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Dr Gavin J. Wright 

Senior Group Leader 
Cell Surface Signalling Laboratory 
Wellcome Trust Sanger Institute 
Cambridge CB10 1SA 

gw2@sanger.ac.uk 

 
20th September 2019 

 Dear Dr Stephanie, 

 

I enclose a manuscript entitled “Cell surface receptor identification using genome-scale CRISPR/Cas9 genetic screens” 
to be considered for publication in Journal of Visualised Experiments.  

 
The research in my laboratory over the last decade has been centred on identifying and characterising extracellular 

interactions made by membrane-embedded receptors that are important for cellular recognition processes. This 

class of protein interactions are difficult to detect because membrane proteins are difficult to solublise in their 

native conformation, and the interactions that they mediate are often extremely transient - typically having half-

lives of just fractions of a second. The approach that we and others have adopted in the past have usually focussed 

on detecting direct interactions between receptor ectodomains expressed as soluble recombinant proteins, which, 

while broadly successful, has several limitations: 

 

- It is generally only suitable for receptors whose binding functions are retained as soluble recombinant 

molecules – primarily single-transmembrane-spanning cell surface proteins - and so the role of the 

many multi-transmembrane-spanning receptors and those receptors that contain multiple polypeptide 

chains has been largely ignored; 

- Interactions that depend on specific posttranslational modifications required that these were added in 

heterologous recombinant expression systems which is difficult to control; 

- Receptor binding domains are necessarily taken out of their native membrane context and so 

contributions made by the local environment such as the surface glycocalyx are not considered. 

 

To circumvent these technical difficulties, we developed an approach based on genome-wide gene editing 

using the CRISPR/Cas9 system that is able to elucidate the molecular nature of cell surface receptor-ligand 

interactions – see Sharma et al. Genome Res, 2018. Vol 28: p1372. We have applied this technology to identify 

novel receptors for a range of biological contexts including interactions important for internalisation of 

neuronal receptors and cell surface recognitions that regulate platelet functions. The method we have 

developed, unlike the majority of the existing methods, does not require libraries of recombinant protein and 

cDNAs, which makes is ideally suited to researchers with focussed interests. We have already had several 

interests from other groups to apply this method to identify receptors for their specific protein of interest. 

Therefore, it would be very valuable to have this method presented in a video-format to afford the possibility 

of successfully transferring this approach to other laboratories.  

 
We believe that the application of this method will make valuable contributions to our mechanistic understanding 

of how cells communicate with each other. We hope you share our enthusiasm for our work and please don’t 

hesitate to contact me if you require any additional information.  

 

Yours sincerely, 

 

 

Gavin Wright 
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SUMMARY: 20 

This manuscript describes a genome-scale cell-based screening approach to identify extracellular 21 

receptor-ligand interactions. 22 

  23 

ABSTRACT: 24 

Intercellular communication mediated by direct interactions between membrane-embedded cell 25 

surface receptors is crucial for the normal development and functioning of multicellular 26 

organisms. Detecting these interactions remains technically challenging, however. This 27 

manuscript describes a systematic genome-scale CRISPR/Cas9 knockout genetic screening 28 

approach that reveals cellular pathways required for specific cell surface recognition events. This 29 

assay utilizes recombinant proteins produced in a mammalian protein expression system as avid 30 

binding probes to identify interaction partners in a cell-based genetic screen. This method can be 31 

used to identify the genes necessary for cell surface interactions detected by recombinant 32 

binding probes corresponding to the ectodomains of membrane-embedded receptors. 33 

Importantly, given the genome-scale nature of this approach, it also has the advantage of not 34 

only identifying the direct receptor but also the cellular components that are required for the 35 

presentation of the receptor at the cell surface, thereby providing valuable insights into the 36 

biology of the receptor.  37 

 38 

INTRODUCTION: 39 

Extracellular interactions by cell surface receptor proteins direct important biological processes 40 

such as tissue organization, host-pathogen recognition, and immune regulation. Investigating 41 

these interactions is of interest to the wider biomedical community, because membrane 42 

receptors are actionable targets of systematically delivered therapeutics such as monoclonal 43 

antibodies. Despite their importance, studying these interactions remains technically 44 

Manuscript Click here to access/download;Manuscript;60803_R1_RE.docx

https://www.editorialmanager.com/jove/download.aspx?id=1165071&guid=bdc36e50-ecf3-483b-b221-d3ffe29e961b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1165071&guid=bdc36e50-ecf3-483b-b221-d3ffe29e961b&scheme=1


challenging. This is mainly because membrane-embedded receptors are amphipathic, making 45 

them difficult to isolate from biological membranes for biochemical manipulation, and their 46 

interactions are typified by the weak interaction affinities (KDs in the μM–mM range)1. 47 

Consequently, many commonly used methods are unsuitable to detect this class of protein 48 

interactions1,2.  49 

  50 

A range of methods has been developed to specifically investigate extracellular receptor-ligand 51 

interactions that take their unique biochemical properties into consideration3. A number of these 52 

approaches involve expressing the entire ectodomain of a receptor as a soluble recombinant 53 

protein in mammalian or insect cell-based systems to ensure that these proteins contain 54 

posttranslational modifications that are structurally important, such as glycans and disulfide 55 

bonds. To overcome the low-affinity binding, the ectodomains are often oligomerized to increase 56 

their binding avidity. Avid protein ectodomains have been successfully used as binding probes to 57 

identify interaction partners in direct recombinant protein-protein interaction screens4–7. While 58 

broadly successful, recombinant protein-based methods require that the ectodomain of a 59 

membrane receptor be produced as a soluble protein. Therefore, it is only generally applicable 60 

to proteins that contain a contiguous extracellular region (e.g., single-pass type I, type II, or GPI-61 

anchored) and is not generally suitable for receptor complexes and membrane proteins that span 62 

the membrane multiple times. 63 

  64 

Expression cloning techniques in which a library of complementary DNAs (cDNAs) is transfected 65 

into cells and tested for a gain-of-binding phenotype have also been used to identify extracellular 66 

protein-protein interactions8. The availability of large collections of cloned and sequenced cDNA 67 

expression plasmids in recent years has facilitated methods in which cell lines overexpressing 68 

cDNAs encoding cell surface receptors are screened for the binding of recombinant proteins to 69 

identify interactions9,10. The cDNA overexpression-based approaches, unlike recombinant 70 

protein-based methods, afford the possibility to identify interactions in the context of the plasma 71 

membrane. However, the success of using cDNA expression constructs depends on the cells’ 72 

ability to overexpress the protein in the correctly folded form, but this often requires cellular 73 

accessory factors such as transporters, chaperones, and correct oligomeric assembly. 74 

Transfecting a single cDNA might therefore not be enough to achieve cell surface expression. 75 

  76 

Screening techniques using cDNA constructs or recombinant protein probes are resource-77 

intensive and require large collections of cDNA or recombinant protein libraries. Specifically 78 

designed mass spectrometry-based methods have been utilized recently to identify extracellular 79 

interactions that do not require the assembly of large libraries. However, these techniques 80 

require chemical manipulation of the cell surface, which can alter the biochemical nature of the 81 

molecules present on the surface of the cells and are currently only applicable for interactions 82 

mediated by glycosylated proteins11, 12. The majority of the currently available methods also 83 

heavily focus on the interactions between proteins while largely ignoring the contribution from 84 

the membrane microenvironment, including molecules such as glycans, lipids, and cholesterol. 85 

  86 

The recent development of highly efficient bialleleic targeting using CRISPR-based approaches 87 

has enabled genome-scale libraries of cells lacking defined genes in a single pool that can be 88 
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screened in a systematic and unbiased way to identify cellular components involved in different 89 

contexts, including dissecting cellular signaling processes, identification of perturbations that 90 

confer resistance to drugs, toxins, and pathogens, and determining specificity of antibodies13–16. 91 

Here, we describe a genome-scale CRISPR-based knockout cell screening assay that provides an 92 

alternative to the current biochemical approaches to identify extracellular receptor-ligand 93 

interactions. This approach of identifying interactions mediated by membrane receptors by 94 

genetic screens is particularly suitable for researchers that have a focused interest on individual 95 

ligands because it avoids the need to compile large libraries of cDNAs or recombinant proteins. 96 

  97 

This assay consists of three major steps: 1) Highly avid recombinant protein binding probes 98 

consisting of the extracellular regions of a receptor of interest are produced and used in 99 

fluorescence-based flow cytometry-based binding assays; 2) The binding assays are used to 100 

identify a cell line that expresses the interaction partner of the recombinant protein probe; 3) A 101 

Cas9-expressing version of the cell line that interacts with the protein of interest is produced and 102 

a genome-scale CRISPR/Cas9-based knockout screen is performed (Figure 1). In this genetic 103 

screen, binding of a recombinant protein to cell lines is used as a measurable phenotype in which 104 

cells within the knockout library that have lost the ability to bind the probe are sorted using 105 

fluorescence-based activated cell sorting (FACS) and the genes that caused the loss of the binding 106 

phenotype identified by sequencing. In principle, the genes encoding the receptor responsible 107 

for binding the avid probe and those required for its cell surface display are identified. 108 

  109 

The first step of this protocol involves the production of avid recombinant protein probes 110 

representing the ectodomain of the membrane-bound receptors. These receptors are known to 111 

frequently retain their extracellular binding functions when their ectodomains are expressed as 112 

a recombinant soluble protein1. For a protein of interest, soluble recombinant proteins can be 113 

produced in any suitable eukaryotic protein expression system in any format provided that it can 114 

be oligomerized for increased binding avidity, and it contains tags that can be used in 115 

fluorescence-based flow cytometry-based binding assays (e.g., FLAG-tag, biotin-tag). Detailed 116 

protocols for the production of soluble ectodomains of membrane receptors using the HEK293 117 

protein expression system, as well as different multimerization techniques and the protein 118 

expression constructs for the production of both pentameric proteins and monomeric proteins 119 

have been previously described1,17. The protocol here will describe the steps for generating 120 

fluorescent avid probes from monomeric biotinylated proteins by conjugating them to 121 

streptavidin conjugated to a fluorochrome (e.g., phycoerythrin, or PE), which can be used directly 122 

in cell-based binding assays and has the advantage of not requiring a secondary antibody for 123 

detection. General protocols for performing genome-scale screens have already been 124 

described20,21, thus the protocol mainly focus on the specifics of performing flow cytometry-125 

based recombinant protein binding screens using the CRISPR/Cas9 knockout screening system 126 

using the Human V1 (“Yusa”) library18.  127 

 128 

PROTOCOL: 129 

  130 

1. Production and purification of biotinylated His-tagged proteins 131 

 132 
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1.1.  Use a mammalian or insect cell-based protein expression system to produce soluble 133 

recombinant His-tagged biotinylated proteins (see plasmid constructs in Table 1). 134 

 135 

NOTE: A detailed protocol for the production of monomeric biotin and His-tagged proteins using 136 

the HEK293 cell expression system is described by Kerr et al.17. Protein ectodomains expressed 137 

using the HEK293 expression system are secreted into the culture medium. 138 

 139 

1.2.  Collect the soluble proteins by pelleting the cells by centrifugation at 3,000 x g for 20 min. 140 

 141 

1.3.  Filter the supernatant through a 0.22 μm filter and add the Ni2+-NTA agarose beads to the 142 

filtered protein supernatant in a 1:1,000 ratio (i.e., 50 μL of 50% agarose slurry into 50 mL of 143 

supernatant). Incubate overnight or at least 4–5 h at 4 ˚C on a rotating platform. 144 

 145 

1.4.  Wash the polypropylene column by adding 5 mL of His-purification wash buffer. Refer to 146 

Table 2 for all buffer compositions. 147 

 148 

1.5.  Pour the entire bead-protein supernatant mixture into the column. Beads will accumulate 149 

at the base. 150 

 151 

1.6.  Wash the beads 2x with 15 mL of wash buffer. To avoid protein dilution, carefully draw the 152 

residual wash buffer from the column with a 5 mL syringe and discard. 153 

 154 

1.7.  Carefully add 300–500 μL of His-purification elution buffer directly to the beads and 155 

incubate for at least 1 h. Collect the eluted protein by again carefully drawing out the liquid using 156 

a 1 mL syringe. Exchange the elution buffer to the desired buffer (e.g., normally PBS or HBS) using 157 

desalting columns. Store all proteins at 4 ˚C until further use. 158 

  159 

2. Quantification and oligomerization of monomeric biotinylated protein 160 

 161 

NOTE: To increase the binding avidity, oligomerize biotinylated monomeric proteins on 162 

tetrameric streptavidin-PE before using them in binding assays. Achieve optimal conjugation 163 

ratios of monomeric proteins and tetrameric streptavidin-PE by testing a dilution series of 164 

biotinylated monomers against a fixed concentration of streptavidin and by empirically 165 

establishing the minimum dilution at which no excess biotinylated monomers can be detected.  166 

 167 

2.1. Make at least eight serial dilutions of biotinylated protein samples using an appropriate 168 

dilution buffer (either PBS or HBS with 1% bovine serum albumin [BSA]) in a 96 well plate. Ensure 169 

that the final volume of each dilution is at least 200 μL. 170 

 171 

2.2. Make a duplicate plate of the samples by removing 100 μL from each well and transferring 172 

into a new 96 well plate. Always include a control. In this case controls are tag-only proteins (i.e., 173 

biotinylated His-tagged Cd4 domain 3+4 protein). This will be used as a control probe in all 174 

binding assays. 175 

 176 
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2.3. Dilute streptavidin-PE to 0.1 μg/mL in the dilution buffer. 177 

 178 

2.4. On just one of the plates, add 100 μL of the diluted streptavidin-PE. The duplicate plate will 179 

serve as a control. Add 100 μL of dilution buffer in the control plate to equalize volumes. 180 

 181 

2.5. Incubate for 20 min at room temperature (RT). In the meantime, block the wells of a 182 

streptavidin-coated plate with the dilution buffer for 15 min. 183 

 184 

2.6. Transfer the total volume of the sample from both plates to individual wells of the 185 

streptavidin-coated plates and incubate for 1 h at RT. 186 

 187 

2.7. Wash the plate 3x with 200 μL of wash buffer (i.e., either PBS or HBS with 0.1% Tween-20, 188 

2% BSA). Add 100 μL of 2 μg/mL mouse anti-rat Cd4d3+4 IgG (OX68) and incubate for 1 h at RT. 189 

 190 

2.8. Wash the plate 3x with the wash buffer. Add 100 μL of an anti-mouse alkaline phosphatase 191 

conjugate at 0.2 μg/mL for 1 h at RT. 192 

 193 

2.9. Wash the plate 3x with wash buffer and 1x in dilution buffer. 194 

 195 

2.10. Prepare p-nitrophenyl phosphate at 1 mg/mL in diethanolamine buffer. Add 100 μL in each 196 

well and incubate for 15 min. 197 

 198 

2.11. Take absorbance readings at 405 nm. Use the minimum dilution at which there is no signal 199 

on the plate as the appropriate dilution factor to create tetramers (Figure 2). 200 

 201 

2.12. Make a 10x tetramer staining solution for all samples and controls by incubating 4 μg/mL 202 

streptavidin-PE and the appropriate biotinylated protein dilution for 30 min at RT. Store 203 

conjugated proteins in a light-protected tube at 4 ˚C until further use. 204 

  205 

3. Flow cytometry-based cell binding assays 206 

 207 

3.1. For adherent cells, remove culture media and wash 1x with PBS without divalent cations. 208 

Then add cell detachment solutions (e.g., EDTA). Allow the cells to detach for 5–10 min. Gently 209 

tap the flask to release the cells.  210 

 211 

NOTE: Avoid using trypsin-based products as they can cleave cell surface proteins. 212 

  213 

3.2. Collect detached cells into a tube. For cells growing in suspension (e.g., HEK293 cells), directly 214 

collect the cells from culture flasks into a tube. 215 

 216 

3.3. Pellet cells at 200 x g for 5 min. Remove the supernatant and resuspend the pellet in wash 217 

buffer (i.e., PBS/1% BSA). 218 

 219 



3.4. Count the cells using a hemocytometer and adjust the concentration to 2.5 x 105–1 x 106 220 

cells/mL. Aliquot 100 μL of prepared cell mix on a 96 well U- or V- bottomed plate. Spin the plate 221 

for 5 min at 400 x g. Remove the supernatant with a multichannel pipette. 222 

 223 

3.5. Add 100 μL of normalized fluorescently labeled highly avid protein probes and controls into 224 

the previously prepared plates with cells and incubate for 1 h at 4 ˚C. After binding for 1 h, spin 225 

the plate at 400 x g for 5 min. 226 

 227 

3.6. Remove the supernatant and add 200 μL of wash buffer (i.e., PBS/1% BSA). Mix well by 228 

pipetting up and down. 229 

 230 

3.7. Pellet the cells by centrifugation at 400 x g for 5 min. Repeat the wash step 1x. After two 231 

washes, completely remove the supernatant and resuspend the cell pellet in 100 μL of PBS. 232 

 233 

3.8. Analyze the cells by flow cytometry. Use the yellow-green laser (i.e., 561 nm) to detect PE 234 

fluorescence. 235 

 236 

3.8.1. First analyze the cells that have been stained with the control probe. Based on the 237 

distribution of PE fluorescence, draw a gate for binding population such that no more than 1% of 238 

the control cell falls in this gate. 239 

 240 

3.8.2. Analyze the sample and determine the fraction of cells that falls in the binding gate. 241 

 242 

NOTE: Cell lines that display a higher binding population are desired for genetic screens, as they 243 

have a higher signal-to-noise ratio. Ideally over 80% of the cells should fall within this gate. 244 

  245 

4. Determining binding contributions from heat labile epitopes and heparan sulphate 246 

sidechains 247 

 248 

NOTE: The activity of many proteins is heat labile, so loss of binding activity following heat 249 

treatment is encouraging. It is advised to determine the contribution from negatively charged 250 

glycosaminoglycans, mainly heparan sulphate (HS), in mediating binding of the recombinant 251 

proteins. This is because the binding by HS in the cell binding assay described here can be additive 252 

rather than codependent on other receptors19. This means that the observed binding could be 253 

entirely mediated by HS side chains of cell surface proteoglycans and not by a specific receptor. 254 

Binding to HS on the cell surface is not necessarily nonspecific, but rather a property of a protein, 255 

which is useful to know before performing a full genetic screen.  256 

  257 

4.1. Prepare heat-treated protein samples to use in binding assays. 258 

 259 

4.1.1. Heat the normalized but unconjugated monomeric protein at 80 ˚C for 10 min. 260 

 261 

4.1.2. Conjugate the heat-treated protein to streptavidin-PE assuming the same conjugation 262 

ratio as its untreated counterpart as determined by ELISA (refer to section 2). 263 
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 264 

4.2. Prepare heparin-blocked protein samples. 265 

 266 

4.2.1. Prepare eight 1:3 dilutions of soluble heparin in PBS with a starting concentration of 2 267 

mg/mL and final volume of 100 μL. 268 

 269 

4.2.2. Incubate 100 μL of prepared binding probes in the heparin dilutions for at least 30 min. 270 

 271 

4.3. Use heat-treated protein and the full 200 μL of heparin/protein mixture in the binding assays 272 

described in section 3. Representative results are shown in Figure 3A,B. 273 

 274 

5. Selection of cell lines stably expressing Cas9 275 

 276 

NOTE: Before the cell line that binds the probe of interest can be used in CRISPR screening, it 277 

must first be engineered to express the Cas9 nuclease and a highly active clone selected19.  278 

 279 

5.1. Use the following general lentivirus production protocol to produce lentivirus using the 280 

lentiviral construct for Cas9 expression (refer to Table 1). 281 

 282 

5.1.1. Culture HEK293-FT cells in DMEM/10% FBS media at 37 ˚C and 5% CO2. Seed HEK293-FT 283 

cells 1 day prior to transfection so that they are ~80% confluent on the day of transfection. 284 

 285 

NOTE: HEK293FT cells are loosely adherent; therefore, when they are used for production of 286 

lentiviruses, consider plating them on culture flasks coated with 0.1% (w/v) gelatin to increase 287 

adherence. 288 

 289 

5.1.2. Perform transfections in the morning. Add transfer vector, packaging mix, and transfection 290 

reagent into prewarmed transfection compatible media (e.g., Opti-MEM). Mix by inverting the 291 

tube 10–15x. Incubate for 5 min at RT. Refer to Table 3 for exact volumes. 292 

 293 

5.1.3. Add the transfection reagent as suggested by the manufacturer. Mix by quick vortexing. 294 

Incubate for 30 min at RT. 295 

 296 

5.1.4.  Very carefully aspirate the spent medium. Add transfection compatible media to plate. 297 

 298 

5.1.5. Add the transfection reagent/DNA complexes dropwise onto the side of the plate and 299 

slowly spread through the plate by swirling very gently. 300 

 301 

5.1.6. Incubate at 37 °C for 3–5 h and replace the medium with D10 medium. Incubate overnight. 302 

 303 

5.1.7. Next day in the morning, replace the medium with fresh D10 medium. Incubate overnight. 304 

 305 
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5.1.8. Next day late in the afternoon, collect the viral supernatant. Filter with a 0.45 µm filter 306 

with low protein binding. Optionally, add fresh D10 medium, incubate overnight and recollect 307 

the supernatant the next day. 308 

 309 

5.1.9. Virus supernatants are stable at 4 ˚C for only for a few days. Store at -80 ˚C for long-term 310 

storage. 311 

 312 

NOTE: To generate a highly concentrated lentiviral preparation, which could be desirable for the 313 

transduction of difficult to transduce cells, supernatants can also be concentrated by 314 

centrifugation at 6,000 x g overnight at 4 °C. Mark the translucent viral pellet with an ethanol-315 

resistant pen and discard the supernatant. Resuspend the pellet in 1/100th of the original volume 316 

for a 100x increase in the concentration. 317 

  318 

5.2. Transduce the cells with lentiviruses. 319 

 320 

5.2.1. Plate 1 x 106 cells per well in a 6 well plate with 3 mL of appropriate culture media. Some 321 

cells are more readily transduced than others. For easy to transduce cells (e.g., HEK cells), directly 322 

add the lentivirus to the cells. For difficult to transduce cells, it might be necessary to follow a 323 

spinoculation protocol as described below. 324 

 325 

5.2.1.1. Aliquot 2 mL of 2–5 x 106 cells/mL in a 15 mL conical tube. 326 

 327 

5.2.1.2. Add lentivirus together with 8 μg/mL hexadimethrine bromide and incubate at RT for 30 328 

min. 329 

 330 

5.2.1.3. Centrifuge for 100 min at 800 x g at 32 °C. Then resuspended the cells in the same media 331 

and add the cell suspension into appropriate culture flasks with appropriate media. 332 

 333 

5.2.2. Allow transductions for at least 24 h. Afterwards remove the media containing the virus 334 

and add fresh medium. 335 

 336 

5.2.3. After another 24 h, change the media to one that is supplemented with the appropriate 337 

antibiotics. The Cas9 construct contains a blasticidin resistance cassette for selection. 338 

 339 

NOTE: The amount of blasticidin must be optimized for each cell line by performing a dose 340 

response kill curve. A blasticidin concentration between 2.5–50 μg/mL should kill most 341 

untransduced cell lines within 10 days of transduction. 342 

 343 

5.3. Perform selection until all cells in the control plate (i.e., nontransduced cells that have been 344 

treated with the same concentration of selection antibiotics) are killed. 345 

 346 

6. Selecting high Cas9-activity clones 347 

 348 



NOTE: Polyclonal Cas9 can be used to successfully perform genetic screens; however, selecting a 349 

clone with high Cas9 activity improves the screening results18. 350 

 351 

6.1. Use limiting dilution or single-cell sort individual blasticidin-resistant cells into wells of three 352 

96 well plates containing culture media supplemented with blasticidin. Clones will start to 353 

emerge between 2–4 weeks. Select 10–20 clones and expand in 6 well plates. 354 

 355 

6.2. Assay the clones for Cas9 activity using the quick-to-assess GFP-BFP (green fluorescent 356 

protein-blue fluorescent protein) system, which uses an exogenous gene knockout system in 357 

which cells are transduced either with a construct expressing GFP with a gRNA-targeting GFP or 358 

an empty gRNA as a control18. 359 

 360 

6.2.1. Order reporter plasmids: GFP-BFP plasmid, Control-BFP plasmid (Table 1). 361 

 362 

6.2.2. Produce lentivirus for both the GFP-BFP plasmid and Control-BFP plasmid using the 363 

lentivirus production protocol described in section 5.1. 364 

 365 

6.2.3. Transduce each Cas9-expressing cell line clone with the lentivirus encoding the GFP-BFP 366 

system and Control-BFP separately. Follow the protocol in section 5.2. 367 

 368 

6.2.4. After 3 days of transduction, examine the GFP-BFP fluorescence of each clone using flow 369 

cytometry. Use 488 nm laser and 405 nm laser to detect GFP and BFP respectively. 370 

 371 

6.2.5. Quantitate the Cas9 activity in each clone by examining the ratio of BFP only to GFP-BFP-372 

double positive cells. High activity Cas9 cells should ideally have >95% GFP knockout efficiency 373 

(Figure 4). 374 

  375 

7. Generation of genome-wide CRISPR-Cas9 screening knockout library 376 

 377 

7.1. For the genome-wide screening using the Human V1 library18, order the genome-wide library 378 

(refer to Table 1) and prepare the plasmid library from the bacterial stab using the protocol 379 

provided under "Protocols for Library Replication" in the manufacturer’s manual. 380 

 381 

7.2. Use the genome-wide library plasmid preparation to produce a lentiviral library encoding 382 

gRNAs for targeted disruption of human genes using the lentivirus production protocol described 383 

in section 5.1. 384 

 385 

NOTE: A good practice is to produce a single batch of lentiviral preparation that is optimized for 386 

transduction to improve experimental consistency. 387 

  388 

7.3. Use the transduction protocol in section 5.2 to perform small scale test transductions to 389 

determine the required amount of virus for each cell line to achieve 30% transduction. Use flow 390 

cytometry to assess BFP fluorescence as a proxy for transduction efficiency. 391 

 392 
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7.4. To transduce HEK293 cells, simply add the predetermined lentiviral preparation to 30–50 x 393 

106 cells cultured in normal growth media for ~4 h. Then remove the media with lentivirus and 394 

replace with fresh growth media. 395 

 396 

7.5. For other cell lines, use the spinoculation protocol in section 5.2.1 but at a larger scale, such 397 

that a total of 30–50 x 106 cells are transduced. For this, aliquot 2 mL of 5 x 106 cells/mL in a 15 398 

mL conical tube and proceed as indicated. 399 

 400 

7.6. For adherent cell lines, select transduced cells by adding puromycin 24 h after transduction. 401 

 402 

NOTE: Optimize puromycin concentrations by performing a dose response kill curve. Normally 403 

concentrations between 1–10 μg/mL should kill nontransduced cells within 3–5 days. Avoid using 404 

higher concentrations of puromycin because this may increase the chances of selecting cells that 405 

have been transduced by more than one single guide RNA (sgRNA). 406 

 407 

7.7. For suspension cells, harvest transduced (i.e., BFP positive) cells 3 days posttransduction 408 

using a cell sorter and generate libraries that contain at least 10 x 106 cells. Once selected using 409 

BFP, grow the cells in media supplemented with appropriate amount of puromycin.  410 

 411 

NOTE: Avoid selections only with puromycin for suspension cell lines, because it is difficult to 412 

remove dead cells and debris from suspension cell cultures that can interfere with cell sorting. 413 

 414 

7.8. Culture mutant library for 9–16 days posttransduction with regular passage every 2–3 days. 415 

 416 

8. Genetic screening for cell surface binding 417 

 418 

8.1. Pellet the mutant cell library at 200 x g for 5 min and resuspend the cells in PBS. 419 

 420 

8.2. Divide the cells into two 15 mL conical tubes with at least 50 x 106 cells in each tube. 421 

 422 

8.3. Spin one conical tube at 200 x g for 5 min, remove the supernatant, and freeze the cell pellet 423 

at -20 °C. This is the control population and will be processed later. 424 

 425 

8.4. Resuspend the pellet in the other tube in 10 mL of PBS/1% BSA. Set aside 100 μL of cells as 426 

a negative control on a 96 well plate. 427 

 428 

8.5. Add the appropriate preconjugated recombinant protein to the cell suspension in the conical 429 

tube and negative control proteins to the 96 well plate. 430 

 431 

8.6. Perform cell staining for at least 1 h at 4 °C on a benchtop rotor with gentle rotation (6 rpm). 432 

 433 

8.7. Pellet the cells at 200 x g for 5 min, remove the supernatant. Perform two wash steps, then 434 

resuspend the cells in 5 mL of PBS. 435 

 436 



8.8. Strain the cells though a 30 μm cell strainer to remove cell clusters. Analyze using a flow 437 

sorter. 438 

 439 

8.9. Use the negative control sample to gate for BFP+/PE- cells. 440 

 441 

8.10. Sort the sample and collect the BFP+/PE- cells. The sort gates will depend on the binding of 442 

the cells to the protein but is normally 1–5% of the PE negative samples are collected. An example 443 

of a sorting gate is provided in Supplementary Figure 1. 444 

 445 

8.11. Collect 500,000–1,000,000 cells from the selected gate. Given the low number of cells, 446 

consider collecting the samples in a 1.5 mL centrifugation tube to minimize losses. 447 

  448 

8.12. Pellet the sorted cells by centrifuging at 500 x g for 5 min. Carefully remove the supernatant 449 

and discard. It is possible to store the pellet at -20 °C for up to 6 months. 450 

  451 

9. Genomic DNA extraction and first PCR for gRNA enrichment 452 

 453 

9.1. Extract genomic DNA from high-complexity control population. 454 

 455 

9.1.1. If the control population was frozen at -20 °C, take out the conical tube and add PBS. Keep 456 

on ice to thaw the pellet. 457 

 458 

9.1.2. Use a commercial kit (see Table of Materials) using the manufacturer's recommendations 459 

to extract genomic DNA from 50 x 106 cells. Adjust the DNA concentration to 1 mg/mL. 460 

 461 

9.1.3. For each sample, set up a master mix for PCR corresponding to 72 μg of DNA. Aliquot 50 462 

μL per well in 36 wells of a 96 well PCR plate. The necessary primer sequences are listed in Table 463 

4. Use the guide in Table 5 and 6. 464 

 465 

9.1.4. Resolve 5 μL of the PCR from 6–12 representative samples on a 2% (w/v) agarose gel. A 466 

single clear band at ~250 bp should be observed. If the bands are faint, repeat the PCR for an 467 

additional 2–3 cycles. 468 

 469 

9.1.5. Use a multichannel pipette to collect 5 μL of PCR products from each well (180 μL in total) 470 

and pool them in a reservoir with 900 μL of binding buffer from a commercial kit (see Table of 471 

Materials). 472 

 473 

9.1.6. Purify the PCR products using a commercial PCR purification kit. Elute DNA into 50 μL of 474 

elution buffer from a commercial kit (see Table of Materials) and measure the DNA 475 

concentration. 476 

  477 

9.2. Samples that have been sorted for the loss of binding phenotype are unlikely to be composed 478 

of a large number of independent clones. Therefore, it is not necessary to perform PCR with 72 479 

μg of DNA. Isolate the DNA using an appropriate commercial kit (see Table of Materials). Set up 480 



3–4 PCR reactions using the protocol described before (section 9.1.3) with 100 ng/μL DNA. If the 481 

sorted cell number is less than 100,000 use cell lysates instead of genomic DNA preparations. 482 

 483 

9.2.1. Aliquot approximately 10,000 cells/well in a 96 well PCR plate. 484 

 485 

9.2.2. Pellet the cells in the plate and carefully remove most of the supernatant. The pellet will 486 

not be visible. 487 

 488 

9.2.3. Add 25 μL of water in each well and heat the samples at 95 °C for 10 min. 489 

 490 

9.2.4. Add 5 μL of 2 mg/mL freshly diluted proteinase K to each well for 1 h and incubate at 56 491 

°C. Then heat the sample for 10 min at 95 °C to inactivate the proteinase K. 492 

 493 

9.2.5. Use 10 μL of cell lysate mixture per PCR reaction. Lysates should be used within 24 h. 494 

  495 

10. Second round of PCR for index barcoding and sequencing 496 

 497 

10.1. Dilute the products from the first round PCR to 40 pg/μL. 498 

 499 

10.2. Set up one PCR per sample (use the guide provided in Tables 7 and 8). The use of a high-500 

fidelity polymerase is important to minimize errors introduced by the polymerase during sgRNA 501 

amplification. 502 

 503 

10.3. Resolve 5 μL of PCR products on a 2% (w/v) agarose gel. A single clear band at ~330 bps 504 

should be observed. 505 

 506 

10.4. Purify PCR products using paramagnetic beads by adding 31.5 μL of (0.7x total volume) of 507 

resuspended beads to the PCR products, mixing well, and incubating for 5 min at RT. 508 

 509 

10.5. Place the tube on a magnetic rack for 3 min. The beads should be captured on the side of 510 

the plate and the solution should be clear. Carefully remove and discard the supernatant. 511 

 512 

10.6. Add 150 µl of 80% freshly prepared ethanol to the tube. Incubate for 30 s, and then carefully 513 

remove and discard the supernatant. 514 

 515 

10.7. Repeat step 13.6, this time with 180 µL. Then air dry the beads for 5 min. 516 

 517 

10.8. Remove the tube from the magnet. Elute DNA target from beads into 35 μL of sterile EB 518 

buffer. Incubate for 3 min, then put the tube back in the magnetic rack for 3 min. 519 

 520 

10.9. Transfer approximately 30 μL of the supernatant containing the eluted PCR products to a 521 

clean tube. 522 

 523 



10.10. Sequence the samples on a next-generation sequencing platform. For the HumanV1 gRNA 524 

library, use the custom primer listed in Table 4 to sequence 19 bp. 525 

 526 

11. Bioinformatics analysis to identify the receptor and related pathways 527 

 528 

11.1. Map sequences from sorted and unsorted population to the reference library using the 529 

count function of MAGeCK. The function will yield a raw count file (Supplementary Table 1). 530 

 531 

NOTE: Detailed instructions on the installation of MAGeCK and the usage of different functions 532 

within MAGeCK are described in a previously published protocol by Wang et al.20. 533 

 534 

11.2. Check the technical standard of the control library used in the screen.  535 

 536 

11.2.1. Median normalize the raw counts and use the ggplot2 package in R21 or equivalent 537 

software to plot an empirical cumulative density function plot of the counts in plasmid and 538 

control unsorted samples (Figure 5A).  539 

 540 

11.2.2. Run the -test function of MAGeCK using counts from plasmid population as "control" and 541 

the counts from unsorted control samples as the "test" sample. The function is will yield a gene 542 

summary file (Supplementary Table 1). 543 

 544 

11.2.3. Open the gene summary file and draw the distribution of log-fold-changes (neg|lfc 545 

column) for previously categorized essential and nonessential genes22 (Figure 5B).  546 

 547 

11.2.4. Select significantly depleted genes (neg|fdr < 0.05) and perform pathway enrichment 548 

analysis using the enrichr23 package or any equivalent pathway enrichment packages in R (Figure 549 

5C). 550 

 551 

11.3. Run the -test function of MAGeCK with default setting. Use raw counts from unsorted 552 

control sample as "control" and counts from sorted sample as "treatment" when performing the 553 

analysis. 554 

 555 

11.4. Open the gene summary file generated by MAGeCK and rank the pos|rank column in 556 

ascending order. Use FDR (pos|fdr column) < 0.05 as a cutoff for identification of hits. The 557 

receptor is usually ranked highly, often in the first position. 558 

 559 

11.5. Plot the Robust-Ranking-Algorithm (RRA) scores for positive selection (pos|score) in R or 560 

an equivalent software (Figure 5D). 561 

 562 

11.6. Select the gene hits and perform pathway enrichment analysis using the enrichr package 563 

or any equivalent pathway enrichment packages in R to identify the enriched pathways. 564 

 565 

REPRESENTATIVE RESULTS: 566 

  567 
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Sequencing data from two representative genome-scale knockout screens for the identification 568 

of the binding partner of human TNFSF9 and P. falciparum RH5 performed in NCI-SNU-1 and 569 

HEK293 cells respectively are provided (Supplementary Table 1). The binding behavior of RH5 570 

was affected by both heparan sulphate and its known receptor BSG24 (Figure 3C), whereas 571 

TNFRSF9 specifically bound to its known receptor TNFSF9 and did not lose binding upon 572 

preincubation with soluble heparin. Protein 3 in Figure 3B represents TNFRSF9. 573 

  574 

For both cell lines, the distribution of gRNAs in the control mutant library after 3 days (9, 14, and 575 

16 days posttransduction) are also provided (Supplementary Table 1). The gRNA distribution 576 

revealed that the library complexity was maintained throughout the course of the experiment 577 

(Figure 5A). The genetic screen for the identification of the ligand for TNFSF9 was performed on 578 

day 14 posttransduction, whereas that for RH5 was performed day 9 posttransduction. The 579 

technical quality of the screens was assessed by examining the distribution of observed fold-580 

changes of gRNAs targeting a reference set of nonessential genes compared to the distribution 581 

for reference set of essential genes22 (Figure 5B). In addition, pathway-level enrichment also 582 

revealed that expected essential pathways were identified and significantly enriched in the 583 

"drop-out" population when comparing the control sample to the original plasmid library. An 584 

example with day 14 NCI-SNU-1 sample is depicted in Figure 5C. 585 

  586 

The distribution of the gRNAs in the control versus sorted population using the -test function of 587 

MAGeCK (see Supplementary Table 1 for the gene summary output from MAGeCK) was used to 588 

identify the receptor from the phenotypic screens. The modified RRA score reported by MAGeCK 589 

in the gene-level analysis is plotted against the genes ranked by p values. The RRA score in 590 

MAGeCK provides a measure in which gRNAs are ranked consistently higher than expected. In 591 

the screen for TNFRSF9, the top hit was TNFSF9, which is a known binding partner of TNFRSF9 592 

(Figure 5D). In addition, a number of genes related to the TP53 pathway were also identified. In 593 

the case of RH5, in addition to the known receptor (BSG) and the gene required for the 594 

production of the sulfated GAGs (SLC35B2), an additional gene (SLC16A1) was also identified 595 

(Figure 5E). SLC16A1 is a chaperone required for trafficking BSG to the surface of cells25. 596 

Together, these results demonstrate the ability of the screen to identify directly interacting 597 

receptors and the cellular components required for that receptor to be expressed on the surface 598 

of the cells in a functional form. 599 

 600 

FIGURE AND TABLE LEGENDS: 601 

Figure 1: Overview of the genetic screening approach to identify cell surface receptors. This 602 

assay consists of three major steps: First, recombinant proteins representing the ectodomain of 603 

cell surface receptors are expressed in a cell line that can add structurally critical 604 

posttranslational modifications such as HEK293 cells. Monomeric protein ectodomains are 605 

oligomerized by conjugating to streptavidin-PE to increase their binding avidity. Second, these 606 

avid probes are used in cellular binding assays where bright staining on the cell lines indicated 607 

by a prominent shift in PE fluorescence (in green) compared to a negative control protein (in 608 

black) demonstrates the presence of a cell surface binding partner. Third, receptor-positive 609 

Cas9-expressing cell lines are selected and genome-scale screening using gRNAs targeting the 610 

vast majority of protein-coding genes is performed. While generating mutant libraries, it is 611 

https://paperpile.com/c/Kvcfvr/60RcQ
https://paperpile.com/c/Kvcfvr/sORfe


common to use 30% transduction efficiency, which is based on the Poisson distribution 612 

probability that ensures each cell receives a single gRNA such that the resultant phenotype is 613 

attributed to a specific knockout. The BFP marker expressed by the transduced cells is used to 614 

select cells containing gRNAs using FACS. Phenotypic screens are performed between 9–16 days 615 

posttransduction. On the day of the screen, the total mutant cell population is divided into two. 616 

One half is kept as the control population and the other half is selected for recombinant protein 617 

binding. The cells from the mutant library that are no longer able to bind the recombinant 618 

protein are sorted using FACS and the enrichment of gRNAs in the sorted versus control 619 

population is used to identify genes required for cell surface binding of the labeled avid probe. 620 

Steps in the protocol that require considerable time are indicated. This figure has been 621 

modified from Sharma et al.19. 622 

  623 

Figure 2: Establishing the ratios of biotinylated protein to streptavidin-PE using an ELISA-based 624 

method. An example of streptavidin-PE conjugation strategy used to generate an avid probe from 625 

a biotinylated monomeric protein. A dilution series of biotinylated monomers was incubated 626 

against a fixed concentration of streptavidin. The minimum dilution at which no excess 627 

biotinylated monomers can be detected was determined by ELISA. ELISA was performed with or 628 

without preincubating a range of protein dilutions with 10 ng of streptavidin-PE. In the presence 629 

of streptavidin-PE, the minimum dilution at which no signal was identified (circled black) and the 630 

amount of protein required for the saturation was calculated to generate a 10x stock solution 631 

with 4 μg/mL streptavidin-PE. 632 

  633 

Figure 3: Representative binding of proteins to cell lines. (A) Protein binding to cell lines had a 634 

clear increase in cell-associated fluorescence compared to the control sample. Heat treatment 635 

(80 °C for 10 min) of recombinant protein abrogated all binding back to a negative control, 636 

demonstrating that the binding behavior was dependent on correctly folded protein. (B) 637 

Different classes of protein binding behavior to cell surfaces; dependence on GAGs. From left to 638 

right, the proteins can be classified into three types: Protein type 1 only adsorbs to HS. These 639 

proteins lose their binding after preincubation with heparin concentrations over 0.2 mg/mL. 640 

Protein type 2 binds to HS in addition to a specific receptor. These proteins lose partial binding 641 

in the preblocking experiments. Protein type 3 does not bind HS. These proteins do not lose 642 

binding compared to parental lines. (C) An example of a protein (i.e., RH5) that binds to HS and a 643 

specific receptor in an additive manner. Targeting either the receptor (i.e., BSG) or enzymes 644 

required for HS synthesis (e.g., SLC35B2, EXTL3) only partially reduces the binding of RH5 to cells 645 

relative to controls. Transduced polyclonal lines can be used in such experiments to establish 646 

binding behavior. This figure has been modified from Sharma et al.19.  647 

 648 

Figure 4: Selecting clonal cell lines with high Cas9 activity. Genome-editing efficiency of both 649 

polyclonal and cloned lines of NCI-SNU-1 cell lines were assessed using the GFP-BFP reporter 650 

system, in which cell lines were transduced with viruses with a gRNA-targeting plasmid encoded 651 

GFP or without (i.e., "empty"). A schematic is depicted. Flow cytometry was used to test both 652 

BFP and GFP expression after transduction and compared to uninfected control. GFP expression 653 

was used as a proxy for Cas9 activity, whereas BFP expression marked transduced cells. The 654 

profile for uninfected and empty infected cells looked similar for all clones. Representative 655 
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profiles are depicted in the left panel. All five clones of the NCI-SNU-1 cell line showed a higher 656 

loss of GFP compared to the polyclonal line (right panel), with clone 4 showing the highest 657 

efficiency with the lowest refractory population. This figure has been modified from Sharma et 658 

al.19. 659 

  660 

Figure 5: Representative results from genetic screens for the identification of the cell surface 661 

binding partners. (A) Cumulative distribution function plots comparing the gRNA abundance in 662 

the plasmid library to the mutant libraries of HEK-293-E and NCI-SNU-1 cells on day 9, 14, and 16 663 

days posttransduction. For any given number, cumulative density function reports the percent of 664 

datapoints that were below that threshold. The small shift of the mutant cell population 665 

compared to the original plasmid population represents the depletion in a subset of gRNAs 666 

compared to the plasmid library. (B) Distribution of log-fold changes in genes that have been 667 

previously categorized as being essential (red) or nonessential (black) in the HEK293 and NCI-668 

SNU-1 cell lines. The distribution of fold-changes for nonessential genes centered at ~0, whereas 669 

that for essential genes shifted to the left towards negative fold changes. (C) Significantly 670 

enriched pathways in genes depleted in NCI-SNU-1 mutant control population 14 days 671 

posttransduction. Expected known cell-essential pathways were identified. (D) Robust Rank 672 

Algorithm (RRA)-score for genes that were enriched in the sorted cells that had lost the ability to 673 

bind the TNFRSF9 probe. Genes were ranked according to the RRA-score. The known interaction 674 

partner TNFSF9 and genes related to the TP53 pathway (labeled in red) were identified in the 675 

screen. (E) Rank-ordered RRA-scores for genes identified from gRNA enrichment analysis 676 

required for RH5 binding to HEK293 cells (left panel). SLC35B2 and SLC16A1 were identified 677 

within a false-discovery-rate (FDR) threshold of 5%. Two additional genes in the HS biosynthesis 678 

pathway (i.e., EXTL3 and NDST1) were identified within FDR of 25%. Schematic depicting the 679 

general GAG biosynthesis pathway with the relevant genes mapped to the corresponding steps 680 

(panel 2). Genes required for the commitment to chondroitin sulphate biogenesis (i.e., 681 

CSGALNACT1/2) were not identified in the screen. This figure has been modified from Sharma et 682 

al.19. 683 

 684 

Table 1. Plasmids used in this approach. 685 

  686 

Table 2: Buffers required for this study. 687 

  688 

Table 3. Amounts and volumes of reagents for lentivirus packaging mix. 689 

  690 

Table 4: Primer sequences for amplifying gRNA and NGS. 691 

  692 

Table 5: PCR for the amplification of gRNAs from high complexity samples. 693 

  694 

Table 6: PCR conditions for the first PCR. 695 

  696 

Table 7: PCR for the index tagging of sgRNAs from genetic screens. 697 

  698 

Table 8: PCR conditions for second PCR. 699 
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  700 

  701 

Supplementary Figure S1: A guide to drawing gates for sorting the nonbinding population. (A) 702 

An ideal protein candidate for screening should have a clear shift of binding population compared 703 

to the control population and the binding should be retained on cells lacking machinery for HS 704 

biosynthesis. A heparin blocking experiment can be used in place of testing on SLC35B2 targeted 705 

cell lines. (B) Cells lacking the surface staining from the protein ectodomain but expressing BFP 706 

fluorescence from lentiviral transduction were collected. The cells displayed are from a screen 707 

for the identification of receptor for GABBR222. This figure has been modified from Sharma et 708 

al.19. 709 

  710 

Supplementary Figure S2: Cell surface glycoprotein transcriptomics based PCA plot using RNA-711 

seq data from over 1,000 cancer cell lines. Cell lines from Cell Model Passport27 were clustered 712 

using K-means clustering according to the FPKM values of ~1,500 cell surface glycoproteins. 713 

Representative cell lines from each cluster are labeled. Cluster 5 was entirely composed of cell 714 

lines of hematopoietic origin (also see Supplementary Table 2). 715 

  716 

Supplementary Figure S3: Essentiality scores for KEGG-annotation protein export and N-linked 717 

glycosylation genes from project scores. Adjusted Bayes-essentiality scores for ~330 cell lines 718 

(columns, not labeled) are plotted for genes of protein export and N-linked glycosylation pathway 719 

(X-axis). Scores higher than 0 represent significant depletion in the mutant population compared 720 

to the original plasmid library. The genes can be divided into three distinct clusters that represent 721 

different levels of essentiality in the cell lines. This clustering can be used to decide the day of 722 

sorting. If the screen is performed at a late time point (day 16), it is possible that genes that are 723 

known to be essential for cells (clusters 1 and 3) will not be identified. 724 

  725 

Supplementary Table 1: Raw count files for and MAGeCK software generated gene_summary 726 

files related to the representative genetic screens. 727 

  728 

Supplementary Table 2: Clustering of cell lines according to the expression of cell surface 729 

receptors.  730 

  731 

DISCUSSION: 732 

A CRISPR-based screening strategy to identify genes encoding cellular components involved in 733 

cellular recognition is described. A similar approach using CRISPR activation also provides a 734 

genetic alternative to identify directly interacting receptors of recombinant proteins without the 735 

need to generate large protein libraries26. However, one major advantage of this approach is that 736 

it is applicable to interactions mediated by surface molecules natively displayed on the cell and 737 

does not depend on the overexpression of receptors, which can influence the binding avidity of 738 

the receptor. Unlike other methods, therefore, this technique makes no assumptions regarding 739 

the biochemical nature or cell biology of the receptors and provides an opportunity to study 740 

interactions mediated by proteins that are normally difficult to study using biochemical 741 

approaches, such as very large proteins, or those that traverse the membrane multiple times or 742 

form complexes with other proteins, and molecules other than proteins such as glycans, 743 
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glycolipids, and phospholipids. Given the genome-scale nature of the method, this approach also 744 

has the advantage of not only identifying the receptor but also additional cellular components 745 

that are required for the binding event, thereby providing insights into the cell biology of the 746 

receptor. 747 

  748 

One of the major limitations of this method when using it to identify the receptor of an orphan 749 

protein is the initial requirement to first identify a cell line that binds to the protein. This is not 750 

always easy and identifying a cell line that displays a binding phenotype that is also permissive to 751 

genetic screens can be the time-limiting step for deploying this assay. Some cell lines tend to bind 752 

to more proteins than others. This is especially relevant for proteins that bind HS, because these 753 

proteins tend to bind to any cell line that displays HS side chains, irrespective of the native binding 754 

context. Additionally, we have observed that upregulation of syndecans (i.e., proteoglycans that 755 

contain HS) in cell lines leads to increased binding of HS-binding proteins26. This could be a factor 756 

to take into consideration when selecting the cell line for screening. However, also important to 757 

note is that the additive binding of HS does not interfere with the binding to a specific receptor. 758 

This means that if binding is observed, it is possible that it is mediated solely by HS because the 759 

binding mediated by HS in this assay is additive rather than codependent19. In such a scenario, 760 

the heparin blocking approach described can identify such behaviors without having the need to 761 

perform a full genetic screen. 762 

 763 

A useful resource for choosing cell lines is Cell Model Passport, which contains genomics, 764 

transcriptomics, and culture condition information for ~1,000 cancer cell lines27. Depending on 765 

the biological context, cells can be chosen based on their expression profiles. To aid the selection 766 

of cell lines, we clustered ~1,000 cell lines in Cell Model Passport according to the expression of 767 

~1,500 preannotated human cell surface glycoproteins28 (Supplementary Figure 2; cluster 768 

information for each cell line together with growth conditions are provided in Supplementary 769 

Table 2). When testing the binding of a protein with unknown function, it is useful to select a 770 

panel of representative cell lines from each cluster to increase the chance of covering a wide 771 

range of receptors. Given a choice, it is recommended to choose cell lines that are easy to culture 772 

and easy to transduce. As these cell lines will be used in genome-scale screening, it is preferable 773 

that they can be grown easily in large quantities and are permissive to lentiviral transduction, 774 

because it is the most commonly available method for delivery of sgRNA for CRISPR-based 775 

genetic screening in the later steps. 776 

  777 

Generally, the phenotype selections are carried out in a single sort. However, this is determined 778 

by the brightness of the stained cell population compared to the control. Iterative rounds of 779 

selections could be adopted for scenarios in which the signal-to-noise ratio of the desired 780 

phenotype is low, or when the aim of the screen is to identify mutants that have strong 781 

phenotypes. When using an iterative selection approach for FACS-based screens, it is important 782 

to consider that the sorting process can cause cell death, mainly due to the sheer force of the 783 

sorter. Thus, not all collected cells will be represented in the next round of sorting. 784 

  785 

Library complexity is a very important factor in performing successful genetic screens, especially 786 

for negative selection screens because the extent of depletion in these can only be determined 787 

https://paperpile.com/c/Kvcfvr/oMuoQ


by comparing results to what was present in the starting library. For negative selection screens, 788 

it is common to maintain libraries of 500–1,000 x complexity. Positive selection screens, however, 789 

are more robust to library sizes, because in such screens only a small number of mutants are 790 

expected to be selected for a particular phenotype. Therefore, in the positive selection screen 791 

described here, the library size can be decreased to 50–100x complexity without compromising 792 

the quality of the screen. In addition, in these screens it is also possible to use a control library 793 

for a given cell line on a given day as a "general control" for all samples sorted on the day for that 794 

given cell line. This will reduce the number of control libraries that need to be produced and 795 

sequenced. 796 

  797 

Another important consideration for using this approach is the limitations of loss-of-function 798 

screens in identifying genes that are essential for in vitro cell growth. The timing of the screens 799 

is crucial in this regard, as the longer the mutant cells are kept in culture, the higher the likelihood 800 

that cells with mutations in essential genes become nonviable and are no longer represented in 801 

the mutant library. The recent genetic screens performed as a part of the Project Score initiative 802 

in over 300 cell lines show that multiple genes in the KEGG-annotated protein secretion and N-803 

glycosylation pathway are often identified as being essential for a number of cell lines 804 

(Supplementary Figure 3)29. This can be taken into consideration when designing screens if the 805 

effect of genes required for proliferation and viability is to be investigated in the context of 806 

cellular recognition process. In this case, carrying out screens at an early timepoint (e.g., day 9 807 

posttransduction) would be generally appropriate. However, if the approach is used to identify a 808 

few targets with strong size effects rather than general cellular pathways, it might be appropriate 809 

to perform screens at a later time point (e.g., day 15–16 posttransduction). 810 

  811 

The results from the screening are very robust; in eight recombinant protein binding screens 812 

performed in the past, the cell surface receptor was the top hit in every case19. When using this 813 

approach to identify the interaction partner, one should therefore expect the receptor and the 814 

factors contributing to its presentation on the surface to be identified with a high statistical 815 

confidence. Once the screen is performed and a hit is validated using a single gRNA knockout, 816 

further follow-ups can be performed using existing biochemical methods such as AVEXIS 4 and 817 

direct saturable binding of purified proteins using surface plasmon resonance. The approach 818 

described here is applicable for all proteins for which it is possible to generate a soluble 819 

recombinant binding probe. 820 

  821 

In summary, this is a genome-scale CRISPR knockout approach to identify interactions mediated 822 

by cell surface proteins. This method is generally applicable to identify cellular pathways required 823 

for cell surface recognition in a wide range of different biological contexts, including between an 824 

organism's own cells (e.g., neural and immunological recognition), as well as between host cells 825 

and pathogen proteins. This method provides a genetic alternative to biochemical approaches 826 

designed for receptor identification, and because it does not require any prior assumptions 827 

regarding the biochemical nature or cell biology of the receptors it has great potential to make 828 

completely unexpected discoveries. 829 
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Table 1. Plasmids helpful for this approach

Plasmid name Plasmid #

Protein expression construct: CD200RCD4d3+4-bio-linker-his Addgene: 36153

pMD2.G Addgene: 12259

psPAX2 Addgene: 12260

Cas9-construct: pKLV2-EF1a-Cas9Bsd-W Addgene: 68343

gRNA expression construct: pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W Addgene: 67974

Human Improved Genome-wide Knockout CRISPR Library Addgene: 67989

GFP-BFP construct: pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W Addgene: 67980

Empty construct: pKLV2-U6gRNA5(empty)-PGKBFP2AGFP-W Addgene: 67979
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Use

Production of recombinant Protein with CD4d3+4, biotin and 6-his tags. 

VSV-G envelope expressing plasmid; production of lentivirus

Lentiviral packaging plasmid, production of lentivirus

Production of constitutively expressing Cas9 line

CRISPR gRNA expression vector with an improved scaffold and puro/BFP markers

A gRNA library against 18,010 human genes, designed for use in lentivirus.

Cas9 activity reporter with BFP and GFP.

Cas9 activity reporter (control) with BFP and GFP.



Table 2. Buffer's used 

Buffer name

HBS (10X)

PBS (10X)

Sodium Phosphate Buffer (80mM stock)

His-purification binding buffer

His-purification elution buffer

Diethanolamine buffer

D10
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Components

1.5 M NaCl and 200 mM HEPES in MiliQ water, adjust to pH 7.4

80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 and 2.4 g KH2PO4 in MiliQ water, adjust to pH 7.4

7.1 g Na2HPO4.2H2O, 5.55 g NaH2PO4, adjust to pH 7.4

20 mM Sodium Phosphate Buffer, 0.5 M NaCl and 20 mM Imidazole, adjust to pH 7.4

20 mM Sodium Phosphate Buffer, 0.5M NaCl and 400 mM Imidazole, adjust to pH 7.4

10 % diethanolamine and 0.5 mM MgCl2 in MiliQ water, adjust to pH 9.2: 

DMEM, 1% penicillin-streptomycin (100 units/mL) and 10 % heat inactivated FBS



80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 and 2.4 g KH2PO4 in MiliQ water, adjust to pH 7.4

20 mM Sodium Phosphate Buffer, 0.5 M NaCl and 20 mM Imidazole, adjust to pH 7.4

20 mM Sodium Phosphate Buffer, 0.5M NaCl and 400 mM Imidazole, adjust to pH 7.4



Table 3. Amounts and volumes of reagents with the Addgene’s lentivirus packaging mix

Components 10-cm dish 6-well plate

293FT cells 70 –80% confluent 70 –80% confluent

Transfection compatible media (Opti-MEM) (Step 5.1.2)3 mL 500 µL

Transfection compatible media (Opti-MEM) (Step 5.1.4)5 mL 2 mL

Lentiviral transfer vector 3 µg 0.5 µg

psPax2 (see table 1) 7.4 µg 1.2 µg

pMD2.G (see table 1) 1.6 µg 0.25 µg

PLUS reagent 12 µL 2 µL

Lipofectamine LTX 36 µL 6 µL

D10 (Step 7.1.7) 5 mL 1.5 mL

D10 (Step 7.1.8 and 7.1.10) 8 mL 2 mL
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Table 4: Primer sequences for amplifying gRNA and NGS 35.  Order PAGE-purified oligos. 

Name 

U1 

L1 

PE1.0 

iPCRTag1 

iPCRTag2 

iPCRTag3 

iPCRTag4 

iPCRTag5 

Custom sequencing primer
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Table 4: Primer sequences for amplifying gRNA and NGS 35.  Order PAGE-purified oligos. 

Sequence 5’-3’ (restriction sites are indicated in bold, * represents phosphorothioate)

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACA

TCGGCATTCCTGCTGAACCGCTCTTCCGATCTCTAAAGCGCATGCTCCAGAC

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATAACGTGATGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATAAACATCGGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATATGCCTAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATAGTGGTCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATACCACTGTGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

TCTTCCGATCTCTTGTGGAAAGGACGAAACACCG



Notes

Sense primer to amplify gRNAs from genomic DNA

Antisense primer to amplify gRNAs from genomic DNA

Common sense primer to amplify first PCR product

Next generation sequencing primers 

Next generation sequencing primers with barcodes

Next generation sequencing primers with barcodes

Next generation sequencing primers with barcodes

Next generation sequencing primers with barcodes

Custom primer that only sequences the variable 19bps gRNA sequence



Table 5: PCR for the amplification of gRNAs from high complexity samples

Reagent Volume per reaction Master mix (x38)

Q5 Hot Start High-Fidelity 2x 25 μL 950 μL

Primer (L1/U1) mix (10 μM each) 1μL 38 μL

Genomic DNA (1 mg/mL) 2 μL 72 μL

H2O 22 μL 1100 μL

Total  50 μL 1900 μL
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Table 6: PCR conditions for the first PCR 

Cycle number Denature Annealing Extension

1 98 °C, 30s

2-24 98 °C, 10s 61 °C, 15s 72  °C, 20 s

25 72 °C, 2 min
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Table 7: PCR for the index tagging of sgRNAs from genetic screens

Reagent Volume per reaction

KAPA HiFi HotStart ReadyMix 25 μL

Primer (PE1.0/index primer) mix (5 μM each) 2μL

First PCR product (40 pg/μL) 5 μL

H2O 18 μL

Total  50 μL
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Table 8: PCR conditions for second PCR 

Cycle number Denature Annealing Extension

1 98 °C, 30s

2-15 98 °C, 10s 66 °C, 15s 72 °C, 20 s

16 72 °C, 5 min
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Name of Material/Equipment Company Catalog Number Comments/Description

Anti-mouse alkaline phosphatase Sigma A4656

Blasticidin Chem-Cruz SC-204655

Blood & Cell Culture DNA Maxi Kit Qiagen 13362

BSA Sigma A9647-100G

Diethanolamine Sigma 398179

DMEM Gibco 31966-021

Dneasy Blood and Tissue kit Qiagen 69504

DynaMag-96 Side Magnet Invitrogen 12331D

HEK293T packaging cells ATCC CRL-3216

Heparin Sigma H4784-1G

KAPA HiFi HotStart ReadyMix Kapa KK2602

Lipofectamine LTX with PLUS reagent Invitrogen 15338100

MoFlo XDP cell sorter BD

Ni2+-NTA agarose beads Jena Bioscience AC-501-25

OPTI-MEM Life Technologies 31985-070

OX-68 antibody AbD Serotec MCA1022R

p-nitrophenyl phosphate Sigma 1040-506

PD-10 desalting columns GE healthcare 17085101

Polybrene Millipore TR-1003-G

Polypropylene tubes with 5 mL bed volume Qiagen 34964

Proteinase K, recombinant, PCR Grade Roche 3115879001

Puromycin Gibco A11138-03

Q5 Hot Start High-Fidelity 2× Master Mix NEB M0494L

QIAquick PCR purification kit Qiagen 28104

SCFA filter Nalgene 190-2545

Sony Cell sorter Sony

SPRI beads (Agencourt AMPure XP beads) Beckman A63881

Streptavidin-coated microtitre plates Nalgene 734-1284

Streptavidin-PE Biolegend 405204
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Point by point response to reviewers and editorial comments 
 
Reviewer #1:  
 
Manuscript Summary: 
The manuscript by Sharma and Wright describes the deployment of genome-scale CRISPR/Cas9 
screens in the identification of cell surface receptors using an oligomerized streptavidin-PE 
recombinant ectodomain probe; hence permitting the identification of receptor-ligand 
interactions. While comprehensive and clearly within the scope of the journal, certain sections 
require further clarification to maximize adoption of this approach in a more general setting: 
 
Major Concerns: 
Line 63: Here the authors state that overexpression of cDNAs to screen for a phenotype of 
interest can be used to identify new protein-protein interactions. Within this section (or later 
on in the discussion if more appropriate), authors should also discuss the pitfalls of relying on 
protein overexpression and how this can lead to an increased risk of false positives, particularly 
if the native binding avidity of the receptor is also altered. In particular, how a CRISPR/Cas9 
based approach overcomes this problem should also be discussed. 
 
We thank the reviewer for this comment. The CRISPR/Cas9 based loss-of-function based 
screening approach described here identifies the interactions mediated by cell surface 
molecules natively displayed on cell surfaces and does not, by contrast to cDNA expression 
cloning methods, depend on the over-expression of receptors. This also makes this genetic 
screening approach suitable to study interactions mediated by all types of cell surface 
molecules regardless of their biological properties.  
 
To highlight this, we have now changed the discussion section: 
 
‘However, one major advantage of this approach is that it is applicable to interactions 
mediated by surface molecules natively displayed on the cell and does not depend on the 
over-expression of receptors, which can influence the binding avidity of the receptor. Unlike 
other methods, therefore, this technique makes no assumptions regarding the biochemical 
nature or cell biology of the receptors and provides an opportunity to study interactions 
mediated by proteins that are normally difficult to study using biochemical approaches; for 
example, very large proteins, or those that traverse the membrane multiple times or form 
complexes with other proteins, and molecules than proteins such as glycans, glycolipids and 
phospholipids.’ 
 
Line 269: If an EDTA-based cell detachment method is favored, why is FBS-containing media 
required for neutralization and washing of the cells? Can the cells not directly be resuspended 
in wash buffer (PBS/1%BSA)? 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Genome-
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We thank the reviewer for pointing this out. We have found that if EDTA-based cell detachment 
buffer is used, the cells can be directly resuspended in wash buffer. We have now added this 
point to the protocol.  
 
Line 289: What does "…step 5.12…" refer to? 
Thank you for pointing out the typo. This has now been corrected.  
 
Line 300: "…ideally over 80 % of the cells…" How did the authors determine that this value (and 
not lower) is appropriate for identification of a positive binding cell line? Why would a cell line 
that demonstrates <80% binding not be considered a positive line? Based on the previous 
gating steps if less than 1% is set at the positive gate then anything higher should be considered 
a positive result? 
 
The 80% cut-off is based on our experience of performing genetic screens, but we agree that 
the way it is written here could be construed as an absolute cut off, which is not the case. 
Because we are using a single stringent sorting approach for performing genetic screens (1-5% 
of non-binding population), if the binding population is very low, the signal to noise ratio will be 
very low and the screen might not be successful.  
 
We have reworded this and added the following sentence as a note: 
 
“[Note: Cell lines that display a higher binding population are desired for genetic screens, as 
they have a higher signal to noise ratio. Ideally over 80 % of the cells should fall within this 
gate.]” 
 
Line 316: It is unclear to me what is exactly meant by "Binding to HS on the cell surface is not 
necessarily 'non-specific' but rather a property of the protein." Given the authors' experiences 
with this phenomenon during their screening assays, can they give further comment as to how 
this HS binding property varies between cell lines that indicate positive binding to the probe? 
Does the additive binding interfere with the sensitivity of the assay? 
 
Following this point, a large section appears to be devoted in discussing practical ways around 
the HS binding issues, which suggests that it has a significant impact on the deployment of the 
assay. It would therefore be helpful if the authors detail all the cell lines they have tested that 
have this property and provide some statistical analysis demonstrating the magnitude of the 
additive binding and how the proposed genetic targeting approaches targeting the HS/GAG 
biosynthesis pathways improves the assay sensitivity. Additionally, the impact of interference 
of HS/GAG biosynthesis on the biological properties of the cells (and indeed any impact on 
receptor-ligand interactions or screening) need to be discussed further. 
 
In the cell binding assay designed here, we have generally found that the contribution of HS 
towards binding is additive rather than co-dependent on other receptors (Sharma et al. 2018). 
Also, if a protein has HS-binding property, it should, in principle, bind to all cell lines that display 
HS molecules. Pragmatically,  it also means that if the protein has HS-binding properties, it will 

https://paperpile.com/c/gBCJxO/6u4Q
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likely bind to any HS-expressing cell surface, even in the absence of another receptor. The initial 
HS-binding test is to aid the understanding of the biochemical properties of the recombinant 
protein. If a complete loss of binding is observed in this heparin blocking experiment, it is likely 
that the genes identified in the full genetic screen would be dominated by those involved in HS 
biosynthesis. We have shown this to be a case in both P. falciparum and mammalian proteins 
(in at least 6 cases) (Sharma 2018).  
 
We have tested a number of cell lines originating from different tissue types and have noticed 
that some cell lines tend to bind to proteins in a HS-dependent manner more than others, 
presumably due to higher cell surface levels of HS. We have observed a greater number of 
proteins binding to cell lines such as HEK293, NCI-SNU1, NCI-SNU-16, COLO-320-HSR, and 
HepG2. Cell lines originating from the haematopoietic lineage such as HEL, HL-60 generally bind 
to fewer proteins which are not dependent on HS. One of our observations from CRISPR 
activation based experiments has been that upregulations of syndecans (proteoglycans that 
display  HS at the cell surface) in cell lines lead to increased binding of proteins that have HS-
binding properties (Chong et al. 2018). We have also found that expression of syndecans tend 
to be higher in the cell lines in which we tend to see more HS-dependent binding (figure 1). We 
have, however, not performed a comprehensive analysis to study the binding behavior of 
different cell lines so we would be cautious in confidently providing the identity of the cell lines 
that express differential binding behavior.

 
Figure 1: Expression levels of syndecan family member proteins in different cell lines. 
Normalized FPKM values for each cell line was obtained from RNA-seq expression analysis from 
cell model passport.  
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However, we have found that the additive binding of HS does not interfere with the binding to 
a specific receptor: if a protein has a HS-binding property but also binds to a second receptor, 
the protein will continue to bind to cells in the absence of HS on the surface of the cells. 
Heparin blocking experiments in such cases will reveal residual binding. We have illustrated this 
in figure 3 of the manuscript.  In genetic screens, we have been able to identify both the 
receptor and the HS biosynthesis pathway (also see figure 3). We have dedicated a substantial 
section in our original paper to describe this phenomenon using the example of interaction 
mediated by the P. falciparum invasion ligand RH5. We therefore believe that it would be more 
suitable to point the readers to that section of the original paper rather than rewrite the whole 
section again.  
 
To address these points, we have included this in the discussion section : 
 
One of the major limitations of this method when using it to identify the receptor of an 
orphan protein is the initial requirement to first identify a cell line that binds to the protein. 
This is not always easy, and identifying a cell line that displays a binding phenotype which is 
also permissive to genetic screens, can be the time-limiting step for deploying this assay. We 
have also noticed that some cell lines tend to bind to more proteins than others. This is 
especially relevant for proteins that have a HS-binding property, because these proteins tend 
to bind to any cell line that displays HS side chains, irrespective of the native binding context. 
Additionally, we have observed that upregulations of syndecans (proteoglycans that contain 
HS) in cell lines leads to increased binding of HS-binding proteins (Chong et al, 2018). This 
could be a factor to take into consideration when selecting the cell line for screening. 
However, also important to note is that the additive binding of HS does not interfere with the 
binding to a specific receptor. Because a number of proteins are known to bind to HS and the 
binding mediated by HS in this assay is additive rather than co-dependent, in a practical 
sense, it means that if a binding is observed, it is possible that it is mediated solely by HS. In 
such a scenario, the heparin blocking approach that we have described can identify such 
behaviors without having the need to perform a full genetic screen. 
 
Line 498: The basis of 30% transduction efficiency is based on the Poisson probability 
distribution that ensures each cell receives a single gRNA, ensuring that the resultant 
phenotype is linked to a specific knockout. This point should be included in the section as to 
make it clear to a novice reader. 
We thank the reviewer for this comment. We have now added this point in the figure legend of 
figure 1.  
 
Given that the control population has not undergone the same processing through FACS the 
sorted BFP+ population, would the assay not benefit from additionally analysing the BFP+/PE+ 
population that currently does not get sorted? This may give some insight as to any FACS-
related or other technical related loss of gRNA when compared to the control population as 
gRNA(control) = gRNA(BFP+/PE+) + gRNA(BFP+/PE-). This may additionally inform on any 
biological response illicited by probe binding that could alter gRNA distributions. Furthermore, 
some exemplary FACS plots showing a real distribution of the fluorescent populations would be 
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informative, are the populations clearly defined so the gating is straightforward or is the 
distribution broader? 
 
During the development of  this method, we tried a number of different approaches including 
the one where we compared gRNA(BFP+/PE+) with gRNA(BFP+/PE-) as suggested by the 
reviewer. We found it technically difficult to perform a two-way sort because 94-99% of the 
cells were being sorted into the (BFP+/PE+) tube and the smaller number of (BFP+/PE-) cells  in 
the other. Technically, this resulted in cell “spraying” contaminating the smaller fraction. We 
observed that the “single sort” approach could overcome this technical limitation. For one-way 
sorting to work efficiently, we tend to keep the binding population be as high as 80% such that 
the signal to noise ratio is high. We have now included an example of what we consider to be 
an ideal binding profile. Gating for these samples is very straightforward as seen from the figure 
2. We have added this figure in supplementary figure 1 and referred in text in section 8.10 of 
the revised manuscript: 
 
 “An example of a sorting gate is provided in supplementary figure 1.”  
 

 
Figure 2: A guide to drawing gates for sorting the non-binding population. A. An ideal protein 
candidate for screening should have a clear shift of binding population compared to the control 
population and the binding should be retained on cells lacking machinery for HS biosynthesis. A 
heparin blocking experiment can be used in place of testing on SLC35B2 targeted cell lines. B. 
Cells lacking the surface staining from the protein ectodomain but expressing BFP fluorescence 
(from lentiviral transduction) were collected. The cells displayed are from a screen for the 
identification of receptor for GABBR2 (figure 2A modified from Sharma et al. 2018).  
 
The readout of the assay depends on the loss of the streptavidin-PE probe from the cell, 
however loss of binding may also be induced gRNA targeting general cellular processes such as 

https://paperpile.com/c/gBCJxO/6u4Q
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receptor trafficking to the plasma membrane or receptor protein folding within the ER, which 
may not be necessarily lethal and thus not classed as an essential gene. Does the scoring and 
ranking take this into consideration? 
 
The reviewer is correct in recognition that the loss of binding can be due to indirect non-lethal 
processes and this is something we initially considered. However, as we started performing 
these types of genetic screens, it became less of a concern for us because it was evident that 
the gRNAs targeting the receptor usually dominate the screen. For the ~10 antibody screens 
and 9 recombinant protein screens that we have reported to date, we have always identified 
the receptor within FDR of 0.05 and usually ranked 1. Therefore, we think that it is not crucial to 
have an additional scoring system for the identification of the receptor itself. We have now 
added this sentence in the discussion section to make this clear.  
 
“When using this approach to identify the interaction partner, one should therefore expect 
the receptor and the factors contributing to its presentation on the surface to be identified 
with a high statistical confidence.” 
 
Minor Concerns: 
Although obvious, "D10 media" needs to be formally defined.  
This is defined in table 2. 
 
Reviewer #2:  
Manuscript Summary: 
Manuscript describes application of GeCKO library screening using fluorescent avid protein 
probes and negative FACS-sorting procedure. The manuscript is well written and protocol is 
clear and can be recommended for acceptance without a major revision. 
 
We thank the reviewer for the positive feedback. 
 
Minor Concerns: 
1. Protocol #1. In my opinion, the brief description of principles how proteins expressed from 
vectors are biotinylated, and major advantages or disadvantages, using different 
multimerization motifs (leucin zippers, COMP and so on) would be very informative. As an 
option, schematic illustration of this can increase the perception of multimer formation and 
process understanding. 
 
We thank the reviewer and we agree that that would be very useful for the readers. We have 
previously reviewed the concepts of multimerization and different multimerization techniques 
so we believe it would be more useful to point the readers to the review for a more 
comprehensive understanding (Wright 2009). We have now done this in the introduction 
section.  
 
2. Previous works on affinity reagents (mAbs and others) screenings using GeCKO library should 
be cited (J Immunol Methods. 2016 Dec;439:8-14, Cell Rep. 2018 Apr 10;23(2):596-607, others) 

https://paperpile.com/c/gBCJxO/R0f6
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Citations for studies that use high-affinity ligands and reviews on pooled genetic screens for the 
purposes of studying a range of biological processes such as cell signaling and virus-host 
interactions have now been added in the introduction section. 
 
Reviewer #3:  
Manuscript Summary: 
In the present manuscript, Sharma et al. describe a genome-scale CRISPR/Cas9 knockout 
genetic screening approach to identify receptors and cellular pathways required for specific cell 
surface recognition events. Overall, the manuscript is well written and provides detailed 
information about the methodology and associated protocols. 
 
We thank the reviewer for the positive feedback. 
 
Major Concerns: 
Thorough discussion of the methodology's limitations is missing. The authors may consider 
highlighting more the biological and technical drawbacks in order to provide the reader with 
realistic expectations on the success of the screening. 
 
We thank the reviewer for this comment. A similar point was raised by reviewer #1 so we will 
reiterate the point we made before: 
 
The major limitation of this approach is the initial screening required to identify a screen-
permissive cell line that interacts with the protein. This is not always straightforward. This is 
additionally complicated for proteins that have HS-binding property. This is because, such a 
protein, in principle, binds to all cell lines that display HS molecules. Pragmatically,  it also 
means that if the protein has HS-binding properties, it will likely bind to any HS-expressing cell 
surface, even in the absence of another receptor. We have included an initial HS-binding test is 
to aid the understanding of the biochemical properties of the recombinant protein. If a 
complete loss of binding is observed in this heparin blocking experiment, it is likely that the 
genes identified in the full genetic screen would be dominated by those involved in HS 
biosynthesis. As per the technical aspect of the screens, we have found the CRISPR/Cas9 
screening system itself to be very robust. We have always identified the screen among the 
highest ranking genes and usually on position 1. 
 
Addressing both reviewers, we have now added the following paragraph in the discussion 
section to address this comment. 
 
One of the major limitations of this method when using it to identify the receptor of an 
orphan protein is the initial requirement to first identify a cell line that binds to the protein. 
This is not always easy, and identifying a cell line that displays a binding phenotype which is 
also permissive to genetic screens, can be the time-limiting step for deploying this assay. We 
have also noticed that some cell lines tend to bind to more proteins than others. This is 
especially relevant for proteins that have a HS-binding property, because these proteins tend 
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to bind to any cell line that displays HS side chains, irrespective of the native binding context. 
Additionally, we have observed that upregulations of Syndecans (proteoglycans that contain 
HS) in cell lines leads to increased binding of HS-binding proteins (Chong et al, 2018). This 
could be a factor to take into consideration when selecting the cell line for screening. 
However, also important to note is that the additive binding of HS does not interfere with the 
binding to a specific receptor. Because a number of proteins are known to bind to HS and the 
binding mediated by HS in this assay is additive rather than co-dependent, in a practical 
sense, it means that if a binding is observed, it is possible that it is mediated solely by HS. In 
such a scenario, the heparin blocking approach that we have described can identify such 
behaviors without having the need to perform a full genetic screen. 
 
Minor Concerns: 
Some minor questions/comments regarding the experimental procedure are listed below: 
Overall: the authors could consider to include timelines in each section to facilitate planning 
and provide a rough idea regarding the duration of the experiment.  
 
We have now added a timeline in the schematic in figure 1. We have highlights the sections in 
the protocol that require considerable time (more than 1 week) and planning.  
 
Line223: transfer the total volume of the sample? 
 
This refers to transferring the total of 200 μL from the dilution plate to the streptavidin plate. 
We have changed this to the following: 
 
“Transfer total volume (200 uL) from dilution plates to individual wells of the streptavidin-
coated plates and incubate for 1 hour at room temperature (RT).  
 
Line226: what is the volume of the washing buffer? 
It should be 200 μL, we have now added this.  
 
Line289. step 5.12 does not exist; probable typo 
Yes, we have corrected it. 
 
Line295:could be useful to elaborate more on what a control probe is. 
Control probe is protein that contains the same tags as a recombinant protein of interest. We 
include a control protein to ensure that the observed binding is not mediated by the tags. We 
have defined this in section 3.2. In the edited manuscript this is in section 2.2. 
 
Section 5: could be useful to provide a control graph. 
The control graphs are demonstrated in figure 3. We have now also added a representative 
graph that showcases an ideal sorting gate.  
 
“An example of a sorting gate is provided in supplementary figure 1.”  
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Figure 2: A guide to drawing gates for sorting the non-binding population. A. An ideal protein 
candidate for screening should have a clear shift of binding population compared to the control 
population and the binding should be retained on cells lacking machinery for HS biosynthesis. A 
heparin blocking experiment can be used in place of testing on SLC35B2 targeted cell lines. B. 
Cells lacking the surface staining from the protein ectodomain but expressing BFP fluorescence 
(from lentiviral transduction) were collected. The cells displayed are from a screen for the 
identification of receptor for GABBR2 (figure 2A modified from Sharma et al. 2018).  
 
Line527: please indicate the unit (9-16 days?) 
We have changed it to 9-16 days.  
 
Reviewer #4:  
 
In this protocol, authors have described the steps to employ the CRISPR screen to identify 
genes that directly and indirectly interfere with the binding of the proteins (of choice) on the 
cell membranes' array of receptors. The protein of choice is oligomerized on a streptavidin-PE. 
The oligomerized protein is then subjected to the cell culture. The oligomerized protein 
molecules will bind the receptors on the cell membrane. The cell culture (expressing Cas9) is 
pre-subjected to a library of gRNAs, in amounts such that each cell will undergo genetic 
disruption in roughly one gene only. The cells of the culture, are then FACS sorted according to 
the fluorescence of the PE (which would be bound to the cell membrane via the protein 
molecules oligomerized over streptavidin-EP). Further sequencing of such cells and their 
comparisons with a control population will reveal the genes that play important roles in 
mediating the binding of the protein of choice onto the cell membrane's receptors. The CRISPR 
screens are now being widely used to uncover the genetic networks of many biological 
interactions. This protocol is a timely, elegant and well-detailed adaptation of the CRISPR 
screen to uncover the genetic networks of protein-membrane receptor interactions. 

https://paperpile.com/c/gBCJxO/6u4Q
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The protocol is extremely long and well-detailed. I applaud the authors for including these 
many details. The manuscript should be published. Although I think the current version 
protocol is not the easiest of the read and it may be taxing for new readers. I would suggest 
that the protocol be made a little tighter. The protocol must not be stripped of details, as I 
strongly feel that they are keys to a good protocol. But following (or related) changes can be 
made to make the protocol a little tighter, without compromising on necessary details: 
 
1. The protocol has too many abbreviations. I would suggest removing abbreviations for terms 
that are not even germane to the manuscript. A simple example: Mass spectrometry (MS). Also 
remove abbreviations for some other terms and feel free to use the full term instead of 
abbreviations in the rest of the manuscript. 
We thank the reviewer for this comment. We have removed a number of abbreviations as 
suggested by the reviewer. Examples include: Mass spectrometry (MS), monoclonal antibodies 
(mAbs), over-night (O/N). 
 
2. The protocol needs a figure flowchart in figure 1, describing all the keys steps. 
 
Thank you for this comment. We have taken this into consideration and changed the figure to 
make it clear how the individual steps in the protocol relate to the three key parts of the 
protocol. 
 
Modified figure 1: 
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3. The abbreviation PE has never been defined in the manuscript. Please define it as 
Phycoerythrin. Authors also need to specify that the PE is fluorescent and its emission 
wavelength etc. 
Thank you - we have now added this in the introduction section as follows. 
 
The protocol here will describe the steps for generating fluorescent avid probes from 
monomeric biotinylated proteins by conjugating them to streptavidin conjugated to a 
fluorochrome (e.g Phycoerythrin (PE)), which can be used directly in cell-based binding assays 
and has the advantage of not requiring a secondary antibody for detection. 
 
The emission wavelength and the detection lasers are mentioned in the protocol section 3.8.  
 
4. All the sections are not necessarily in order of the workflow. E.g., Ways of determining 
specificity is not necessarily a direct part of the workflow. Is there a way to present these 
sections separately? I understand that JOVE has a particular format. But if possible, authors 
may consider highlighting the necessary sections of the workflow, a little separately than the 
other indirect sections. 
We thank the reviewer for this comment. It is true that specificity is not directly related but we 
have found it to be a very important check that must be performed before proceeding with the 
screen. That said, we note that we have spent a very long section on this point, which can be 
distracting. We have considerably trimmed this section to make clearer. Section 4 of the 
protocol is the new revised section.  
 
5. CRISPR screens are becoming increasingly common, but the protocol assumes that the reader 
would know about the idea and concept of the CRISPR screen already. I would add a few more 
details about the idea behind the CRISPR screen. 
We agree that it would be useful to have background on CRISPR screens but because of space 
limitations we are unable to do this in the main text. We have added more details on the 
concept of CRISPR screen in figure 1.  
 
6. In the introduction, the authors mention that the assay consists of three major steps. But 
then those three major steps are broken into many sections. A better synergy is needed 
between the introduction and the sections of the protocol. Perhaps the author can mention 
that the first step includes section 1 to m or something similar. 
We have edited the schematic figure to indicate which section refer to which three steps of the 
protocol. Hopefully this will make the protocol easier to follow. 
 
7. In data analysis section, It would be better if terms like RRA score & Cumulative distribution 
function plots are explained in one or two sentences. I understand that readers must look to 
other manuscripts for details about the analysis and interpretation of the sequencing data. But 
at the same time, it may be better to ensure that any specialized/uncommon technical terms 
like RRA, etc are given some context/explanation in the protocol. 
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We have added more details on specialized terms in the results section. Due to space 
limitations, we were not able to provide details in the protocol section, but we have included 
the concepts in the discussion and figure legends. Here are some examples: 
 
The RRA-score in MAGeCK provides a measure of which gRNAs are ranked consistently higher 
than expected.—discussion section. 
 
For any given number, cumulative density function reports percent of datapoints that are 
below that threshold.- Figure 5A legend. 
 
Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 
errors in the submitted revision may be present in the published version. Please use American 
English throughout. 
Thanks you, this has been done.  
 
2. Please provide at least 6 keywords or phrases. 
Keywords are :CRISPR/Cas9, recombinant proteins, cell adhesion, cell surface receptor, 
genome-scale screening, extracellular protein interactions.  
 
3. Please ensure that the long Abstract is within 150-300-word limit and clearly states the goal 
of the protocol. 
The current abstract length is 150 words. 
 
4. 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. 
For example: Addgene, Opti-MEM, Lipofectamine, polybrene, Falcon tube, AMPure XP 
paramagnetic beads, Illumina NGS, iPCR-11mer tags, etc. 
This has now been done. 
 
5. Please ensure that all text in the protocol section is written in the imperative tense as if 
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 
should be described in the imperative tense in complete sentences wherever possible. Avoid 
usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any 
text that cannot be written in the imperative tense may be added as a “Note.” 
The manuscript has been edited to ensure this.  
 
6. The Protocol should contain only action items that direct the reader to do something. Please 
move the discussion about the protocol to the Discussion. 
This has now been done. 
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7. The Protocol should be made up almost entirely of discrete steps without large paragraphs of 
text between sections. 
Given the complexity of the protocol, we have included a section head for some of the steps so 
that anyone reading the protocol is able to understand why a certain step is being performed. 
Large text from protocol itself has now been moved as a NOTE.  
 
8. Please ensure that individual steps of the protocol should only contain 2-3 actions per step. 
This has now been done.  
 
9. Please revise the protocol text to avoid the use of any personal pronouns in the protocol 
(e.g., "we", "you", "our" etc.). 
This is has now been except in [Tip] sections. 
 
10. Please add more details to your protocol steps. Please ensure you answer the “how” 
question, i.e., how is the step performed? 
We have tried to edit the manuscript to include as much information as possible for how the 
step should be performed.  
 
11. 1.1 and 1.2: Please explain how this is done, else please consider moving this section to the 
introduction as well. 
We have moved this to the introduction section. 
 
12. 4: This section doesn’t describe the action in the protocol, this can be moved to the 
discussion instead. 
We have moved this section to the discussion section. 
 
13. 5.1: Please include the cell line used in your example experiment. 
HEK293 and NCI-SNU-1 cell was used in the example experiments. However, it is not necessary 
to use these cell lines. The identity of these cell lines are provided in the representative result 
section. We would prefer not to provide the identity in the protocol section as it might imply 
that these cell lines must be used.  
 
14. Lines 197-204, 683-685: Only numbered steps describing the action can be filmed. If this 
need filming, please convert to numbered action step in imperative tense. Else please move 
some of the details to discussion. Sentences which directly are relevant with the protocol can 
stay as a NOTE. In the JoVE Protocol format, “Notes” should be concise and used sparingly. 
They should only be used to provide extraneous details, optional steps, or recommendations 
that are not critical to a step. Any text that provides details about how to perform a particular 
step should either be included in the step itself or added as a sub-step. 
Lines 197-204 have been moved. Lines 683-683 includes steps from another published protocol. 
This has now been referred and the action steps have been changed to imperative tense. 
 
15. 6, 7.1, 9, 10, 12.1: Please consider making action steps describing the actual action being 
performed in your experiment and move the other details to the discussion section. 
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These have now been addressed as suggested.  
 
16. Please add more specific details for the software steps (e.g. button clicks for software 
actions, numerical values for settings, etc.). 
For MAGeCK, a separate protocol for installation has already been published. We have referred 
to that publication as it is a method of its own. For other analysis steps, we have now included 
the column header from the output of MAGeCK software that are relevant for this study.  
 
17. There is a 10-page limit for the Protocol (including headings and spacings), but there is a 
2.75-page limit for filmable content (including headings and spacings). Please highlight 2.75 
pages or less of the Protocol (including headings and spacing) that identifies the essential steps 
of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive 
story of the Protocol. Presently the protocol length is more than 10 pages. 
The protocol is within 10 pages now. 
 
18. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the 
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to 
your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, 
i.e. “This figure has been modified from [citation].” 
All the modified figures have been published under creative common’s license. We have 
included the original paper where the license is printed. 
 
19. As we are a methods journal, please ensure that the Discussion explicitly covers the 
following in detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
The discussion section has been edited to address these points. 
 
20. JoVE manuscripts do not have a separate conclusion section. Please combine the 
conclusions with the discussion. 
This has now been done. 
21. Please do not abbreviate the journal titles in the references section. 
This has now been done. 
22. Please remove all the commercial terms referred to in the tables/figures. Please use the 
generic term instead. All commercial terms can be referred to in the table of materials instead. 
This has now been done. 
23. Please sort the materials table in alphabetical order. 
This has now been done. 
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Your MS Excel document "Supplementary table 1.xlsx" cannot be opened and 

processed.  Please see the common list of problems, and suggested 

resolutions below. 

 

External Data 

------------- 

If you are submitting an Excel file, please make sure that your document 

does not have links to external data. If it does, break the links, save 

the document and resend.  To break the links please do the following.  

-On the Edit menu, click Links.  

-In the Source list, click the link you want to break.  

-To select multiple linked objects, hold down CTRL and click each linked 

object. To select all links, press CTRL+A.  

-Click Break Link. 

 

Embedded Macros 

--------------- 

Your submission should not contain macros.  If they do, an alert box may 

appear when you open your document (this alert box prevents EM from 

automatically converting your Excel document into the PDF that Editors 

and Reviewers will use).  You must adjust your Excel document to remove 

these macros. 

 

Excel 2002/Excel XP files 

----------------------- 

At the present time, EM supports Excel files in Excel 2000 and earlier 

formats.  If you are using a more recent version of MS Excel, try saving 

your Excel document in a format compatible with Excel 2000, and resubmit 

to EM. 

 

Other Problems 

-------------- 

If you are able to get your Excel document to open with no alert boxes 

appearing, and you have submitted it in Excel 2000 (or earlier) format, 

and you still see an error indication in your PDF file (where your Excel 

document should be appearing). please contact the journal via the 

'Contact Us' button on the Navigation Bar.' 

 

You will need to reformat your Excel document, and then re-submit it. 
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Cell_line sanger_ID tissue cluster_info Growth_condition

201T SIDM00055 Lung 4 Unknown

22RV1 SIDM00499 Prostate 1 Adherent

23132.87 SIDM00980 Stomach 5 Adherent

42.MG.BA SIDM00982 Central Nervous System 3 Adherent

451Lu SIDM01240 Skin 4 Adherent

5637 SIDM00807 Bladder 5 Adherent

639.V SIDM00999 Bladder 4 Adherent

647.V SIDM00983 Bladder 5 Adherent

697 SIDM01076 Haematopoietic and Lymphoid2 Suspension

769.P SIDM00803 Kidney 4 Adherent

8.MG.BA SIDM00998 Central Nervous System 3 Adherent

8305C SIDM00997 Thyroid 3 Adherent

8505C SIDM00996 Thyroid 3 Adherent

A101D SIDM00801 Skin 4 Adherent

A172 SIDM00799 Central Nervous System 3 Adherent

A204 SIDM00798 Soft Tissue 4 Adherent

A2058 SIDM00797 Skin 4 Adherent

A253 SIDM00796 Head and Neck 5 Adherent

A2780 SIDM00210 Ovary 1 Adherent

A3.KAW SIDM00495 Haematopoietic and Lymphoid2 Suspension
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A375 SIDM00795 Skin 4 Adherent

A388 SIDM00794 Skin 5 Adherent

A4.Fuk SIDM00502 Haematopoietic and Lymphoid2 Suspension

A427 SIDM00810 Lung 1 Adherent

A431 SIDM00995 Vulva 5 Adherent

A498 SIDM00124 Kidney 4 Adherent

A549 SIDM00903 Lung 4 Adherent

A673 SIDM00848 Bone 1 Adherent

A704 SIDM00849 Kidney 4 Unknown

ABC.1 SIDM00494 Lung 5 Unknown

ACHN SIDM00123 Kidney 4 Adherent

ACN SIDM00057 Peripheral Nervous System4 Unknown

AGS SIDM00850 Stomach 5 Adherent

ALL.PO SIDM00211 Haematopoietic and Lymphoid2 Suspension

ALL.SIL SIDM00994 Haematopoietic and Lymphoid2 Suspension

AM.38 SIDM00492 Central Nervous System 3 Unknown

AMO.1 SIDM00993 Haematopoietic and Lymphoid2 Suspension

AN3.CA SIDM00901 Endometrium 1 Adherent

ARH.77 SIDM00900 Haematopoietic and Lymphoid2 Suspension

ASH.3 SIDM00491 Thyroid 3 Adherent



AsPC.1 SIDM00899 Pancreas 5 Adherent

ATN.1 SIDM00233 Haematopoietic and Lymphoid2 Suspension

AU565 SIDM00898 Breast 5 Adherent

B.CPAP SIDM00992 Thyroid 3 Adherent

BALL.1 SIDM00287 Haematopoietic and Lymphoid2 Suspension

BB30.HNC SIDM00172 Head and Neck 5 Unknown

BB49.HNC SIDM00174 Head and Neck 3 Unknown

BB65.RCC SIDM00191 Kidney 4 Unknown

BC.1 SIDM00896 Haematopoietic and Lymphoid2 Suspension

BC.3 SIDM00895 Haematopoietic and Lymphoid2 Suspension

BE.13 SIDM01245 Haematopoietic and Lymphoid2 Suspension

BE2.M17 SIDM01229 Peripheral Nervous System1 Adherent

Becker SIDM00490 Central Nervous System 3 Adherent

BEN SIDM00990 Lung 1 Adherent

BFTC.905 SIDM00989 Bladder 5 Adherent

BFTC.909 SIDM00988 Kidney 3 Adherent

BHT.101 SIDM00987 Thyroid 4 Adherent

BHY SIDM00986 Head and Neck 5 Adherent

BICR10 SIDM00077 Head and Neck 3 Adherent

BICR22 SIDM00485 Head and Neck 5 Adherent

BICR31 SIDM00078 Head and Neck 5 Adherent



BICR78 SIDM00501 Head and Neck 5 Adherent

BL.41 SIDM00985 Haematopoietic and Lymphoid2 Suspension

BL.70 SIDM00074 Haematopoietic and Lymphoid2 Unknown

BONNA.12 SIDM00984 Haematopoietic and Lymphoid2 Adherent

BPH.1 SIDM00964 Prostate 5 Adherent

BT.20 SIDM00893 Breast 5 Adherent

BT.474 SIDM00963 Breast 5 Adherent

BT.483 SIDM00892 Breast 5 Adherent

BT.549 SIDM00122 Breast 3 Adherent

BV.173 SIDM00962 Haematopoietic and Lymphoid2 Suspension

BxPC.3 SIDM00132 Pancreas 5 Adherent

C.33.A SIDM00889 Cervix 1 Adherent

C.4.I SIDM00905 Cervix 5 Adherent

C2BBe1 SIDM01233 Large Intestine 5 Adherent

C32 SIDM00890 Skin 4 Adherent

C3A SIDM01237 Liver 4 Adherent

Ca.Ski SIDM00923 Cervix 5 Adherent

CA46 SIDM00907 Haematopoietic and Lymphoid2 Suspension

Ca9.22 SIDM00489 Head and Neck 5 Adherent

CADO.ES1 SIDM00961 Bone 1 Adherent



CAKI.1 SIDM00941 Kidney 4 Adherent

CAL.120 SIDM00940 Breast 4 Adherent

CAL.12T SIDM00939 Lung 5 Adherent

CAL.148 SIDM00938 Breast 1 Adherent

CAL.27 SIDM00937 Head and Neck 5 Adherent

CAL.29 SIDM00936 Bladder 5 Adherent

CAL.33 SIDM00942 Head and Neck 5 Adherent

CAL.39 SIDM00935 Vulva 5 Adherent

CAL.51 SIDM00933 Breast 4 Adherent

CAL.54 SIDM00932 Kidney 4 Adherent

CAL.62 SIDM00931 Thyroid 4 Adherent

CAL.72 SIDM00930 Bone 3 Adherent

CAL.78 SIDM00929 Bone 3 Adherent

CAL.85.1 SIDM00928 Breast 5 Adherent

Calu.3 SIDM00922 Lung 5 Adherent

Calu.6 SIDM00921 Lung 4 Adherent

CAMA.1 SIDM00920 Breast 5 Adherent

Caov.3 SIDM00919 Ovary 5 Adherent

Caov.4 SIDM00918 Ovary 5 Adherent

CAPAN.1 SIDM00934 Pancreas 5 Adherent

CAPAN.2 SIDM00943 Pancreas 5 Adherent



CaR.1 SIDM00488 Large Intestine 5 Adherent

CAS.1 SIDM00212 Central Nervous System 3 Adherent

CCF.STTG1 SIDM00131 Central Nervous System 3 Adherent

CCK.81 SIDM00487 Large Intestine 5 Adherent

CCRF.CEM SIDM00121 Haematopoietic and Lymphoid2 Suspension

CESS SIDM00917 Haematopoietic and Lymphoid2 Suspension

CFPAC.1 SIDM00130 Pancreas 5 Adherent

CGTH.W.1 SIDM01248 Thyroid 3 Unknown

ChaGo.K.1 SIDM00924 Lung 5 Adherent

CHL.1 SIDM01228 Skin 4 Adherent

CHP.126 SIDM00286 Peripheral Nervous System1 Adherent

CHP.134 SIDM00285 Peripheral Nervous System1 Adherent

CHP.212 SIDM00910 Peripheral Nervous System3 Adherent

CHSA0011 SIDM00051 Bone 3 Unknown

CHSA0108 SIDM00050 Bone 3 Unknown

CHSA8926 SIDM00176 Bone 3 Unknown

CL.11 SIDM00944 Large Intestine 5 Adherent

CL.34 SIDM00945 Large Intestine 5 Adherent

CL.40 SIDM00960 Large Intestine 5 Adherent

CMK SIDM00959 Haematopoietic and Lymphoid2 Suspension



CML.T1 SIDM00958 Haematopoietic and Lymphoid2 Suspension

COLO.201 SIDM00823 Large Intestine 5 Semi-Adherent

COLO.205 SIDM00826 Large Intestine 5 Semi-Adherent

COLO.320 SIDM00071 Large Intestine 1 Unknown

COLO.320.HSRSIDM00842 Large Intestine 1 Semi-Adherent

COLO.668 SIDM00143 Lung 1 Semi-Adherent

COLO.678 SIDM00957 Large Intestine 5 Adherent

COLO.679 SIDM00284 Skin 4 Adherent

COLO.680N SIDM00956 Esophagus 5 Adherent

COLO.684 SIDM00142 Endometrium 1 Suspension

COLO.783 SIDM00955 Skin 4 Adherent

COLO.792 SIDM00140 Skin 4 Adherent

COLO.800 SIDM00515 Skin 4 Adherent

COLO.824 SIDM00954 Breast 1 Adherent

COLO.829 SIDM00909 Skin 4 Adherent

COR.L105 SIDM00513 Lung 5 Semi-Adherent

COR.L23 SIDM00512 Lung 5 Adherent

COR.L279 SIDM00511 Lung 1 Suspension

COR.L303 SIDM00510 Lung 1 Suspension

COR.L311 SIDM00509 Lung 1 Suspension

COR.L32 SIDM00508 Lung 1 Suspension



COR.L321 SIDM00507 Lung 1 Suspension

COR.L88 SIDM00506 Lung 1 Semi-Adherent

COR.L95 SIDM00521 Lung 1 Suspension

CP50.MEL.B SIDM00175 Skin 4 Unknown

CP66.MEL SIDM00190 Skin 4 Unknown

CP67.MEL SIDM00189 Skin 4 Unknown

CPC.N SIDM00953 Lung 1 Suspension

CRO.AP2 SIDM00952 Haematopoietic and Lymphoid2 Suspension

CRO.AP3 SIDM00070 Haematopoietic and Lymphoid2 Suspension

CS1 SIDM00199 Bone 3 Adherent

CTB.1 SIDM00283 Haematopoietic and Lymphoid2 Suspension

CTV.1 SIDM00951 Haematopoietic and Lymphoid2 Suspension

CW.2 SIDM00282 Large Intestine 5 Adherent

D.247MG SIDM00622 Central Nervous System 3 Unknown

D.263MG SIDM00732 Central Nervous System 3 Unknown

D.283MED SIDM00888 Central Nervous System 1 Suspension

D.336MG SIDM00620 Central Nervous System 3 Unknown

D.392MG SIDM00542 Central Nervous System 3 Unknown

D.423MG SIDM00209 Central Nervous System 3 Unknown

D.502MG SIDM00208 Central Nervous System 3 Unknown



D.542MG SIDM00207 Central Nervous System 3 Unknown

D.566MG SIDM00206 Central Nervous System 3 Unknown

DAN.G SIDM00950 Pancreas 5 Adherent

Daoy SIDM00887 Central Nervous System 3 Adherent

Daudi SIDM00845 Haematopoietic and Lymphoid2 Suspension

DB SIDM00886 Haematopoietic and Lymphoid2 Suspension

DBTRG.05MGSIDM00867 Central Nervous System 3 Adherent

DEL SIDM00949 Haematopoietic and Lymphoid2 Suspension

Detroit562 SIDM00831 Head and Neck 5 Adherent

DG.75 SIDM00948 Haematopoietic and Lymphoid2 Suspension

DiFi SIDM00049 Large Intestine 5 Unknown

DJM.1 SIDM00281 Skin 5 Adherent

DK.MG SIDM00947 Central Nervous System 3 Adherent

DMS.114 SIDM00865 Lung 1 Adherent

DMS.273 SIDM00522 Lung 1 Adherent

DMS.53 SIDM00523 Lung 1 Adherent

DMS.79 SIDM00524 Lung 1 Suspension

DND.41 SIDM00946 Haematopoietic and Lymphoid2 Suspension

DOHH.2 SIDM00981 Haematopoietic and Lymphoid2 Suspension

DOK SIDM00540 Head and Neck 5 Adherent

DoTc2.4510 SIDM00864 Cervix 5 Adherent



DOV13 SIDM00969 Ovary 3 Adherent

DSH1 SIDM00970 Bladder 5 Adherent

DU.145 SIDM00120 Prostate 5 Adherent

DU.4475 SIDM01001 Breast 1 Suspension

EB.1 SIDM00862 Haematopoietic and Lymphoid2 Suspension

EB.3 SIDM00793 Haematopoietic and Lymphoid2 Suspension

EB2 SIDM00863 Haematopoietic and Lymphoid2 Suspension

EBC.1 SIDM00486 Lung 5 Unknown

EC.GI.10 SIDM00278 Esophagus 5 Adherent

ECC10 SIDM00280 Stomach 1 Suspension

ECC12 SIDM00279 Stomach 1 Adherent

EFM.19 SIDM01056 Breast 5 Adherent

EFM.192A SIDM01002 Breast 5 Adherent

EFO.21 SIDM01052 Ovary 4 Adherent

EFO.27 SIDM01051 Ovary 5 Adherent

EGI.1 SIDM01050 Biliary Tract 5 Adherent

EHEB SIDM01049 Haematopoietic and Lymphoid2 Suspension

EJM SIDM01048 Haematopoietic and Lymphoid2 Unknown

EKVX SIDM00119 Lung 5 Adherent

EM.2 SIDM01047 Haematopoietic and Lymphoid2 Suspension



EMC.BAC.1 SIDM00048 Lung 5 Unknown

EMC.BAC.2 SIDM00047 Lung 5 Unknown

EN SIDM01045 Endometrium 1 Adherent

EoL.1.cell SIDM00277 Haematopoietic and Lymphoid2 Suspension

EPLC.272H SIDM01044 Lung 5 Adherent

ES.2 SIDM00861 Ovary 3 Adherent

ES1 SIDM00266 Bone 1 Unknown

ES3 SIDM00265 Bone 1 Unknown

ES4 SIDM00264 Bone 1 Unknown

ES5 SIDM00263 Bone 1 Unknown

ES6 SIDM00262 Bone 1 Unknown

ES7 SIDM00269 Bone 1 Unknown

ES8 SIDM00261 Bone 1 Unknown

ESO26 SIDM00539 Esophagus 5 Suspension

ESO51 SIDM00538 Esophagus 5 Suspension

ESS.1 SIDM01043 Endometrium 3 Adherent

ETK.1 SIDM00276 Biliary Tract 5 Unknown

EVSA.T SIDM01042 Breast 5 Adherent

EW.11 SIDM00203 Bone 1 Unknown

EW.12 SIDM00200 Bone 1 Unknown

EW.13 SIDM00621 Bone 1 Unknown



EW.16 SIDM00198 Bone 1 Unknown

EW.18 SIDM00197 Bone 1 Unknown

EW.22 SIDM00196 Bone 1 Unknown

EW.24 SIDM00195 Bone 1 Unknown

EW.3 SIDM00202 Bone 1 Unknown

EW.7 SIDM00201 Bone 1 Unknown

FADU SIDM00860 Head and Neck 5 Adherent

Farage SIDM00859 Haematopoietic and Lymphoid2 Suspension

FLO.1 SIDM01041 Esophagus 4 Adherent

FTC.133 SIDM00213 Thyroid 3 Adherent

FTC.238 SIDM00228 Thyroid 3 Adherent

FU.OV.1 SIDM01040 Ovary 4 Adherent

FU97 SIDM00503 Stomach 4 Adherent

G.292.Clone.A141B1SIDM00858 Bone 3 Adherent

G.361 SIDM00857 Skin 4 Adherent

G.401 SIDM00856 Kidney 1 Adherent

G.402 SIDM00855 Soft Tissue 4 Adherent

G.MEL SIDM00129 Skin 4 Unknown

GA.10 SIDM00854 Haematopoietic and Lymphoid2 Suspension

GAK SIDM00543 Skin 4 Adherent



GAMG SIDM01055 Central Nervous System 3 Adherent

GB.1 SIDM00581 Central Nervous System 3 Unknown

GCIY SIDM00274 Stomach 4 Adherent

GCT SIDM00853 Soft Tissue 3 Adherent

GDM.1 SIDM01057 Haematopoietic and Lymphoid2 Suspension

Geo SIDM00068 Large Intestine 5 Unknown

GI.1 SIDM00273 Central Nervous System 3 Adherent

GI.ME.N SIDM00227 Peripheral Nervous System3 Adherent

GMS.10 SIDM01074 Central Nervous System 3 Adherent

GOTO SIDM00544 Peripheral Nervous System1 Adherent

GP2d SIDM00536 Large Intestine 5 Adherent

GP5d SIDM00537 Large Intestine 5 Adherent

GR.ST SIDM01259 Haematopoietic and Lymphoid2 Suspension

GRANTA.519 SIDM01058 Haematopoietic and Lymphoid2 Suspension

GT3TKB SIDM01231 Lung 4 Adherent

H.EMC.SS SIDM00535 Bone 1 Adherent

H4 SIDM00852 Central Nervous System 3 Adherent

H9 SIDM01251 Haematopoietic and Lymphoid2 Suspension

HA7.RCC SIDM00188 Kidney 4 Unknown

HAL.01 SIDM00289 Haematopoietic and Lymphoid2 Suspension

HARA SIDM00598 Lung 5 Unknown



HC.1 SIDM01073 Haematopoietic and Lymphoid2 Suspension

HCC.15 SIDM01072 Lung 5 Adherent

HCC.33 SIDM01071 Lung 1 Adherent

HCC.366 SIDM01070 Lung 5 Adherent

HCC.44 SIDM01069 Lung 4 Adherent

HCC.78 SIDM01068 Lung 5 Adherent

HCC.827 SIDM01067 Lung 5 Adherent

HCC1143 SIDM00866 Breast 5 Adherent

HCC1187 SIDM00885 Breast 5 Semi-Adherent

HCC1395 SIDM00884 Breast 3 Adherent

HCC1419 SIDM00882 Breast 5 Adherent

HCC1428 SIDM00881 Breast 5 Adherent

HCC1500 SIDM00879 Breast 5 Adherent

HCC1569 SIDM00878 Breast 4 Semi-Adherent

HCC1599 SIDM00877 Breast 5 Suspension

HCC1806 SIDM00875 Breast 5 Adherent

HCC1937 SIDM00874 Breast 5 Semi-Adherent

HCC1954 SIDM00872 Breast 5 Adherent

HCC202 SIDM00870 Breast 5 Semi-Adherent

HCC2157 SIDM00774 Breast 5 Suspension



HCC2218 SIDM00772 Breast 5 Suspension

HCC2998 SIDM00118 Large Intestine 5 Unknown

HCC38 SIDM00675 Breast 5 Semi-Adherent

HCC70 SIDM00673 Breast 5 Adherent

HCE.4 SIDM00052 Esophagus 3 Unknown

HCT.116 SIDM00783 Large Intestine 5 Adherent

HCT.15 SIDM00789 Large Intestine 5 Adherent

HD.MY.Z SIDM01063 Haematopoietic and Lymphoid3 Unknown

HDLM.2 SIDM01064 Haematopoietic and Lymphoid2 Suspension

HDQ.P1 SIDM01062 Breast 5 Adherent

HEC.1 SIDM00596 Endometrium 4 Adherent

HEC.1.A SIDM00595 Endometrium 5 Adherent

HEC.1.B SIDM01241 Endometrium 4 Adherent

HEL SIDM00594 Haematopoietic and Lymphoid2 Suspension

HEL.92.1.7 SIDM00593 Haematopoietic and Lymphoid2 Unknown

HeLa SIDM00846 Cervix 4 Adherent

Hep.G2 SIDM00904 Liver 4 Adherent

Hep3B2.1.7 SIDM00672 Liver 4 Adherent

Hey SIDM00968 Ovary 3 Adherent

Hey.A8 SIDM01215 Ovary 4 Adherent

HGC.27 SIDM00290 Stomach 1 Adherent



HH SIDM00671 Haematopoietic and Lymphoid2 Suspension

HL.60 SIDM00829 Haematopoietic and Lymphoid2 Suspension

HLE SIDM00064 Liver 4 Unknown

HLF SIDM00065 Liver 4 Unknown

HMCB SIDM00914 Skin 4 Adherent

HMV.II SIDM00291 Skin 4 Adherent

HN SIDM01061 Head and Neck 5 Adherent

HO.1.N.1 SIDM00592 Head and Neck 5 Adherent

HO.1.u.1 SIDM00591 Head and Neck 5 Unknown

HOP.62 SIDM00133 Lung 3 Unknown

HOP.92 SIDM00134 Lung 3 Unknown

HOS SIDM00806 Bone 3 Adherent

HPAC SIDM00670 Pancreas 5 Adherent

HPAF.II SIDM00669 Pancreas 5 Adherent

Hs.294.T SIDM00800 Skin 3 Adherent

Hs.445 SIDM00668 Haematopoietic and Lymphoid2 Suspension

Hs.578.T SIDM00135 Breast 3 Adherent

Hs.633T SIDM00667 Soft Tissue 3 Adherent

Hs.683 SIDM00666 Central Nervous System 3 Adherent

Hs.746T SIDM00665 Stomach 3 Adherent



Hs.766T SIDM00664 Pancreas 5 Adherent

Hs.939.T SIDM00663 Skin 4 Adherent

Hs.940.T SIDM00662 Skin 3 Adherent

Hs.944.T SIDM00063 Skin 4 Unknown

HSC.2 SIDM00590 Head and Neck 5 Adherent

HSC.3 SIDM00589 Head and Neck 5 Unknown

HSC.39 SIDM00045 Stomach 5 Unknown

HSC.4 SIDM00588 Head and Neck 5 Adherent

HT SIDM00661 Haematopoietic and Lymphoid2 Suspension

HT.1080 SIDM00828 Soft Tissue 3 Adherent

HT.115 SIDM00534 Large Intestine 5 Adherent

HT.1197 SIDM00676 Bladder 5 Adherent

HT.1376 SIDM00678 Bladder 5 Adherent

HT.144 SIDM00695 Skin 4 Adherent

HT.29 SIDM00136 Large Intestine 5 Adherent

HT.3 SIDM00679 Cervix 5 Adherent

HT55 SIDM00541 Large Intestine 5 Adherent

HTC.C3 SIDM00496 Thyroid 5 Adherent

HuCCT1 SIDM00587 Biliary Tract 5 Unknown

huH.1 SIDM00586 Liver 4 Unknown

HuH.6 SIDM00062 Liver 4 Unknown



HUH.6.clone5SIDM01257 Liver 1 Unknown

HuH.7 SIDM00585 Liver 4 Unknown

HuO.3N1 SIDM00584 Bone 3 Unknown

HuO9 SIDM00599 Bone 3 Adherent

HuP.T3 SIDM00533 Pancreas 5 Adherent

HuP.T4 SIDM00531 Pancreas 5 Adherent

HuT.78 SIDM00851 Haematopoietic and Lymphoid2 Suspension

HuTu.80 SIDM00694 Small Intestine 1 Adherent

IA.LM SIDM00306 Lung 4 Adherent

IGR.1 SIDM01060 Skin 4 Adherent

IGR.37 SIDM01066 Skin 4 Adherent

IGROV.1 SIDM00151 Ovary 4 Unknown

IHH.4 SIDM00600 Thyroid 4 Unknown

IM.9 SIDM00632 Haematopoietic and Lymphoid2 Suspension

IM.95 SIDM00602 Stomach 5 Unknown

IMR.32 SIDM00226 Peripheral Nervous System1 Adherent

IMR.5 SIDM01206 Peripheral Nervous System1 Adherent

IPC.298 SIDM01059 Skin 4 Adherent

Ishikawa(Heraklio)02ER.SIDM00037 Endometrium 5 Unknown

IST.MEL1 SIDM00225 Skin 3 Adherent



IST.MES1 SIDM00224 Lung 3 Adherent

IST.SL1 SIDM00223 Lung 1 Semi-Adherent

IST.SL2 SIDM00230 Lung 1 Suspension

J82 SIDM00693 Bladder 3 Adherent

JAR SIDM01039 Placenta 5 Adherent

JEG.3 SIDM01218 Placenta 5 Adherent

JEKO.1 SIDM01038 Haematopoietic and Lymphoid2 Suspension

JHH.1 SIDM00618 Liver 5 Adherent

JHH.2 SIDM00617 Liver 3 Unknown

JHH.4 SIDM00616 Liver 4 Adherent

JHH.6 SIDM00615 Liver 3 Adherent

JHH.7 SIDM00614 Liver 4 Adherent

JHOS.2 SIDM00305 Ovary 5 Adherent

JHOS.3 SIDM00304 Ovary 5 Adherent

JHOS.4 SIDM00303 Ovary 5 Adherent

JHU.011 SIDM00128 Head and Neck 5 Unknown

JHU.022 SIDM00127 Head and Neck 5 Unknown

JHU.029 SIDM00690 Head and Neck 5 Adherent

JIMT.1 SIDM01037 Breast 5 Adherent

JiyoyeP.2003 SIDM00808 Haematopoietic and Lymphoid2 Suspension

JJN.3 SIDM01036 Haematopoietic and Lymphoid2 Suspension



JM1 SIDM00689 Haematopoietic and Lymphoid2 Suspension

JSC.1 SIDM00688 Haematopoietic and Lymphoid2 Suspension

Jurkat SIDM01016 Haematopoietic and Lymphoid2 Suspension

JURL.MK1 SIDM01015 Haematopoietic and Lymphoid2 Suspension

JVM.2 SIDM01013 Haematopoietic and Lymphoid2 Suspension

JVM.3 SIDM01012 Haematopoietic and Lymphoid2 Suspension

K.562 SIDM00791 Haematopoietic and Lymphoid2 Suspension

K052 SIDM00018 Haematopoietic and Lymphoid2 Suspension

K2 SIDM00126 Skin 4 Unknown

K5 SIDM00056 Thyroid 3 Unknown

KALS.1 SIDM00613 Central Nervous System 3 Unknown

KARPAS.1106PSIDM01011 Haematopoietic and Lymphoid2 Suspension

KARPAS.231 SIDM01017 Haematopoietic and Lymphoid2 Suspension

KARPAS.299 SIDM01010 Haematopoietic and Lymphoid2 Suspension

KARPAS.422 SIDM01008 Haematopoietic and Lymphoid2 Suspension

KARPAS.45 SIDM01007 Haematopoietic and Lymphoid2 Suspension

KARPAS.620 SIDM01006 Haematopoietic and Lymphoid2 Suspension

KASUMI.1 SIDM01005 Haematopoietic and Lymphoid2 Suspension

KATOIII SIDM00687 Stomach 5 Semi-Adherent

KCL.22 SIDM01004 Haematopoietic and Lymphoid2 Suspension



KE.37 SIDM01003 Haematopoietic and Lymphoid2 Suspension

KELLY SIDM01009 Peripheral Nervous System1 Adherent

KG.1 SIDM00785 Haematopoietic and Lymphoid2 Suspension

KG.1.C SIDM00784 Central Nervous System 3 Unknown

KGN SIDM00302 Ovary 3 Adherent

KINGS.1 SIDM00612 Central Nervous System 3 Unknown

KLE SIDM00686 Endometrium 4 Adherent

KM.H2 SIDM01018 Haematopoietic and Lymphoid2 Suspension

KM12 SIDM00150 Large Intestine 5 Unknown

KMH.2 SIDM00619 Thyroid 3 Unknown

KMOE.2 SIDM01019 Haematopoietic and Lymphoid2 Suspension

KMRC.1 SIDM00611 Kidney 4 Adherent

KMRC.20 SIDM00609 Kidney 4 Adherent

KMS.11 SIDM00608 Haematopoietic and Lymphoid2 Unknown

KMS.12.BM SIDM01020 Haematopoietic and Lymphoid2 Suspension

KNS.42 SIDM00607 Central Nervous System 4 Unknown

KNS.62 SIDM00606 Lung 5 Adherent

KNS.81 SIDM00605 Central Nervous System 3 Unknown

KNS.81.FD SIDM01210 Central Nervous System 3 Unknown

KON SIDM00604 Head and Neck 5 Adherent

KOPN.8 SIDM01034 Haematopoietic and Lymphoid2 Suspension



KOSC.2 SIDM00603 Head and Neck 5 Unknown

KP.1N SIDM00583 Pancreas 4 Adherent

KP.2 SIDM00582 Pancreas 5 Adherent

KP.3 SIDM00571 Pancreas 5 Adherent

KP.4 SIDM00301 Pancreas 4 Adherent

KP.N.RT.BM.1SIDM00557 Peripheral Nervous System1 Unknown

KP.N.YN SIDM00556 Peripheral Nervous System1 Unknown

KP.N.YS SIDM00157 Peripheral Nervous System1 Unknown

KPL.1 SIDM00147 Breast 5 Unknown

KS.1 SIDM00555 Central Nervous System 3 Adherent

KU.19.19 SIDM01033 Bladder 5 Adherent

KU812 SIDM00308 Haematopoietic and Lymphoid2 Suspension

KURAMOCHI SIDM00554 Ovary 4 Unknown

KY821 SIDM00553 Haematopoietic and Lymphoid2 Unknown

KYAE.1 SIDM00530 Esophagus 5 Adherent

KYM.1 SIDM00552 Soft Tissue 1 Unknown

KYSE.140 SIDM01032 Esophagus 5 Adherent

KYSE.150 SIDM01031 Esophagus 5 Adherent

KYSE.180 SIDM01030 Esophagus 5 Adherent

KYSE.220 SIDM00551 Esophagus 5 Adherent



KYSE.270 SIDM01029 Esophagus 5 Adherent

KYSE.30 SIDM00015 Esophagus 5 Unknown

KYSE.410 SIDM01028 Esophagus 5 Adherent

KYSE.450 SIDM01027 Esophagus 5 Adherent

KYSE.50 SIDM00550 Esophagus 5 Unknown

KYSE.510 SIDM01026 Esophagus 5 Adherent

KYSE.520 SIDM01025 Esophagus 5 Adherent

KYSE.70 SIDM01024 Esophagus 5 Adherent

L.1236 SIDM00313 Haematopoietic and Lymphoid2 Unknown

L.363 SIDM00312 Haematopoietic and Lymphoid2 Suspension

L.428 SIDM00327 Haematopoietic and Lymphoid2 Suspension

L.540 SIDM00329 Haematopoietic and Lymphoid2 Suspension

LAMA.84 SIDM00346 Haematopoietic and Lymphoid2 Suspension

LAN.6 SIDM00330 Peripheral Nervous System1 Semi-Adherent

LB1047.RCC SIDM00187 Kidney 3 Unknown

LB2241.RCC SIDM00186 Kidney 4 Unknown

LB2518.MEL SIDM00185 Skin 4 Unknown

LB373.MEL.D SIDM00184 Skin 4 Unknown

LB647.SCLC SIDM00183 Lung 1 Unknown

LB771.HNC SIDM00182 Head and Neck 4 Unknown

LB831.BLC SIDM00181 Bladder 3 Unknown



LB996.RCC SIDM00180 Kidney 4 Unknown

LC.1.sq SIDM00300 Lung 5 Adherent

LC.1F SIDM00298 Lung 5 Suspension

LC.2.ad SIDM00297 Lung 5 Adherent

LC4.1 SIDM00549 Haematopoietic and Lymphoid2 Suspension

LCLC.103H SIDM00345 Lung 3 Adherent

LCLC.97TM1 SIDM00344 Lung 5 Adherent

LIM1215 SIDM00014 Large Intestine 5 Unknown

LK.2 SIDM00548 Lung 1 Adherent

LN.18 SIDM00685 Central Nervous System 3 Adherent

LN.229 SIDM00684 Central Nervous System 3 Adherent

LN.405 SIDM00343 Central Nervous System 3 Adherent

LNCaP.Clone.FGCSIDM00683 Prostate 1 Semi-Adherent

LNZTA3WT4 SIDM01220 Central Nervous System 3 Adherent

LOU.NH91 SIDM00341 Lung 3 Adherent

LOUCY SIDM00342 Haematopoietic and Lymphoid2 Suspension

LoVo SIDM00839 Large Intestine 5 Adherent

LOXIMVI SIDM00149 Skin 4 Unknown

LP.1 SIDM00340 Haematopoietic and Lymphoid2 Suspension

LS.1034 SIDM00681 Large Intestine 5 Adherent



LS.123 SIDM00776 Large Intestine 5 Adherent

LS.180 SIDM00680 Large Intestine 5 Adherent

LS.411N SIDM00660 Large Intestine 5 Adherent

LS.513 SIDM00677 Large Intestine 5 Adherent

LU.134.A SIDM00296 Lung 1 Suspension

LU.135 SIDM00294 Lung 1 Semi-Adherent

LU.139 SIDM00293 Lung 1 Suspension

LU.165 SIDM00292 Lung 1 Suspension

LU.65 SIDM00547 Lung 5 Unknown

LU.99 SIDM00546 Lung 4 Unknown

LXF.289 SIDM00339 Lung 3 Adherent

M059J SIDM00659 Central Nervous System 3 Adherent

M059K SIDM00639 Central Nervous System 3 Adherent

M14 SIDM00003 Skin 4 Unknown

Malme.3M SIDM00011 Skin 4 Unknown

MC.1010 SIDM00009 Haematopoietic and Lymphoid2 Unknown

MC.CAR SIDM00636 Haematopoietic and Lymphoid2 Suspension

MC.IXC SIDM01246 Bone 1 Adherent

MC116 SIDM00637 Haematopoietic and Lymphoid2 Suspension

MCAS SIDM00008 Ovary 5 Unknown

MCC13 SIDM00007 Skin 3 Unknown



MCC26 SIDM00006 Skin 3 Unknown

MCF7 SIDM00148 Breast 5 Adherent

MDA.MB.134.VISIDM00005 Breast 1 Adherent

MDA.MB.157 SIDM00529 Breast 3 Adherent

MDA.MB.175.VIISIDM00633 Breast 5 Semi-Adherent

MDA.MB.231 SIDM00146 Breast 4 Adherent

MDA.MB.330 SIDM00631 Breast 5 Adherent

MDA.MB.361 SIDM00528 Breast 5 Adherent

MDA.MB.415 SIDM00630 Breast 5 Adherent

MDA.MB.435SSIDM01222 Skin 4 Unknown

MDA.MB.436 SIDM00629 Breast 4 Adherent

MDA.MB.453 SIDM00272 Breast 5 Adherent

MDA.MB.468 SIDM00628 Breast 5 Adherent

MDST8 SIDM00527 Large Intestine 3 Adherent

ME.1 SIDM00338 Haematopoietic and Lymphoid2 Suspension

ME.180 SIDM00627 Cervix 5 Adherent

MEC.1 SIDM00001 Haematopoietic and Lymphoid2 Unknown

MEG.01 SIDM00526 Haematopoietic and Lymphoid2 Semi-Adherent

MEL.HO SIDM00337 Skin 4 Adherent

MEL.JUSO SIDM00336 Skin 4 Adherent



MES.SA SIDM00625 Uterus 4 Adherent

Mewo SIDM00545 Skin 4 Adherent

MFE.280 SIDM00335 Endometrium 1 Adherent

MFE.296 SIDM00334 Endometrium 4 Adherent

MFE.319 SIDM00333 Endometrium 5 Adherent

MFH.ino SIDM00299 Soft Tissue 3 Adherent

MFM.223 SIDM00332 Breast 5 Adherent

MG.63 SIDM00525 Bone 3 Adherent

MHH.CALL.2 SIDM00331 Haematopoietic and Lymphoid2 Suspension

MHH.CALL.4 SIDM00376 Haematopoietic and Lymphoid2 Suspension

MHH.ES.1 SIDM00386 Bone 1 Adherent

MHH.NB.11 SIDM00387 Peripheral Nervous System1 Adherent

MHH.PREB.1 SIDM00388 Haematopoietic and Lymphoid2 Suspension

MIA.PaCa.2 SIDM00505 Pancreas 4 Semi-Adherent

MKN1 SIDM00271 Stomach 3 Adherent

MKN28 SIDM00260 Stomach 5 Adherent

MKN45 SIDM00247 Stomach 5 Adherent

MKN7 SIDM00560 Stomach 5 Unknown

MKN74 SIDM00248 Stomach 5 Adherent

ML.1 SIDM00440 Haematopoietic and Lymphoid3 Suspension

ML.2 SIDM00441 Haematopoietic and Lymphoid2 Suspension



MLMA SIDM00561 Haematopoietic and Lymphoid2 Unknown

MM1S SIDM01265 Haematopoietic and Lymphoid2 Semi-Adherent

MMAc.SF SIDM01242 Skin 4 Adherent

MN.60 SIDM00438 Haematopoietic and Lymphoid2 Suspension

Mo.T SIDM00623 Haematopoietic and Lymphoid2 Suspension

MOG.G.CCM SIDM00532 Central Nervous System 3 Adherent

MOG.G.UVW SIDM00504 Central Nervous System 3 Adherent

MOLM.13 SIDM00437 Haematopoietic and Lymphoid2 Suspension

MOLM.16 SIDM00435 Haematopoietic and Lymphoid2 Suspension

MOLP.8 SIDM00434 Haematopoietic and Lymphoid2 Suspension

MOLT.13 SIDM00433 Haematopoietic and Lymphoid2 Suspension

MOLT.16 SIDM00431 Haematopoietic and Lymphoid2 Suspension

MOLT.3 SIDM00153 Haematopoietic and Lymphoid2 Unknown

MOLT.4 SIDM00145 Haematopoietic and Lymphoid2 Suspension

MONO.MAC.1SIDM01022 Haematopoietic and Lymphoid2 Suspension

MONO.MAC.6SIDM01023 Haematopoietic and Lymphoid2 Suspension

MPP.89 SIDM00222 Lung 3 Adherent

MRK.nu.1 SIDM00562 Breast 5 Unknown

MS.1 SIDM00408 Skin 1 Suspension

MS751 SIDM00638 Cervix 5 Adherent



MSTO.211H SIDM00640 Lung 4 Adherent

MV.4.11 SIDM00657 Haematopoietic and Lymphoid2 Suspension

MY.M12 SIDM01217 Haematopoietic and Lymphoid2 Suspension

MZ1.PC SIDM00053 Pancreas 5 Unknown

MZ2.MEL SIDM00179 Skin 4 Unknown

MZ7.mel SIDM00516 Skin 4 Unknown

NALM.6 SIDM00429 Haematopoietic and Lymphoid2 Suspension

NAMALWA SIDM00641 Haematopoietic and Lymphoid2 Suspension

NB(TU)1.10 SIDM00579 Peripheral Nervous System1 Unknown

NB1 SIDM00578 Peripheral Nervous System1 Unknown

NB10 SIDM00259 Peripheral Nervous System1 Unknown

NB12 SIDM00258 Peripheral Nervous System1 Unknown

NB13 SIDM00257 Peripheral Nervous System1 Unknown

NB14 SIDM00256 Peripheral Nervous System1 Unknown

NB17 SIDM00255 Peripheral Nervous System1 Unknown

NB4 SIDM00428 Haematopoietic and Lymphoid2 Suspension

NB5 SIDM00254 Peripheral Nervous System1 Unknown

NB6 SIDM00253 Peripheral Nervous System1 Unknown

NB69 SIDM00244 Peripheral Nervous System1 Adherent

NB7 SIDM00156 Peripheral Nervous System1 Unknown

NBsusSR SIDM00002 Peripheral Nervous System1 Unknown



NCC010 SIDM00231 Kidney 4 Unknown

NCC021 SIDM00232 Kidney 4 Unknown

NCCIT SIDM00655 Testis 1 Adherent

NCI.H1048 SIDM00654 Lung 1 Adherent

NCI.H1092 SIDM00653 Lung 1 Suspension

NCI.H1105 SIDM00652 Lung 1 Suspension

NCI.H1155 SIDM00651 Lung 1 Suspension

NCI.H128 SIDM00650 Lung 1 Suspension

NCI.H1299 SIDM00649 Lung 4 Adherent

NCI.H1304 SIDM00648 Lung 1 Suspension

NCI.H1341 SIDM00646 Lung 1 Suspension

NCI.H1355 SIDM00645 Lung 4 Suspension

NCI.H1395 SIDM00644 Lung 5 Adherent

NCI.H1417 SIDM00642 Lung 1 Suspension

NCI.H1435 SIDM00658 Lung 5 Semi-Adherent

NCI.H1436 SIDM00697 Lung 1 Suspension

NCI.H1437 SIDM00734 Lung 5 Adherent

NCI.H146 SIDM00698 Lung 1 Suspension

NCI.H1563 SIDM00751 Lung 3 Adherent

NCI.H1568 SIDM00750 Lung 5 Adherent



NCI.H1573 SIDM00749 Lung 5 Adherent

NCI.H1581 SIDM00748 Lung 1 Semi-Adherent

NCI.H1623 SIDM00747 Lung 5 Semi-Adherent

NCI.H1648 SIDM00746 Lung 5 Adherent

NCI.H1650 SIDM00745 Lung 5 Adherent

NCI.H1651 SIDM00744 Lung 4 Adherent

NCI.H1666 SIDM00743 Lung 5 Semi-Adherent

NCI.H1688 SIDM00792 Lung 1 Adherent

NCI.H1693 SIDM00742 Lung 5 Adherent

NCI.H1694 SIDM00741 Lung 1 Suspension

NCI.H1703 SIDM00740 Lung 4 Adherent

NCI.H1734 SIDM00739 Lung 5 Adherent

NCI.H1755 SIDM00738 Lung 3 Semi-Adherent

NCI.H1770 SIDM00737 Lung 1 Suspension

NCI.H1781 SIDM00754 Lung 5 Adherent

NCI.H1792 SIDM00771 Lung 3 Adherent

NCI.H1793 SIDM00755 Lung 4 Adherent

NCI.H1836 SIDM00770 Lung 1 Suspension

NCI.H1838 SIDM00769 Lung 5 Adherent

NCI.H1869 SIDM00768 Lung 5 Adherent

NCI.H187 SIDM00767 Lung 1 Suspension



NCI.H1876 SIDM00766 Lung 1 Adherent

NCI.H1915 SIDM00763 Lung 4 Adherent

NCI.H1944 SIDM00762 Lung 5 Adherent

NCI.H196 SIDM00761 Lung 3 Adherent

NCI.H1963 SIDM00760 Lung 1 Suspension

NCI.H1975 SIDM00759 Lung 4 Adherent

NCI.H1993 SIDM00758 Lung 5 Adherent

NCI.H2009 SIDM00756 Lung 5 Adherent

NCI.H2023 SIDM00753 Lung 4 Adherent

NCI.H2029 SIDM00735 Lung 1 Adherent

NCI.H2030 SIDM00715 Lung 4 Adherent

NCI.H2052 SIDM00713 Lung 3 Adherent

NCI.H2066 SIDM00711 Lung 1 Adherent

NCI.H2073 SIDM00757 Lung 5 Adherent

NCI.H2081 SIDM00710 Lung 1 Suspension

NCI.H2085 SIDM00709 Lung 5 Adherent

NCI.H2087 SIDM00708 Lung 5 Adherent

NCI.H209 SIDM00706 Lung 1 Suspension

NCI.H211 SIDM00704 Lung 1 Suspension

NCI.H2110 SIDM00703 Lung 5 Adherent



NCI.H2122 SIDM00702 Lung 5 Adherent

NCI.H2126 SIDM00775 Lung 5 Adherent

NCI.H2135 SIDM00700 Lung 4 Adherent

NCI.H2141 SIDM00699 Lung 1 Suspension

NCI.H2170 SIDM00716 Lung 5 Adherent

NCI.H2171 SIDM00733 Lung 1 Suspension

NCI.H2172 SIDM00926 Lung 4 Adherent

NCI.H2196 SIDM00731 Lung 1 Adherent

NCI.H2227 SIDM00730 Lung 1 Semi-Adherent

NCI.H2228 SIDM00729 Lung 4 Adherent

NCI.H226 SIDM00139 Lung 3 Adherent

NCI.H2286 SIDM00017 Lung 4 Unknown

NCI.H2291 SIDM00728 Lung 5 Adherent

NCI.H23 SIDM00138 Lung 4 Adherent

NCI.H2342 SIDM00727 Lung 5 Adherent

NCI.H2347 SIDM00726 Lung 5 Adherent

NCI.H2369 SIDM00104 Lung 3 Unknown

NCI.H2373 SIDM00103 Lung 3 Unknown

NCI.H2405 SIDM00724 Lung 4 Semi-Adherent

NCI.H2444 SIDM00723 Lung 5 Adherent

NCI.H2452 SIDM00722 Lung 3 Adherent



NCI.H2461 SIDM00102 Lung 3 Unknown

NCI.H250 SIDM00721 Lung 1 Suspension

NCI.H2591 SIDM00101 Lung 3 Unknown

NCI.H2595 SIDM00100 Lung 3 Unknown

NCI.H2722 SIDM00099 Lung 3 Unknown

NCI.H2731 SIDM00098 Lung 3 Unknown

NCI.H2795 SIDM00154 Lung 5 Unknown

NCI.H28 SIDM00720 Lung 4 Adherent

NCI.H2803 SIDM00309 Lung 3 Unknown

NCI.H2804 SIDM00310 Lung 3 Unknown

NCI.H2810 SIDM00311 Lung 3 Unknown

NCI.H2818 SIDM00520 Lung 3 Unknown

NCI.H2869 SIDM00519 Lung 3 Unknown

NCI.H290 SIDM00518 Lung 3 Unknown

NCI.H292 SIDM00493 Lung 5 Adherent

NCI.H3118 SIDM00517 Head and Neck 5 Unknown

NCI.H3122 SIDM00137 Lung 5 Unknown

NCI.H322M SIDM00117 Lung 5 Unknown

NCI.H345 SIDM00719 Lung 1 Semi-Adherent

NCI.H358 SIDM00718 Lung 5 Adherent



NCI.H378 SIDM00915 Lung 1 Suspension

NCI.H441 SIDM00925 Lung 5 Adherent

NCI.H446 SIDM00965 Lung 1 Semi-Adherent

NCI.H460 SIDM00144 Lung 4 Adherent

NCI.H508 SIDM00777 Large Intestine 5 Suspension

NCI.H510A SIDM00927 Lung 1 Semi-Adherent

NCI.H513 SIDM00114 Lung 5 Unknown

NCI.H520 SIDM01130 Lung 1 Adherent

NCI.H522 SIDM00116 Lung 1 Adherent

NCI.H524 SIDM01129 Lung 1 Suspension

NCI.H526 SIDM01128 Lung 1 Suspension

NCI.H596 SIDM01127 Lung 5 Adherent

NCI.H64 SIDM01126 Lung 1 Suspension

NCI.H647 SIDM01125 Lung 5 Adherent

NCI.H650 SIDM01124 Lung 4 Suspension

NCI.H660 SIDM01123 Prostate 1 Suspension

NCI.H661 SIDM01122 Lung 4 Adherent

NCI.H69 SIDM01121 Lung 1 Suspension

NCI.H716 SIDM00779 Large Intestine 1 Suspension

NCI.H720 SIDM01120 Lung 1 Suspension

NCI.H727 SIDM01119 Lung 5 Adherent



NCI.H740 SIDM01118 Lung 1 Suspension

NCI.H747 SIDM00778 Large Intestine 5 Semi-Adherent

NCI.H748 SIDM01117 Lung 1 Suspension

NCI.H810 SIDM01116 Lung 1 Adherent

NCI.H82 SIDM01131 Lung 1 Suspension

NCI.H820 SIDM00019 Lung 5 Unknown

NCI.H835 SIDM01133 Lung 1 Suspension

NCI.H838 SIDM01150 Lung 4 Adherent

NCI.H841 SIDM01134 Lung 1 Semi-Adherent

NCI.H847 SIDM01149 Lung 1 Suspension

NCI.H929 SIDM01148 Haematopoietic and Lymphoid2 Suspension

NCI.N87 SIDM01147 Stomach 5 Adherent

NEC8 SIDM00243 Testis 1 Unknown

NH.12 SIDM00577 Peripheral Nervous System1 Unknown

NKM.1 SIDM00576 Haematopoietic and Lymphoid2 Unknown

NMC.G1 SIDM00575 Central Nervous System 3 Unknown

no.10 SIDM00574 Central Nervous System 3 Adherent

no.11 SIDM00573 Central Nervous System 3 Unknown

NOMO.1 SIDM00580 Haematopoietic and Lymphoid2 Unknown

NOS.1 SIDM00242 Bone 3 Adherent



NTERA.2.cl.D1SIDM01203 Testis 1 Adherent

NU.DUL.1 SIDM00443 Haematopoietic and Lymphoid2 Suspension

NUGC.3 SIDM00572 Stomach 5 Unknown

NUGC.4 SIDM00570 Stomach 5 Unknown

NY SIDM00569 Bone 3 Unknown

OACM5.1 SIDM00444 Esophagus 4 Semi-Adherent

OACp4C SIDM00445 Esophagus 5 Adherent

OAW.28 SIDM00481 Ovary 5 Adherent

OAW.42 SIDM00480 Ovary 4 Adherent

OC.314 SIDM00220 Ovary 4 Adherent

OCI.AML2 SIDM00446 Haematopoietic and Lymphoid2 Suspension

OCI.AML3 SIDM00462 Haematopoietic and Lymphoid2 Suspension

OCI.AML5 SIDM00461 Haematopoietic and Lymphoid2 Suspension

OCI.LY.19 SIDM00460 Haematopoietic and Lymphoid2 Suspension

OCI.LY7 SIDM00459 Haematopoietic and Lymphoid2 Suspension

OCI.M1 SIDM00458 Haematopoietic and Lymphoid2 Suspension

OCUB.M SIDM00241 Breast 5 Adherent

OCUM.1 SIDM00568 Stomach 5 Unknown

OE19 SIDM00479 Esophagus 5 Adherent

OE21 SIDM00478 Esophagus 5 Adherent

OE33 SIDM00477 Esophagus 5 Adherent



OMC.1 SIDM00240 Cervix 5 Adherent

ONCO.DG.1 SIDM00093 Ovary 5 Unknown

ONS.76 SIDM00567 Central Nervous System 3 Adherent

OPM.2 SIDM00457 Haematopoietic and Lymphoid2 Suspension

OS.RC.2 SIDM00239 Kidney 3 Adherent

OSC.19 SIDM00566 Head and Neck 5 Unknown

OSC.20 SIDM00565 Head and Neck 5 Unknown

OUMS.23 SIDM00036 Large Intestine 5 Unknown

OV.17R SIDM00476 Ovary 4 Adherent

OV.56 SIDM00475 Ovary 4 Adherent

OV.7 SIDM00474 Ovary 3 Adherent

OV.90 SIDM01141 Ovary 5 Adherent

OVCA420 SIDM00967 Ovary 5 Adherent

OVCA433 SIDM00966 Ovary 3 Adherent

OVCAR.3 SIDM00105 Ovary 5 Adherent

OVCAR.4 SIDM00092 Ovary 5 Unknown

OVCAR.5 SIDM00091 Ovary 5 Unknown

OVCAR.8 SIDM00090 Ovary 4 Unknown

OVISE SIDM00564 Ovary 5 Adherent

OVK.18 SIDM00238 Ovary 1 Adherent



OVKATE SIDM00466 Ovary 5 Unknown

OVMIU SIDM00465 Ovary 5 Unknown

OVTOKO SIDM00425 Ovary 4 Unknown

P12.ICHIKAWASIDM00463 Haematopoietic and Lymphoid2 Suspension

P30.OHK SIDM00364 Haematopoietic and Lymphoid2 Unknown

P31.FUJ SIDM00363 Haematopoietic and Lymphoid2 Unknown

P32.ISH SIDM00362 Haematopoietic and Lymphoid2 Unknown

P3HR.1 SIDM01254 Haematopoietic and Lymphoid2 Suspension

PA.1 SIDM01140 Ovary 4 Adherent

PA.TU.8902 SIDM00455 Pancreas 5 Adherent

PA.TU.8988S SIDM00452 Pancreas 5 Adherent

PA.TU.8988T SIDM00453 Pancreas 4 Adherent

PANC.02.03 SIDM01139 Pancreas 5 Adherent

PANC.03.27 SIDM01138 Pancreas 5 Adherent

PANC.04.03 SIDM01137 Pancreas 5 Adherent

PANC.08.13 SIDM01136 Pancreas 5 Adherent

PANC.1 SIDM00610 Pancreas 4 Adherent

PANC.10.05 SIDM01135 Pancreas 5 Adherent

PC.14 SIDM00237 Lung 5 Adherent

PC.3 SIDM00088 Prostate 5 Adherent

PCI.15A SIDM00270 Head and Neck 5 Unknown



PCI.30 SIDM00044 Head and Neck 3 Unknown

PCI.38 SIDM00155 Head and Neck 5 Unknown

PCI.4B SIDM00043 Head and Neck 5 Unknown

PCI.6A SIDM00115 Head and Neck 5 Unknown

PE.CA.PJ15 SIDM00473 Head and Neck 5 Adherent

PEER SIDM00991 Haematopoietic and Lymphoid2 Suspension

PEO1 SIDM00472 Ovary 5 Adherent

PF.382 SIDM00451 Haematopoietic and Lymphoid2 Suspension

PFSK.1 SIDM01132 Central Nervous System 4 Adherent

PL.21 SIDM00450 Haematopoietic and Lymphoid2 Suspension

PL18 SIDM00054 Pancreas 5 Unknown

PL4 SIDM00042 Pancreas 5 Unknown

PSN1 SIDM00469 Pancreas 4 Adherent

PWR.1E SIDM01114 Prostate 3 Adherent

QGP.1 SIDM00360 Pancreas 1 Unknown

QIMR.WIL SIDM00467 Haematopoietic and Lymphoid2 Suspension

Raji SIDM00844 Haematopoietic and Lymphoid2 Suspension

Ramos.2G6.4C10SIDM01247 Haematopoietic and Lymphoid2 Suspension

RC.K8 SIDM00448 Haematopoietic and Lymphoid2 Suspension

RCC.AB SIDM00821 Kidney 4 Adherent



RCC.ER SIDM00820 Kidney 4 Adherent

RCC.FG2 SIDM00819 Kidney 4 Adherent

RCC.JF SIDM00818 Kidney 4 Adherent

RCC.JW SIDM00817 Kidney 4 Adherent

RCC.MF SIDM00816 Kidney 4 Adherent

RCC10RGB SIDM00235 Kidney 4 Adherent

RCH.ACV SIDM00449 Haematopoietic and Lymphoid2 Suspension

RCM.1 SIDM00359 Large Intestine 5 Unknown

RD SIDM00847 Soft Tissue 3 Adherent

REH SIDM00447 Haematopoietic and Lymphoid2 Suspension

RERF.GC.1B SIDM00358 Stomach 5 Unknown

RERF.LC.AI SIDM00307 Lung 4 Adherent

RERF.LC.KJ SIDM00356 Lung 5 Unknown

RERF.LC.MS SIDM00355 Lung 3 Unknown

RERF.LC.Sq1 SIDM00354 Lung 3 Unknown

RF.48 SIDM01092 Haematopoietic and Lymphoid2 Unknown

RH.1 SIDM00427 Bone 1 Adherent

RH.18 SIDM00454 Soft Tissue 3 Adherent

RH.41 SIDM00426 Soft Tissue 1 Adherent

RKN SIDM00353 Soft Tissue 3 Unknown

RKO SIDM01090 Large Intestine 4 Adherent



RL SIDM01089 Haematopoietic and Lymphoid2 Suspension

RL95.2 SIDM01088 Endometrium 5 Adherent

RMG.I SIDM00352 Ovary 5 Unknown

RO82.W.1 SIDM00218 Thyroid 3 Adherent

ROS.50 SIDM00415 Haematopoietic and Lymphoid2 Suspension

RPMI.2650 SIDM00809 Head and Neck 1 Adherent

RPMI.6666 SIDM00813 Haematopoietic and Lymphoid2 Suspension

RPMI.7951 SIDM01087 Skin 3 Adherent

RPMI.8226 SIDM00087 Haematopoietic and Lymphoid2 Suspension

RPMI.8402 SIDM00403 Haematopoietic and Lymphoid2 Suspension

RPMI.8866 SIDM00482 Haematopoietic and Lymphoid2 Suspension

RS4.11 SIDM01086 Haematopoietic and Lymphoid2 Suspension

RT.112 SIDM00402 Bladder 5 Unknown

RT4 SIDM01085 Bladder 5 Adherent

RVH.421 SIDM00401 Skin 4 Adherent

RXF393 SIDM00086 Kidney 3 Unknown

Saos.2 SIDM01084 Bone 3 Adherent

Sarc9371 SIDM00033 Bone 3 Unknown

SAS SIDM00351 Head and Neck 5 Unknown

SAT SIDM00350 Head and Neck 5 Unknown



SBC.1 SIDM00365 Lung 1 Unknown

SBC.3 SIDM00367 Lung 1 Unknown

SBC.5 SIDM00368 Lung 1 Unknown

SC.1 SIDM00400 Haematopoietic and Lymphoid2 Suspension

SCaBER SIDM00032 Bladder 5 Adherent

SCC.15 SIDM01083 Head and Neck 5 Adherent

SCC.25 SIDM01082 Head and Neck 5 Adherent

SCC.3 SIDM00384 Haematopoietic and Lymphoid4 Unknown

SCC.4 SIDM01081 Head and Neck 5 Adherent

SCC.9 SIDM01080 Head and Neck 5 Adherent

SCC90 SIDM00399 Head and Neck 5 Adherent

SCH SIDM00383 Stomach 5 Unknown

SCLC.21H SIDM00029 Lung 1 Unknown

Set2 SIDM00397 Haematopoietic and Lymphoid2 Suspension

SF126 SIDM00382 Central Nervous System 3 Unknown

SF268 SIDM00085 Central Nervous System 3 Unknown

SF295 SIDM00084 Central Nervous System 3 Unknown

SF539 SIDM00083 Central Nervous System 3 Unknown

SH.4 SIDM01079 Skin 4 Adherent

SHP.77 SIDM01078 Lung 1 Semi-Adherent

SIG.M5 SIDM00396 Haematopoietic and Lymphoid2 Suspension



SiHa SIDM01093 Cervix 4 Adherent

SIMA SIDM00395 Peripheral Nervous System1 Adherent

SISO SIDM00394 Cervix 5 Adherent

SJRH30 SIDM01095 Soft Tissue 1 Adherent

SJSA.1 SIDM01112 Bone 3 Adherent

SK.BR.3 SIDM00897 Breast 5 Adherent

SK.CO.1 SIDM01096 Large Intestine 5 Adherent

SK.ES.1 SIDM01111 Bone 1 Unknown

SK.GT.2 SIDM00393 Stomach 5 Adherent

SK.GT.4 SIDM00483 Esophagus 5 Adherent

SK.HEP.1 SIDM01110 Liver 4 Adherent

SK.LMS.1 SIDM01109 Soft Tissue 3 Adherent

SK.LU.1 SIDM01108 Lung 4 Adherent

SK.MEL.1 SIDM01107 Skin 4 Suspension

SK.MEL.2 SIDM00082 Skin 4 Adherent

SK.MEL.24 SIDM01106 Skin 4 Adherent

SK.MEL.28 SIDM00081 Skin 4 Adherent

SK.MEL.3 SIDM01105 Skin 4 Adherent

SK.MEL.30 SIDM00392 Skin 4 Adherent

SK.MEL.31 SIDM01104 Skin 3 Adherent



SK.MEL.5 SIDM00080 Skin 4 Adherent

SK.MES.1 SIDM01103 Lung 3 Adherent

SK.MG.1 SIDM00379 Central Nervous System 3 Unknown

SK.MM.2 SIDM00391 Haematopoietic and Lymphoid2 Suspension

SK.N.AS SIDM01101 Peripheral Nervous System3 Adherent

SK.N.BE.2 SIDM00894 Peripheral Nervous System1 Adherent

SK.N.DZ SIDM01100 Peripheral Nervous System1 Adherent

SK.N.FI SIDM01099 Peripheral Nervous System1 Adherent

SK.N.MC SIDM00634 Bone 1 Adherent

SK.N.SH SIDM01098 Peripheral Nervous System1 Adherent

SK.NEP.1 SIDM00027 Kidney 1 Unknown

SK.OV.3 SIDM00079 Ovary 4 Adherent

SK.PN.DW SIDM01097 Central Nervous System 1 Adherent

SK.UT.1 SIDM01113 Uterus 4 Adherent

SKG.IIIa SIDM00381 Cervix 5 Unknown

SKM.1 SIDM00380 Haematopoietic and Lymphoid2 Suspension

SKN SIDM00377 Uterus 3 Unknown

SKN.3 SIDM00375 Head and Neck 5 Unknown

SLVL SIDM00374 Haematopoietic and Lymphoid2 Unknown

SN12C SIDM00094 Kidney 3 Adherent

SNB75 SIDM00095 Central Nervous System 3 Unknown



SNG.M SIDM00373 Endometrium 5 Unknown

SNU.1 SIDM01146 Stomach 1 Suspension

SNU.1033 SIDM00192 Large Intestine 5 Adherent

SNU.1040 SIDM00217 Large Intestine 5 Adherent

SNU.1041 SIDM00173 Head and Neck 5 Adherent

SNU.1066 SIDM00170 Head and Neck 5 Adherent

SNU.1076 SIDM00168 Head and Neck 5 Adherent

SNU.1077 SIDM00166 Uterus 4 Adherent

SNU.1079 SIDM00164 Biliary Tract 4 Adherent

SNU.1196 SIDM00163 Biliary Tract 5 Adherent

SNU.1197 SIDM00171 Large Intestine 5 Adherent

SNU.1214 SIDM00167 Head and Neck 5 Adherent

SNU.16 SIDM01145 Stomach 5 Suspension

SNU.175 SIDM00216 Large Intestine 5 Suspension

SNU.182 SIDM01151 Liver 3 Adherent

SNU.201 SIDM00158 Central Nervous System 3 Unknown

SNU.245 SIDM00162 Biliary Tract 5 Adherent

SNU.283 SIDM00215 Large Intestine 5 Adherent

SNU.308 SIDM00161 Biliary Tract 5 Adherent

SNU.387 SIDM01180 Liver 3 Adherent



SNU.398 SIDM01181 Liver 1 Semi-Adherent

SNU.407 SIDM00214 Large Intestine 5 Adherent

SNU.423 SIDM01199 Liver 3 Adherent

SNU.449 SIDM01194 Liver 4 Adherent

SNU.475 SIDM01196 Liver 3 Adherent

SNU.478 SIDM00160 Biliary Tract 5 Adherent

SNU.5 SIDM01144 Stomach 5 Suspension

SNU.503 SIDM00497 Large Intestine 5 Adherent

SNU.61 SIDM00194 Large Intestine 5 Adherent

SNU.685 SIDM00165 Uterus 3 Adherent

SNU.81 SIDM00193 Large Intestine 5 Adherent

SNU.869 SIDM00159 Biliary Tract 5 Adherent

SNU.899 SIDM00169 Head and Neck 5 Adherent

SNU.C1 SIDM01197 Large Intestine 5 Suspension

SNU.C2A SIDM00780 Large Intestine 5 Semi-Adherent

SNU.C2B SIDM00781 Large Intestine 5 Semi-Adherent

SNU.C4 SIDM00500 Large Intestine 5 Adherent

SNU.C5 SIDM00498 Large Intestine 5 Adherent

SR SIDM00096 Haematopoietic and Lymphoid2 Suspension

ST486 SIDM01198 Haematopoietic and Lymphoid2 Suspension

STS.0421 SIDM00041 Stomach 3 Unknown



SU.DHL.1 SIDM00390 Haematopoietic and Lymphoid2 Suspension

SU.DHL.10 SIDM00389 Haematopoietic and Lymphoid2 Suspension

SU.DHL.16 SIDM00404 Haematopoietic and Lymphoid2 Suspension

SU.DHL.4 SIDM00405 Haematopoietic and Lymphoid2 Suspension

SU.DHL.5 SIDM00406 Haematopoietic and Lymphoid2 Suspension

SU.DHL.6 SIDM00407 Haematopoietic and Lymphoid2 Suspension

SU.DHL.8 SIDM00423 Haematopoietic and Lymphoid2 Suspension

SU8686 SIDM01188 Pancreas 5 Adherent

SUIT.2 SIDM00371 Pancreas 5 Unknown

SUP.B15 SIDM01176 Haematopoietic and Lymphoid2 Suspension

SUP.B8 SIDM01177 Haematopoietic and Lymphoid2 Unknown

SUP.HD1 SIDM00422 Haematopoietic and Lymphoid2 Suspension

SUP.M2 SIDM00421 Haematopoietic and Lymphoid2 Suspension

SUP.T1 SIDM01154 Haematopoietic and Lymphoid2 Suspension

SW1088 SIDM01155 Central Nervous System 3 Adherent

SW1116 SIDM00835 Large Intestine 5 Adherent

SW1271 SIDM01156 Lung 4 Adherent

SW13 SIDM00814 Adrenal Gland 1 Adherent

SW1417 SIDM00812 Large Intestine 5 Adherent

SW1463 SIDM00834 Large Intestine 5 Adherent



SW156 SIDM01162 Kidney 4 Adherent

SW1573 SIDM01163 Lung 4 Adherent

SW1710 SIDM00420 Bladder 3 Adherent

SW1783 SIDM01164 Central Nervous System 3 Adherent

SW1990 SIDM01165 Pancreas 5 Adherent

SW403 SIDM00836 Large Intestine 5 Adherent

SW48 SIDM00837 Large Intestine 5 Adherent

SW480 SIDM00840 Large Intestine 5 Adherent

SW579 SIDM01167 Thyroid 3 Adherent

SW620 SIDM00841 Large Intestine 5 Adherent

SW626 SIDM01168 Large Intestine 5 Adherent

SW684 SIDM01175 Soft Tissue 3 Adherent

SW756 SIDM01174 Cervix 4 Adherent

SW780 SIDM01160 Bladder 5 Adherent

SW837 SIDM00833 Large Intestine 5 Adherent

SW872 SIDM01159 Soft Tissue 3 Adherent

SW900 SIDM01158 Lung 5 Adherent

SW948 SIDM00832 Large Intestine 5 Adherent

SW954 SIDM01157 Vulva 5 Adherent

SW962 SIDM01178 Vulva 3 Adherent

SW982 SIDM01161 Soft Tissue 3 Adherent



T.T SIDM00322 Esophagus 5 Unknown

T24 SIDM01184 Bladder 4 Adherent

T47D SIDM00097 Breast 5 Adherent

T84 SIDM00782 Large Intestine 5 Adherent

T98G SIDM01171 Central Nervous System 3 Adherent

TALL.1 SIDM00370 Haematopoietic and Lymphoid2 Suspension

TASK1 SIDM00026 Central Nervous System 1 Unknown

TC.71 SIDM00419 Bone 1 Semi-Adherent

TC.YIK SIDM00234 Cervix 1 Suspension

TCCSUP SIDM01190 Bladder 3 Adherent

TE.1 SIDM00369 Esophagus 5 Unknown

TE.10 SIDM00349 Esophagus 5 Unknown

TE.11 SIDM00348 Esophagus 5 Unknown

TE.12 SIDM00023 Esophagus 5 Unknown

TE.15 SIDM00249 Esophagus 5 Adherent

TE.4 SIDM00250 Esophagus 5 Adherent

TE.441.T SIDM01173 Soft Tissue 1 Adherent

TE.5 SIDM00347 Esophagus 5 Unknown

TE.6 SIDM00328 Esophagus 5 Unknown

TE.8 SIDM00326 Esophagus 3 Unknown



TE.9 SIDM00325 Esophagus 5 Unknown

TGBC11TKB SIDM00251 Stomach 5 Adherent

TGBC1TKB SIDM00252 Biliary Tract 5 Adherent

TGBC24TKB SIDM00267 Biliary Tract 5 Adherent

TGW SIDM00324 Peripheral Nervous System1 Unknown

THP.1 SIDM01172 Haematopoietic and Lymphoid2 Suspension

TK SIDM00323 Haematopoietic and Lymphoid2 Unknown

TK10 SIDM00113 Kidney 4 Unknown

TMK.1 SIDM00040 Stomach 5 Unknown

TOV.112D SIDM01170 Ovary 1 Adherent

TOV.21G SIDM01169 Ovary 4 Adherent

TT SIDM00484 Thyroid 1 Adherent

TT2609.C02 SIDM00418 Thyroid 3 Adherent

TUR SIDM01205 Haematopoietic and Lymphoid2 Suspension

TYK.nu SIDM00321 Ovary 4 Unknown

U.118.MG SIDM01193 Central Nervous System 3 Adherent

U.2.OS SIDM01191 Bone 3 Adherent

U.266 SIDM00417 Haematopoietic and Lymphoid2 Suspension

U.698.M SIDM00424 Haematopoietic and Lymphoid2 Suspension

U.87.MG SIDM01189 Central Nervous System 3 Adherent

U.937 SIDM01195 Haematopoietic and Lymphoid2 Suspension



U.CH2 SIDM01185 Bone 3 Adherent

U031 SIDM00112 Kidney 3 Unknown

U251 SIDM00111 Central Nervous System 3 Adherent

UACC.257 SIDM00108 Skin 4 Unknown

UACC.62 SIDM00107 Skin 4 Unknown

UACC.812 SIDM01187 Breast 5 Adherent

UACC.893 SIDM01186 Breast 5 Adherent

UDSCC2 SIDM00025 Head and Neck 5 Unknown

UM.UC.3 SIDM01182 Bladder 4 Adherent

UMC.11 SIDM01183 Lung 1 Adherent

UWB1.289 SIDM00815 Ovary 5 Unknown

VA.ES.BJ SIDM01179 Soft Tissue 4 Adherent

VAL SIDM00416 Haematopoietic and Lymphoid2 Suspension

VCaP SIDM01077 Prostate 1 Adherent

VM.CUB.1 SIDM00414 Bladder 5 Adherent

VMRC.LCD SIDM00320 Lung 1 Unknown

VMRC.MELG SIDM00319 Skin 3 Adherent

VMRC.RCW SIDM00318 Kidney 4 Unknown

VMRC.RCZ SIDM00317 Kidney 4 Unknown

WIL2.NS SIDM01102 Haematopoietic and Lymphoid2 Suspension



WM.115 SIDM01000 Skin 3 Adherent

WM.266.4 SIDM00979 Skin 4 Adherent

WM1552C SIDM00976 Skin 3 Adherent

WM278 SIDM00975 Skin 4 Adherent

WM35 SIDM00974 Skin 4 Adherent

WM793B SIDM00973 Skin 3 Adherent

WSU.DLCL2 SIDM00413 Haematopoietic and Lymphoid2 Suspension

WSU.NHL SIDM00412 Haematopoietic and Lymphoid2 Suspension

YAPC SIDM00411 Pancreas 5 Adherent

YH.13 SIDM00316 Central Nervous System 3 Unknown

YKG.1 SIDM00315 Central Nervous System 3 Adherent

YT SIDM00410 Haematopoietic and Lymphoid2 Suspension

ZR.75.1 SIDM00314 Breast 5 Unknown

ZR.75.30 SIDM00971 Breast 5 Adherent



Genome-scale identification of cellular pathways
required for cell surface recognition
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Interactions mediated by cell surface receptors initiate important instructive signaling cues but can be difficult to detect in
biochemical assays because they are often highly transient and membrane-embedded receptors are difficult to solubilize
in their native conformation. Here, we address these biochemical challenges by using a genome-scale, cell-based genetic
screening approach using CRISPR gene knockout technology to identify cellular pathways required for specific cell surface
recognition events. By using high-affinity monoclonal antibodies and low-affinity ligands, we determined the necessary
screening parameters, including the importance of establishing binding contributions from the glycocalyx, that permitted
the unequivocal identification of genes encoding directly interacting membrane-embedded receptors with high statistical
confidence. Importantly, we show that this genome-wide screening approach additionally identified receptor-specific path-
ways that are required for functional display of receptors on the cell surface that included chaperones, enzymes that
add post-translational modifications, trafficking proteins, and transcription factors. Finally, we demonstrate the utility of
the approach by identifying IGF2R (insulin like growth factor 2 receptor) as a binding partner for the R2 subunit of
GABAB receptors. We show that this interaction is direct and is critically dependent on mannose-6-phosphate, providing
a mechanism for the internalization and regulation of GABAB receptor signaling. We conclude that this single approach
can reveal both the molecular nature and the genetic pathways required for functional cell surface display of receptors rec-
ognized by antibodies, secreted proteins, and membrane-embedded ligands without the need to make any prior assump-
tions regarding their biochemical properties.

[Supplemental material is available for this article.]

Membrane-compartmentalized cells receive instructional infor-
mation from their surroundings by extracellular signaling cues
that are often initiated by specific binding events made by plasma
membrane–embedded receptors. These extracellular interactions
are crucial for the normal development and function of multi-
cellular organisms and can be exploited therapeutically because
they are directly accessible to soluble drugs such as monoclonal
antibodies (mAbs) (Weiner 2015). Investigating extracellular cell
signaling interactions mediated by membrane receptor proteins
can be challenging because the proteins are amphipathic, making
them difficult to solubilize in their native conformation and
because the interactions are typified by weak interaction affinities;
consequently,most commonly usedmethods are generally unsuit-
able to detect this class of protein interactions (Wright 2009). The
biochemical features of low-affinity membrane receptor interac-
tions have necessitated the development of bespoke techniques
to detect them, and one approach involves expressing the entire
ectodomain of a receptor as a soluble recombinant protein. The
ectodomains are usually purposefully oligomerized so that they
can be used as highly avid probes to identify binding partners
by expression cloning or biochemical purifications (Wright et al.
2010). More recently, we and others have developed large-scale
systematic methods to identify novel receptor–ligand interactions

by screening for direct interactions within large protein libraries
containing hundreds of receptor ectodomains using ELISA (en-
zyme-linked immunosorbant assay)-style approaches (Bushell
et al. 2008; Ozkan et al. 2013; Visser et al. 2015). While successful,
this general approach has drawbacks that prevent its wider use by
most laboratories because compiling protein libraries containing
hundreds of proteins is resource intensive, and most researchers’
interests are usually focused on a single or small number of
proteins rather than the networks of interactions within receptor
protein families. Importantly, this technique requires that the
receptor binding function is retained when expressed by heterolo-
gous cells out of the context of the plasma membrane as a soluble
recombinant protein. While this is generally the case for proteins
that span the membrane once, this is more difficult for receptor
complexes and membrane proteins that span the membrane
multiple times, presenting additional challenges to characterize
their interactions. Moreover, methods detecting binding events
between recombinant proteins do not account for the complex
environment inwhich receptor interactionswouldnormally occur
at the cell surface, which includes contributions from a charged
glycocalyx of carbohydrates and lipids displayed on a dynamic
membrane.

The recent development of cell-based genetic screening ap-
proaches using highly efficient CRISPR methods now presents
the possibility to interrogate the genetic basis of cellular pheno-
types on a genome-wide scale (Koike-Yusa et al. 2014; Shalem3Present address: Department of Medicine, University of Cambridge,
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et al. 2014, 2015; Wang et al. 2014). Libraries of cells that contain
biallelic targeted loss-of-function alleles can be created, and by se-
lecting those cells with a phenotype of interest, the gene products
involved can be identified (Ma et al. 2015; Parnas et al. 2015;
Zhang et al. 2016). Here, we use genome-scale, cell-based CRISPR
knockout (KO) screens to determine the molecular basis of cell
surface recognition events made by mAbs, secreted proteins, and
receptors. We show that this technique is able to not only identify
genes encoding cell surface proteins that directly interact with
these binding probes but also reveal receptor-specific pathways re-
quired for receptor display at the cell surface in a functional form,
including enzymes required for essential post-translational modi-
fications, chaperones, and trafficking proteins.

Results

Genetic determinants of mAb cell surface epitope display
by genome-scale CRISPR screens

To determine if a genome-scale, cell-based CRISPR-KO approach
could identify genes that are required for specific cell surface
recognition events within the context of a plasma membrane,
we first selected a panel of six mAbs that brightly stained five
different cell surface receptors (Supplemental Table S1). To create
a population of mutant cells, the Cas9-expressing cells were trans-

duced at a low multiplicity of infection (∼0.3) with a library of
lentiviruses, each encoding a single gRNA from a pool of 90,709
individual gRNAs targeting 18,009 human genes (Tzelepis et al.
2016). Transduced cells that had lost the antibody epitope at the
cell surface were isolated by FACS, and the genes responsible for
this loss of binding were identified by comparing the relative
abundance of the different gene-specific gRNAs present in the sort-
ed cells compared with the total unsorted population using deep
sequencing of gRNA PCR products and enrichment analysis (Fig.
1A; Li et al. 2014). Initial experiments established that the day
of selection, the number of sorted cells, and sorting thresholds
influenced the success of the approach (see Methods), as well as
selecting high-activity clonal Cas9-expressing versions for each
cell line to homogenize and maximize the efficiency of genome
editing (Supplemental Fig. S1). By using this optimized approach,
gRNAs targeting the gene encoding the antibody receptor epitope
were specifically enriched in the sorted cells for each of the six an-
tibodies (false-discovery rate [FDR] <0.05) (see Supplemental Table
S1; Supplemental Data S1). In the case of selections using anti-
CD58, gRNAs targeting CD58 were the most highly enriched
(Fig. 1B). In cells selected with the anti-glycophorin A mAb, the
most enriched genes targeted GYPA encoding the receptor, as
well as genes required for sialylated O–linked glycan biosynthesis
(C1GALT1, C1GALT1C1, SLC35A1, CMAS)—which are presum-
ably critical for creating the extracellular antibody epitope—and

B

C

A

D

Figure 1. A cell-based genome-scale CRISPR-KO approach identifies pathways required for monoclonal antibody surface epitope recognition.
(A) Schematic of the approach based on CRISPR/Cas9 technology using a genome-scale lentiviral gRNA library. Genes identified as being required for
surface display of the epitope recognized by an anti-CD58 (B) and anti-GYPA (C ) mAbs. The enrichment of gRNAs targeting each gene is quantified as
the robust rank aggregation (RRA) score calculated using the MAGeCK software between selected cells that had lost the mAb epitope versus control cells
and is shown plotted in rank order. (D) Genes identified as being required for surface display of the epitope recognized by an anti-CD59 mAb; here, genes
are ordered alphabetically for clarity. Circles represent individual genes and are sized according to their false-discovery rate (FDR): large circle = FDR<1%,
small circle = 1%<FDR<5%. Genes encoding the direct receptors are indicated with gray circles. Only genes with FDR<5% are named and are color-cod-
ed according to their function.
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the erythroid-specific transcription factor GATA1, which is likely
to be necessary for GYPA transcription in these cells (Fig. 1C).
Similarly, a mAb recognizing the glycosylphosphatidylinositol
(GPI)-anchored CD59 receptor identified not only CD59 as the
gene with the most enriched gRNAs but also 21 out of 27 enzymes
known to be required for GPI-anchor biosynthesis (Fig. 1D). In ad-
dition, a mAb recognizing the α2β1 integrin identified ITGB1 and
components of the Arp2/3 complex, demonstrating the epitope of
thismAb is located within the β1 and not α2 chain, and the critical
requirement of actin regulation, consistent with the known cell
biology of integrin function (Supplemental Table S1; Brakebusch
and Fassler 2003). A pathway analysis of all enriched genes that
were shared between antibody selection encoded proteins required
for protein secretion and glycosylation, as expected, but also iden-
tified housekeeping pathways such as ribosome biosynthesis and
RNAmetabolism (Supplemental Fig. S2).Weobserved that the rep-
resentation of these pathways was often reduced when selections
were performed several days later, suggesting these genes are re-
quired for long-term cell viability in culture and that antibody
staining was reduced on moribund cells. An independent repeat
of the selections using the anti-CD59 antibody again identified
CD59 as one of the most enriched genes together with genes in-
volved in the GPI-anchor biosynthesis pathway, showing that
the experimental parameters were tolerant of biological variation
(Supplemental Fig. S3; Supplemental Data S1). Together, these
data demonstrated that the genome-scale CRISPR-KO screening

approach could not only robustly identify the gene encoding the
antibody epitope for all of the six antibodies tested but also reveal
genes and pathways that are important in the cell biology for spe-
cific receptors.

CRISPR-KO screening identifies receptors and a role
for heparan sulfate in low-affinity interactions

While high-affinity mAbs are useful research tools and a few stud-
ies have previously shown the utility of CRISPR screens to identify
receptor-related cellular pathways (Parnas et al. 2015; Zotova et al.
2016; Burr et al. 2017), we next sought to determine if this ap-
proach could be used to identify low-affinity receptors for cell
signaling ligands. As a model system, we selected the interaction
between Plasmodium falciparum RH5 and its host receptor basigin
(BSG) because it is a low-affinity interaction (KD∼1 µM), is
biochemically and structurally well characterized and because
BSG was highly expressed on our Cas9-expressing HEK293 cell
line (Crosnier et al. 2011;Wright et al. 2014). To detect low-affinity
interactions, we increased binding avidity by clustering biotiny-
lated RH5 around a fluorescent streptavidin conjugate, and this
reagent bound to the surface of HEK293 cells as expected; howev-
er, precoating the cells with a blocking anti-BSG mAb did not
prevent all RH5 binding, suggesting there was an additional recep-
tor(s) for RH5 on HEK293 cells (Fig. 2A). This additional binding
was not due to a subfraction of inactive protein in the RH5

BA
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Figure 2. Identification of BSG and heparan sulfate as independent receptors for P. falciparum RH5 on HEK293 cells. (A) Biotinylated RH5 was clustered
around a streptavidin–PE conjugate and binding to HEK293 cells was analyzed by flow cytometry. RH5 binding is only partially reduced by a blocking anti-
BSG mAb relative to controls. (B) Rank-ordered genes identified from gRNA enrichment analysis required for cell surface display of an anti-BSG mAb (left)
and RH5 binding (right). Significantly enriched genes with a FDR<0.05 are colored (full screening results available in Supplemental Data S2); genes en-
coding the receptor (BSG) and chaperone (SLC16A1) were common to both screens, and a gene involved in GAG-biosynthesis (SLC35B2) was additionally
required for RH5 binding. (C) Binding of RH5 to cells is reduced when transduced with lentiviruses encoding gRNAs targeting either the receptor (BSG) or
enzymes required for HS synthesis (SLC35B2, EXTL3) relative to controls. Transduced polyclonal lines were used for this experiment. (D) RH5 binding to
SLC35B2-targeted HEK293 cells could be completely prevented if preincubated with a blocking anti-BSG mAb but not an isotype-matched control. (E)
RH5 binding to BSG-targeted HEK293 cells could be completely blocked if preincubated with 200 µg/mL heparin but not 200 µg/mL CS. A representative
of three independent (A and C) or technical (D and E) replicate experiments is shown.
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preparation since all binding could be prevented by heat treatment
(Supplemental Fig. S4A). To identify the receptor(s) for RH5 other
than BSG in this cellular context, we compared the genes required
for RH5 binding versus those necessary for surface expression of
BSG by using an anti-BSG mAb. The enriched gRNAs common
to both selections beyond those targeting general secretory path-
way genes corresponded to BSG, as expected, but also to a gene
encoding a monocarboxylate transporter, SLC16A1, which is a
known chaperone required for surface expression of BSG (Fig.
2B; Kirk et al. 2000). The most highly enriched gene in the cells
sorted using RH5 compared with anti-BSG was SLC35B2 (solute
carrier family 35 member B2), which encodes a protein that trans-
ports 3′-phosphoadenosine-5′-phosphosulfate from the cytosol
into the lumen of the Golgi apparatus, where sulfotransferases
use it as a universal donor for the sulfation of major constituents
of the cellular glycocalyx, including glycoproteins, glycolipids,
and glycosaminoglycans (GAGs) (Fig. 2B; Kamiyama et al. 2003).
An analysis of the enriched genes required for RH5 binding using
KEGG (Kanehisa et al. 2017) identified the heparan sulfate (HS)
biosynthesis pathway, and consistent with this, RH5 binding
could be inhibited to a threshold value by heparin, but not the re-
lated GAG, chondroitin sulfate (CS) (Supplemental Fig. S4B,C).
This is in agreementwith the reported presence of heparin binding
motifs in RH5 and its ability to bind heparin-coated agarose (Baum
et al. 2009). HS is a component of the cellular glycocalyx surround-
ing most cells and is known to adsorb a wide range of extracellular
proteins both as a coreceptor for signaling proteins and to interact
with the extracellular matrix (Esko et al.
2009). To further investigate the role of
SLC35B2 andHS in RH5 binding, we first
demonstrated that surface expression of
BSGwas not affected in cells where genes
required for GAG biosynthesis were tar-
geted (Supplemental Fig. S4D). We then
showed that cells targeted for genes re-
quired for HS biosynthesis (SLC35B2
and EXTL3) showed a partial reduction
in RH5 binding (Fig. 2C) and that the re-
sidual binding was specifically due to
BSG because it could be completely abro-
gated by preincubating the cells with the
blocking anti-BSG antibody (Fig. 2D).
This suggested that the contributions of
BSG and HS to RH5 binding were inde-
pendent, and this was further confirmed
by showing that soluble heparin, but not
CS, could block all RH5 binding to BSG-
deficient cells (Fig. 2E). These experi-
ments revealed a role for HS within the
glycocalyx for interactions at the cell
surface and demonstrated that this tech-
nique was able to identify the direct re-
ceptor of low-affinity ligands, including
any required receptor cofactors such as
chaperones.

Genome-scale, cell-based CRISPR-KO
screens identify directly interacting
receptors

Many extracellular proteins are known to
bindHS, and the finding that HS binding

in our assay could be additive rather than codependent on other
receptors suggested that HS may represent a factor responsible
for cell surface binding for a range of ligands even in the absence
of another receptor. To examine and address this, we took advan-
tage of our SLC35B2-targeted cell line to rapidly determine the
contribution of cell staining due to extracellular sulfate adsorption
by comparing ligand binding events between the parental and
SLC35B2-targeted cells. By using this approach, we identified six
ligands with known protein receptors, which, when presented as
avid binding reagents, bound HEK293 cells and exhibited no loss
of staining when SLC35B2 had been targeted. These ligands were
as follows: CRTAM, TIGIT, CD226, EPHB1, TNFRSF9, and N-termi-
nal receptor binding domain (RBD) of ERVW-1 (also known as
Syncytin 1) (Fig. 3A). When these protein probes were used in
our CRISPR screening approach, the gene with the most enriched
gRNAs corresponded to a known receptor in each and every case:
CADM1 was the top-ranked gene when selected with CRTAM,
PVR for both TIGIT and CD226 ligands, EFNB2 for EPHB1,
TNFSF9 for TNFRSF9, and SLC1A5 for the RBD of ERVW-1
(ERVW-1-RBD) (Fig. 3B). For TNFRSF9, several genes involved in
the p53 pathway (CDKN2A, CDC37, STK11, and DYRK1A) and
TP53 itself were also enriched in the nonbinding population, sug-
gesting a role for the p53 pathway in presenting TNFSF9 in a func-
tional ligand-binding formon the cell surface.Wevalidated this by
independently targeting TP53, which resulted in a decrease in the
binding of the TNFRSF9 ligand (Supplemental Fig. S5A). An inde-
pendent repeat of the selections using the TIGIT protein again

B

A

Figure 3. Identification of cell adhesion receptors and pathways using cell-based genetic screens.
(A) The indicated oligomeric probes were tested for binding to the unmodified parental cell line (red his-
tograms) or polyclonal SLC35B2-targeted cells (blue); representative experiments of three technical rep-
licates are shown. The HEK293 cell line was used for all proteins except TNFRSF9, which is the NCI-SNU-1
line. (B) RRA-score rank-ordered genes identified from gRNA enrichment analysis from sorted cells that
had lost binding to CRTAM, TIGIT, CD226, EPHB1, TNFRSF9, and ERVW-1 (ERVW-1-RBD); in all six cases,
the gene encoding the known receptor was identified as themost significantly enriched gene. In B, genes
with FDR <5% are labeled with colors corresponding to related functions (full screening results available
in Supplemental Data S3).
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identified the gene encoding its receptor, PVR, as the most highly
enriched gene, demonstrating that the experimental parameters
were tolerant of biological variation (Supplemental Fig. S5B).
These experiments demonstrate that the directly interacting recep-
tor could be unambiguously identified with high statistical confi-
dence in every case, and for some proteins, the cellular pathways
responsible for the cell biology of the receptor can be determined.

IGF2R interacts with GABBR2 in a M6P-dependent manner

The results of these experiments suggested that the cell-based,
genome-scale CRISPR-KO approach could be used to identify
not only directly interacting cell surface receptors but also the cel-
lular pathways required for functional receptor presentation at the
cell surface. To demonstrate this, we identified the gamma-amino-
butyric acid (GABA) type B receptor subunit 2 (GABBR2) as a
receptor whose ectodomain bound HEK293 cells in an SLC35B2-
independent manner. GABBR2 has an important but mechanisti-
cally poorly understood role in the internalization of inhibitory
GABAB receptor complexes to regulate neurotransmission
(Hannan et al. 2011; Benke 2013). Sorted mutant cells that had
lost the ability to bind the GABBR2 ecto-
domain were enriched in gRNAs target-
ing the gene IGF2R (insulin like growth
factor 2 receptor, also known as the cat-
ion-independent mannose-6-phosphate
(M6P) receptor and CD222), as well as
several genes encoding proteins required
for endosomal trafficking and function
(Fig. 4A). These genes included subunits
of V-type ATPases (ATP6V0D1, ATP6AP1,
ATP6AP2, ATP6V1A, ATP6V1C1), a
chaperone required for V-ATPase assem-
bly (VMA21), V-ATPase assembly factors
(TMEM199, CCDC115), an accessory
factor involved in endosomal acidifica-
tion (WDR7), and proteins required for
membrane trafficking (VPS16, VPS18)
and fusion (VPS39). IGF2R is a known
cargo receptor that transports M6P-
modified proteins between the trans-
Golgi network, endosomes, and plasma
membrane and might therefore provide
a mechanism for the known internaliza-
tion and degradation of GABAB receptors
through interactions with the GABBR2
subunit (Grampp et al. 2007). To investi-
gate this further, we first showed using
immunocytochemistry that both pro-
teins were localized within the membra-
nous compartments of cells with IGF2R
localizing as discrete puncta in internal
membranes that also contained GABAB

receptors (Supplemental Fig. S6A). To
further investigate the interaction be-
tween these two proteins,we first validat-
ed our results using individual gRNAs
targeting IGF2R, which resulted in the
loss of both IGF2R surface staining (Sup-
plemental Fig. S6B) and binding of
the GABBR2 ectodomain (Fig. 4B). It is
known that cells treated with com-

pounds that increase lysosomal pH cause IGF2R to accumulate in
endosomes with a consequent loss from the cell surface, providing
an explanation for why genes required for endosomal function
and trafficking were also enriched (Reaves and Banting 1994).
Consistent with this, individual gRNAs targeting the WDR7
gene, which is required for lysosomal acidification (Merkulova
et al. 2015), resulted in the reduction of both IGF2R mAb staining
(Supplemental Fig. S6B) and GABBR2 ectodomain binding (Fig.
4B). To demonstrate that the loss of GABBR2 binding to cells
was due to the direct interaction with IGF2R, we first showed
that GABBR2 ectodomain binding could be conferred to cells
by transfecting them with an expression plasmid encoding
an IGF2R-GFP fusion protein (Supplemental Fig. S6C) and then
observed that the entire ectodomains of IGF2R expressed as a
soluble beta-lactamase–tagged “prey” could be specifically cap-
tured by a biotinylated GABBR2 ectodomain “bait” (Fig. 4C). We
further demonstrated that the interaction between IGF2R and
GABBR2 was dependent on M6P-modified N-linked glycans by
showing the interaction was abolished by either treating the
GABBR2 ectodomain with PNGase F (Supplemental Fig. S6D) or
adding soluble M6P (Fig. 4D). These results demonstrate that the

A C

B D

Figure 4. IGF2R interacts with GABBR2 in a mannose-6-phosphate (M6P)–dependent manner.
(A) RRA-score rank-ordered genes identified from gRNA enrichment analysis from sorted mutant cells
that had lost GABBR2 binding activity. Enriched genes encoded the IGF2R receptor and proteins involved
in lysosome biology (also see Supplemental Data S3). (B) Binding of GABBR2 was quantified on HEK293
cells transduced with two gRNAs targeting different exons of IGF2R and one gRNA targeting WDR7. A
near complete loss of binding was observed on IGF2R-targeted cells and a partial loss onWDR7-targeted
cells; targeted cells were maintained as polyclonal lines. A representative experiment of three technical
replicates is shown. (C) Direct binding between IGF2R and GABBR2 ectodomains. The biotinylated ecto-
domain of GABBR2 was immobilized as a “bait” on streptavidin-coated microtiter plates and tested for
direct interactions using a beta-lactamase–tagged “prey” ectodomain of IGF2R. Binding was quantified
using the beta-lactamase substrate nitrocefin, whose hydrolysis products absorb at 485 nm. Positive con-
trol was the CD200–CD200R1 interaction; control “prey” is an unrelated ectodomain, positive (+) rep-
resents total capture of all preys with an anti-prey antibody, and negative (−) represents a tag-only bait
control. (D) The interaction between IGF2R and GABBR2 can be completely inhibited by 10 mM soluble
M6P. The binding dependency onM6P was tested by adding serial dilutions of mannose, M6P, or buffer
alone. Data points in C and D are mean± SEM, n=3.
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ectodomain of GABBR2 interacts directly with IGF2R in a M6P-de-
pendent manner.

IGF2R is a trafficking receptor for GABBR2

Based on what is already known about the GABAB receptor com-
plex and IGF2R, we hypothesized that this interaction provided
a possible molecular mechanism to explain how GABAB receptors
are internalized from the cell surface to regulate their activity. To
test this, we first targeted IGF2R in Cas9-expressing HEK293 cells
and selected an IGF2R-deficient clonal line (Supplemental Fig.
S7A). To determine how the cell biology of the GABAB receptor
complex was altered in the absence of IGF2R, we transfected the
cells with cDNAs encoding both subunits of the GABAB receptor
and quantified the amount of GABAB receptor complex on the
surface of unpermeabilized cells (Fig. 5A). We observed that the
average amount of cell surface GABAB receptor complexwas signif-
icantly higher in the IGF2R-KO cell line (Fig. 5B; Supplemental Fig.
S7B,C), which is consistent with the model that GABAB receptor
complex internalization is promoted by IGF2R. It has also been
previously shown that GABAB receptor internalization depends
on clathrin-mediated internalization as treatment of cells with
hypertonic concentrations of sucrose or chlorpromazine, which
have been shown to inhibit the formation of clathrin-coated
pits, leads to a complete block of internalization of GABAB recep-
tors from the surface of HEK293 cells (Grampp et al. 2007). To
assess the influence of the clathrin-dependent pathway on the
internalization of the GABAB receptors, we used our cell-based
functional IGF2R–GABAB complex interaction assay. We observed
that upon treatment of cells with sucrose, the average amount of
cell surface GABAB receptor complex increased on a population
of parental HEK293 cells relative to a control demonstrating that
GABAB receptor trafficking depends on the clathrin pathway

(Fig. 5C). Additionally, to investigate the effect of the agonist
GABA on the interaction of the IGF2R–GABAB complex, we added
GABA to both the parental and IGF2R-deficient cells expressing
theGABAB receptor complex and quantified the IGF2R-dependent
internalization of the complex using our cell-based assay. We ob-
served that in the presence of GABA, there was no significant
difference in the ratio of cell surface GABAB receptor complex
between the parental and IGF2R-deficient cells, demonstrating
that GABA agonists have no effect on the IGF2R–GABAB receptor
complex interaction (Supplemental Fig. S8). These data demon-
strate that the IGF2R-mediated internalization of theGABAB recep-
tor complex is clathrin dependent, and provide evidence that
IGF2R is involved in the internalization of GABAB receptors
through direct interactions with the GABBR2 receptor subunit.

Discussion
Here we have shown how it is possible to use a cell-based, genome-
scale CRISPR-KO approach to identify genes encoding proteins
required for cellular recognition. This genetic approach provides
a valuable alternative to existing biochemical methods that must
account for the largely insoluble nature of membrane-embedded
receptors and the often highly transient nature of their extracellu-
lar interactions. This technique has advantages in that it not
only is able to reveal the receptor protein that directly interacts
with a presented ligand but can also identify other cell-intrinsic
gene products that are required for presenting the receptor at the
cell surface in an active conformation. In the experiments reported
here, this included essential chaperones, actin-interacting pro-
teins, vesicle trafficking adapters, enzymes required for specific
glycan biosynthesis, and transcription factors. Genes that were
repeatedly identified in different screens had known functional
roles in general “house-keeping” receptor biology, including those

involved in the secretory and general
glycosylation pathways. One important
advantage of this approach is that it
should be able to identify all gene prod-
ucts required for receptor interactions
without the need to make any prior as-
sumptions regarding the cell biology or
biochemical nature of the receptor. The
genetic nature of the approachmay be es-
pecially useful to identify interactions in-
volving membrane-embedded proteins
that are biochemically very challenging
to work with; for example, we show
here how this approach can confidently
identify the receptor for ERVW-1-RBD,
a protein that spans the membrane 12
times and is therefore difficult to solubi-
lize in an active conformation. We antic-
ipate that this single method will be
useful to explore the contribution of
other molecules such as lipids and may
reveal novel pathways for receptor traf-
ficking and biology.

We found that we could additional-
ly use this approach to investigate the
contribution to extracellular interactions
made by components of the cellular
glycocalyx such as GAGs. Many secreted
proteins are known to interact with

B CA

Figure 5. IGF2R traffics GABBR2 through a clathrin-dependent pathway. (A) Schematic of a flow cy-
tometry–based GABAB cell surface expression assay. Parental and IGF2R-KO HEK293 cells were cotrans-
fected with plasmids encoding both GABBR1 (R1) and GABBR2 (R2) full-length cDNAs and surface
expression of GABAB receptors quantified by antibody staining and FACS. A plasmid containing a GFP-
tagged CD200 cDNA was transfected in parallel and the number of transfected cells quantified by GFP
fluorescence. (B) The percentage of GABAB receptor–positive cells was significantly higher on the surface
of IGF2R-KO cells compared with the parental line (P<0.01 using Welch’s two sample t-test, n=3); con-
trol demonstrates both cell lines were transfected at comparable levels. Error bars, ± SD, n=3 (cells were
transfected in triplicate); a representative experiment of two independent experiments is shown. (C) The
clathrin-pathway inhibitor sucrose was added to parental and IGF2R-deficient HEK293 cells expressing
the GABAB receptor complex, and the cell surface receptor levels were quantified. The effect of sucrose
on the IGF2R–GABAB receptor complex interaction was determined by calculating the ratio of positively
stained cells on the parental cell line relative to the IGF2R-deficient cells and a buffer-only control. Sucrose
treatment led to a significant increase (P<0.05 using Welch’s two sample t-test) in cell surface GABAB
receptor complex staining on the parental cell line, almost to the same level as on the IGF2R-deficient
cells, demonstrating that that GABAB receptor trafficking depends on the clathrin pathway. The control
represents a transfection control to demonstrate parental and IGF2R-deficient cells were transfected with
equal efficiency. Bars, mean ± SD; n=3 (cells were transfected in triplicate).
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GAGs, especially HS, and similar cell-based genetic screens to iden-
tify pathogen receptors have shown that they also play important
roles in the interactions of bacteria (Rosmarin et al. 2012) and vi-
ruses (Marceau et al. 2016; Pillay et al. 2016) with host cells. The
interactions are largely electrostatic with the brush-like negatively
charged surface HS forming salt bridges with surface-exposed basic
residues and are generally thought to provide a suitable scaffold
to present ligands to host receptors in an appropriate manner by
regulating their orientation and oligomerization and by establish-
ing local concentration gradients (Yan and Lin 2009). The P. falcip-
arum RH5 protein is a typical example of a secreted protein that is
known to interact with both heparin-like molecules (Baum et al.
2009) and the BSG receptor (Crosnier et al. 2011), and we were
able to clearly identify both in a single experiment using our
approach. Further investigation showed that the contributions to
RH5 binding by BSG andHS, at least in this context, were indepen-
dent and could be experimentally separated. This finding enabled
us to rapidly establish whether sulfated GAGs played a role in the
binding of other ligands by testing binding on an SLC35B2-defi-
cient cell line or preincubating the ligand with heparin.

We demonstrated the utility of this technique by identifying
IGF2R as a binding partner for GABAB receptors. GABAB receptors
are expressed abundantly in almost all types of neurons and glia
throughout the central nervous system and mediate slow-acting
control of neuron excitability by inhibiting neurotransmitter re-
lease. This expression pattern overlaps with that of IGF2R, which
is also widely distributed throughout the nervous system with
particular enrichment in cortical areas, the hippocampus, and cer-
ebellum (Hawkes and Kar 2004). The regulation of the surface level
of GABAB receptors by endocytosis is an important mechanism to
attenuate signal strength and can be modelled in HEK293 cells,
where GABAB receptors are rapidly and constitutively internalized
by the clathrin-dependent pathway (Grampp et al. 2007) to early
endosomes. Our finding that IGF2R can directly interact with
the GABBR2 subunit of the GABAB receptor complex provides a
mechanism for the internalization because IGF2R is itself constitu-
tively endocytosed and trafficked to the endosome compartment
through clathrin-mediated uptake via “YSKV” motifs in its cyto-
plasmic region (Jadot et al. 1992). This is also consistent with
the regulatory role for the GABBR2 subunit in the uptake of the
GABAB receptor complex (Hannan et al. 2011) and the fact that
antibodies directed against the extracellular region, but not recep-
tor agonists, can inhibit GABAB receptor endocytosis (Grampp
et al. 2007). A similar role for IGF2R in down-regulating cell surface
receptor levels has been shown for CD26 in activated T cells
(Ikushima et al. 2000). This finding may now provide new oppor-
tunities to regulate GABAB receptor signaling to treat neurological
conditions such as epilepsy and depression.

In summary, we have applied a genome-scale, cell-based
genetic method based on CRISPR technology to identify genes
that mediate cellular recognition processes. We believe that this
approach, because it makes no prior assumptions regarding the
biochemical nature of the cell surface receptor, will make novel
and valuable insights into the molecular basis of cellular adhesion
and signaling.

Methods

Recombinant protein expression and quantitation

All proteins were expressed in HEK293 cells maintained in
FreeStyle media (Life Technologies) supplemented with 50 µg/mL

G418 and 0.1% Kolliphor P188 essentially as previously described
(Kerr and Wright 2012). For routine culture, 2.5 × 107 HEK293
cells were seeded in 500-mL Erlenmeyer culture flasks containing
100 mL culture media and cultured in a shaker set at 37°C, 5%
CO2, 70% humidity, and 125 rpm. To maintain a logarithmic
growth phase, cells were diluted into fresh media every 2–3 d
when the cell density reached ∼2×106/mL. HEK293 cells were
transiently transfected as previously described (Durocher et al.
2002); briefly, cells were prepared 48 h prior to transfection by
seeding at a density of 5 ×105 cells/mL, transfected, and incubated
for 5 d before supernatants were harvested by removing cells by
centrifugation at 3220g for 5 min and cell debris by filtering
through a 0.2-µm filter. For the production of biotinylated pro-
teins, the culture media was supplemented with 100 µM D-biotin
(Bushell et al. 2008) and cotransfected with a plasmid encoding
a secreted Escherichia coli BirA enzyme (Addgene plasmid no.
64395) as previously described (Kerr and Wright 2012). Superna-
tants containing pentameric recombinant proteins were stored at
4°C until further use, whereas the monomeric biotinylated his-
tagged proteins were enriched on Ni2+-NTA Sepharose beads
(Jena Biosciences) using gravity flow chromatography with poly-
propylene columns with a 50- to 100-µL bed volume (Qiagen).
The beads were washed once with wash buffer (20mMphosphate,
0.5 M NaCl, and 40 mM imidazole at pH 7.4) before the samples
were eluted with 300–500 µL of elution buffer (20 mMphosphate,
0.5 M NaCl, and 400 mM imidazole at pH 7.4). Eluted proteins
were separated by SDS-PAGE under reducing conditions and
visualized with InstantBlue (Expedeon) to confirm their size and
integrity following the manufacturer’s recommendations. A list
of the expression plasmids for human proteins used in this study
can be found in Supplemental Table S2.

Biotinylated protein expression levels were quantified by
ELISA as previously described (Kerr andWright 2012). Briefly, pro-
teins were captured on 96-well streptavidin-coated plates (NUNC)
for 1 h before adding 10 µg/mL primary antibody recognizing the
rat Cd4d3+4 tag (mouse anti-rat Cd4d3+4, clone OX68, Bio-Rad
[MCA1022R]) common to all recombinant proteins for another
hour. Plates were washed 3× in PBS/0.1% Tween-20 (PBST) before
adding 100 µL of an anti-mouse alkaline phosphatase conjugate
(Sigma, A3562) at 0.2 µg/mL. Plates were washed 3× PBST and 1×
PBS before adding 100 µL p-nitrophenyl phosphate (Sigma 104
alkaline phosphatase substrate) at 1 mg/mL in diethanolamine
buffer (10% diethanolamine [v/v], 0.5 mM MgCl2, 10 mM NaN3

at pH 9.8). Absorbance readings were taken 15–20 min post
substrate addition at 405 nm on a PHERAstar plus (BMG
Laboratories). Beta-lactamase–tagged proteins were quantified us-
ing nitrocefin hydrolysis as previously described (Bushell et al.
2008). The proteins were normalized to enzyme activity corre-
sponding to ∼1 nmol/min, which corresponds to complete hydro-
lysis of 14.5 nmol nitrocefin in ∼15 min.

Plate-based direct protein interaction assay

A biotinylated “bait” protein consisting of the entire ectodomain
of GABBR2 and controls were first immobilized in a well of a strep-
tavidin-coated 96-well microtiter plate (NUNC) at a concentration
that saturated the biotin binding capacity of the well and probed
for direct interactions with the entire ectodomain of IGF2R ex-
pressed as a beta-lactamase–tagged “prey.” The plate was washed
2× in PBST, after which normalized beta-lactamase–tagged
“prey” (IGF2R and controls) proteins were added to the wells
for 1 h. Following another wash step (2× with PBST and a final
wash with only PBS), 100 µL of 125 µg/mL nitrocefin was added,
and prey capture was quantified by measuring the absorbance of
nitrocefin hydrolysis products at 485 nm on a PHERAstar plus
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(BMG Laboratories). Biotinylated Cd4d3+4 tag alone was used as a
negative control bait, and a biotinylated anti-Cd4mAb (anti-prey)
used as a positive control as required.

Where soluble monosaccharides were used in blocking
experiments, prey proteins were first incubated with a range of
concentrations (10–0.04 mM) of M6P or mannose for 1 h, prior
to incubation with bait proteins. To remove N-linked glycans
from soluble recombinant GABBR2, 1500 U of PNGase F (New
England Biolabs) was added to 10 µg of GABBR2 and incubated
for a duration ranging from 1–16 h at 37°C.

Cell culture of human cell lines

NCI-SNU-1, HEL, and SK-N-SH cells were cultured in RPMI
1640 (Life Technologies) supplementedwith 10%heat-inactivated
(50°C for 20min) FBS, 1mM sodium pyruvate (Life Technologies),
10 mM D-glucose (Sigma), and penicillin–streptomycin at 37°C
with 5% CO2. HEK293 cells were cultured in FreeStyle media
(Life Technologies) supplemented with 1% heat-inactivated FBS
in shaker flasks in a shaking incubator set at 125 rpm, 37°C, 70%
humidity, and 5% CO2. To maintain a logarithmic growth phase,
NCI-SNU-1, HEL, and HEK-293 cells were diluted into fresh media
every 2–3 d once the cell density reached ∼1×106/mL. SK-N-SH
cells were grown in a monolayer, and the culture medium was
changed every 3 d. The cells were passaged once they reached
∼80% confluence. NCI-SNU-1 and SK-N-SH cells were obtained
from the Sanger Institute Cancer Cell Line Panel (https://cancer.
sanger.ac.uk/cell_lines). HEK293 cells were obtained from Dr. Yves
Durocher (Durocher et al. 2002). HEL cells were purchased from
Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ). All cell lineswere tested and found to bemycoplasma free.

Cell binding assay with recombinant proteins and mAbs

Binding assay using biotinylated monomeric proteins

To increase binding avidity, biotinylated monomeric Cd4d3+4-
tagged proteins weremultimerized around streptavidin–phycoery-
thrin (PE). To ensure all biotin binding sites on the streptavidin
were occupied and to minimize the presence of excess monomer,
serial dilutions of biotinylated protein samples were titrated
against a fixed concentration of streptavidin–PE (100 µL of
0.1 µg/mL) for 20 min at room temperature before transferring
to a streptavidin-coated plate and assaying for the capture of any
excess biotinylated Cd4d3+4-tagged proteins using the OX68
ELISA. The minimal dilution at which all biotinylated Cd4d3+4-
tagged protein was captured was subsequently used to create tetra-
mers. A 10× tetramer staining solutionwas prepared using 4 µg/mL
streptavidin–PE and the appropriate biotinylated protein dilution
by incubating for 30 min at room temperature and then diluted to
1× and 100 µL added to 0.5–1×106 cells in an U-bottomed 96-well
microtiter plates and incubated for 1 h at room temperature.
Where the anti-BSG antibody was used in blocking experiments,
cells were first incubated with 10 µg/mL antibody (or isotype-
matched control) for 1 h prior to incubation with the RH5–strep-
tavidin–PE complex. Cells were washed once with wash buffer
(PBS with Ca2+/Mg2+ [HyClone, Sigma] supplemented with 1%
BSA) and analyzed by flow cytometry.

Binding assay using pentameric protein supernatants

The 3xFLAG and beta-lactamase–tagged pentameric proteins were
quantified directly from supernatants and normalized to∼1 nmol/
min using the beta-lactamase enzyme activity. Next, 100 µL of
diluted proteins was added to 0.5–1×106 cells in a U-bottomed
96-well microtiter plates for 1 h at room temperature. Following

a wash with wash buffer, 100 µL PE-conjugated anti-FLAG anti-
body (0.5 µg/mL, Abcam ab72469) was added to the samples
and incubated for 1 h. The cells were again washed once in wash
buffer and analyzed by flow cytometry.

Binding assay with mAbs

For antibody staining of cell surface proteins, 50 µL of 1 µg/mL
primary antibody was incubated with 1×106 cells in 96-well U
bottom plates. The cells were washed after 1 h of primary antibody
incubation, after which 100 µL of an appropriate secondary anti-
body, also conjugated to PE, was used at 0.1 µg/mL. For IGF2R
staining, anti-IGF2R mAB-clone-2G11 (Abcam, ab2733) was
used. For staining of GABAB receptors, anti-GABA B receptor 1 an-
tibody (Abcam, ab55051) was used.

Binding assay with transiently transfected cells

Human IGF2R was expressed on the surface of transfected cells
using an expression construct in which its cytoplasmic region
was replaced by eGFP, as previously described (Sollner and
Wright 2009). NCI-SNU-1 cells, which do not have detectable
levels of plasma membrane IGF2R expression, were transiently
transfected with either IGF2R-TM-eGFP or CD200R1-TM-eGFP as
a control and probed for binding interactions either with
GABBR2 ectodomain presented as a tetramer around streptavi-
din–PE or with an anti-IGF2R mAb (ab2733). Human GABAB re-
ceptor heterodimer was expressed on the surface of parental and
IGF2R-KO HEK293 cell lines by transiently cotransfecting both
GABBR1 and GABBR2 cDNA constructs using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.
CD200-TM-eGFP was transfected into the cells as a transfection
control. The surface level ofGABAB receptorswas analyzed 3 d after
transfection by surface-staining using a GABAB receptor 1 anti-
body (Abcam, ab55051).Where appropriate, the clathrin-pathway
inhibitor sucrose was added at 450 µM. All flow cytometry was
performed on a Becton-Dickinson LSRFortessa flow cytometer, col-
lecting between10,000 to 30,000 events; live cells were gated using
forward and side scatter. PE was excited at a wavelength of 561 nm
and emission detected using a 582/15 band pass filter; BFP was
excited at 405 nm and the emission detected using a 450/50
band pass filter; GFP was excited at 488 nm and the emission de-
tected using 530/30 band pass filter. Analysis was performed using
FlowJo software (Treestar).

Immunofluorescence of SK-N-SH cells

SK-N-SH cells grown as a monolayer in coverslips were fixed in 4%
formalin. Fixed cells were permeabilized in PBS/Triton X-100 0.1%
and blocked in PBS/2% BSA. Cells were stained with primary anti-
bodies: 1:400 anti-IGF2R (rabbit monoclonal, Abcam 124767)
and 1:250 anti-GABBR1 antibody (mouse monoclonal, Abcam
ab55051) overnight at 4°C. After three washes in the wash buffer
(PBS/2% BSA), the cells were incubated with secondary antibodies
(goat anti-mouse IgG [H+L] AlexaFluor 488 [Molecular Probes A-
11001], donkey anti-rabbit IgG [H+L] AlexaFluor 647 [Abcam
150075]) diluted 1:500 for 1 h at room temperature. The coverslips
were washed twice in wash buffer and three times in PBS and
mounted on a microscope glass in SlowFade with DAPI
(Molecular Probes) before images were captured with Leica SP5/
DM6000 confocal microscope.

Lentiviral vectors

TheHuman ImprovedGenome-Wide Knockout CRISPR Library v1
(Addgene no. 67989), lentiviral Cas9 reporter plasmids pKLV2-
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U6gRNA5(gGFP)-PGKBFP2AGFP-W (Addgene no. 67980) and
pKLV2-U6gRNA5(Empty)-PGKBFP2AGFP-W (Addgene no. 67979),
lentiviral vector expressing Cas9 fused with the blasticidin-resis-
tant gene at the C terminus pKLV2-EF1a-Cas9Bsd-W (Addgene
no. 68343), and lentiviral CRISPR gRNA expression vector
pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W (Addgene no. 67974)
were used in this study. All gene-specific gRNAs were cloned into
BbsI site of the gRNA expression vector as described previously
(Tzelepis et al. 2016).

Preparation of lentivirus and transductions

Lentivirus were prepared by transfecting HEK293-FT cells as previ-
ously described (Koike-Yusa et al. 2014). All Cas9-expressing hu-
man cell lines were selected following transduction of cells with
lentivirus prepared from the pKLV2-EF1a-Cas9Bsd-W plasmid
(Tzelepis et al. 2016). Polybrene (8 µg/mL) was added for the trans-
duction of NCI-SNU-1 and HEL cells. Cells were selected using
20 µg/mL blasticidin for the HEK293 and NCI-SNU-1 cell lines
and 10 µg/mL for HEL cells 2 d following transduction. We found
that polyclonal Cas9-expressing lines contained a variable fraction
(up to 30%) that were refractory to gene editing,which affected the
sensitivity of our screens. We therefore always established clonal
high Cas9 activity cell lines by sorting individual blasticidin-resis-
tant cells into wells of 96-well plates (MoFlo XDP), which were fur-
ther expanded and tested for Cas9 activity using the GFP-BFP
system (Tzelepis et al. 2016). In brief, cells were transduced with
lentivirus encoding GFP, BFP, and a gRNA targeting GFP (pKLV2-
U6gRNA5(gGFP)-PGKBFP2AGFP-W) or the same construct with
an “empty” gRNA (pKLV2-U6gRNA5(Empty)-PGKBFP2AGFP-W)
as a negative control. High-activity Cas9 stable cell lines were
selected by examining the ratio of BFP only to GFP-BFP double-
positive cells transduced by the two lentiviruses. These clonal
cell lines were expanded and further tested by targeting an endog-
enous gene encoding the BSG cell surface protein using lentivirus
prepared using a plasmid encoding puromycin, BFP, and a gRNA
targeting BSG [pKLV2-U6gRNA5(BbsI-gBSG)-PGKpuro2ABFP-W].
The surface expression of BSG was quantified by flow cytometry
using an anti-BSG mAb (MEM-M6/6, Abcam ab119114) 8 d post
transduction to validate high Cas9 efficiency.

Lentiviral transduction of HEK293 cells with genome-scale gRNA library

The CRISPR-KO library we used in this study contains 90,709
gRNAs targeting 18,009 human genes at a coverage of five gRNAs
per gene (Tzelepis et al. 2016). The backbone vector contains the
optimized gRNA scaffold, which can maximize genome editing
efficiency. A genome-scale “knock-out” library of HEK293-Cas9
cells was produced by transducing 3×107 cells such that ∼30%
of the total cell population were transduced to increase the chanc-
es that each cell just received a single gRNA. The transduced (BFP-
positive) cells were harvested 3 d after transduction using a cell
sorter (MoFlo XDP), and libraries containing at least 5 ×106 cells
were selected. The libraries were cultured in media containing
2 µg/mL puromycin to remove the contaminated nontransduced
cells, and at every passage, at least 10× the initial library (starting
cell number on day three) for each library was seeded into new cul-
ture flasks. Phenotyping screens for cell surface binding events
were carried out between 9 and 16 d post transduction.

Lentiviral transduction of NCI-SNU-1 and HEL cells with
genome-scale gRNA library

A spinoculation protocol was used to transduce HEL and NCI-
SNU-1 cell lines. Two milliliters of 5 ×106 cells/mL was aliquoted
in 8×15-mL Falcon tubes and mixed with lentivirus together

with 8 µg/mL polybrene and incubated at room temperature for
30 min followed by centrifugation for 100 min at 800g at 32°C.
The supernatant was removed, and the cells from each Falcon
tube were resuspended in 50 mL culture media. As with HEK293
cells, cells were sorted on day 3 post transduction to generate
control and sample libraries and were grown further in media sup-
plemented with 1 µg/mL puromycin.

Lentiviral transduction of human cells with individual gRNAs

For the validation of individual target genes, the correspond-
ing gRNAs from the CRISPR library (Supplemental Table S3)
were cloned into the BbsI site of pKLV2-U6gRNA5(BbsI)-
PGKpuro2ABFP-W, and lentivirus was produced as described be-
fore. Cells (1 × 106 cells/well in six-well plate) were transduced
with the lentivirus for at least 24 h. Polybrene (8 µg/mL)was added
during transduction of HEL and NCI-SNU-1 cell lines. Freshmedia
containing puromycin (2 µg/mL for HEK293 cells and 1 µg/mL for
all other cell lines) was added to the cells after transduction and
cultured for a further 8 d before use in binding assays.

Cell surface phenotyping, selection, and amplification
of selected gRNAs

To identify the genes required for cell surface recognition, the
binding of the soluble ligand (mAb or recombinant protein) of
interest was first quantified by flow cytometry to a small panel of
cell lines, and the cell line exhibiting the highest level of binding
was typically selected for genome-wide screening. Genome-scale
knock-out libraries were phenotyped by cell surface staining using
flow cytometry between 9 and 16 d post transduction. Themutant
library was divided into two parts: At least 5 × 107 cells from
the mutant library were collected as “control” population for
later analysis, whereas 5 ×107–15×107 cells from the library were
stained with appropriate reagent (recombinant protein or anti-
body) using the binding assay protocol as described above with
minor modifications: Cells (5 × 106 cells/mL) were stained in 15-
mL Falcon tubes with gentle rotation (6 rpm), the stained cells
were then analyzed using an XDP flow sorter, and the BFP+/PE−

cells were collected. The percentage of the total library population
that was collected in each screen varied between 0.2% and 2.3%
and are listed in Supplemental Table S4. We observed that strin-
gent sorting thresholds resulted in the identification of few genes
that had strong effects on binding loss, and increasing this thresh-
old enabled the identification of additional genes that presumably
had weaker effect sizes on the day of screening. We determined
that collecting between 300,000 and 500,000 cells at a 0.5%–1%
stringency threshold was generally an appropriate parameter that
permitted the identification of genes with weaker effect sizes. All
genetic screens except those performed using anti-CD59 mAb
andTIGIT recombinant protein in this studywere carried out once.

Amplification of gRNAs, sequencing, and enrichment analysis

Genomic DNA extraction, PCR enrichment, and Illumina se-
quencing of gRNAs from both control and sorted samples were
carried out as described previously (Koike-Yusa et al. 2014), except
in sorted samples where the sorted cell number was less than
100,000. In that case, a cell lysate protocol was used to isolate
gRNAs prior to PCR enrichment. Cell lysates were prepared from
sorted cells by first aliquoting cells in a 96-well PCR plate
(10,000 cells/well) and boiling the samples with 25 µL water
for 10 min at 95°C. Next, 5 µL of 2 mg/mL freshly diluted
Proteinase K was added to each sample and incubated for 1 h at
56°C and thenheated for 10min at 95°C to inactivate the protease.
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The gRNAs were then amplified using 10-µL cell lysates per PCR
reaction.

For all samples, 19-bp single-end sequencing was performed
using a custom sequencing primer 5′-TCTTCCGATCTCTTGTGG
AAAGGACGAAACACCG-3′. The read count for each gRNA and
gene level enrichment analysis was carried out using the
MAGeCK statistical package (version 0.5.5) (Li et al. 2014) by com-
paring the read counts from the sorted populationwith those from
the control population. Pathway analysis was also carried out us-
ing MAGeCK software with default settings with KEGG annotated
pathways. All further analysis was carried out using R (RCore Team
2017). For all the target receptors identified, the ranks of the indi-
vidual gRNAs targeting the related gene are listed in Supplemental
Table S5.

Quantifying gRNA representation in mutant cell libraries
to ensure maintenance of library complexity

Weobserved that it was necessary to culture the cells for between 9
and 16 d after transduction to allow sufficient time for gene target-
ing and consequent loss of the encoded protein. During this time,
gRNAs can be lost from the library for biological reasons (e.g., the
gRNA targets a gene essential for cell survival) or for technical
reasons (such as the need to passage the library because of cell
growth that may create population restriction points reducing
gRNA library representation). To ensure that gRNA representation
is maintained using our cellular KO library preparation protocol,
we quantified the gRNA abundance in at least 5 ×107 cells on dif-
ferent days after transduction from two independent NCI-SNU-1-
Cas9 libraries and one library of both HEK293-Cas9 and HEL-Cas9
cells. We observed that gRNA abundances were highly correlated
between the biological replicates of NCI-SNU-1-Cas9 libraries,
and similarly high correlations were observed among the three dif-
ferent cell line libraries at equivalent time points, demonstrating
that the procedure we used to make genome-scale mutant libraries
was reproducible (Supplemental Fig. S9). The correlation between
the different mutant cell line libraries and the original plasmid
population was lower, and so the most appropriate control for
gRNA enrichment analysis was the cell line on that day rather
than the population of gRNAs in the original plasmid population.

To further compare the gRNA abundances, the number of
sequence reads for each gRNA between the original plasmid pool
and each cell library was quantified. In the plasmid library, while
a small fraction of gRNAs was under- or overrepresented, >82%
of the gRNAs were uniformly distributed, with only an eightfold
difference in abundance between the 10th and 90th percentiles.
The cell-based mutant libraries created from this plasmid library
also showed a uniform coverage, although a small drop in the over-
all representation of the gRNA library was observed in all cell lines
as expected, and this decrease was more pronounced when com-
paring days 9–16 post transduction. It is likely that these depleted
gRNAs target genes that are essential for cell growth in culture.
To establish this, we performed a gene-level negative selection
enrichment analysis to identify genes that were depleted in the
mutant library compared with the plasmid library in all 3 d in
the NCI-SNU-1 and HEK293 cell lines and on day 14 for HEL cells.
As a quality control, we initially analyzed genes required for ribo-
some biosynthesis (annotations fromKEGG-Ribosome), which are
known to be essential and are often robustly identified in similar
negative selection screens (Wang et al. 2014; Hart et al. 2015).
Reassuringly, themajority of gRNAs targeting genes required for ri-
bosome biosynthesis were among the most significantly depleted
(FDR<10%) across all 3 d in all three cell lines (Supplemental Fig.
S10). Next, we attempted to identify which pathways were defined
by the genes targeted by the enriched gRNAs using KEGG annotat-

ed pathways (Kanehisa et al. 2017).We observed that the pathways
identified were in biological processes described as being essential,
including those required for the spliceosome, cell cycle, purine
andpyrimidine biosynthesis, and bothDNA andRNApolymerases
(Supplemental Data S4). These results provided further confidence
that the cellular mutant libraries generated using our protocol re-
tained their gRNA complexity and could be used for genome-scale
screening.

Data access
All reads from the genome-wide screening experiments in this
study have been submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk/ena) under accession number ERP104831.
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