design, cloning, 
and production strategy is compatible with several commonly used vector backbones, including 
pLKO, lentiCRISPR, lentiGuide-Puro, pX330, and others. Finally, we also provide detailed 
methods for deconvolution and analysis of Pro-Code/CRISPR screens that incorporate high-
dimensional phenotyping of dozens of proteins at single cell resolution. 
 

Arrayed CRISPR Library Cloning for Pro-Codes and other Lentiviral Libraries. 

This protocol is divided in to the following 4 parts: 

Part 1. Arrayed cloning of sgRNA (CRISPR) oligos in to vector constructs. 

Part 2. Vector production (arrayed production in 6-well plates). 

Part 3: Cytometric analysis of Pro-Codes. 

Part 4: Data debarcoding. 

 

Part 1: Arrayed cloning of sgRNA (CRISPR) oligos in to vector constructs. 

This section describes how to design, order, and clone oligonucleotides encoding CRISPR 
gRNAs in to lentiviral vector backbones at single or 96-well scale. 

CRISPR gRNA-encoding Oligo Design 

Careful oligo design is necessary to ensure that the oligos are compatible with the recipient 
plasmid constructs.  For this protocol we describe oligo design that is compatible with cloning in 
to the Pro-Code vector backbone, which is a modified version of pLKO (Addgene #30323). The 
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oligo design is compatible with cloning in to lentiCRISPR v2 (Addgene # 52961), lentiGuide-Puro 
(Addgene # 52963), pX330 (Addgene # 42230). 

(i) Oligo features. 
Oligos should be designed according to the following rules: 

The forward and reverse strands pair with each other and result in 2 overhangs: 5’ CACC for the 
forward primer, 5’ AAAC for the reverse one.  

CRITICAL STEP: Remember to add an extra G nucleotide prior to the gRNA sequence (unless 
the gRNA sequence starts with G) – this ensures efficient RNA transcription from the U6 promoter. 

Annealed oligos can be subsequently ligated to the Pro-Code vector. 

Forward oligo: 5’ CACCG(N)20 3’ 

Reverse oligo: 5’ AAAC(N)20C 3’ 

(N)20 in the forward oligo is the gRNA target site sequence, and (N)20 in the reverse oligo is its 
reverse complementary counterpart. For example (target site sequence and its reverse 
complement counterpart are underlined): 

Forward oligo: 5’ CACCGATTTGGATTTCAATGTGAGG 3’ 

Reverse oligo: 5’ AAACCCTCACATTGAAATCCAAATC 3’ 

(ii) sgRNA design and online resources. 

We use Brie (for mouse) and Brunello (for human) genome-wide libraries as a primary source for 
sgRNA design (Doench et al., 2016). The library target genes and sgRNA sequences can be 
downloaded here and here, for Brunello and Brie libraries respectively. Doench and colleagues 
used optimized sgRNA design to maximize activity and minimize off-target. There are a handful 
of other tools for optimal gRNA oligo design, which we use as alternative sources, such as E-
CRISP or Broad Institute sgRNA design tool. We always verify if a gRNA targets the expected 
gene within an exon. 

ALTERNATIVE: Batch oligo design 

For an easy oligo design, refer to our ‘CRISPR_oligo design.xlsx’ file. Forward oligo design 
scheme: 

Gene 
CRISPR 
name 

Oligo FW 
name 5’ G? gRNA Oligo FW 

B2m B2m.1 B2m.1_F CACC  GAGTCGTCAGCATGGCTCGCT CACCGAGTCGTCAGCATGGCTCGCT 
B2m B2m.2 B2m.2_F CACC G ATTTGGATTTCAATGTGAGG CACCGATTTGGATTTCAATGTGAGG 
B2m B2m.3 B2m.3_F CACC G TCGGCTTCCCATTCTCCGGT CACCGTCGGCTTCCCATTCTCCGGT 

Reverse oligo design scheme: 

Gene 
CRISPR 
name 

Oligo REV 
name 5’ Reverse complement (G+gRNA) Oligo REV 

B2m B2m.1 B2m.1_R AAAC AGCGAGCCATGCTGACGACTC AAACAGCGAGCCATGCTGACGACTC 
B2m B2m.2 B2m.2_R AAAC CCTCACATTGAAATCCAAATC AAACCCTCACATTGAAATCCAAATC 
B2m B2m.3 B2m.3_R AAAC ACCGGAGAATGGGAAGCCGAC AAACACCGGAGAATGGGAAGCCGAC 

Ordering tips: For batch purchases we order the oligos in a 96-well format. Before making a 
batch order, make sure to first prepare a complete list of your oligos (both forward and reverse 
design) and sort them alphabetically on oligo name. This way corresponding forward and reverse 
oligos will be placed in wells next to each other (A01 and A02, A03 and A04 etc.), which will make 
subsequent annealing straightforward.  
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Step by Step Method Details:  

1. Oligo annealing 

This step will allow annealing of forward and reverse oligos for subsequent cloning. 

a. Reaction mix 
Resuspend lyophilized oligos at 100 nM in H2O.  

For a single reaction, mix in a 1.5 ml Eppendorf tube the following components: 

Component 50 µl reaction Final concentration 
100 nM oligo FW 1 µl 2 nM 

100 nM oligo REV 1 µl 2 nM 

10X NEBuffer 2.1 5 µl 1X 

Ultra-pure water To 50 µl  

Mix well and incubate in a heat block for 3-5 min at 95°C. 

Turn the heat block off (leave the tubes in) and allow it to cool down slowly to room temperature 
(22-23°C, ~1 hour). Measure the concentration of annealed oligos; dilute in water to a final 
concentration of 6-8 ng/μl. 

b. Batch annealing 
If you followed our ordering instruction (see point 1, ‘Batch oligo design’, ordering tips), all your 
forward oligos will be in the odd numbered wells (A01, A03, A05 etc.), and all the reverse oligos 
will be in the even numbered wells (A02, A04, A06 etc.), and the corresponding oligos will be 
placed next to each other (1st pair: forward in A01 and reverse A02, 2nd pair: forward in A03 and 
reverse A04 etc.). Just like in an example below: 

 1 2 3 4 5 6 7 8 9 10 11 12 
A Oligo_FW1 Oligo_Rev1 Oligo_FW2 Oligo_Rev2 Oligo_FW3 Oligo_Rev3 Oligo_FW4 Oligo_Rev4 Oligo_FW5 Oligo_Rev5 Oligo_FW6 Oligo_Rev6 

B Oligo_FW7 Oligo_Rev7 Oligo_FW8 Oligo_Rev8 Oligo_FW9 Oligo_Rev9 Oligo_FW10 Oligo_Rev10 Oligo_FW11 Oligo_Rev11 Oligo_FW12 Oligo_Rev12 

C Oligo_FW13 Oligo_Rev13 Oligo_FW14 Oligo_Rev14 Oligo_FW15 Oligo_Rev15 Oligo_FW16 Oligo_Rev16 Oligo_FW17 Oligo_Rev17 Oligo_FW18 Oligo_Rev18 

D Oligo_FW19 Oligo_Rev19 Oligo_FW20 Oligo_Rev20 Oligo_FW21 Oligo_Rev21 Oligo_FW22 Oligo_Rev22 Oligo_FW23 Oligo_Rev23 Oligo_FW24 Oligo_Rev24 

E Oligo_FW25 Oligo_Rev25 Oligo_FW26 Oligo_Rev26 Oligo_FW27 Oligo_Rev27 Oligo_FW28 Oligo_Rev28 Oligo_FW29 Oligo_Rev29 Oligo_FW30 Oligo_Rev30 

F Oligo_FW31 Oligo_Rev31 Oligo_FW32 Oligo_Rev32 Oligo_FW33 Oligo_Rev33 Oligo_FW34 Oligo_Rev34 Oligo_FW35 Oligo_Rev35 Oligo_FW36 Oligo_Rev36 

G Oligo_FW37 Oligo_Rev37 Oligo_FW38 Oligo_Rev38 Oligo_FW39 Oligo_Rev39 Oligo_FW40 Oligo_Rev40 Oligo_FW41 Oligo_Rev41 Oligo_FW42 Oligo_Rev42 

H Oligo_FW43 Oligo_Rev43 Oligo_FW44 Oligo_Rev44 Oligo_FW45 Oligo_Rev45 Oligo_FW46 Oligo_Rev46 Oligo_FW47 Oligo_Rev47 Oligo_FW48 Oligo_Rev48 

To anneal, first resuspend lyophilized oligos at 100 nM in H2O.  

Then, prepare a new 96-well PCR plate and a master mix of NEBuffer 2.1 diluted in water (you 
will perform 48 reactions per plate, so prepare enough master mix for 50-55x reactions per plate, 
following instructions above).  

Using a multichannel pipette, transfer 1 μl of the forward oligos to a corresponding well on a new 
96-well PCR plate (i.e. oligo from well A01 to well A01 on a new PCR plate, oligo from well A03 
to well A03 on a new PCR plate etc.).  
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Next, transfer 1 μl of the corresponding reverse oligo to the corresponding well on a new PCR 
plate to mix with the forward oligo (i.e. oligo from well A02 to well A01 on a new PCR plate, oligo 
from well A04 to well A03 on a new PCR plate etc.).  

Add 48 μl of NEBuffer 2.1 diluted in water to each well with oligos (i.e. to each odd numbered 
well) and mix well.  

The distribution of annealing reactions will look like the example below: 

 1 2 3 4 5 6 7 8 9 10 11 12 
A Oligo_pair1  Oligo_pair2  Oligo_pair3  Oligo_pair4  Oligo_pair5  Oligo_pair6  

B Oligo_pair7  Oligo_pair8  Oligo_pair9  Oligo_pair10  Oligo_pair11  Oligo_pair12  

C Oligo_pair13  Oligo_pair14  Oligo_pair15  Oligo_pair16  Oligo_pair17  Oligo_pair18  

D Oligo_pair19  Oligo_pair20  Oligo_pair21  Oligo_pair22  Oligo_pair23  Oligo_pair24  

E Oligo_pair25  Oligo_pair26  Oligo_pair27  Oligo_pair28  Oligo_pair29  Oligo_pair30  

F Oligo_pair31  Oligo_pair32  Oligo_pair33  Oligo_pair34  Oligo_pair35  Oligo_pair36  

G Oligo_pair37  Oligo_pair38  Oligo_pair39  Oligo_pair40  Oligo_pair41  Oligo_pair42  

H Oligo_pair43  Oligo_pair44  Oligo_pair45  Oligo_pair46  Oligo_pair47  Oligo_pair48  

Anneal using a thermocycler with the following settings:  

Heat to 95°C and maintain the temperature for 3-5 min 

Cool to 25°C over 45-60 min 

Cool to 4°C for temporary storage  

The last step (4°C) can be extended to overnight incubation. Centrifuge the 96-well plate briefly 
(<1 min, max speed) to draw all moisture away from the lid.  

Measure concentration of the annealed oligos and use the even numbered wells to dilute them in 
water to a final concentration of 6-8 ng/μl.  

After annealing and dilution, the sample distribution will look like this (wells with diluted annealed 
oligos are marked in grey): 

 1 2 3 4 5 6 7 8 9 10 11 12 
A Oligo_pair1 Oligo_pair1 Oligo_pair2 Oligo_pair2 Oligo_pair3 Oligo_pair3 Oligo_pair4 Oligo_pair4 Oligo_pair5 Oligo_pair5 Oligo_pair6 Oligo_pair6 

B Oligo_pair7 Oligo_pair7 Oligo_pair8 Oligo_pair8 Oligo_pair9 Oligo_pair9 Oligo_pair10 Oligo_pair10 Oligo_pair11 Oligo_pair11 Oligo_pair12 Oligo_pair12 

C Oligo_pair13 Oligo_pair13 Oligo_pair14 Oligo_pair14 Oligo_pair15 Oligo_pair15 Oligo_pair16 Oligo_pair16 Oligo_pair17 Oligo_pair17 Oligo_pair18 Oligo_pair18 

D Oligo_pair19 Oligo_pair19 Oligo_pair20 Oligo_pair20 Oligo_pair21 Oligo_pair21 Oligo_pair22 Oligo_pair22 Oligo_pair23 Oligo_pair23 Oligo_pair24 Oligo_pair24 

E Oligo_pair25 Oligo_pair25 Oligo_pair26 Oligo_pair26 Oligo_pair27 Oligo_pair27 Oligo_pair28 Oligo_pair28 Oligo_pair29 Oligo_pair29 Oligo_pair30 Oligo_pair30 

F Oligo_pair31 Oligo_pair31 Oligo_pair32 Oligo_pair32 Oligo_pair33 Oligo_pair33 Oligo_pair34 Oligo_pair34 Oligo_pair35 Oligo_pair35 Oligo_pair36 Oligo_pair36 

G Oligo_pair37 Oligo_pair37 Oligo_pair38 Oligo_pair38 Oligo_pair39 Oligo_pair39 Oligo_pair40 Oligo_pair40 Oligo_pair41 Oligo_pair41 Oligo_pair42 Oligo_pair42 

H Oligo_pair43 Oligo_pair43 Oligo_pair44 Oligo_pair44 Oligo_pair45 Oligo_pair45 Oligo_pair46 Oligo_pair46 Oligo_pair47 Oligo_pair47 Oligo_pair48 Oligo_pair48 

Potential Pause Point: For long term storage, seal the plate (use adhesive sealing sheets, for 
example: cat # AB-0558, Thermo Fisher Scientific) and store at -20°C.  The oligos should be 
stable for at least 2 years at -20°C. 

2. Digest Pro-Code vector plasmid preparation 

For a single reaction, mix in a 1.5 ml Eppendorf tube the following components: 

Component 20 µl reaction Final concentration 
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Pro-Code vector plasmid 0.5-1 µg  

BbsI-HF 1 µl 1 U/µl 

10X CutSmart Buffer 2 µl 1X 

Ultra-pure water To 20 µl  

Mix well and incubate in a heat block for 3-4 hours at 37°C.   

Purify digested product using PCR purification kit columns according to manufacturer’s 
instructions (Qiagen) and elute in 30 μl of elution buffer.  

Note: There is no need for gel purification of the digested plasmid. 

ALTERNATIVE: you can digest the vector O/N (up to 16h) and purify it the following morning. 

ALTERNATIVE (Batch digestion): Use a 96-well PCR plate and a thermocycler to digest multiple 
vectors simultaneously. Qiagen offers PCR purification kits in 96-well format to facilitate the 
purification process (MinElute 96 UF PCR Purification Kit, cat no. 28051). 

3. Ligation 

This step will describe how to anneal the oligos and digest the vector backbone. 

For a single reaction, mix in a 1.5 ml Eppendorf tube the following components: 

Component 10 µl reaction Final concentration 
BbsI digested Pro-Code vector plasmid 50 ng  

Annealed oligo pair (6-8 ng/µl) 1 µl 0.6-0.8 ng/µl 

2X Quick Ligase Reaction Buffer 5 µl 1X 

Ultra-pure water To 10 µl  

Finally, add 0.5 µl of Quick Ligase.  

Mix well and incubate 10 min at RT (22-23°C).  

Place on ice and proceed to transformation. 

ALTERNATIVE (Batch ligation):  

You can perform batch ligation using a 96-well PCR plate.  

Prepare master mix of 2X Quick Ligase Reaction Buffer and Quick ligase (enough for 50-55x 
reactions per plate, following instructions above) and place on ice.  

Pipette the appropriate amount of vectors and annealed oligos to the corresponding wells of a 96-
well plate, top up with H2O to 5 µl, and add 5.5 µl of master mix containing buffer and ligase. 

Incubate 10 min at RT, then place on ice and immediately proceed to transformation. 

4. Transformation 

Add 5 μl of ligation reaction to 50 μl of TOP10 chemically competent cells. 
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CRITICAL: Gently flick the tube to mix, do not pipette up and down.  

Incubate for 20-30 min on ice. 

Heat shock the cells for 30 sec at 42°C and place back on ice for 2 min.  

Plate directly on LB ampicillin plates and incubate overnight at 37°C.  

Tips: When dealing with multiple transformation reactions at once, you can plate 4 or more 
reactions on the same agar plate. Follow the schematics on the right and plate no more than 30% 
of all transformed cells (if you plate more, colonies will be too crowded and satellite colonies 
will occur).  

A, B – optimal colony confluency; C-D – overcrowded.  

 

Note: You can fit more than four reactions on a single agar plate, but always remember to 
decrease the volume seeded accordingly.  

This protocol was optimized using TOP10 cells. For other strains, with higher transformation 
efficiency, you may need to optimize again. 

 

5. Plasmid preparation and Sanger sequencing. 

The ligation/transformation is very efficient and >95% of your colonies should have a correct 
insert. 

Pick 1-2 colonies per condition, inoculate in 3 ml of LB supplemented with 100 μg/ml ampicillin 
and grow overnight at 37°C (250 rpm).  

Isolate plasmids using MiniPrep kit and sequence using hU6_F primer (5’ gagggcctatttcccatgatt 
3’). 

CRITICAL STEP: If isolated plasmid will be used for vector production, it is mandatory to 
use endotoxin free MiniPrep kit (for example: ZR™ Plasmid MiniPrep from Zymo 
Research). 

Note: If cloning in to the Pro-Code vector, we recommend sequencing each construct using a 
second primer, EF1a_FW (5’ cctttttgagtttggatcttggttcat 3’) to determine if the Pro-Code sequence 
is correct. This is especially important when performing batch ligations for a number of Pro-Code 
vectors simultaneously.  For cloning in to a non-barcoded vector (e.g. pLKO) this is not necessary. 

ALTERNATIVE (Batch processing):  

A 

B 

C 

D 
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For batch processing of many plasmids, we recommend using Functional Biosciences 
(https://functionalbio.com/web/). The company offers various services, including picking and 
growing colonies, plasmid purification and DNA sequencing. Once your agar plates with colonies 
are ready, simply ship them on ice to the company, and they will perform all subsequent steps for 
you (endotoxin-free mini prep and Sanger sequencing) and ship you back purified and sequenced 
plasmids. 

Part 2: Vector production (arrayed production in 6-well plates) 

This section describes how to produce lentiviral vectors and includes instructions for making the 
lentiviral vectors in a 6 well format to increase throughput.  

Before you start:  
Lentiviral vectors for Pro-Code libraries can be produced using (i) individual plasmids pooled 
together in equimolar concentrations or (ii) individuals plasmids kept separated as an array. To 
prevent the possibility of vector swapping (Adamson et al., 2018; Feldman et al., 2018; 
Wroblewska et al., 2018), we usually produce CRISPR/Pro-Code vectors in an arrayed format, 
which is described below [adapted from (Baccarini and Brown, 2010)]. Alternatively, the vector 
can be produced as a pool if the library is packaged with a low homology transfer vector(Adamson 
et al., 2018; Feldman et al., 2018; Wroblewska et al., 2018). In case of Pro-Code vectors, simple 
LV-expressing GFP can be used for this purpose. 

Reagents: 

2X HBS: 281 mM NaCl, 100mM HEPES, 1.5mM Na2HPO4, pH 7.05-7.09, 0.22μM 
filtered, store at –20°C or –80°C. 

2.5M CaCl2:   Sigma tissue culture grade, 0.22μM filtered, store at –20°C. 

0.1X TE buffer: 10mM Tris (pH 8.0), 1mM EDTA (pH 8.0) diluted 1:10 with sdH2O, 
0.22μM filtered, store at 4°C. 

d H2O (endo-free): Sigma tissue culture grade, W-3500 

Step by Step Method Details:  

1. Seed 3·105 293T cells per well in a 6-well cell culture plate approximately 24 hours before 
transfection in 2 ml IMDM complete media. Use low passage cells (not more than P16).  

CRITICAL: DO NOT LET THE CELLS GROW TOO CONFLUENT. 

2. One of the most critical factors for good vector titer is the quality of cells (passage below 16) 
and the quantity of cells at transfection (no more than 70% confluent). Each well will be 
transfected with a different transfer vector (so different Pro-Code). 

3. Change medium 2 hours before transfection with: IMDM, 10% (heat inactivated) FBS, 
Penicillin (100 U/ml), Streptomycin (100 U/ml) and Glutamine (2 ml final volume). Always 
make sure the media is at 37°C when adding to the cells. Also, make sure the cells you are 
transfecting are not too dense. There should be very little cell-to-cell contact. We recommend 
transfecting when the cells are no more than 70% of the plate. If you notice the cells are too 
confluent on the day of the transfection abort production. Next time seed less cells.  

4. The plasmid DNA mix for a single dish is prepared by adding: 

Component Amount 
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ENV plasmid (VSV-G) 1 µg 

pMDLg/pRRE (GAG) plasmid 2 µg 

REV plasmid 1 µg 

TRANSFER VECTOR plasmid 6 µg 

 
The plasmid solution is made up to a final volume of 180 µl with 0.1X TE/dH2O (2:1).  

Note: If doing multiple wells with the same vector, make a master mix with the VSV-G, GAG, 
REV, Transfer vector, and TE and then divide the solution into individual 1.5 ml eppendorf 
tubes each with 180 µl of the mix. 

5. Finally 20 µl of 2.5 M CaCl2 is added and vortexed. Leave the mix at RT (22-23°C) for at least 
5 minutes. 

6. The precipitate is formed by dropwise addition of 200 µl of 2X HBS solution to the 200 µl 
DNA-TE-CaCl2 mixture from step 3 while vortexing at full speed. Once the HBS is added (and 
the tube is still vortexing), press the pipet all the way down and draw the entire 400 µl solution. 
The solution now should be added to the 293T cells immediately following the addition of the 
2x HBS. High magnification microscopy of the cells should reveal a very small granular 
precipitate of the CaPi-precipitated plasmid DNA, initially above the cell monolayer, and after 
incubation in the 37°C incubator overnight, on the bottom of the plate in the large spaces 
between the cells. 

7. The CaPi-precipitated plasmid DNA should be allowed to stay on the cells for 14-16 hours (no 
longer), after which the media should be replaced with 18ml of fresh warm media. 

8. Collect the cell supernatants at 24 and 48 hours after the media change or make one collection 
at 30 hours.  

9. Filter the collected supernatant using an appropriately sized syringe connected to a 0.22-μm 
PVDF disk filter.  This helps to get rid of cellular debris. 

10. Aliquot vector and keep at -80°C for long term storage. Titer the vector using 293T cells. 

 

Part 3: Cytometric analysis of Pro-Codes. 

This section describes how to prepare and stain cells with antibodies specific for each Pro-Code 
epitope.  This protocol is specific for detecting the Pro-Codes by CyTOF mass cytometry, with the 
antibodies conjugated with metals.  However, the protocol can be modified to utilize florophore-
cojugated antibodies for detection on a spectral flow cytometry (e.g. Cytek Aurora). 

Before you start:  
All Pro-Code specific antibodies are conjugated in-house and require titration before using them 
for the first time.  

Step by Step Method Details:  

NOTE: For all incubation steps, tap the samples every 5-10 min to prevent cells from pelleting. It 
is especially crucial to do this for large cells, such as 4T1 or other cancer cell lines (they sediment 
very fast which impairs the fixation/permeabilization and subsequent staining).  

 
1. Collect and count the cells – take 2.5-3x106 cells per sample for subsequent staining. 
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2. Viability stain: resuspend the cells in 0.5 ml of appropriate media and add 1 µl of 103 Rh Cell-
ID intercalator. Incubate cells for 15 min @37°C. After incubation is finished, add 1 ml of flow 
buffer and spin (2’, 1,500xg). Discard the supernatant. 

3. Surface staining and block: resuspend the cells in 100 µl of flow buffer containing human or 
mouse TruStain FcX blocking solution (human: use 5 µl of blocking solution per sample; mouse: 
use dilution 1:100). Add any additional antibodies for surface markers. Incubate 30’ on ice. Wash 
with flow buffer (1 ml). Discard the supernatant.  

4. Fixation/permeabilization: resuspend the cells in 100 µl of Fix/Perm solution (BD). Mix well. 
Incubate 30’ on ice. Wash with 1X perm/wash solution (1 ml). Discard the supernatant and repeat 
the wash.  

5. Prepare the antibody mix: make 2x antibody mix (100 µl per sample) using freshly made 
perm/wash solution supplemented with human or mouse TruStain FcX blocking solution. Add Pro-
Code specific antibodies (epitope-specific antibodies + αNGFR) at appropriate dilution. 

5. Pro-Code staining: resuspend the cell pellet in 100 µl of perm/wash solution. Add 100 µl of 
prepared antibody mix per sample, resuspend well. Incubate 30’ on ice. Wash with perm/wash 
buffer (1 ml). Discard the supernatant. During the staining, remember to tap samples every 5-10 
min to achieve optimal staining. 

6. Fixation for CyTOF staining: resuspend the cell pellet in 50 µl of MaxPar® Fix & Perm Buffer. 
Incubate @RT for 2 min. Add 400 µl per sample of Fix-Ir+OsO4 solution (for 4 ml: 0.6 ml 16% 
PFA + 3.4 ml PBS + 4 µl 125 µM Ir + 4 µl 400 µM OsO4). Incubate 30’ @RT (22-23°C). Wash with 
1 ml of flow buffer. Discard the supernatant and resuspend the pellet in 100 µl of flow buffer-Ir 
solution (1:1000 125 µM Ir). Store @4°C until aquired. For long term storage, resuspend the pellet 
in FBS/10% DMSO solution (50-100 µl per sample) and store @-80°C. 

Part 4: Data debarcoding. 

After CyTOF (or flow), a single .fcs file is generated for each sample.  The file contains data for 
every epitope on each cell. This section describes how to deconvolute the data to separate the 
data in to separate files for each Pro-Code population.  

Before you start:  
We routinely use Cytobank for CyTOF data analysis. However, any software able to analyze flow 
data (.fcs files) is suitable and can be used for initial gating and data clean-up after debarcoding 
(e.g. FlowJo, FCS Express, etc.). To perform debarcoding, you will need to download single cell 
debarcoder software. It can be downloaded from Zunder Lab github depository 
(https://github.com/zunderlab/single-cell-debarcoder). Remember to use the updated 
debarcoding tool with cell type-specific and cell sample-specific stringency adjustment. Refer to 
the paper by Fread et al for details (Fread et al., 2017). 

Step by Step Method Details:  

1. Download normalized CyTOF .fcs files and start the analysis by gating on NGFR+ live cells. 
Sample plots and gating strategy can be seen below: 
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Export NGFR+ live cell population as a separate .fcs file. You will use to it to debarcode the 
data. 

2. Download and install Single Cell Debarcoder (you might need to install appropriate version of 
MATLAB Runtime. If so, just follow the instructions on the Zunder Lab website: 
https://github.com/zunderlab/single-cell-debarcoder).  

3. Prepare a correct barcode key. Barcode key is a .csv file that defines barcoding scheme. 
Modify the sample names in the barcoding key .csv template file (‘Pro-Code_364.csv’) with 
text-editing software or Microsoft Excel, and then save the modified version. Columns indicate 
channels used, rows define barcoding scheme for each Pro-Code population. Example of a 
barcode key structure: 

Mass 147 152 153 154 158 159 162 163 165 169 171 172 173 175 
AU5.AU1.V5 0 1 0 0 0 0 1 0 0 1 0 0 0 0 
NWS.AU1.VSVg 0 0 0 0 1 1 1 0 0 0 0 0 0 0 
E.HA.V5 1 1 0 1 0 0 0 0 0 0 0 0 0 0 
HA.NWS.VSVg 1 0 0 0 1 1 0 0 0 0 0 0 0 0 
E.FLAG.VSVg 0 0 0 1 1 0 0 0 0 0 0 0 0 1 

4. Open the Single Cell Debarcoder, and when prompted by the dialog box select the correct 
saved barcode key. 

5. Click on ‘Select FCS Files’ to choose the .fcs file containing Pro-Code barcoded data (NGFR+ 
live cells). When the preliminary debarcoding is done, a plot of the cell counts of the Pro-Code 
populations will appear. This process may take several seconds, depending on the size of the 
analyzed file. 

6. To save a separate file for each Pro-Code population, in window ‘Save debarcoded fcs files’, 
choose a name and press ‘Save in Directory …’. Each file will have a new name consisting of 
the original file name and appended name of the row as entered in the barcode key. 

7. Upload the deconvoluted data on Cytobank (or other flow data analysis software) and perform 
data clean-up. Gate each file on the debarcoding parameters: mahalanobis distance and 
barcode separation threshold (adjust scales of both parameters if necessary). Gating 
stringency will differ between the samples and is dependent on Pro-Code tag combinations 
and signal separation. Here are some examples: 
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To make sure that cleanup was successful, make dot plots for each cleaned file: plot NGFR 
vs. tag, like in the example below. 

 

E.FLAG.VSVg population before clean-up:  

 

 

 

E.FLAG.VSVg population after clean-up: 

 

 
 

8. The cleaned-up data is ready for subsequent analysis. 
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Limitations 

Our protocol for generating the Pro-Code library is a general protocol for arrayed library cloning 
of 100s of individual vectors and not specific to Pro-Code vectors. This should be broadly useful, 
as there are reasons to do this instead of shotgun cloning and pooled vector production.  
Specifically, to eliminate the possibility of barcode swapping and to get a more even library 
distribution. Although generating genome-wide Pro-Code/CRISPR libraries cannot be done at the 
relative ease of DNA barcoded libraries, the Pro-Code will primarily be for more focused screens; 
concentrating on specific pathways or gene classes and targeting 100–500 genes. 

Troubleshooting 
Step Problem Possible reason Possible solution 
Part 1, step 5 No colonies Too high insert to 

vector ration 
Measure concentration 
of the annealed oligos 
and make sure not to 
use > 6-8 ng per 50 ng 
of backbone 

Colonies, but no insert 
after sequencing 

Inefficient digestion of 
the backbone with BbsI 

For long storage, keep 
BbsI in -20°C; use 
BbsI-HF for better 
stability and higher 
efficiency 

Part 2, step 10 Low lentiviral vector 
titer (<108) 

High 293T cell passage 
number 

Do not use 293T cells 
over passage 20 

High density of cells 
prior to transfection 
(>70% confluent) 

293T cells should be 
60-70% confluent prior 
to transfection 

Problems with HBS 
buffer 

Make sure pH of your 
HBS buffer is properly 
adjusted (pH 7.05-7.09) 
and the buffer aliquots 
stored at -20°C 

High cell death after the 
transfection 

CaPi-precipitated 
plasmid DNA should be 
allowed to stay on the 
cells no longer than for 
14-16 hours 

Part 3-4 Low signal to noise 
ratio for epitope tag 
staining 

Lack of Fc block during 
sample preparation 

Make sure to use either 
mouse or human Fc 
block for your stainings 

Cells are pelleting while 
staining 

Tap the samples every 
5-10 min to prevent 
cells from pelleting 

Antibodies are not 
properly titrated 

Always titrate your 
antibodies prior to use; 
the optimal dilution 
might differ for different 
cells 

 

Applications 
This work establishes a new barcoding system that enables simultaneous high-dimensional 
phenotypic analysis of 100s of genes, at single-cell resolution, with broad applications for helping 
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to advance gene annotation. Possible application include, but are not limited to: clonal tracking, 
viral tracking, functional genetic screens using CRISPR or shRNAs, spatial analysis of genetic 
screens. 

Key Resource Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Anti-mouse CD16/CD32, clone 93 eBioscience Cat#: 16-0161-82, 

RRID:AB_468898 
Human TruStain FcX Fc Receptor Blocking Solution BioLegend Cat#: 422301 

Anti-human CD271, clone C40-1457 BD Biosciences Cat#: 557194, 
RRID:AB_2152663 

Anti-HA tag 147 Sm or 148 Nd, clone 6E2, coupled in house Cell Signaling Cat#: 2367, 
RRID:AB_10691311 

Anti-V5 tag 152 Sm, clone R960-25, coupled in house Thermo Fisher 
Scientific 

Cat#: R960-25, 
RRID:AB_2556564 

Anti-DYKDDDDK (FLAG) tag 175 Lu, clone L5, coupled in 
house 

BioLegend Cat#: 637301, 
RRID:AB_1134266 

Anti-VSVg tag 158 Gd or 151 Eu, rabbit pAb, coupled in 
house 

Thermo Fisher 
Scientific 

Cat#: PA1-30138, 
RRID:AB_1961360 

Anti-E tag 154 Sm, rabbit pAb, coupled in house GenScript Cat#: A00631, 
RRID:AB_914600 

Anti-NWSHPQFEK (NWS) tag 159 Tb, clone 5A9F9, coupled 
in house 

GenScript Cat#: A01732, 
RRID:AB_2622218 

Anti-AU1 162 Dy, clone AU1, coupled in house BioLegend Cat#: 901901, 
RRID:AB_2734667 

Anti-AU5 169 Tm, clone AU5, coupled in house BioLegend Cat#: 902002, 
RRID:AB_2565015 

Anti-S tag 165 Ho or 160 Gd, goat pAb, coupled in house Abcam Cat#: ab19321,  
RRID: AB_777789 

Anti-Ollas tag 153 Eu, clone L2, coupled in house Thermo Fisher 
Scientific 

Cat#: MA5-16125, 
RRID:AB_11152481 

Anti-HSV tag, 172 Yb, coupled in house Thermo Fisher 
Scientific 

Cat#: PA1-26555, 
RRID:AB_794527 

Anti-Protein C tag, clone HPC4, coupled in house GenScript Cat#: A01774, 
RRID:AB_2744686 

Anti-HAT tag, coupled in house GenScript Cat#: A00636, 
RRID:AB_915537 

Anti-tag-100-tag tag, coupled in house GenScript Cat#: A00677, 
RRID:AB_915550 

Bacterial and Virus Strains  
TOP10 Thermo Fisher 

Scientific 
Cat#: C404003 

Chemicals, Peptides, and Recombinant Proteins 

BD Difco™ Luria Broth Base, Miller Fisher Scientific Cat#: BD244610 

Ampicilin sodium salt Fisher Scientific Cat#: BP1760-25 

Difco™ LB Agar, Miller Fisher Scientific Cat#: BD244510 

BbsI-HF restriction enzyme New England BioLabs Cat#: R3539S 

10X CutSmart buffer New England BioLabs Cat#: B7204S 

10X NEBuffer 2.1 New England BioLabs Cat#: B7202S 

Quick Ligation Kit New England BioLabs Cat#: M2200L 
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Polybrene Millipore Cat#: TR-1003-G 

Cell-ID Intercalator 103 Rh Fluidigm Cat#: 201103A 

Cell-ID Intercalator 191/193 Ir Fluidigm Cat#: 201192A 

MaxPar® Fix & Perm Buffer Fluidigm Cat#:  201067 

Critical Commercial Assays 

QIAquick PCR purification kit Qiagen Cat#: 28104 

EndoFree Plasmid Maxi Kit Qiagen Cat#: 12362 

ZR Plasmid Miniprep Classic kit Zymo Research Cat#: D4015 

MaxPar X8 Polymer Kit Fluidigm Custom made 

BD Cytofix/Cytoperm solution BD Biosciences Cat#: 554714 

EQ Four Element Calibration Beads Fluidigm Cat#: 201078 

Experimental Models: Cell Lines 

Human: 293T ATCC ATCC#: CRL-3216 

Oligonucleotides 

EF1a_FW sequencing primer: 5’ cctttttgagtttggatcttggttcat 3’ Eurofins Genomics N/A 

hU6_FW sequencing primer: 5’ gagggcctatttcccatgatt 3’ Eurofins Genomics N/A 

Software and Algorithms 

FlowJo  FlowJo, LLC https://www.flowjo.com 

Cytobank Kotecha et al https://www.cytobank.org 

Single Cell Debarcoder (updated) Fread et al., 2017 https://www.ncbi.nlm.nih.
gov/pubmed/27897009; 
https://github.com/zunde
rlab  
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